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INITIALIZATION OF A MESOSCALE MODEL FOR 
APRIL 10, 1979  USING ALTERNATIVE DATA SOURCES 

Michael W. Kalb* 

1. Introduction 

1.1 Research Objectives 

This research examines several aspects of 

initializing a limited area mesoscale atmospheric 

prediction model with real data obtained from 

unconventional sources. SESAME (Severe Environmental 

Storms and Mesoscale Experiment) radiosonde data and 

satellite derived temperature soundings are used in 

conjunction with sub-synoptic scale surface wind 

analyses to specify the initial mass and momentum 

fields in the LAMPS (Limited Area Mesoscale Prediction 

System) model (Perkey, 1976). 

Three fundamental issues are addressed: 

Can high density satellite temperature data be 

assimilated into a mesoscale model to produce 

forecasts which verify favorably with real 

observations or a control forecast? 

How do forecasts made with satellite temperatures 

compare with those using "special" radiosonde 

temperatures, data sources which presumably 

contain equivalent sub-synoptic structure? 

How important is initial specification of 

realistic low level winds for accurate initial 

development of mesoscale structures and the 
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f o r e c a s t  e x i s t e n c e  and l o c a t i o n s  o f  t h o s e  

s t ruc tu re s?  

1 . 2  Background D i s c u s s i o n  

T h i s  s t u d y  is based  o n  a se t  o f  mesoscale model. 

f o r e c a s t s  f o r  Apr i l  1 0 ,  1979, a day  c h o s e n  t o  take  

a d v a n t a g e  of d a t a  from t h e  SESAME r e g i o n a l  scale 

o b s e r v i n g  s y s t e m  which produced r a d i o s o n d e  d a t a  e v e r y  

t h r e e  h o u r s  f o r  a twen ty- four  h o u r  period and  w i t h  a 

200 km a v e r a g e  s t a t i o n  s e p a r a t i o n .  The s u b- s y n o p t i c  

scale o b s e r v i n g  c a p a b i l i t y  o f  t h i s  d a t a  and t h e  

c o n v e c t i v e  n a t u r e  of t h e  p r e c i p i t a t i o n  o n  t h i s  d a y  made 

t h i s  case p a r t i c u l a r l y  f a v o r a b l e  f o r  s t u d y  w i t h  a 

mesoscale p r e d i c t i o n  model. The SESAME r a d i o s o n d e s  

p r o v i d e d  a u n i q u e  s o u r c e  o f  data f o r  b o t h  model 

i n i t i a l i z a t i o n  and v e r i f i c a t i o n .  The a v a i l a b i l i t y  of 

TIROS-N s a t e l l i t e  t e m p e r a t u r e  s o u n d i n g s  o v e r  t h e  SESAME 

domain o n  A p r i l  L O  made t h i s  d a y  t h e  o n l y  c a n d i d a t e  of 

t h r e e  special  o b s e r v i n g  periods f o r  i n v e s t i g a t i n g  t h e  

r e l a t i v e  i n f o r m a t i o n  c o n t e n t  of h i g h  d e n s i t y  s a t e l l i t e  

and s i m u l t a n e o u s  h i g h  d e n s i t y  r a d i o s o n d e  t e m p e r a t u r e s .  

Service A s u r f a c e  wind da ta  is employed i n  some of 

t h e  model f o r e c a s t s  t o  c o n s t r u c t  wind f i e l d s  capable of 

a c c u r a t e l y  d e p i c t i n g  low l e v e l  m o i s t u r e  c o n v e r g e n c e  and  

a d v e c t i o n .  Observed  s u r f a c e  winds  have  a l so  been  used  

a 
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i n  o t h e r  modeling s t u d i e s .  Lee (1981) used  h o u r l y  

s u r f a c e  winds  i n  t h e  LAMPS model,  however,  h i s  

e x p e r i m e n t s  were n o t  d e s i g n e d  to  test  t h e  impact of 

s u r f a c e  winds ,  b u t  r a t h e r  c l o u d  mot ion  winds  i n s e r t e d  

a t  a b o u t  1 km. I t  was found t h a t  i n i t i a l  small scale 

low l e v e l  d i v e r g e n c e  d i d  not pers is t  beyond s e v e r a l  

hou r s  o f  model i n t e g r a t i o n .  The h o r i z o n t a l  scales o f  

those i n i t i a l  d i v e r g e n c e  fea tures  a t  about 850 mb were 

much smaller t h a n  t h o s e  i n s e r t e d  a t  l o w  l e v e l s  i n  t h e  

p r e s e n t  s t u d y .  

F i o r i n o  and Warner (1981)  i n s e r t e d  s u r f a c e  winds  

i n t o  a h u r r i c a n e  model,  b u t  due  to  t h e i r  e x p e r i m e n t a l  

d e s i g n  were u n a b l e  t o  d e m o n s t r a t e  any  impac t .  Those 

winds  were n o t  o b s e r v e d  b u t  ca lcula ted or m o d i f i e d  w i t h  

a d i a g n o s t i c  PBL model. 

The i n c l u s i o n  o f  d i v e r g e n c e  i n  t h e  i n i t i a l i z a t i o n  

of l a r g e  scale  models h a s  g e n e r a l l y  shown no impact  on  

g e n e r a t i o n  of m e t e o r o l o g i c a l  " n o i s e "  or o n  t h e  l o n g  

term e v o l u t i o n  of f o r e c a s t  mass and wind f i e l d s  

(Houghton, e t  a l . ,  1971;  Dey and McPherson, 1977;  

Le jen&,  1 9 7 7 ) .  However, resul ts  w i t h  n o n- l i n e a r  

normal  mode i n i t i a l i z a t i o n  (Da ley ,  1981)  have  shown 

great  p o t e n t i a l  f o r  i n c l u d i n g  r ea l i s t i c  d i v e r g e n c e  

w h i l e  s u p p r e s s i n g  h i g h  f r e q u e n c y  g r a v i t y  waves. 

A 



4 

Although it seems t h a t  t h e  i n c l u s i o n  of d i v e r g e n c e  i n  a 

mesoscale model must  be i m p o r t a n t ,  t h e  manner i n  which 

it c a n  be s u c c e s s f u l l y  done r ema ins  e l u s i v e .  Rao and 

Fishman (1975) p roposed  a scheme for i n c l u d i n g  

d i v e r g e n c e  i n  a mesoscale model based o n  a Matsuno t y p e  

forward- backward i n t e g r a t i o n  method; however, t h e y  

neve r  reported hav ing  i n i t i a l i z e d ,  r u n ,  and v e r i f i e d  a 

model u s i n g  t h e i r  t e c h n i q u e .  

Ta rbe l l  (1979) s t u d i e d  t h e  impact of i n i t i a l  

d i v e r g e n c e  o n  t h e  e v o l u t i o n  of p r e c i p i t a t i o n  i n  a s i x -  

l e v e l  v e r s i o n  of t h e  Penn State  model. The d i v e r g e n t  

components were n o t  d e r i v e d  k i n e m a t i c a l l y  b u t  

c a l c u l a t e d  from a "mesoscaled" omega e q u a t i o n .  S p a t i a l  

d i s t r i b u t i o n  of small scale v e r t i c a l  mo t ions  were 

o b t a i n e d  by i n c l u d i n g  a d i aba t i c  h e a t i n g  term based o n  

o b s e r v e d  p r e c i p i t a t i o n  rates.  The end r e s u l t  was t h a t  

t h e  i n i t i a l  d i v e r g e n c e  had some impact ( w i t h  respect t o  

a c o n t r o l  f o r e c a s t )  on  t h e  t o t a l  p r e c i p i t a t i o n ,  b u t  

o n l y  for a b o u t  t h e  f i r s t  s i x  h o u r s .  

S a t e l l i t e  v e r t i c a l  t e m p e r a t u r e  p r o f i l e s  r e p r e s e n t  

a new data s o u r c e  and r e l a t i v e l y  few attempts have  been 

made to  f u l l y  e x p l o i t  t h e i r  meteorological i n f o r m a t i o n  

c o n t e n t  (e.g. M i l l s  and Hayden, 1982 ) .  E f f o r t s  a t  t h e  

U n i v e r s i t y  of Wiscons in  i n d i c a t e  t h a t  h i g h  d e n s i t y  
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s a t e l l i t e  temperature sound ings  when p r o p e r l y  p r o c e s s e d  

may be u s e f u l  for d e f i n i n g  s u b- s y n o p t i c  s t r u c t u r e  

(hundreds  of km) de sp i t e  the i r  l o w  v e r t i c a l  r e s o l u t i o n  

($2 km) ( S m i t h ,  e t  a l . ,  1979;  Smi th ,  e t  a l . ,  1981; 

Seaman, e t  a l . ,  1 9 7 7 ) .  I n  many p r e v i o u s  s t u d i e s  

s a t e l l i t e  t e m p e r a t u r e  and g e o p o t e n t i a l  da ta  have been  

o b t a i n e d  w i t h  t h e  NESS o p e r a t i o n a l  250 km s e p a r a t i o n s  

and i n s e r t e d  i n t o  models to correct a f i r s t  guess  

a n a l y s i s  (Hayden, 1973;  Sumi, 1977;  G h i l ,  e t  a l . ,  1979; 

A t l a s ,  e t  a l . ,  1 9 8 2 ) .  I n  t h e  p r e s e n t  s t u d y  h i g h  

d e n s i t y  TIROS-N t e m p e r a t u r e  data f u l l y  s p e c i f y  t h e  mass 

f i e l d  i n  a mesoscale model w i t h o u t  b e n e f i t  o f  a f i r s t  

guess  o b j e c t i v e  a n a l y s i s .  

H i l l g e r  and Vonder Haar (1979) found v i a  s t r u c t u r e  

f u n c t i o n  a n a l y s i s  t h a t  " h igh  r e s o l u t i o n  s a t e l l i t e  

s o u n d i n g s  p r o v i d e  i n f o r m a t i o n  about spa t i a l  v a r i a t i o n s  

of t e m p e r a t u r e  s t r u c t u r e  e q u i v a l e n t  to t h a t  p r o v i d e d  by 

h i g h  d e n s i t y  r ad iosondes . "  

have  shown t h a t  h i g h  h o r i z o n t a l  r e s o l u t i o n  s a t e l l i t e  

temperature data compensate  for low v e r t i c a l  r e s o l u t i o n  

by the i r  a b i l i t y  to d e f i n e  h o r i z o n t a l  g r a d i e n t s .  

S t r e i t  (1981) i n  a n  a n a l y s i s  of A p r i l  1 0 ,  1979 found 

t h a t  TIROS-N data  was u s e f u l  i n  l o c a t i n g  t h e  d i f f l u e n c e  

of t h e  polar and s u b t r o p i c a l  j e t  streams o v e r  Mexico. 

I n d i v i d u a l  case s t u d i e s  
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W h i l e  map locations of s a t e l l i t e  h e i g h t  and 

temperature g r a d i e n t s  are good, t h e i r  m a g n i t u d e s  and 

d i r e c t i o n a l  o r i e n t a t i o n s  may be i n  c o n s i d e r a b l e  

error .  A r e c e n t  s t u d y  by S c h l a t t e r  (1982) c o n t a i n e d  

s t a t i s t i c a l  resul ts  from TIROS-N t e m p e r a t u r e  data 

i n d i c a t i n g  t h i s  to be t h e  case. K a l b  (1979) found 

s i g n i f i c a n t  e r rors  i n  TIROS-N g e o p o t e n t i a l  g r a d i e n t s  i n  

c e r t a i n  r e g i o n s  for many i n d i v i d u a l  cases. Those 

s o u n d i n g s  were produced w i t h  s imilar  data spacing and 

e d i t i n g  t e c h n i q u e s  a s  t h e  s o u n d i n g s  o f  t h e  p r e s e n t  

s t u d y .  For a s i n g l e  case, Broder ick  (1980) found 

o p e r a t i o n a l l y  d e r i v e d  TIROS-N data to  a c c u r a t e l y  d e p i c t  

t h e  l o c a t i o n s  of v e r t i c a l l y  i n t e g r a t e d  temperature (and 

t h u s  g e o p o t e n t i a l )  g r a d i e n t s  t h r o u g h  t h e  depth of t h e  

troposphere a s  v e r i f i e d  by r a d i o s o n d e  data .  However, 

t h e  s a t e l l i t e  d i d  n o t  c l e a r l y  d e f i n e  t h e  t r o p o p a u s e  or 

show t h e  o b s e r v e d  t i l t  of t h e  c o l d  a i r  w i t h  h e i g h t .  

I n  t h i s  p a r t i c u l a r  case, t h e  good q u a l i t y  of t h e  

TIROS-N s a t e l l i t e  temperature and h e i g h t  data is 

documented t h r o u g h  d i r e c t  compar i son  w i t h  s i m u l t a n e o u s  

(2100 GMT) SESAME / AVE I r a d i o s o n d e  data o v e r  t h e  same 

area. T h i s  u n i q u e  c o n g r u i t y  i n  space and t i m e  of h i g h  

d e n s i t y  s a t e l l i t e  s o u n d i n g s  and h i g h  d e n s i t y  r a d i o s o n d e  

data  o f f e r s  a n  e x c e l l e n t  o p p o r t u n i t y  to explore t h e i r  
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r e s p e c t i v e  impacts o n  a mesoscale p r e d i c t i o n  model 

w h i c h  is capable of r e s o l v i n g  s u b- s y n o p t i c  scales i n  

t h e  i n i t i a l  data. S i n c e  t h e  model is r u n  a p p r o x i m a t e l y  

o v e r  t h e  SESAME r e g i o n a l  domain d u r i n g  the Apri l  1 0 ,  

1979 o b s e r v i n g  period, r ea l  data  v e r i f i c a t i o n  for t h e  

model is a v a i l a b l e  e v e r y  three h o u r s .  

I n  t h i s  s t u d y  t h e  term mesoscale refers to  t yp i ca l  

l e n g t h  scales from 35 km (as d e f i n e d  by t h e  model g r i d  

s p a c i n g )  to  1000  km. These l e n g t h s  f a l l  w i t h i n  t h e  

"meso-a" (200-2000 km) and "meso-B" (20-200 km) 

r a n g e s  a s  proposed by O r l a n s k i  (1975) . Phenomena 

e x h i b i t i n g  these scales would h a v e  time scales r a n g i n g  

from o n e  hour  t o  o n e  day.  

1.3 S y n o p t i c  Summary 

A p r i l  1 0  is t h e  date of t h e  Wichita F a l l s  t o r n a d o  

o u t b r e a k  which r e s u l t e d  i n  o v e r  50 dea ths  and n e a r l y  

400 m i l l i o n  dol la rs  i n  p r o p e r t y  damage (Moller, 

1 9 8 0 ) .  The s y n o p t i c  scale e v e n t s  which l e d  to the 

c o n d i t i o n s  f a v o r a b l e  for s e v e r e  weather i n c l u d e d  a 

n o r t h- s o u t h  o r i e n t e d  upper  l e v e l  b a r o c l i n i c  t r o u g h  

c e n t e r e d  o v e r  t h e  Wes te rn  Rocky Mounta ins  a t  1200  GMT 

on  A p r i l  10. 

i ts  a x i s  rotated toward t h e  Texas  Panhand le  r e g i o n  

The t r o u g h  deve loped  a n e g a t i v e . t i l t  a s  

d u r i n g  t h e  n e x t  t w e l v e  h o u r s  ( F i g u r e  1). An upper  
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Figure 1: 500 nib height ana lys i s  at 0000 GMT A p r i l  11, 1979. 

l e v e l  j e t  streak p r o p a g a t e d  a round  t h e  t r o u g h  v i a  

Mexico and  e n t e r e d  Sou thwes t  Texas  by 2100 GMT. 

A t .  t h e  s u r f a c e  a 988 mb low located i n  Nor th-  

c e n t r a l  Colorado a t  1 2 0 0  GMT moved t o  t h e  s o u t h e a s t e r n  

par t  of t h e  s t a t e  where  it remained almost s t a t i o n a r y  

u n t i l  0900 GMT o n  t h e  1 1 t h .  

e x t e n d i n g  southward  from t h e  low i n t o  Mexico e n t e r e d  

Texas  from t h e  west a t  1800 GMT. 

pushed  eastward i n t o  c e n t r a l  Texas  d u r i n g  t h e  n e x t  s i x  

However, a cold f r o n t  

As t h e  cold f r o n t  
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h o u r s ,  a warm f r o n t  moved nor thward  from t h e  Gulf  of 

Mexico to t h e  Texas/Oklahoma border by 2100 GMT 

p r o v i d i n g  most of Texas  w i t h  an  abundan t  s u p p l y  of w a r m  

a i r  and l o w  l e v e l  m o i s t u r e .  S o u t h e r l y  850 mb winds  

pumped a d d i t i o n a l  m o i s t u r e  i n t o  Oklahoma. A l o w  l e v e l  

c a p p i n g  i n v e r s i o n  created by d r y ,  h o t  a i r  from t h e  

Mexican P l a t e a u  a t  700 mb p r e v e n t e d  moist c o n v e c t i o n  i n  

c e n t r a l  Texas  u n t i l  0100 GMT. 

The 500 mb j e t ,  v e r t i c a l  d i r e c t i o n a l  wind shear and 

l o w  l e v e l  m o i s t u r e  are combined i n  t h e  SWEAT i n d e x  

(Miller,  1 9 7 2 )  for 0000 GMT i n  F i g u r e  2. The  SWEAT 

i n d e x  p lo t  which  is based on  SESAME r a d i o s o n d e  

o b s e r v a t i o n s  d e l i n e a t e s  areas w i t h  t h e  grea tes t  

p o t e n t i a l  for s e v e r e  weather ( v a l u e s  greater t h a n  300 

i n d i c a t e  where s e v e r e  weather becomes l i k e l y ) .  Most 

n o t a b l e  is a rapid i n c r e a s e  i n  v a l u e s  a l o n g  t h e  s u r f a c e  

cold f r o n t  and d r y  l i n e  which r u n s  t h r o u g h  Centra l  

Texas  and t h e  Panhandle .  A s q u a l l  l i n e  d e v e l o p e d  a l o n g  

t h i s  zone a round  0135 GMT ( F i g u r e  3 ) .  Total to ta l s  

i n d e x  plots showed v a l u e s  greater  t h a n  50 o v e r  most of 

Texas ,  Oklahoma, Kansas ,  and t h e  Gulf  s t a t e s  i n d i c a t i n g  

i n s t a b i l i t y  w i t h  heavy t h u n d e r s t o r m  p o t e n t i a l  o v e r  a 

large area. 
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The f i r s t  t o r n a d o  o c c u r r e d  a t  2100 GMT n e a r  

Cornwel l ,  Texas  t o  b e g i n  t h e  Red R i v e r  V a l l e y  o u t b r e a k  

i n  which a t  l e a s t  o n e  t o r n a d o  was o n  t h e  ground a t  any  

t i m e  d u r i n g  t h e  n e x t  f i v e  h o u r s  (see F i g u r e  4 ) .  T h i s  

s e v e r e  wea the r  area h a s  been  l i n k e d  t o  s t r o n g  

isal lobaric  c o n v e r g e n c e  associated w i t h  an  i n d i r e c t  

c i r c u l a t i o n  a b o u t  t h e  e x i t  r e g i o n  o f  t h e  500 mb j e t  

(Hocin ,  e t  a l . ,  1982 ) .  I n t e n s e  l o w  l e v e l  c o n v e r g e n c e  

s u p p l i e d  t h e  m o i s t u r e  n e c e s s a r y  to  s u s t a i n  t h e  
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Figure 3: NMC radar summary for 0135 GMT April 11, 1979. 

c o n v e c t i o n  i n  t h e  Red R i v e r  V a l l e y .  I n  a d d i t i o n ,  t h e  

2100 GMT SESAME r a d i o s o n d e  a n a l y s e s  r e v e a l s  a low l e v e l  

s h o r t  wave t r o u g h  t h r o u g h  t h e  area. 

A second  o u t b r e a k  s t r u c k  c e n t r a l  Texas  a t  0300 GMT 

and l a s t e d  f o r  three h o u r s  i n  a s s o c i a t i o n  w i t h  the .  

s q u a l l  l i n e  which had formed ea r l i e r .  

a c t i v i t y  s u b s i d e d  a f t e r  0600 GMT, b u t  d u r i n g  t h e  n i g h t  

g e n e r a l  c o n v e c t i v e  p r e c i p i t a t i o n  spread from Oklahoma 

i n t o  M i s s o u r i ,  I l l i n o i s ,  Iowa and Nebraska. The 

T o r n a d i c  

4 
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f o l l o w i n g  day ,  t h e  low began to o c c l u d e  r e s u l t i n g  i n  

wide s p r e a d  p r e c i p i t a t i o n  o v e r  much of t h e  Midwest. 

T h i s  model ing s t u d y  f o c u s e s  o n l y  on t h e  p e r i o d  of 

most i n t e n s e  s e v e r e  weather from 2100 to 0600 GMT. 

Figure 4: Tornado paths in the Red River Valley Outbreak. 
Area corresponds to the box in  Figure 2.  
from Uberty, et a l . ,  1980 ). 

( reproduced 
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2, The Model 

The LAMPS model is a f i f t e e n  l e v e l  h y d r o s t a t i c  

p r i m i t i v e  e q u a t i o n  c o n v e c t i v e  model w i t h  o p t i o n s  for 

v a r i a b l e  g r i d  s p a c i n g  (35 Km, 70 km or 140  km) and 

n e s t i n g  of t h e  f i n e r  r e s o l u t i o n  g r i d s  w i t h i n  t h e  

coarser. The v e r t i c a l  c o o r d i n a t e  is a t e r r a i n  

f o l l o w i n g  h e i g h t  c o o r d i n a t e  h ( *lsigma-height ' l )  

d e f i n e d  by 
CJ 

where 2 is h e i g h t  above sea l e v e l  and E is t e r r a i n  

h e i g h t .  If h is greater  t h a n  H = 5250 meters then. 
CJ 

h = 2 (See F i g u r e  5) ., The model l e v e l s  are h =O., 
U U 

25., 375., 750.? 1250., 2000., 3000., 4500., 6000., 

7500., 9000.? 10500., 12000., 14000., and 16000. 

meters. Note t h a t  v e r t i c a l  r e s o l u t i o n  i n c r e a s e s  a t  t h e  

lower l e v e l s .  

The p r o g n o s t i c  model v a r i a b l e s  are  

u , v , e , q  and 8. I n  a d d i t i o n  r a i n  water and c loud  

water are predicted. The v a r i a b l e  is related t o  

pres s u  re by 
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t h: z 
H (5250m) 

Figure 5 :  Model vert ical  coordinate system. 
geometric height above sea leve l ,  E is the terrain 
height and h is the model vert ical  coordina€e. 

Z is the 

Other symbols have  t h e i r  u s u a l  meteorological meanings.  

V e r t i c a l  v e l o c i t y  (6 )  is diagnosed from a form of 

t h e  c o n t i n u i t y  e q u a t i o n  ( 2 . 3 )  which i n c l u d e s  a d i a b a t i c  

h e a t i n g  term ( a ) ,  a c u r v a t u r e  c o r r e c t i o n  term (b) and a 
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t e r r a i n  c o r r e c t i o n  term (6) which  is z e r o  when 

h&H. Ver t i ca l  motion is c o n s t r a i n e d  t o  be z e r o  a t  

t h e  top and bottom of t h e  model. T h i s  s t i l l  allows f o r  

u p s l o p e  s u r f a c e  winds  s i n c e  t h e  hu=O s u r f a c e  by 

d e f i n i t i o n  follows t h e  t e r r a i n .  E q u a t i o n  (2 .3)  is 

s o l v e d  n u m e r i c a l l y  i n  Appendix E. 

TI is predicted o n l y  a t  t h e  model top and is 

d i a g n o s e d  a t  a l l  lower l e v e l s  down t o  t h e  s u r f a c e  w i t h  

a h y d r o s t a t i c  e q u a t i o n  

1 -9 where a = - . a n  - =  
( 2 . 4 )  ahcJ 0 P 

Both s u r f a c e  winds and t e m p e r a t u r e s  are  d i a g n o s e d .  

Each p r o g n o s t i c  e q u a t i o n  c o n t a i n s  a f o u r t h  

d e r i v a t i v e  d i f f u s i o n  term to smooth c o m p u t a t i o n a l  

e r rors  and e l i m i n a t e  small scale features  which c a n  n o t  

b e  a d e q u a t e l y  h a n d l e d  n u m e r i c a l l y  by t h e  model. For 

example,  t h e  u-component e q u a t i o n  i n  z c o o r d i n a t e s  

would be w r i t t e n .  

P a x  a d t  I s 
I. 2p + uvtancb + du (2.5) - -  :: - fv - 
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where the term with subscript s represents 

accelerations due to sub-grid scale process. This term 

is subdivided into three components 

The first term on the right hand side of (2.6) contains 

accelerations arising from the convective 

parameterization. The second term represents the 

effects of eddy stresses in the boundary layer, and the 

last term is the diffusion term which is only a means 

to control numerical errors. The vertical variation of 

K, is given by Perkey (1976). 

The surface layer employs Monin-Obukhov similarity 

theory. K - theory describes the remainder of the 
boundary layer. Boundary layer height is not predicted 

and changes in time in a very simple fashion. 

Precipitation in the LAMPS model is partitioned 

into a stable and convective part. 

resulting from grid scale processes constitutes the 

Precipitation 

stable category. The other part is parameterized by a 

one dimensional sequential convective plume model as 
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described by Rreitzberg and Perkey (1976). The main 

advantage of this scheme over other convective 

parameterizations is its ability to initiate convection 

at any level in the atmosphere through release of layer 

potential instability 

fuel that convection with a supply of moisture from an 

arbitrary level (Perkey, 1976). Other convective 

parameterization schemes such as Kuo (1974) are more 

attuned for use in the tropics since they are based on 

deep convection in which the influx of moisture to 

supply convection derives from a large scale, low level 

moisture convergence field. 

a (E(Lqs+C T + gz) 5 0) and to P V  

The LAMPS convective plume model can also give 

realistic vertical profiles of convective latent 

heating based on the vertical profiles of parameterized 

condensation and evaporation. Other schemes have 

incorporated pre-specified profiles of diabatic 

convective heating (e.g. Anthes, et. al., 1982). The 

vertical distribution of diabatic heating or cooling 

can have important effects on future development just 

from simple static stability considerations. A study 

by Gyakum (1981) as referenced in the National Storm 

Program Document (1983) suggested that the lower the 

level (height) of maximum diabatic heating in the 
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atmosphere, t h e  more rapid would be t h e  deve lopment  of 

a meso- a c y c l o n e .  

The  h o r i z o n t a l  space d i f f e r e n c i n g  i n  t h e  model is 

f o u r t h  order a c c u r a t e  w h i l e  t h e  v e r t i c a l  d i f f e r e n c i n g  

is second- orde r  a c c u r a t e .  The time d i f f e r e n c i n g  is 

second  order a c c u r a t e  l eap  f r o g ,  i.e., for a n  a r b i t r a r y  

v a r i a b l e  Q a t  t i m e  n ,  

A s l i g h t  time smoother is applied to a v o i d  a 

c o m p u t a t i o n a l  mode i n h e r e n t  i n  leap f r o g  schemes. T h i s  

i n v o l v e s  u p d a t i n g  v a l u e s  a t  n-1 a c c o r d i n g  to  

where v is a parameter which d e p e n d s  o n  t h e  v a r i a b l e  

9 .  

The l a t e r a l  boundary  c o n d i t i o n s  on  

u, v, IT and  q a r e  time v a r y i n g  b a s e d  o n  SESAME 

a n a l y s e s  of these v a r i a b l e s  a t  1200 GMT Apr i l  1 0 ,  1979, 

0000 GMT and  1200 GMT Apri l  11. I t  is t h r o u g h  t h e s e  

time d e p e n d e n t  boundary  c o n d i t i o n s  t h a t  l a r g e r  scale 
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fac tors  o u t s i d e  t h e  model g r i d  c a n  i n f l u e n c e  t h e  

i n t e r i o r .  Time t e n d e n c i e s  on t h e  domain b o u n d a r i e s  are 

n o t  applied d i r e c t l y  b u t  a f fec t  t h e  i n t e r i o r  t h r o u g h  a 

f o u r  g r i d  row b u f f e r  zone. The t e n d e n c i e s  a l o n g  any  

o n e  of these rows is a weighted sum of t h e  specified 

boundary row t e n d e n c i e s  and t h o s e  g e n e r a t e d  by t h e  

model i tself .  The we igh t s  applied t o  e a c h  row 

e f f e c t i v e l y  e l i m i n a t e  r e f l e c t i o n  of waves g e n e r a t e d  by 

t h e  model g r i d  back i n t o  t h e  domain. (Pe rkey  and 

K r e i t z b e r g ,  1 9 7 6 ) .  

The  domain used for t h i s  s t u d y  c o v e r s  a n  area 

approx imat ing  t h e  SESAME r e g i o n a l  domain. The 

g e o g r a p h i c a l  l i m i t s  a re  105.0 to  86.13 degrees west 

l o n g i t u d e  and 29.0 to  42.4375 d e g r e e s  n o r t h  l a t i t u d e .  

T h e  nor th- sou th  g r i d  s p a c i n g  is 0.3125 d e g r e e s ;  t h e  

east-west s p a c i n g  is 0.385 d e g r e e s .  These  parameters 

d e f i n e  a 44 x 50 g r i d  w i t h  a v e r a g e  35 km h o r i z o n t a l  

r e s o l u t i o n . .  F i g u r e  6 shows t h e  domain limits a l o n g  

w i t h  t h e  model t e r r a i n .  The time s t e p  f o r  t h e  model is 

40 seconds .  A nine- hour f o r e c a s t  requires 

a p p r o x i m a t e l y  2 . 5  CRAY-1 computer  h o u r s .  

All model v a r i a b l e s  were o u t p u t  t o  p h y s i c a l  tape 

for e v e r y  h a l f  hour  of each forecast a t  e v e r y  model 

a 

x 
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0 

Figure 6: Terrain used in model. Contours are heights 
above sea level labelled in hundreds of meters. 

grid point. These tapes can be processed to produce 

maps a t  mandatory pressure levels or ve r t i ca l  cross- 

sections. Several parameters were also output €or 

every model time s tep  a t  the sixteen locations 

indicated i n  Figure 7. These variables included 

ver t ica l  velocity and wind speed a t  model level 9 

( ~ 5 0 0  mb) , surface pressure, and divergence a t  levels 

5 and 1 2  ( ~ 8 5 0  m b  and “250 m b )  . Instantaneous time 
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Figure 7: Locations where model diagnostics were collected 
every time s t e p  ( 0  ). 
reporting surf ace s tat  ions used for verification. 

Stars ( *  ) are locations of hourly 

rates of change of these variables provide diagnostics 

which are useful for monitoring the level of gravity 

wave noise during the initialization/adjustment phase 

of the forecasts. 
3 .  Data 
3.1 Data Acquisition 

The meteorological observations used to construct 

the model initial state were from three sources: hourly 

suface data, SESAME radiosonde data and TIROS-N 

satellite temperature soundings. The surface data 

consisted of wind, temperature, dew point and 
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p r e s s u r e .  These  were a v a i l a b l e  h o u r l y  t h r o u g h  t h e  

S e r v i c e  A network from 1800 GMT (Apr i l  1 0 )  t o  0600 GMT 

( A p r i l  11) w i t h  t h e  s i n g l e  e x c e p t i o n  of 0500 GMT. 

SESAME r a d i o s o n d e  o b s e r v a t i o n s  were reported e v e r y  

three h o u r s  from 1200 GMT to 1200 GMT A p r i l  10-11. The 

d i s t a n c e  between s t a t i o n s  was a b o u t  200 km which is 

o n l y  h a l f  t h e  d i s t a n c e  a s  f o r  c o n v e n t i o n a l  

r a d i o s o n d e s .  A t  any  g i v e n  time, a p p r o x i m a t e l y  t h i r t y -  

f i v e  o u t  o f  f o r t y  s o u n d i n g s  were a v a i l a b l e .  

Radiosonde  da ta  o u t s i d e  t h e  model and SESAME domain 

were o b t a i n e d  for 2100 GMT u s i n g  a weighted  a v e r a g e  of 

t h e  c o n v e n t i o n a l  1 2 0 0  and 0000 GMT o b s e r v a t i o n s .  Each 

r a d i o s o n d e  reported g e o p o t e n t i a l  h e i g h t ,  wind speed and 

d i r e c t i o n ,  t e m p e r a t u r e  and  dew p o i n t  e v e r y  25 mb. Only 

mandatory  l e v e l  da ta  were used  i n  order to  g i v e  t h e  

r a d i o s o n d e  t h e  same v e r t i c a l  r e s o l u t i o n  a s  t h e  

s a t e l l i t e  data .  N o  v e r t i c a l  smoothing  of t h e  

r a d i o s o n d e  da ta  was done  and no attempt was made t o  

compensa te  for down wind b a l l o o n  d r i f t .  H e i g h t  

c o r r e c t i o n s  were r e q u i r e d  for s e v e r a l  r a d i o s o n d e  t o  

a c c o u n t  f o r  mis-calibrated barometers (Barnes ,  1981).  

T h e s e  c o r r e c t i o n s  were implemented o n l y  when t h e  h e i g h t  

a d j u s t m e n t  a t  1 0 0  mb w a s  g r e a t e r  t h a n  t e n  meters. 

For e a c h  mandatory  l e v e l ,  wind speeds and 

J 
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directions were converted to u and v components. Dew 

points were converted to vapor pressures and then to 

specific humidities using Teten's formula, which is the 

empirical approximation 

and the relation q =.622 e / P. The specific 

humidities (9) were used to compute virtual 

temperatures. 

Geopotential heights were computed below ground 

using an altimeter setting approach. The hypsometric 

equation used a mean layer temperature which was 

assumed to be the U . S .  Standard Atmosphere temperature 

at the midpoint of the layer from sea level to the 

terrain height. 

The satellite data consisted of eighty-nine 

vertical temperature profiles at mandatory pressure 

levels over the model domain. These were obtained from 

the TIROS-N polar orbiting satellite and processed at 

the University of Wisconsin using a man-computer 

interactive technique in which an operator attempts to 
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select cloud-free fields of view (20 x 20 kra) for 

making temperature retrievals from s a t e l l i t e  sensed 

infrared (IR) radiance measurements. The selection is 

based on inspection of video images af'cloud cover and 

I R  radiance patterns. I n  areas w i t h  par t ia l  'cloud 

cover, clear-column radiances can be deduced from 

adjacent fields of view (Smith and Woolf, 1976). I n  

total ly cloudy regions temperatures may be retrieved 

from radiances i n  the microwave channels which are not 

affected by cloud water. Sate l l i te  heights were not 

used directly since t h e  surface pressures used as  the 

reference level data for t h e  height assignments were 

from 2000 GMT rather than 2100 GMT when the soundings 

were made. I n  view of rapid pressure changes i n  active 

parts of the domain, surface pressures from 2100 GMT 

were used to  recalculate the s a t e l l i t e  heights. To 

give the s a t e l l i t e  and radiosonde the same reference, 

radiosonde altimeter settings were objectively analyzed 

to a grid and interpolated to the s a t e l l i t e  

locations. New surface pressures could then be 

calculated for the s a t e l l i t e  terrain. 

The  s a t e l l i t e  derived moisture was not used. The 

specific humidities used to compute sa t e l l i t e  v i r t u a l  

temperatures were obtained a t  the mandatory levels by 
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a n a l y z i n g  t h e  2100 GMT SESAME r a d i o s o n d e  humid i ty  

v a l u e s  (9) to  a g r i d  a n d . i n t e r p o l a t i n g  to t h e  s a t e l l i t e  

sounding locations as  was done for t h e  al t imeter 

s e t t i n g s .  These v a l u e s ,  a l o n g  w i t h  t h e  o r i g i n a l  

s a t e l l i t e  t e m p e r a t u r e s  and new s u r f a c e  p r e s s u r e s  were 

used t o  g e n e r a t e  new s a t e l l i t e  g e o p o t e n t i a l  h e i g h t  

o b s e r v a t i o n s .  

The  areal  c o v e r a g e  of satiell i te and r a d i o s o n d e  

o b s e r v a t i o n s  a t  2100 GMT is shown i n  F i g u r e  8. The 

s a t e l l i t e  had s e v e r a l  da ta  vo id  r e g i o n s .  A l a r g e  cloud 

mass o v e r  Oklahoma associated w i t h  heavy r a i n f a l l  

p r e v e n t e d  s o u n d i n g s  from b e i n g  made i n  t h i s  c r i t i c a l  

area,  r e s u l t i n g  i n  s i g n i f i c a n t  s a t e l l i t e - r a d i o s o n d e  

temperature and h e i g h t  d i f f e r e n c e s  (see Appendix A ) .  

However, b o t h  o b s e r v i n g  s y s t e m s  produced similar  

a n a l y s e s  there i n  terms of t h e  d e p i c t i o n  of t h e  low 

l e v e l  short  wave and large g e o p o t e n t i a l  g r a d i e n t s  a t  

t h e  upper l e v e l s .  The data  vo id  i n  Sou thwes te rn  Texas 

demarcates t h e  w e s t e r n  edge of t h e  TIROS-N o r b i t .  

Two f a u l t y  s a t e l l i t e  s o u n d i n g s  i n  Colorado were 

e d i t e d  c r e a t i n g  a data  v o i d  there. To he lp  i n  t h i s  

r e g i o n  w i t h  t h e  obje v e  a n a l y s i s ,  t w o  SESAME 

sound ings  were i n c l u d e d  a l o n g  t h e  w e s t e r n  boundary of 

5 
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Figure 8: Mesoscale model domain (inner box) showing coverage of 
satellite data (0) and radiosonde data (e) on April 10, 1979 
at 2100 GMT. The outer boundary represents the analysis domain. 
The notation 19 denotes radiosonde data which were included in  
the s a t e l l i t e  data base. 

t h e  model domain as  i n d i c a t e d  i n  F i g u r e  8 .  Except  f o r  

t h e s e  two o b s e r v a t i o n s ,  d a t a  i n  t h e  i n t e r i o r  of t h e  

domain was prov ided  o n l y  by t h e  s a t e l l i t e .  O u t s i d e  t h e  

model domain, t h e  c o n v e n t i o n a l  rad iosonde  o b s e r v a t i o n s  

were inc luded  i n  b o t h  t h e  SESAME and sate l l i te  d a t a  

sets .  
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3.2 I n t e r p o l a t i o n  and A n a l y s i s  

Each r a d i o s o n d e  and s a t e l l i t e  mandatory l e v e l  

p r o f i l e  of T, 9, u and v was i n t e r p o l a t e d  l i n e a r l y  i n  

h e i g h t  (Z) to t h e  f i f t e e n  model s igma- height  s u r f a c e s  

( h  ) sub jec t  to  two c o n s t r a i n t s .  F i r s t  t h e  v e r t i c a l  

d i s tance  between two c o n s e c u t i v e  mandatory l e v e l s  had 

to  be less t h a n  4000 meters i n  order t o  i n t e r p o l a t e  t o  

an i n t e r v e n i n g  s igma- height  l e v e l ,  otherwise t h e  v a l u e  

was se t  t o  miss ing .  The second c o n s t r a i n t  required 

t h a t  t h e  o b s e r v e d  surface  v a l u e s  of T, u ,  v and q be 

t h e  v a l u e s  a t  t h e  model's s u r f a c e  as  well. Va lues  a t  

U 

h = 25, 375,  and 750 meters were o b t a i n e d  by l i n e a r l y  
CY 

i n t e r p o l a t i n g  between t h e  s u r f a c e  (model l e v e l  1) and 

model l e v e l  5 (1250 meters).  

With each sound ing  v a r i a b l e  i n t e r p o l a t e d  i n  t h e  

v e r t i c a l ,  a Barnes  o b j e c t i v e  a n a l y s i s  (Barnes ,  1973) 

was performed o n  t h e  model s u r f a c e s  w i t h  a o n e  degree 

l a t i t u d e / l o n g i t u d e  g r i d .  S i n c e  t h e  model h o r i z o n t a l  

r e s o l u t i o n  is about .32 d e g r e e s ,  a two d i m e n s i o n a l  

cubic  s p l i n e  was used  t o  i n t e r p o l a t e  t h e  one  degree 

a n a l y s e s  to  t h e  model g r i d .  

Because  t h e  s a t e l l i t e  or r a d i o s o n d e  t e r r a i n  was 

n o t  t h e  same as t h e  model t e r r a i n ,  t h e  s u r f a c e  p r e s s u r e  

a t  e v e r y  model g r i d  p o i n t  had t o  be d e r i v e d .  T h i s  was 
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done by first calculating a radiosonde-model terrain 

difference field AZ and using a standard lapse rate to 

find a corredted temperature for the model terrain, 

that is 

Tmodel, sfc = 'Raob, sfc + 
(ZRaob, sfc - Zmodel, sfc) * * O o 6  

where temperature, T, is in degrees Kelvin, 2 is in 

meters and the lapse rate ( . O O ( i )  is in degrees Kelvin 

per meter. Finally, a mean temperature, (Tmodel, sfc + 
TRaob, sfc)/2, was used in the hypsometric equation to 

get a model surface pressure. With this new reference 

level, the hypsometric equation was integrated upward 

to obtain pressures at every model level. With 

hydrostaticity assured, T, q and p were used (with the 

help of eqn (2.2) and the potential temperature 

equation) to compute 8, and IT for each model grid 

point . 
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3.3 Special  P r o c e d u r e s  

3.3.1 S a t e l l i t e  Moisture O b s e r v a t i o n s  

S i n c e  i n  t h i s  s t u d y  t h e  i n t e n t i o n  is to compare 

s a t e l l i t e  and r a d i o s o n d e  f o r e c a s t s  o n l y  o n  t h e  bas is  o f  

t h e i r  t e m p e r a t u r e  i n f o r m a t i o n ,  t h e  f o l l o w i n g  p r o c e d u r e  

was used t o  o b t a i n  specific humid i ty  v a l u e s  a t  

s a t e l l i t e  l o c a t i o n s  which when a n a l y z e d  g i v e  t h e  

r a d i o s o n d e  a n a l y s i s .  The f i rs t  s tep  i n  t h i s  process 

(see F i g u r e  9)  was to  a n a l y z e  t h e  r a d i o s o n d e  m o i s t u r e  

(9) o b s e r v a t i o n s  o v e r  a domain l a r g e  enough t o  i n c l u d e  

a l l  t h e  s a te l l i t e  l o c a t i o n s .  Tha t  a n a l y s i s  was 

i n t e r p o l a t e d  to  t h e  s a t e l l i t e  l o c a t i o n s  on  t h e  

mandatory p r e s s u r e  s u r f a c e s  to g e n e r a t e  i n i t i a l  

estimates for " sa t e l l i t e  m o i s t u r e "  o b s e r v a t i o n s .  These  

o b s e r v a t i o n s  were a n a l y z e d  i n  t u r n  t o  t h e  r a d i o s o n d e  

a n a l y s i s  g r i d  for compar ison o f  t h e  two f i e l d s  i n  terms 

o f  a b s o l u t e ,  r e l a t i v e  and RMS d i f f e r e n c e s .  The 

d i f f e r e n c e  f i e l d  was i n t e r p o l a t e d  back to  and added t o  

t h e  s a t e l l i t e  o b s e r v a t i o n s  

process was repeated u n t i l  

s u f f i c i e n t l y  small. 

to create new ones .  The 

t h e  d i f f e r e n c e  f i e l d s  were 

It  is estimated i n  Appendix C t h a t  a n  i n h e r e n t  

lower bound o n  t h e  r e l a t i v e  measurement error for 

specific humid i ty  a t  l o w  l e v e l s  is a t  l e a s t  6 . 4 % .  
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SATELLITE MOISTURE OBSERVATIONS -- 

1. Analyze Raob 9 .  

2. In te rpo la te  h o b  ana lys i s  t o  
Sat loca t ions  t o  c r e a t e  satellite 
observations Q. 

3. Analyze Sat observations Q. 

4 .  Subtract Sat  ana lys i s  from b o b  
analysis  to create a difference 
f i e ld .  

5. Differences small ? - YES -STOP 

I 
NO 

1 
6 .  In te rpo la te  d i f fe rences  t o  Sat  

locat ions and add them to  the  
old Sat  observations t o  generate 
new Sa t  observations. 

7. Analyze new Sat  Q observations. 

8. Go t o  @rep 4. 

Figure  9: Algorithm for ob ta in ing  s p e c i f i c  humidity 
measurements a t  sa te l l i te  obse rva t ion  l o c a t i o n s .  

Thus ,  the s a t e l l i t e  moisture values which were 

extracted from radiosonde moisture analyses were deemed 

"accurate" a t  a grid point when the " sa te l l i t e" -  

radiosonde specif ic  h u m i d i t y  differences represented a 

relat ive error l e ss  t h a n  6%. A t  levels  below 500 mb, 

most re la t ive  er rors  were less  than 2%. Absolute and 

RMS differences were also considered a t  the upper 

levels (higher than 700 m b )  where re la t ive  er rors  could 

be as  h i g h  as loo%, b u t  w i t h  absolute er rors  l e ss  than 
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0.05 gm kg’l. 

The s a t e l l i t e  and  r a d i o s o n d e  s p e c i f i c  h u m i d i t y  

f i e l d s  were v e r y  close (see Appendix A ) ,  b u t  c o u l d  

n e v e r  be e x a c t l y  t h e  same by t h i s  p r o c e d u r e  s i n c e  e a c h  

o b s e r v i n g  s y s t e m  sampled t h e  same p h y s i c a l  d i s t r i b u t i o n  

o f  m o i s t u r e ,  b u t  a t  d i f f e r e n t  l o c a t i o n s  and  w i t h  

d i f f e r e n t  d a t a  d e n s i t i e s .  T h i s  l i m i t a t i o n  is s e e n  i n  

t h e  r e d u c t i o n  of RMS d i f f e r e n c e s  be tween s a t e l l i t e  and  

r a d i o s o n d e  f i e l d s  a f t e r  f o u r  i t e r a t i o n s  (see F i g u r e  

1 0 ) .  

Even t h o u g h  t h e  s a t e l l i t e  and  r a d i o s o n d e  had 

e s s e n t i a l l y  t h e  same s p e c i f i c  h u m i d i t y  a n a l y s e s ,  t h e i r  

r e l a t i v e  h u m i d i t i e s  d i f f e r e d  d u e  to d i f f e r e n c e s  i n  

t e m p e r a t u r e .  Over l i m i t e d  areas  t h e  s a t e l l i t e  r e l a t i v e  

h u m i d i t y  e x c e e d e d  1 0 0 % .  The remedy f o r  t h i s  s i t u a t i o n  

was t o  v i o l a t e  t h e  p r e v i o u s  attempt t o  p r e s e r v e  and 

match t h e  t o t a l  water c o n t e n t s  by r e d u c i n g  s a t e l l i t e  

s p e c i f i c  h u m i d i t y  a s  r e q u i r e d  t o  p r o d u c e  100% r e l a t i v e  

h u m i d i t y  . 
Only two areas of t h e  domain were a f f e c t e d .  They 

were b o t h  o f  l i m i t e d  areal e x t e n t ,  and  s i n c e  both w e r e  

c o n f i n e d  t o  r e l a t i v e l y  s h a l l o w  l a y e r s ,  t h e  t o t a l  loss 

o f  water was small .  I t  was estimated t h a t  t h e  t o t a l  

loss of p r e c i p i t a b l e  water anywhere i n  t h e  domain was 
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Figure 10: RMS differences between satellite and radiosonde 
analyses of specif ic  humidity as a function of height ( pres- 
sure ) and number of iterations of the algorithm in Figure 9 .  

less t h a n  0.04 c m .  

w e a t h e r  a c t i v e  r e g i o n  of Oklahoma. 

i n  a column there  was no g r e a t e r  t h a n  0.03 c m ,  

r e p r e s e n t i n g  less t h a n  1 0 %  of t h e  t o t a l  i n  t h e  affected 

l a y e r s .  

One of t h e s e  areas was o v e r  a 

The  g r e a t e s t  loss 
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3.3.2 Balanced  Winds 

The b a l a n c e  e q u a t i o n  is used  i n  me teo ro logy  to  

d i a g n o s e  a r e l a t i o n  be tween a wind and p r e s s u r e  f i e l d  

such  t h a t  t h e  wind is n o n- d i v e r g e n t  w h i l e  i n c o r p o r a t i n g  

s e v e r a l  i m p o r t a n t  a c c e l e r a t i o n s  which i n f l u e n c e  l a r g e  

scale a t m o s p h e r i c  mot ions .  It  is f r e q u e n t l y  used  f o r  

i n i t i a l i z i n g  wind and p r e s s u r e  f i e l d s  i n  n u m e r i c a l  

p r e d i c t i o n  models .  Because  t h e  d i v e r g e n c e  o f  t h e  winds  

is z e r o ,  g e n e r a t i o n  o f  g r a v i t y  wave modes is k e p t  t o  a 

minimum; a des i rab le  f e a t u r e  s i n c e  e n e r g y  a s s o c i a t e d  

w i t h  s p u r i o u s  g r a v i t y  waves c a n  be a l iased i n t o  and 

s e r i o u s l y  c o n t a m i n a t e  t h e  slower and l a r g e r  scale 

modes which describe m e t e o r o l o g i c a l l y  i m p o r t a n t  

phenomena. 

The u s e  of t h e  b a l a n c e  r e l a t i o n s h i p  i n  t h i s  s t u d y  

means t h a t  t h e  i n i t i a l  wind f i e l d s  a r e  dependen t  o n l y  

on t h e  temperature s t r u c t u r e  i n  t h e  r a d i o s o n d e  or 

s a t e l l i t e  data. The f u l l  n o n- l i n e a r  b a l a n c e  e q u a t i o n  

is w r i t t e n  i n  C a r t e s i a n  c o o r d i n a t e s  w i t h  s p h e r i c a l  

terms n e g l e c t e d :  
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where 

and * is t h e  stream f u n c t i o n  of t h e  balanced wind. 

T h i s  e q u a t i o n  is s o l v e d  n u m e r i c a l l y  o n  p r e s s u r e  

s u r f a c e s  for 

Appendix D for d e t a i l s  of t h e  numer ics )  u s i n g  t h e  

g e o p o t e n t i a l  stream f u n c t i o n ,  -*/f, as a f i r s t  g u e s s  

f i e l d  and to c a l c u l a t e  b o u n d a r i e s .  I n  areas where t h e  

e q u a t i o n  was n o n - e l l i p t i c  t h e  winds  were c o n s t r a i n e d  to  

have z e r o  absolute v o r t i c i t y .  O t h e r s  have forced t h e  

e q u a t i o n  t o  be e l l i p t i c  when n e c e s s a r y  by a l t e r i n g  t h e  

h e i g h t  f i e l d s  ( A s s e l i n ,  1967), however s u c h  h e i g h t  

a d j u s t m e n t s  c a n  be greater  t h a n  one  hundred meters 

(Ellsaeser,  1968)  and would r e q u i r e  a h y d r o s t a t i c  

a d j u s t m e n t  i n  t h e  temperature f i e l d s .  Balanced w i n d s  

below t h e  t e r r a i n  (required for v e r t i c a l  i n t e r p o l a t i o n  

t o  t h e  t e r r a i n )  were based o n  g e o p o t e n t i a l  h e i g h t s  

o b t a i n e d  h y p s o m e t r i c a l l y  assuming a s t a n d a r d  lapse r a t e  

between sea l e v e l  and t h e  t e r r a i n  h e i g h t .  

@ is g e o p o t e n t i a l ,  f is t h e  cor io l is  pa ramete r  

* by s u c c e s s i v e  u n d e r- r e l a x a t i o n  (See 

A problem arose i n  c a l c u l a t i n g  balanced winds a t  

t h e  s o u t h e r n  boundary of t h e  model domain where speeds 

may exceed 150 m sec'l a t  t h e  upper l e v e l s .  

winds  n e a r  t h e  Gulf of Mexico were r e l a t i v e l y  f a s t ,  t h e  

g e o p o t e n t i a l  g r a d i e n t s  (and t h u s  b a l a n c e d  speeds) were 

W h i l e  
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e x a g g e r a t e d  by a n a l y s i s  error r e s u l t i n g  from a lack o f  

d a t a  i n  Mexico and t h e  G u l f .  The u s e  o f  one- s ided  

d i f f e r e n c i n g  o n  t h e  b o u n d a r i e s  may have  a m p l i f i e d  t h e  

e f f e c t  o f  a n  a l r e a d y  t i g h t  g r a d i e n t  which is 

p e r p e n d i c u l a r  to t h e  boundary  (west t o  eas t  f l 6 w ) .  

T o  a l l e v i a t e  t h i s  problem,  t h e  b a l a n c e d  winds  n e a r  

t h e  s o u t h e r n  boundary  were a l t e r e d  so t h a t  t h e  boundary  

g r i d  row winds  were r e p l a c e d  by t h e  winds  o n e  degree 

n o r t h  o f  t h a t  row. The winds  between t h e  new boundary  

row and t h o s e  two d e g r e s s  n o r t h  o f  it were o b t a i n e d  by 

l i n e a r  i n t e r p o l a t i o n  be tween them. 

The b a l a n c e d  winds  were c a l c u l a t e d  w i t h  second  

order accurate f i n i t e  d i f f e r e n c i n g  o n  a o n e  d e g r e e  

l a t i t u d e / l o n g i t u d e  g r i d .  Upon h o r i z o n t a l  i n t e r p o l a t i o n  

to  t h e  model g r i d ,  t h e  winds  a c q u i r e d  a sma l l  randomly 

d i s t r i b u t e d  d i v e r g e n c e  d u e  p a r t l y  to i n t e r p o l a t i o n  

e r ror ,  b u t  m a i n l y  b e c a u s e  t h e  model code c a l c u l a t e s  

d i v e r g e n c e  w i t h  a f o u r t h- o r d e r  a c c u r a t e  scheme. The 

d i v e r g e n t  components  were removed by r e l a x i n g  t h e  

e q u a t i o n  

stream f u n c t i o n  of t h e  i n t e r p o l a t e d  winds  and C is 

t h e i r  r e l a t i v e  v o r t i c i t y .  All c a l c u l a t i o n s  were d o n e  

w i t h  f o u r t h- o r d e r  a c c u r a t e  f i n i t e  d i f f e r e n c i n g  w i t h  

more s t r i n g e n t  c o n v e r g e n c e  r e q u i r e m e n t s  t h a n  used  i n  

v2q = G f o r  * where 9 is t h e  n o n- d i v e r g e n t  
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t h e  o r i g i n a l  s o l u t i o n  on  t h e  o n e  degree g r i d .  The new 

ba lanced  winds  were t h e n  o b t a i n e d  from t h e  r e l a t i o n s  

The u and v ba lanced  wind components were 

v e r t i c a l l y  i n t e r p o l a t e d  to  t h e  model s igma- height  

c o o r d i n a t e s .  S u r f a c e  v a l u e s  were o b t a i n e d  by v e r t i c a l  

i n t e r p o l a t i o n  between t w o  mandatory p r e s s u r e  l e v e l s ,  

one  above and o n e  below t h e  t e r r a i n  h e i g h t .  F i n a l l y ,  a 

wind a d j u s t m e n t  program was run  o v e r  t h e  e n t i r e  domain 

t o  remove any n e t  v e r t i c a l l y  i n t e g r a t e d  mass d i v e r g e n c e  

which cou ld  have a r i s e n  from v e r t i c a l  i n t e r p o l a t i o n  

errors.  

A sample compar ison between geostrophic, b a l a n c e d  

and o b s e r v e d  400  mb isotachs is shown i n  F i g u r e  11. 

The  impor tance  of t h e  f l o w  c u r v a t u r e  c o r r e c t i o n  i n  t h e  

b a l a n c e d  winds is o b v i o u s  from t h e i r  much reduced 

speeds i n  t h e  s o u t h w e s t e r n  p o r t i o n s  o f  t h e  domain. The 

b a l a n c e d  winds a re  much closer to t h e  o b s e r v e d  winds 

t h a n  are t h e  geostrophic winds ,  b u t  t h e  b a l a n c e d  and 

o b s e r v e d  winds s t i l l  have large d i f f e r e n c e s .  

3 3 . 3 Omega E q u a t i o n  

To o b t a i n  i n i t a l  q u a s i- g e o s t r o p h i c  (QG) d i v e r g e n c e  

f i e l d s  for  i n s e r t i o n  i n t o  t h e  model, a QG v e r t i c a l  

mot ion  e q u a t i o n  was d e r i v e d  for t h e  model c o o r d i n a t e s  
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1 
Figure 11: Comparison of geostrophic winds, balanced winds 
and observed winds (isotachs in m sed' ) for the same 400 
mb geopotential height analysis. 
represent the zonally stretched model domain. 

The rectangular areas 

based on an equivalent equation in Z coordinates by Lee 

(1981). 
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T h i s  e q u a t i o n  was t r a n s f o r m e d  term by term 

(append ix  E) to g i v e  a f o r m u l a t i o n  c o n s i s t e n t  w i t h  t h e  

sloped model h e i g h t  s u r f a c e s ,  and s o l v e d  by SOR t o  

o b t a i n  v e r t i c a l  v e l o c i t i e s .  The f o r c i n g  f u n c t i o n s  were 

smoothed and t h e  t e r r a i n  a d j u s t e d  t o  f ac i l i t a t e  

s o l u t i o n  by i n s u r i n g  t h a t  t h e  scale of phenomena was 

c o n s i s t e n t  w i t h  QG t h e o r y .  If t h e  t e r r a i n  h e i g h t ,  E 

( i n  meters), a t  any g r i d  p o i n t  i , j  exceeded 1000 meters 

it was a l tered a c c o r d i n g  to 

E i j  - 1 O O O O  + ( E i j  - 1000) /5 .  

T h i s  was c o n s i d e r e d  preferable t o  a p p l y i n g  a strong 

smoother because s i m p l e  n u m e r i c a l  smoothing c a n  n o t  

e l i m i n a t e  l a r g e  areas w i t h  h e i g h t s  s i g n i f i c a n t l y  above 

one  kilometer. Where t h e  t e r r a i n  h e i g h t  was al tered i n  

t h e  above manner,  temperatures below t h e  o r i g i n a l  

t e r r a i n  were o b t a i n e d  h y p s o m e t r i c a l l y  u s i n g  a s t a n d a r d  

l a p s e  ra te ;  and below H ,  model data had t o  be 

i n t e r p o l a t e d  t o  new h, s u r f a c e s .  

T h e  boundary c o n d i t i o n s  used z e r o  v e r t i c a l  mot ion  

a t  t h e  model top and on  t h e  l a t e r a l  boundar ies .  For 

t h e  lower boundary c o n d i t i o n s  s u r f a c e  v e r t i c a l  

v e l o c i t i e s  were computed so as  t o  be c o n s i s t e n t  w i t h  

obse rved  surface winds  and t h e  a d j u s t e d  t e r r a i n  s l o p e s .  

Given t h e  QG v e r t i c a l  v e l o c i t i e s ,  t h e  v e r t i c a l  

a 
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mot ion  e q u a t i o n  (2.3)  was s o l v e d  f o r  t h e  d i v e r g e n t  wind 

components  which were added to  t h e  b a l a n c e d  winds  i n  

e x p e r i m e n t  C. The numer ic s ,  which is also shown i n  

Appendix E, r e q u i r e d  t h a t  t h e  local r a t e  of change  o f  

d e n s i t y  be i g n o r e d .  Only  e v e r y  t h i r d  model g r i d  p o i n t  

was used  to  s o l v e  t h e  "omega" and " c o n t i n u i t y "  

e q u a t i o n s  i n  order t o  keep computer  costs r e a s o n a b l e .  

The f i n a l  d i v e r g e n t  components  were o b t a i n e d  by 

i n t e r p o l a t i n g  h o r i z o n t a l l y  to  t h e  f u l l  r e s o l u t i o n  model 

g r i d .  

3.3.4 S p e c i f i c a t i o n  o f  Low L e v e l  Winds 

Hour ly  s u r f a c e  wind da ta  was used  i n  t h i s  s t u d y  to 

c o n s t r u c t  a l o w  l e v e l  wind f i e l d  a p p r o x i m a t e l y  2000 

meters d e e p  where a c c u r a t e  a d v e c t i o n  o f  low l e v e l  

m o i s t u r e  is c r i t i c a l  f o r  development  of c o n v e c t i v e  

p r e c i p i t a t i o n  ( U l a n s k i  and G a r s t a n g ,  1978;  Doneaud, 

e t .  a l . ,  1 9 8 1 ) .  I n c l u s i o n  of mesoscale d i v e r g e n c e  is 

o f  p r i m a r y  i m p o r t a n c e  s i n c e  f o r m a t i o n  o f  c o n v e c t i v e  

storms a t  a l o c a t i o n  is o f t e n  preceded by i n t e n s e  local 

m o i s t u r e  c o n v e r g e n c e  (Newman, 1972)  . Such a 

c o r r e l a t i o n  was found by Homan and V i n c e n t  (1982) and 

Moore (1982) f o r  c o n v e c t i o n  t h a t  o c c u r r e d  o n  A p r i l  1 0 ,  

1979  o v e r  t h e  SESAME r e g i o n a l  domain. 

The s u r f a c e  wind data i n f l u e n c e d  a l a y e r  up to  
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model l e v e l  6 ( h  =2000) which r e p r e s e n t e d  t h e  t o p  of 

a n  a r t i f i c i a l  boundary l a y e r  u n r e l a t e d  t o  t h a t  s p e c i f i e d  

by t h e  model i t se l f .  The winds a t  l e v e l  6 c o n s i s t e d  o f  

b a l a n c e d  winds  or b a l a n c e d  winds w i t h  d i v e r g e n t  

components o b t a i n e d  from an omega e q u a t i o n .  The u and 

v components a t  model l e v e l s  2 t h r o u g h  5 were obta ined  

by l i n e a r  i n t e r p o l a t i o n  between t h e  s u r f a c e  and l e v e l  

6 ,  r e s u l t i n g  i n  a n  Ekman t y p e  t u r n i n g  o f  t h e  l o w  l e v e l  

winds w i t h  h e i g h t .  

0 

" .  

3.3.5 Wind Adjus tment  

Ver t ica l  mot ion  i n  t h e  LAMPS model is c o n s t r a i n e d  

t o  be z e r o  a t  t h e  top (16 k m ) .  

n o t  s a t i s f i e d  a t  t h e  i n i t i a l  time s tep ,  l a r g e  e x t e r n a l  

g r a v i t y  waves c a n  be e x c i t e d  which c a n  g r e a t l y  modify 

t h e  f o r e c a s t  mass f i e l d s ,  To i n s u r e  i n i t i a l l y  small  

v e r t i c a l  v e l o c i t i e s  a t  t h e  model top, a "wind 

a d j u s t m e n t"  scheme (LAMPS s t a n d a r d  software) was 

employed, s imilar  to t h e  procedure used by Washington 

and Baumhefner ( 1 9 7 5 ) ,  wh ich  removes n e t  v e r t i c a l l y  

i n t e g r a t e d  mass d i v e r g e n c e .  I n  t h e  p r o c e s s ,  winds a t  

a l l  l e v e l s  have  t h e i r  d i v e r g e n t  components a l te red  

a c c o r d i n g  to a pre-selected w e i g h t i n g  f u n c t i o n .  The 

de ta i l s  o f  t h e  method are found i n  L e e  (1981) .  

If t h i s  c o n d i t i o n  is 

I n  model r u n s  i n i t i a l i z e d  w i t h  r ea l  winds a t  a l l  

a 
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l e v e l s ,  t h e  d i v e r g e n c e  a d j u s t m e n t s  were applied be tween 

l e v e l  6 and t h e  model top. For r u n s  i n i t i a l i z e d  w i t h  

b a l a n c e d  winds  p l u s  o b s e r v e d  l o w  l e v e l  winds ,  t h e  

a d j u s t m e n t s  were also c o n f i n e d  t o  t h e  upper  l e v e l s  i n  

order to  keep t h e  l o w  l e v e l  d i v e r g e n c e  p a t t e r n s  in-  

tac t .  F i n a l l y ,  for model r u n s  w i t h  b a l a n c e d  i n t i a l  

winds  a t  a l l  l e v e l s  t h e  a d j u s t m e n t s  were made below 

l e v e l  6. A t  t h e  lowest l e v e l s  t h e  b a l a n c e d  winds  were 

v e r t i c a l l y  i n t e r p o l a t e d  t o  s i g m a- h e i g h t  s u r f a c e s  based 

p a r t l y  on  g e o p o t e n t i a l  h e i g h t  a n a l y s e s  which were 

c a l c u l a t e d  below t h e  t e r r a i n .  S i n c e  t h e  l o w  l e v e l  

b a l a n c e d  winds  were therefore s u b j e c t  t o  t h e  grea tes t  

u n c e r t a i n t y  t h e y  were c h o s e n  to  bear t h e  b r u n t  of t h e  

wind a d j u s t m e n t  p r o c e d u r e .  
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4. Exper imenta l  Design 

The  e x p e r i m e n t s  are  d i v i d e d  i n t o  two b locks  as 

shown i n  F igure  12 .  B l o c k  I c o n s i s t s  of model 

forecasts s t a t i c a l l y  i n i t i a l i z e d  a t  1800 GMT Apr i l  1 0  

w i t h  SESAME r a d i o s o n d e  data.  The d i f f e r e n c e s  between 

model r u n s  are  based upon how t h e  i n i t i a l  wind f i e l d s  

were s p e c i f i e d .  The B l o c k  II e x p e r i m e n t s  were a l l  

i n i t i a l i z e d  a t  2100 GMT w i t h  balanced winds above model 

l e v e l  6. T h e s e  e x p e r i m e n t s  employ v a r i o u s  c o m b i n a t i o n s  

of s a t e l l i t e  v e r s u s  r a d i o s o n d e  temperatures, o b s e r v e d  

v e r s u s  b a l a n c e d  surface winds ,  and s t a t i c  v e r s u s  

dynamic i n i t i a l i z a t i o n  o f  low l e v e l  winds.  

The p u r p o s e  of t h e  B l o c k  I e x p e r i m e n t s  was t o  

d e t e r m i n e  a s i m p l e  and r e l i ab le  i n i t i a l i z a t i o n  

t echn ique .  Experiment  A was a three hour  forecast 

i n i t i a l i z e d  w i t h  o b s e r v e d  SESAME r a d i o s o n d e  winds a t  

a l l  l e v e l s ,  w h i l e  exper iment  B used b a l a n c e d  winds a t  

a l l  l e v e l s .  Comparison of A and B p r o v i d e d  a n  

a s s e s s m e n t  of t h e  models' a b i l i t y  to  m u t u a l l y  a d j u s t  

t h e  mass and h i g h l y  unbalanced momentum f i e l d s  o f  A p r i l  

10.  Comparison of e x p e r i m e n t s  B and C examines t h e  

forecast impac t  of i n c l u d i n g  a q u a s i- g e o s t r o p h i c  

d i v e r g e n c e  i n  t h e  i n i t i a l  wind f i e l d s .  Model run  D 

r e p e a t e d  e x p e r i m e n t  B to p r o v i d e  a t w e l v e  hour forecast 
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Figure 12: Schematic of experimental design. Capital le t ters  
denote individual model forecasts. Lengths of forecasts are 
indicated by the t i m e  scale on the horizontal axis.  

which p a r t l y  s e r v e s  as a c o n t r o l  by which  t h e  B l o c k  11 

e x p e r i m e n t s  c a n  be e v a l u a t e d .  

e x p e r i m e n t  B i n  t h a t  it used  an updated  m o i s t u r e  

a n a l y s i s  (9) to correct f o r  an  i n a d v e r t a n t  

u n d e r e s t i m a t i o n  of t o t a l  a v a i l a b l e  m o i s t u r e  i n  

I t  d i f f e r s  f rom 

e x p e r i m e n t s  A, B and C. 

The B l o c k  I1 e x p e r i m e n t s  were d e s i g n e d  t o  examine  

t h e  impacts of s a t e l l i t e  and r a d i o s o n d e  t e m p e r a t u r e  

a 
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data, and observed l o w  l e v e l  winds  i n  t h e  LAMPS 

model, Model forecasts E and F p r o v i d e  t h e  most d i rec t  

compar i son  of r a d i o s o n d e  and s a t e l l i t e  data.  B o t h  have  

t h e  same s u r f a c e  p r e s s u r e s ,  s u r f a c e  winds ,  m o i s t u r e  

a n a l y s e s  and u s e  t h e  same s t a t i c  i n i t i a l i z a t i o n  

t e c h n i q u e .  D i f f e r e n c e s  i n  t h e  outcomes  o f  these 

e x p e r i m e n t s  are  c a u s e d  by d i f f e r e n c e s  i n  t h e i r  i n i t i a l  

t e m p e r a t u r e  s t r u c t u r e .  Sa te l l i t e  r u n  G d i f f e r s  from E 

o n l y  i n  t h a t  G is i n i t i a l i z e d  w i t h  b a l a n c e d  winds  a t  

l o w  l e v e l s ,  Comparison of these forecasts d e t e r m i n e s  

i f  t h e  i n i t i a l  o b s e r v e d  l o w  l e v e l  w inds  are 

"remembered" by t h e  model and h a v e  a n y  l a s t i n g  impact 

o n  model e v o l u t i o n .  S a t e l l i t e  r u n s  J and K employ two 

d i f f e r e n t  dynamic i n i t i a l i z a t i o n s  to force t h e  model t o  

u t i l i z e  t h e  o b s e r v e d  low l e v e l  winds  d u r i n g  t h e  

initialization/adjustment period ( t h e  f i r s t  1-1/2 

h o u r )  . 
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5 .  Initialization 

5.1 Preliminary Initialization Runs 

5.1.1 Noise Diagnostics 

It has been understood for over three decades that 

the synoptic scale atmosphere is engaged in an unending 

attempt to achieve geostrophic equilibrium through 

mutual adjustments in the mass and momentum fields 

(Bolin, 1953; Haltiner and Williams, 1980, pp. 42- 

52). In this adjustment process, fast moving inertia- 

gravity waves are generated which have low amplitudes 

and are rapidly dispersed. According to theory of 

large scale mid-latitude dynamics, the atmosphere is 

assumed to be in an approximate or *'quasi*'-geostrophic 

state in which slight ageostrophic imbalances are 

resolved by adjustment of the mass and wind fields via 

broad scale divergence and vertical motions. In this 

view gravity waves play a minor role. As a result the 

earliest numerical models were based on quasi- 

geostrophic equations which precluded the existence of 

inertia-gravity waves. 

In the primitive equations (PE) inertia-gravity 

waves are valid solutions. While the degree of 

ageostrophic imbalance in the broad scale atmosphere is 

generally small, when the mass and wind distributions 
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are specified independently from observations and used 

to initialize a PE model, the imbalances, either real 

or due to inaccurate observations result in inertia- 

gravity waves. These can misrepresent the energy in 

the slower meteorological modes and adversely affect a 

numerical forecast. The energy in gravity wave modes 

can be reduced by diagnosing the wind field from 

geopotential height (or vice-versa) using the balance 

equation (experiment B). An analysis by Phillips 

(1960) suggested that the inclusion of a quasi- 

geostrophic divergence field with the balanced winds 

(experiment C) would further reduce the presence of 

gravity wave "noise" in the initial state. 

Since the quality of a model forecast may depend 

critically on the quality of the initialization, this 

section will examine the level of gravity wave activity 

in experiments A, B and C resulting from initialization 

with real winds, balanced winds and balanced winds with 

quasi-geostrophic divergence. Although the magnitudes 

of pressure perturbations and vertical motions 

associated with gravity waves may be small, the fact 

that their time rates of change are large provides a 

means for detecting their presence in the model 

initializations. The gravity waves are monitored from 
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diagnostics involving local time tendencies of surface 

pressure and mid-level vertical velocity. 

A useful noise level statistic, PS, is defined to 

be the domain averaged local rate of change of surface 

pressure (Warner, et. al, 1978) and is calculated as 

apsfc, i 1 
P S = L  i=I y I at 

where the average is taken over the N=lh verification 

points in Figure 7. PS is plotted as a function of 

model time in Figure 13 for  every time step of the real 

(A)  and balanced wind (B) forecasts. For the real 

wind, PS starts out at 7 mb hr'l during the first 

thirty time steps compared to 4 mb hr-' f o r  the 

balanced winds. After thirty-five time steps, real 

wind values drop to about 4 mb hr-l and to about 1.3 mb 

hr'l at 150 time steps. 

decline are oscillations with amplitudes of 1 - 2 mb 
hr"' and with a period of about ten minutes, consistent 

with the Brunt-Vaisalla frequency for buoyant 

oscillations usually associated with small scale 

However, superimposed on the 

internal gravity waves. The ten minute oscillations 

are not in phase everywhere in the domain as the curve 
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Figure 13: TMe series of domain averaged surface pressure tendency 
for each time s t e p  of a three-hour forecast (1800 - 2100 GMT) in i t-  
ia l ized  with (a) real winds, (b) balanced winds. Units of ordinate 
are mb h i '  . Number of model time s t e p s  is shown on the abscissa. 

in Figure 13 implies, rather the statistic PS tends to 

be dominated by a few grid points with the largest 

amplitudes in the western part of the domain. 

Oscillations in PS €or the balanced wind case do not 

have the same high amplitudes or regularity as the real 

winds, but for both cases PS levels off to s 1 mb hr-l 

after 150 time steps ( fl 1-1/2 hr) which is regarded as 

the end of the initialization/adjustment period of the 

model forecasts. 

A more dramatic comparison between real and 

balanced wind initialization noise is seen in the local 

rate of change of mid-level ( h, =6000 meters) vertical 
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velocity at a single location, This parameter has been 

used by Lejenas (1977). Point 2 (see Figure 7) was 

chosen for this illustration because the largest 

ageostrophic imbalances were found in that vicinity. 

Values of aw/at are plotted in Figure 14 for every 

time step of experiments A, B and C. For all three 

cases the first hour was characterized by ten minute 

oscillations with the amplitudes for the real winds 

being twice as large as the others and about a mean 

value of 25 cm set"' hr-'. 
were about a zero mean. The 2At oscillations which 

appear every thirty time steps result from restoration 

of hydrostatic balance after implementation of the 

convective parameterization. 

The "balanced" oscillations 

Comparison of aw/at for the two balanced wind 

cases indicates that no discernible reduction of noise 

was achieved by including quasi-geostrophic divergence 

in the initial conditions. The vertical velocities 

(see Figure 15) from which the divergence was derived 

were less than 1 cm sec-l over most of the model 

domain. The three hour forecast vertical motions for 

experiments B and C showed differences at 6000 meters 

no greater than 3 cm sec'l anywhere in the domain 

(Figure 16); therefore, after experiment C the 
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Figure 14: Time series of model level  9 vertical v e l o c i t y  tendency 
at  point  2 f o r  every t i m e  s t e p  of a three-hour fo recas t  i n i t i a l i z e d  
with (a) real winds, (b) balanced winds, and (c) balanced winds 
with quasi- geostrophic divergence. 
Number of model time steps is shown on t h e  absc i s sa .  

Units on o rd ina te  are c m  sec"hf'  
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Figure 15: Horizontal zonally stretched domain maps of 
vertical velocity at the initial time (1800 GMT) for 
(a) lower boundary conditions, (b) quasi-geostrophic 
values at model level 9.  Units are ern sec" . 

Figure 16: Horizontal zonally stretched domain maps of level 9 
vertical velocity for three-hour forecasts initialized with (a) 
balanced winds, (b) balanced winds plus QG divergence. Units 
are cm sec-l . 
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i n c l u s i o n  of QG d i v e r g e n c e  was abandoned for n e g l i g i b l e  

impact on t h e  model. 

To summarize t h e  r e s u l t s  of t h e  n o i s e  i n d i c a t o r s ,  

t h e  b a l a n c e d  wind i n i t i a l i z a t i o n  c l e a r l y  reduced model 

s h o c k  below t h e  l e v e l s  i n  t h e  rea l  wind forecast. The 

i n c l u s i o n  of q u a s i- g e o s t r o p h i c  d i v e r g e n t  components i n  

t h e  i n i t i a l  s ta te  w i t h  ba lanced  winds was n o t  found t o  

have  any b e n e f i c i a l  e f fec t  on  e i ther  s u p p r e s s i o n  o f  

i n i t i a l i z a t i o n  g e n e r a t e d  g r a v i t y  waves or on  lower 

s p a t i a l  and temporal f r e q u e n c y  features i n  t h e  model 

forecast f i e l d s .  
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5.1.2 Forecast Fields 

Even though the use of balanced wind and pressure 

fields reduce initial model shock, it does not follow 

that they must produce a better forecast than real 

winds. Adjustments do take place in the atmosphere in 

response to real mass/winds imbalances and may result 

in divergence and vertical motions related to observed 

weather on sub-synoptic scales. April 10, 1979 is a 

good example. The basic problem with the balanced wind 

(which really applies to the synoptic scale by its 

derivation) is that it removes smaller scale wind 

features that represent imbalances in the quasi- 

geostrophic framework, but which for the real 

atmosphere and possibly the primitive equations may 

represent information essential for accurate 

development of real phenomena. Balanced winds may also 

be sufficiently unrealistic as to distort magnitudes of 

advection. On the other hand real winds inherently 

incorporate the *'essential*' information, but also 

contain errors that can generate spurious high 

frequency gravity waves in a PE model which can 

adversely affect a forecast. This section will focus 

on experiments A and B to examine the impacts of the 

adjustment process on some of the forecast model fields 
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that resulted from initialization with real and 

balanced winds. 

Arnold (1982) performed an analysis on the 

ageostrophic accelerations in the observed SESAME 

radiosonde winds for April 10. His results are 

pertinent because they provide an incisive illustration 

of the model adjusting to a non-geostrophic wind field 

to produce corresponding vertical motion and divergence 

patterns. Arnold computed the ratio, R, of the 

isallobaric acceleration to inertial advective 

acceleration ( a r / a t /  VmV V ) at 500 mb for the period 

1800 to 2100 GMT on April 10, and plotted the values 

over the SESAME domain. His figure which is reproduced 

in Figure 17d shows where R is small by shading. The 

elongated shaded area along the Texas/Oklahoma border 

corresponds well to the initial outbreak of convection 

as seen in the 1835 GMT radar summary data (appendix 

B) * 

--- 
g 9 

The smaller values of R show where the magnitude 

of the inertial advective components of the ageostropic 

wind are larger than the isallobaric components. It is 

in these regions that the geostrophic adjustments are 

large. Divergence at 700 mb (Figure 17b) for 

experiment A (real winds), after one hour of 

a 
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i n t e g r a t i o n ,  shows a n  e l o n g a t e d  r e g i o n  of convergence  

c o r r e s p o n d i n g  t o  t h e  shaded area i n  F i g u r e  17d. Three  

c o n v e r g e n t  cells  ( < - 2.5 x sec") marked "xW I Icyw 

and I rzW are p o s i t i o n e d  almost e x a c t l y  where R is a 

minimum. The 700 m b  v e r t i c a l  mot ion  a t  t h e  same places 

show maxima g r e a t e r  t h a n  10  c m  sec-l. The 5 c m  sec'l 

' c o n t o u r  e n c l o s e s  a p p r o x i m a t e l y  t h e  same area as  t h e  

R=0.5 c o n t o u r .  A t  500 m b  t h e  same v e r t i c a l  mot ion  

p a t t e r n s  a r e  found. The model h a s  c l e a r l y  responded i n  

a r e g i o n  of l a r g e  o b s e r v e d  ageostrophic wind t o  produce  

l o w  l e v e l  convergence  and upward mot ion  i n  a n  area 

where t h e  o b s e r v e d  c o n v e c t i v e  development  would require 

it, 

A compar ison of b a l a n c e d  and rea l  wind f o r e c a s t s  

of 500 mb v e r t i c a l  v e l o c i t y  (a t  2100 GMT) was made 

u s i n g  a n  o b s e r v e d  500 mb omega f i e l d  for 

v e r i f i c a t i o n .  The o b s e r v e d  f i e l d  which is based o n  

SESAME r a d i o s o n d e  data is reproduced from V i n c e n t  and 

Carney (1982) i n  F i g u r e  18a .  The p r imary  feature is a 

broad area of upward mot ion  o v e r  t h e  Texas/Oklahoma 

border (A), To t h e  n o r t h  and s o u t h  are downward cel ls  

(€3 and C ) ,  and  to  t h e  w e s t  is a narrow downward band 

(E)  runn ing  t h e  l e n g t h  of t h e  Texas Panhandle.  The  

rea l  wind forecast shows s e v e r a l  o f  t h e  same 
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a 

b 

C 

Figure 18: (a) 2100 GMT observed 500 mb "omega" f i e l d  (After Vincent 
and Carney, 1982). (b) real wind forecast A 500 mb vertical velocity 
for 2100 GMT (contour interval 5 cm sec" ). ( c )  same as (b) except 
for balanced wind forecast B .  
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f e a t u r e s .  T h e i r  r e l a t i v e  p o s i t i o n s  are similar  (see 

F i g u r e  18b) to  those o b s e r v e d ,  however,  t h e y  are a l l  

c o n s i s t e n t l y  displaced a b o u t  200 km too far  to  t h e  

east .  T h i s  is an  i n d i c a t i o n  t h a t  t h e  h i g h  

i n i t i a l i z a t i o n  n o i s e  l e v e l s  i n  e x p e r i m e n t  A may be 

h a v i n g  a d e t r i m e n t a l  e f f e c t  on t h e  f o r e c a s t .  I n  t h e  

b a l a n c e d  wind r u n  v e r t i c a l  v e l o c i t y  cells  B,  C, D and E 

are a b s e n t ;  however ,  t h e  main ce l l  A d o e s  e x i s t  and is 

s i t u a t e d  w e l l  w i t h  respect to  t h e  o b s e r v e d  o n e .  

An e x a m i n a t i o n  of three hour  forecasts of mean sea  

l e v e l  p r e s s u r e  (MSLP) p a t t e r n s  discloses s e r i o u s  

d i f f i c u l t i e s  w i t h  t h e  rea l  wind i n i t i a l i z a t i o n .  The 

i n i t i a l  1800 GMT MSLP, as d i a g n o s t i c a l l y  d e t e r m i n e d  i n  

t h e  model ( F i g u r e  1 9 ) ,  shows a low i n  Colorado w i t h  

isobars e x t e n d i n g  i n  t h e  n o r t h- s o u t h  d i r e c t i o n  a l o n g  

t h e  s u r f a c e  cold f r o n t .  A f t e r  three h o u r s  there is no 

e v i d e n c e  of a low p r e s s u r e  s y s t e m  moving i n t o  t h e  

domain as was o b s e r v e d .  I n  S o u t h e a s t e r n  C o l o r a d o ,  

where t h e  low s h o u l d  have  been ,  s u r f a c e  p r e s s u r e  

a c t u a l l y  i n c r e a s e d  and i n s t e a d ,  t h e  lowest p r e s s u r e  was 

found a t  t h e  w e s t e r n  e d g e  of t h e  Texas  Panhandle .  A 

s i x  hour  forecast showed t h i s  low p r e s s u r e  area 

p r o p a g a t i n g  n o r t h e a s t w a r d .  The h e i g h t  f i e l d s  a t  t h e  

mandatory  l e v e l s  also showed t h e  i n i t i a l  low washing 
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out" in Colorado. 

The balanced wind forecast MSLPs are about 2 mb 

too low in most areas of the domain (compare Figures 

19b and 19d). The overall integrity of the isobar 

patterns was pEeserved, This forecast accurately moved 

the low into Southeastern Colorado as observed. The 

forecast lowest pressure was approximately 981 mb 

compared to an NMC observed 985 mb (see Appendix B, 

Figure Rl). However, it is noted that model and NMC 

sea level pressure values are not expected to verify 

exactly since the mean temperature used by the National 

Weather Service for reduction to sea level is an 

average of the current and previous twelve hour surface 

temperatures. The model code incorporates only the 

current surface temperature into the sea level pressure 

calculation. 

The superior initialization was achieved with 

balanced winds, Since both model runs A and B had the 

same initial mass fields and time dependent boundary 

conditions, the failure of the real winds to properly 

develop the low pressure system must be due to the 

deleterious effects of intense gravity wave generation 

during initialization. The severe toll of the 

adjustment process in experiment A could also be seen 

a 
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in ten-minute output by highly distorted height fields 

as the model was initialized. 

5 .2  Dynamic Initialization of Low Level Winds 

In recognition that the model may either ignore or 

reject the initial low level winds based on observed 

surface data, a dynamic initialization was used to 

force the model to accept the low level wind 

information for a period equal to the initia3.ization 

phase of the forecasts. As detailed earlier,, the 

rationale for this approach was to include realistic 

low level divergence patterns which might impact on the 

initial development and evolution of convective 

precipitation. These procedures, which are the basis 

for experiments J and K, are described in this section. 

In the dynamic initialization, u and v wind 

components at every grid point (i,j) at the lowest six 

levels (k) are linearly combined with the model 

predicted values at the same grid points according to a 

weight @(t,z) which is a function of model time and 

height. The u-component equation is 

d 
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for time step n = 1 to 156 (approximately 1-1/2 hours) 

and model level k = 1 to 6. 

predicted value at a given time step. It is updated by 

the initial constant Uijk. 

Uijk is the model 

obs 

It is important to note that the initial low level 

winds (in Block I1 experiments) were not based on 2100 

GMT surface data, but on the average of the 2200 and 

2300 GMT surface winds. This was done so that the 

surface winds that influence the initialization are 

those which would be valid at the end of the adjustment 

period. This time offset was not considered important 

for the statically initialized Block I1 experiments 

because the observed surface winds changed very Little 

over this period. The surface wind analyses for 2230 

GMT are shown in Figure 20. 

The weighting factor f l  was chosen to be a 

decreasing function of model time going from 1.0 to 0.0 

during the initialization phase. This forces the 

initially specified low level winds into the model 

strongly at the beginning and then reduces their 

influence to zero at the end of the initialization. 

In experiment K, the weight p was a decreasing 

function of model height as well as time (Figure 21). 
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Figure 21: Weight ( p )  assigned to  i n i t i a l  low l eve l  winds 
in  the dynamic in i t ia l izat ion  of experiments J and K.  The 
length of the in i t ia l izat ion  is represented as the 156 time 
steps on the abscissa. 

A t  l e v e l  6 t h e  w e i g h t  g i v e n  to  t h e  i n i t i a l  winds f a l l s  

off r a p i d l y  w i t h  time, w h i l e  t h e  lowest l e v e l  winds 

r e c e i v e  more t h a n  e i g h t y- f i v e  p e r c e n t  of t h e  t o t a l  

we igh t  u n t i l  n e a r  t h e  end of t h e  i n i t i a l i z a t i o n .  The 

B - f u n c t i o n  v a l u e s  for a g i v e n  time a t  l e v e l s  2 th rough  

5 are  o b t a i n e d  by l i n e a r  i n t e r p o l a t i o n  between v a l u e s  

a t  t h e  s u r f a c e  and l e v e l  6. The  s h a p e s  of t h e  

a 
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functions are somewhat arbitrary but reasonable if the 

goal is to ease the model forecast away from the 

initial low level winds in both time and height. The 

function values at level 6 were derived by fitting a 

fourier series to points extracted from hand-drawn 

curves. At level 1, a mixed linear and fourier series 

fitting interpolation was used. 

In experiment J the weighting function was the 

same for all model levels (k = 1 to 6) and was held 

constant for one hundred thirty-five time steps with a 

value of 1.0 (Figure 21). During the ensuing twenty- 

one time steps, @ decreased linearly to zero. 

Experiment J essentially held the l o w  level winds 

constant for the entire initialization. Results and 

comparisons of experiments J and K are discussed in the 

next chapter. 
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6 .  Model R e s u l t s  

6.1. Mass F i e l d s  

6.1.1 G e n e r a l  F e a t u r e s  

The model f o r e c a s t  mass f i e l d s  are i n v e s t i g a t e d  

w i t h  i n t e r- c o m p a r i s o n s  between model cases and w i t h  

o b s e r v e d  mean sea l e v e l  p r e s s u r e  (MSLP) and SESAME 

g e o p o t e n t i a l  h e i g h t  f i e l d s .  The f i r s t  pa r t  o f  t h e  

d i s c u s s i o n  f o c u k e s  on  g e n e r a l  aspects o f  t h e  mass f i e l d  

e v o l u t i o n .  The second  par t  w i l l  i n v e s t i g a t e  t h e  

g e n e r a t i o n  and e v o l u t i o n  o f  s p e c i f i c  mesoscale f e a t u r e s  

i n  t h e  h e i g h t  f i e l d s .  

The q u a l i t y  o f  t h e  model f o r e c a s t  sea l e v e l  

p r e s s u r e  f i e l d s  is examined i n  terms of t w o  a t t r i b u t e s  

which c h a r a c t e r i z e  t h e  o b s e r v e d  mean sea l e v e l  p r e s s u r e  

p a t t e r n s .  (See F i g u r e  B1 o f  Appendix B ) .  The f i r s t  i s  

t h e  e l o n g a t i o n  of t h e  i s o b a r s  a l o n g  t h e  s u r f a c e  c o l d  

f r o n t  and t h e  second  is t h e  small change  i n  t h e  c e n t r a l  

p r e s s u r e  of t h e  storm o v e r  t h e  f o r e c a s t  p e r i o d  

sl m b  o v e r  n i n e  h o u r s ) .  V a l u e s  o f  t h e  f o r e c a s t  lowest 

sea l e v e l - p r e s s u r e  f o r  e a c h  model r u n  ( F i g u r e  2 2 )  and 

maps o f  t h e  sea l e v e l  p r e s s u r e  p a t t e r n s  a t  t h e  f i n a l  

forecast time f o r  e a c h  case ( F i g u r e  23)  w i l l  be used  i n  

t h e  d i s c u s s i o n  which f o l l o w s .  

The f i r s t  hour  and  a h a l f  o f  a l l  model r u n s  is 
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Figure 22: Time traces of the lowest forecast sea level 
pressures for case D and the Block I1 experiments. 

c h a r a c t e r i z e d  by rapid f a l l s  of t h e  domain lowest 

p r e s s u r e  b 2 - 1 / 2  mb hr ' l )  as s e e n  i n  F i g u r e  22. Bo th  

s a t e l l i t e  case E and  case F showed i n i t i a l  drops of 4 

mb. Al though p r e s s u r e  i n c r e a s e s  f o r  case F be tween 

. _- 
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HAX= 1014.888 HIN= 976.655 lNT= 4.000 

HAX-. 1015.909 HIN= 975.060 INT= 4.000 

HAX= 1017.126 HlN= 980.191 INT= 4.000 

Figure 23: Final forecast (0600 GMT) sea level pressure f ields 
for cases E, G ,  J,  F and D .  Units of contours are millibars. 
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WX= 1016.585 MN= 977.293 lNT= 4.000 

MAX: 1016.793 MIN: 981.060 IN]= 4.000 

Figure 23: (continued) 

2230 and 0000 GMT, both the s a t e l l i t e  and radiosonde 

values decrease s teadi ly a t  about the same ra te  (af ter  

0000 GMT) for the remainder of the forecasts w i t h  the 

s a t e l l i t e  pressure about 1 mb lower. For both cases, 

by 0600 GMT a l l  isobars are  shifted eastward re la t ive  
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to the observed isobars (compare Figures 23 and 2 4 )  

indicating pressure forecasts which are generally too 

low. The deviations from observed pressure are greater 

in the western part of the domain. 

Comparison of the final pressure fields for cases 

G and E shows great similarity with both having large 

eastward bulges in the isobar patterns. In case G the 

lowest MSLP dropped almost six millibars during the 

initialization and remained about two millibars lower 

than in case E for the entire forecast period. 

Holding the low level winds constant during the 

initialization period (J) resulted in a much improved 

Figure 24: Verification mean sea leve l  pressure f i e l d  for 0600 
GMT A p r i l  11. Un-shaded area corresponds to  the model domain. 



71 

p r e s s u r e  p a t t e r n  f o r e c a s t  w i t h  isobars e x t e n d i n g  

sou thward  from t h e  low a l o n g  t h e  a p p r o x i m a t e  p o s i t i o n  

of t h e  s u r f a c e  cold f r o n t .  D e s p i t e  a n  i n i t i a l  8 m b  

d r o p  i n  t h e  lowest MSLP, t h e  model  q u i c k l y  r e c o v e r e d  t o  

g i v e  a f i n a l  v a l u e  o n l y  4 mb lower t h a n  a t  t h e  i n i t i a l  

I 

time, t h e  smallest t o t a l  drop of t h e  B l o c k  II 

e x p e r i m e n t s .  A t  t h e  end o f  t h e  f o r e c a s t ,  sea l e v e l  

p r e s s u r e s  f o r  case J are  2 t o  4 mb h i g h e r  o v e r  t h e  

model domain t h a n  i n  cases F,  G, and E. 

The e x c e l l e n t  MSLP f o r e c a s t  made i n  case D shows 

t h e  same f e a t u r e s  as  case J a t  0600 GMT; however ,  D d i d  

n o t  i n c l u d e  o b s e r v e d  l o w  l e v e l  w inds  i n  a n y  form. 

Thus,  t h e  dynamic i n i t i a l i z a t i o n  w i t h  o b s e r v e d  low 

l e v e l  w i n d s ,  w h i l e  improv ing  t h e  q u a l i t y  of t h e  Block 

I1 e x p e r i m e n t s ,  is n o t  e s s e n t i a l  ( d e p e n d i n g  o n  t h e  

i n i t i a l  c o n d i t i o n s )  for p r o d u c i n g  a good mass E i e l d  

f o r e c a s t .  Case D e x p e r i e n c e d  s i g n i f i c a n t  d r o p s  i n  

lowest MSLP d u r i n g  t h e  f i r s t  t h r e e  h o u r s  b u t  l e v e l e d  

o f f  to  g i v e  a v a l u e  o n l y  3 mb lower t h a n  o b s e r v e d  a t  

0600 GMT. Because  cases D and  F are  b a s e d  on SESAME 

r a d i o s o n d e  da ta  f rom s u c c e s s i v e  o b s e r v i n g  times (1800  

GMT for  case D and  2100 GMT f o r  case F), i d e a l l y ,  t h e y  

s h o u l d  produce similar f o r e c a s t s .  The f a c t  t h a t  t h e y  

do  n o t  r e f l e c t s  a model s e n s i t i v i t y  to  t h e  i n i t i a l  



72 

c o n d i t i o n s  and p o s s i b l y  to  t h e  l e n g t h  of t h e  model 

forecasts. 

For a l l  e x p e r i m e n t s ,  t h e  forecast sea l e v e l  

p r e s s u r e s  were lower t h a n  obse rved  o v e r  most of t h e  

domain, w i t h  t h e  largest  d i s c r e p a n c i e s  i n  t h e  West 

where t h e  lowest p r e s s u r e s  were. The same phenomenon 

is e v i d e n t  a t  t h e  upper l e v e l s  as w e l l .  However, w h i l e  

t h e  p o s i t i o n  of t h e  s y n o p t i c  scale low is close to  t h e  

one o b s e r v e d ,  t h e  r e l a t i v e  ra tes  of i n t e n s i f i c a t i o n  and 

eastward p r o p a g a t i o n  of t h e  l o w  ( a t  t h e  s u r f a c e  and 

a lo f t )  between cases is d i f f e r e n t .  

T h e s e  d i f f e r e n c e s  a re  i l l u s t r a t e d  by comparing t h e  

e x p e c t e d  changes  o v e r  time of a lowest h e i g h t  v a l u e  i n  

t h e  model domain to  a c t u a l  changes  computed i n  t h e  

model forecasts for t h e  same time p e r i o d s .  The h e i g h t  

change v a l u e  was computed as a n  a v e r a g e  of t h e  changes  

of t h e  domain lowest g e o p o t e n t i a l  h e i g h t s  a t  850, 700 

and 500 mb for t h e  periods 2100 t o  0000 GMT and from 

0000 to  0600 GMT ( A p r i l  11). The model forecast 

changes  were de te rmined  from t h e  maximum/minimum h e i g h t  

v a l u e s  p r o v i d e d  by t h e  model o u t p u t  software for each 

mandatory l e v e l  p r e s s u r e- h e i g h t  f i e l d .  

The expected changes  i n  t h e  minimum h e i g h t  v a l u e  

- for t h e  same p e r i o d s  were determined i n  t w o  ways. The  
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f i r s t  method computed changes  i n  h e i g h t  f rom t h e  t i m e  

d e p e n d e n t  boundary  c o n d i t i o n  f i e l d s  n e a r e s t  t h e  low 

p r e s s u r e  c e n t e r  based  on v a l u e s  a t  1200,  0000 and 1200  

GMT (Apri l  10- 11) .  Thus, e x p e c t e d  c h a n g e s  by t h i s  

method f o r  2100 to  0000 GMT were based  on  t h e  f i r s t  

t w e l v e  hour  t i m e  t e n d e n c i e s .  L i k e w i s e ,  c h a n g e s  from 

0000 t o  0600 GMT were based on  t h e  second  set o f  t w e l v e  

hour  t e n d e n c i e s .  The s e c o n d  method computed c h a n g e s  i n  

t h e  lowest h e i g h t  f rom v a l u e s  a t  t h e  c e n t e r  o f  t h e  

s y n o p t i c  scale low p r e s s u r e  s y s t e m  i n  i n d e p e n d e n t l y  

a n a l y z e d  SESAME h e i g h t  f i e l d s  a t  2100, 0000 and 0600 

GMT. 0300 GMT was n o t  used  i n  o r d e r  t o  be  c o n s i s t e n t  

w i t h  t h e  t i m e  r e s o l u t i o n  a f f o r d e d  by t h e  boundary  

c o n d i t i o n s .  For t h e  model o u t p u t  and boundary 

c o n d i t i o n  f i e l d s ,  it was assumed t h a t  t h e  model g r i d  

p o i n t  w i t h  t h e  lowest h e i g h t  r e p r e s e n t e d  t h e  c e n t e r  o f  

t h e  low. S i n c e  t h e  a c t u a l  l o w  p r e s s u r e  sys t em was 

p o s i t i o n e d  o n l y  n e a r  ( i n s i d e  or o u t s i d e )  t h e  w e s t e r n  

boundary  o f  t h e  domain, t h e  lowest v a l u e d  g r i d  p o i n t  

may n o t  have  been  a t  t h e  c e n t e r ,  b u t  i t  was close, and 

its c h a n g e s  o v e r  t i m e  r e f l e c t  e i t h e r  development  or 

p r o p a g a t i o n  o f  t h e  low p r e s s u r e  i n t o  t h e  model domain. 

The r e s u l t s  o f  t h i s  a n a l y s i s  are  p r e s e n t e d  

g r a p h i c a l l y  i n  F i g u r e  25 which shows t h e  a v e r a g e d  (850- 
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Figure 25: Time changes of domain lowest average height ( 850 - 
500 mb) from the reference time 2100 GMT. Individual cases are 
identified on each curve. 
from independent SESAME height analyses and time dependent 
boundary f i e lds  respectively. 

S and T refer to time changes expected 

500 mb,) changes of lowest g e o p o t e n t i a l  h e i g h t s  r e l a t i v e  

to t h e  r e f e r e n c e  time of 2100 GMT. Each curve  is 

l a b e l l e d  wi th  a l e t t e r  i d e n t i f y i n g  t h e  model run. The 

c u r v e s  T and S r e p r e s e n t  h e i g h t  f a l l s  expec ted  from t h e  
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t w e l v e  hour  time t e n d e n c i e s  and from t h e  SESAME 

o b s e r v a t i o n s  r e s p e c t i v e l y .  From 2100 to  0000 GMT t h e  

lowest h e i g h t  i n  case D f e l l  o n l y  9 meters compared to  

2 1  meters for cases E and F, and 33 meters f o r  case 

G. Case D shows g r e a t e r  c o n s i s t e n c y  w i t h  t h e  time 

dependen t  boundary v a l u e s ,  w h i l e  E, F and J are  more 

c o n s i s t e n t  w i t h  t h e  o b s e r v e d  changes.  

Even though a l l  Block I1 e x p e r i m e n t s  were s u b j e c t  

to  t h e  same t i m e  dependen t  boundary c o n d i t i o n s  for t h e  

same l e n g t h  of time, l a rge  d i f f e r e n c e s  developed 

between case J and cases E, F and G from 0000 to 0600 

GMT. The  l a t t e r  cases e x p e r i e n c e d  t o t a l  h e i g h t  f a l l s  

of 49 (E) t o  6 2  (G)  meters compared t o  a n  o b s e r v e d  drop 

(S)  o f  24 meters, and 35 meters €or b o t h  case J and t h e  

time dependen t  boundary f i e l d s .  The impact  of t h e  

dynamic i n i t i a l i z a t i o n  w i t h  low l e v e l  o b s e r v e d  winds 

was to  produce  more r e a l i s t i c  h e i g h t  f a l l s .  The u s e  o f  

ba lanced  winds  a t  a l l  l e v e l s  ( G )  caused  over-  

development o f  t h e  low and f a s t e r  e a s t w a r d  p r o p a g a t i o n  

of t h e  h e i g h t  and p r e s s u r e  f i e l d s  a t  a l l  times. The 

s t a t i c  i n i t i a l i z a t i o n  w i t h  obse rved  low l e v e l  winds (E,  

F) was o f  b e n e f i t  i n  r e d u c i n g  these h e i g h t  falls o n l y  

d u r i n g  t h e  f i r s t  three h o u r s .  

T h e  ra tes  of change of t h e  lowest h e i g h t s  w i t h  

F v 
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t i m e  (slopes of l i n e s )  i n  case J a re  most c o n s i s t e n t  

w i t h  t h e  SESAME o b s e r v a t i o n s .  Only  case D ( t w e l v e  hour  

f o r e c a s t )  was c o n s i s t e n t  w i t h  t h e  time boundary  

t e n d e n c i e s  for t h e  e n t i r e  n i n e  hour  p e r i o d  a n a l y z e d .  

These r e s u l t s  are  i n  agreement  w i t h  t h e  s u p e r i o r  sea 

l e v e l  p r e s s u r e  forecasts a c h i e v e d  i n  e x p e r i m e n t s  J and 

D. 

There  a re  s e v e r a l  r e a s o n s  why t h e  boundary  

c o n d i t i o n  mass f i e l d s  might  n o t  be e x p e c t e d  t o  match 

t h e  model e v o l u t i o n .  F i r s t ,  boundary  c o n d i t i o n s  t w e l v e  

h o u r s  apart  c a n  n o t  i n c l u d e  changes  which o c c u r  o n  

smaller time scales. The u s e  of b a l a n c e d  winds  

i n i t i a l l y  a t  l e v e l s  above  2000 meters omits some 

i n i t i a l  s ta te  mass/wind s t r u c t u r e  which would be 

e s s e n t i a l  for a PE model to c o m p l e t e l y  s i m u l a t e  t h e  

o b s e r v e d  mass f i e l d  e v o l u t i o n .  F i n a l l y ,  t h e  boundary  

c o n d i t i o n s  may be i m p e r f e c t l y  posed  d u e  t o  t h e  i n h e r e n t  

d i f f i c u l t i e s  o f  a c c u r a t e l y  p r e s c r i b i n g  boundary  v a l u e s  

from o b s e r v a t i o n s .  

6.1.2 Mesoscale F e a t u r e s  

Care was t a k e n  i n  p r e p a r i n g  t h e  data i n  t h i s  s t u d y  

t o  i n c l u d e  s u b- s y n o p t i c  scale short waves i n  t h e  

i n i t i a l  s t a te  i n  order to  see how t h e y  would be h a n d l e d  

by t h e  model forecasts. The major short  waves were 
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c o n f i n e d  to  t h e  l o w  l e v e l s .  The i n i t i a l  and forecast 

700 mb h e i g h t  f i e l d s  are  p r e s e n t e d  i n  F i g u r e s  26, 27 

and 28 for e x p e r i m e n t s  F, E and J 

t h e  s a t e l l i t e  and r a d i o s o n d e  show 

short  waves i n  t h e  i n i t i a l  data. 

r e s p e c t i v e l y .  B o t h  

t h r e e  v e r y  similar 

A main short  wave, 

marked "M", a l o n g  t h e  Texas/Oklahoma border a t  2100 GMT 

is t h e  o n l y  o n e  o f  t h e  three  which is r e t a i n e d  

t h r o u g h o u t  t h e  model forecasts. 

The r e s p o n s e  of t h e  model toward these features  

was t o  ei ther  e l i m i n a t e  them or r e d u c e  t h e i r  amplitude 

d u r i n g  t h e  i n i t i a l i z a t i o n .  A s u b s t a n t i a l  loss o f  

a m p l i t u d e  is e v i d e n t  for t h e  main shor t  wave i n  a l l  

model forecasts; however,  i n  each case it rotated 

around t h e  large scale t r o u g h  i n t o  C e n t r a l  or N o r t h e r n  

Oklahoma by 0000 GMT. C o n t i n u i t y  of t h e  p r o p a g a t i o n  is 

v e r i f i e d  by h e i g h t  f i e l d s  a t  2130 and 2230 GMT. 

S t e a d y  nor thward  p r o p a g a t i o n  o f  t h e  main s h o r t  

wave is o b v i o u s  a f t e r  0000 GMT. Its p o s i t i o n  a t  a 

g i v e n  time is a p p r o x i m a t e l y  t h e  same i n  both t h e  

r a d i o s o n d e  and s a t e l l i t e  f o r e c a s t s ,  however t h e  

a m p l i t u d e  is s l i g h t l y  l a r g e r  i n  r a d i o s o n d e  case F. 

A f t e r  t h e  shor t  wave reaches N o r t h e r n  Oklahoma, t h e  

l e n g t h  of t h e  wave f r o n t  i n c r e a s e s .  A t  t h i s  p o i n t  i n  

t h e  r a d i o s o n d e  forecast ( F ) ,  t h e  w i d t h  of t h e  shor t  

a 
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wave decreases as  t h e  wave becomes associated w i t h  a 

p r e c i p i t a t i o n  band o f  s imilar  d imens ions .  The 

p r e c i p i t a t i o n  band,  which w i l l  be d i s c u s s e d  i n  d e t a i l  

i n  a l a t e r  s e c t i o n ,  p r o p a g a t e s  no r thward  w i t h  t h e  s h o r t  

wave w i t h  a u n i f o r m  speed of a b o u t  18 m sec". 

maximum a m p l i t u d e  o f  t h e  shor t  wave i n  a l l  forecasts 

occurs a t  0300 GMT. A s h o r t  wave w i t h  l o c a t i o n s  and 

s p a t i a l  d i m e n s i o n s  v e r y  s imilar  to  those of t h e  s h o r t  

The 

wave i n  t h e  model forecasts is e v i d e n t  i n  t h e  700 mb 

SESAME h e i g h t  a n a l y s e s  (see Appendix B ) .  Both t h e  

o b s e r v e d  and forecast  shor t  waves lose a m p l i t u d e  a s  

t h e y  p r o p a g a t e  i n t o  Nebraska. 

After  t h e  i n i t i a l i z a t i o n  phase and by 0000 GMT, 

each model r u n  e l i m i n a t e d  much of t h e  small scale 

s t r u c t u r e  i n  t h e  i n i t i a l  s t a tes .  I n  case F, f o r  

example ,  e x c e p t  f o r  t h e  main s h o r t  wave, t h e  700 mb 

h e i g h t  a n a l y s i s  is smooth. Thus,  t h e  p r e s e n c e  o f  

a d d i t i o n a l  short  waves a f t e r  0000 GMT d e m o n s t r a t e s  t h e  

mode l ' s  a b i l i t y  t o  g e n e r a t e  mesoscale sho r t  wave 

f e a t u r e s  of i t s  own accord. 

4 

The  main sho r t  wave has  v e r t i c a l  a s  w e l l  a s  

h o r i z o n t a l  s t r u c t u r e .  O v e r l a y i n g  t h e  h e i g h t  a n a l y s e s  

from d i f f e r e n t  l e v e l s  r e v e a l s  maximum a m p l i t u d e  of t h e  

s h o r t  wave a t  700 mb w i t h  weaker s i g n a l s  a t  850 and 500 

a 
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mb, and shows a s l i g h t  down wind t i l t . w i t h  h e i g h t .  For 

example, c o n s i d e r  case D which produced t w o  s i g n i f i c a n t  

short  waves which were p icked  up by t h e  model f i r s t  a t  

0000 GMT. The s p e e d ,  l o c a t i o n s  and d i m e n s i o n s  of one 

of these waves ( F i g u r e  29)  is similar t o  t h e  main s h o r t  

wave i n  t h e  B l o c k  I1 e x p e r i m e n t s  even though case D was 

i n i t i a l i z e d  three h o u r s  e a r l i e r  w i t h  d i f f e r e n t  i n i t i a l  

data.  The short  wave i n  q u e s t i o n  is found a t  850 and 

700 mb a t  0000 GMT and moves nor thward  a t  about 15 m 

set"'. 
500 m b .  The l o c a t i o n  of t h e  a x e s  w i t h  respect t o  o n e  

By 0300 GMT t h e  t r o u g h  a x i s  is a l so  e v i d e n t  a t  

a n o t h e r  i n d i c a t e s  t h a t  t h e  t r o u g h  is t i l t e d  t o  t h e  

n o r t h  w i t h  h e i g h t .  The second shor t  wave shows t h e  

same t i l t  a t  850 and 700 mb, however t h a t  o n e  

p r o p a g a t e s  o n l y  v e r y  s l o w l y  i n t o  Oklahoma. The model 

700 mb h e i g h t  a n a l y s i s  a t  0300 GMT ( F i g u r e  29b) shows 

t h e  mesoscale w i d t h  of t h e  sho r t  waves. The v e r t i c a l  

s t r u c t u r e  of t h e  main shor t  wave i n  B l o c k  I1 cases is 

examined i n  more de t a i l  l a t e r  w i t h  a d i s c u s s i o n  of t h e  

d i v e r g e n c e ,  v e r t i c a l  v e l o c i t y  and p r e c i p i t a t i o n  

p a t t e r n s  associated w i t h  it. 

Anthes,  e t .  a l e  (1981) s u g g e s t e d  t h a t  

i n i t i a l i z a t i o n  w i t h  mesoscale data may n o t  be e s s e n t i a l  

for p roduc ing  accurate mesoscale model f o r e c a s t s .  T h i s  
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Figure 29: Panel (a) shows isochrones (labelled in hours GMT) 
of 850, 700 and 500 mb radiosonde case D forecast short wave 
trough axes. 
(dekameters) at 0300 GMT. 

Panel (b) shows the 700 mb forecast height f i e l d  

is based on the fac t  that  many mesoscale phenomena are 

by-products of synoptic scale interactions. The best 

example is a frontal  zone which typically is formed 

from the confluence of two larger scale flows. 

same token mesoscale phenomena are generally 

By the 

F 
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i n a d e q u a t e l y  o b s e r v e d  or t h e i r  i n t e r n a l  s t r u c t u r e  and 

r e l a t i o n s h i p  to  l a r g e r  scales are  poorly u n d e r s t o o d .  

Thus, i f  o b s e r v a t i o n s  i n t e n d e d  to  describe a p a r t i c u l a r  

mesoscale phenomenon are  i n s e r t e d  i n t o  even  a p e r f e c t  

mesoscale model, t h e  phenomenon may be u n r e c o g n i z e d  and 

is l i k e l y  to be e l i m i n a t e d  or s e v e r e l y  m i s r e p r e s e n t e d  

d u r i n g  t h e  initialization/adjustment process. 

Despite these a r g u m e n t s ,  i n  t h i s  s t u d y  a t  leas t  

o n e  of t h e  i n i t i a l  l o w  l e v e l  shor t  waves was r e t a i n e d  

by t h e  model and  went  o n  t o  have  a s i g n i f i c a n t  p o s i t i v e  

impact on t h e  p r e c i p i t a t i o n  forecasts. The i n i t i a l  

loss of a m p l i t u d e  i n  t h e  main shor t  wave however,  may 

d e r i v e  from t h e  i n c o n s i s t e n c y  of u s i n g  b a l a n c e d  winds  

i n  t h e  v i c i n i t y  of a s h o r t  wave f e a t u r e .  As n o t e d  

e a r l i e r ,  t h e  b a l a n c e  r e l a t i o n  is based o n  a s s u m p t i o n s  

of l a r g e  scale and non- dive rgence  and  therefore is 

u n a b l e  t o  i n c l u d e  t h e  l a r g e  o b s e r v e d  d i v e r g e n c e  and 

v e r t i c a l  mot ion  f i e l d s  which were p r o b a b l y  a t  l e a s t  

p a r t i a l l y  re la ted  to t h e  main  shor t  wave a t  2100 GMT. 

There  is e v i d e n c e  o f  some a d j u s t m e n t  a c t i v i t y  i n  

t h e  form of an  e x t e r n a l  wave which seems to  have its 

o r i g i n  i n  t h e  v i c i n i t y  of t h e  main short  wave, T h i s  is 

r e v e a l e d  i n  p lo ts  of local p r e s s u r e  t e n d e n c y  a t  t h e  

s u r f a c e  and  model top a t  2130 GMT ( F i g u r e  30). Large 
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positive values in a northwest-southeast oriented band 

in the Texas Panhandle area at both levels suggest an 

external perturbation for satellite case E. Subsequent 

half-hourly plots confirm this by showing the wave 

front expanding as it propagates north eastward at 

about 350 m sec'l. 

Block I1 experiments (see Figure 31), its generation 

can not be attributed to satellite data or to the 

inclusion of low level winds. It can only be 

hypothesized that it is associated with a model 

perceived mass/wind imbalance in the southwest portion 

of the domain. In all cases the external wave 

propagated out of the domain without affecting 

precipitation and was absorbed at the lateral 

boundaries. 

Since this wave appeared in all 
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i!: 

MRXZ 19.933 MlNZ -17.605 INT- 5.000 

MRXZ 11.404 MIN= -9.595 lNT= 5.000 

WAX= 7.156 MlN= -6.206 IN12 5.000 

Figure 31: Same as Figure 30, except for radiosonde case F. 
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6.2 Precipitation 

6.2.1 Mesoscale Structure 

This section examines the precipitation forecasts 

of the Block I1 experiments and case D. The first part 

of the discussion will focus on the mesoscale structure 

of the preciptiation generated by the model with 

emphasis on the short wave system in case F. The 

remainder of the section provides a more general inter- 

comparison of model forecasts in terms of precipitation 

patterns and total accumulations. 

The association of the case F 700 mb short wave 

with a mesoscale precipitation band is illustrated in 

Figure 32 which shows stable (grid scale) precipitation 

rate fields for every hour and a half beginning with 

0130 GMT. The short wave axis "M" is superimposed to 

show that the stable precipitation band propagates 

northward with the short wave and lies directly over 

the trough axis. The forecast convective precipitation 

starting with 2230 GMT is also seen to coincide with 

the short wave' (Figure 3 3 ) .  The convective rainfall 

rates are comparable to the stable rates,'but the 

convective preciptitation occurs over a wider area 

around the short wave trough axis. Maximum 

precipitation rates, like the maximum amplitude of the 

d 
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short wave, occur at 0300 GMT. 

A time series of vertical cross-sections along the 

line A'-B' (Figure 34 )  shows the evolution of the 

stable precipitation band in more detail. The contours 

in Figure 35 represent the amount of stable 

precipitation in millimeters which fell through a given 

level within the past half hour of the times 

indicated. The initial generation of the precipitation 

occurred around 0000 GMT between 400 and 600 mb and 

over a relatively broad area. The width of the 

precipitation area became smaller between 0000 and 0130 

GMT as precipitation rates increased and water reached 

the surface. The band did not move until after 0130 

GMT. Since each tic mark on the abscissa represents 35 

km, the speed of the band can be estimated to be about 

18 m sec'l and its width less than 200 km. 

Similar cross-sections for convective 

precipitation {not shown) reveals that at 0000 GMT 

significant convective precipitation had already formed 

just to the rear (left, upwind) of the weaker stable 

precipitation. It may be speculated that moistening of 

the large scale environment from detrainment of vapor 

and cloud water in the convective parameterizaton may 

be responsible in part for initiating the stable 
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Figure 34: Locations of vertical cross-sections used in this study. 

precipitation in the mid-troposhpere. 

stable precipitation extending downwind at the upper 

levels from the major precipitation area resulted most 

The overhanging 

lifting and condensation of moisture 

advected adiabatically along inclined isentropic 

tive component of the total 

as.observed to propagate northward with 

the stable band, and was found to its rear, but 

produced relatively small accumulations. 

The basic kinematic features of the short wave 

system are presented. The direct co.rrespondence of the 

700 mb short wave trough axis with mesoscale bands of 
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c o n v e r g e n c e ,  upward mot ion  and  c y c l o n i c  r e l a t i v e  

v o r t i c i t y  is s e e n  i n  F i g u r e  36. A t i m e  ser ies  o f  

v e r t i c a l  c r o s s - s e c t i o n s  of v e r t i c a l  m o t i o n  and  

d i v e r g e n c e  a l o n g  t h e  l i n e  A-B (see F i g u r e  37) h e l p s  to  

h i g h l i g h t  t h e  three  d i m e n s i o n a l  s t r u c t u r e .  The f i r s t  

m a n i f e s t a t i o n  o f  t h e  s h o r t  wave appeared a t  0000 GMT as  

a nar row band of v e r t i c a l  v e l o c i t y  a t  t h e  650 km 

d i s t a n c e  (*) w i t h  a maximum p o s i t i v e  v a l u e  o f  1 6  cm 

sec-l n e a r  500 mb. 

s e e n  i n  t h e  s e q u e n c e  of d i a g r a m s .  As it d i d  so, t h e  

w i d t h  c o n s t r i c t e d  and  v e r t i c a l  v e l o c i t y  maxima exceeded  

35 c m  sec'l f rom 0100 t h r o u g h  0300 GMT b e f o r e  t h e  s h o r t  

T h i s  zone propagated nor thward  a s  

wave s y s t e m  began  t o  decay. 

The  v e r t i c a l  mo t ion  is s u p p o r t e d  by a wel l  

d e v e l o p e d  d i v e r g e n c e  p a t t e r n  t h a t  c o n s i s t s  o f  a 

v e r t i c a l  na r row c o n v e r g e n c e  band w h i c h  precedes t h e  

shor t  wave and  a d i v e r g e n c e  band which f o l l o w s  it. The 

two bands  are p a r a l l e l  t o  o n e  a n o t h e r  and t i l t  downwind 

w i t h  h e i g h t  o v e r  a d i s t a n c e  of 300 km. The t i l t  g i v e s  

l o w  l e v e l  c o n v e r g e n c e  o v e r l a i n  by d i v e r g e n c e  a t  t h e  

s h o r t  wave t h r o u g h .  The e n t i r e  s y s t e m  which e x t e n d s  t o  

t h e  t r o p o p a u s e  n e a r  1 0  km is shown S c h e m a t i c a l l y  i n  

F igure  38. 

The d e s t a b i l i z i n g  e f f e c t  o f  d iaba t i c  h e a t i n g  is 
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upper level flow 

SOUTH NORTH 

Figure 38: Schematic showing basic structure of the 
model short wave system of experiment F. 

s een  i n  the  c r o s s- s e c t i o n  a t  0400 GMT where t h e  310° R 

i s e n t r o p i c  s u r f a c e  d i p s  downward a t  the  v e r t i c a l  

v e l o c i t y  maximum. Upward motion above t h e  r a i n  l e v e l  
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r e s u l t e d  i n  ad i aba t i c  c o o l i n g ,  f o r c i n g  t h e  320° K 

s u r f a c e  upward d i r e c t l y  o v e r  t h e  short  wave. A t  t h e  

peak i n t e n s i t y  of t h e  s h o r t  wave s y s t e m ,  t h e  maximum 

r a i n  water (as depicted i n  F i g u r e  36) is found between 

700 and 500 mb. 

The l o c a t i o n  o f  t h e  v e r t i c a l  v e l o c i t y  maximum is 

marked w i t h  a s t a r  (*) i n  F i g u r e  35 and is o b s e r v e d  t o  

move nor thward  w i t h  a n e a r l y  c o n s t a n t  speed. The 

s table  r a i n  area was s t a t i o n a r y  u n t i l  0130 GMT when t h e  

short wave ( v e r t i c a l  v e l o c i t y  maximum) approached it 

and o r g a n i z e d  it i n t o  a nar row band. P r e c i p i t a t i o n  

processes may h a v e  a lso  p l a y e d  a role i n  c o n s t r i c t i n g  

t h e  w i d t h  of t h e  sho r t  wave. 

Examina t ion  of t h e  SESAME r a d i o s o n d e  data r e v e a l s  

t h e  e x i s t e n c e  of a n  o b s e r v e d  700 mb s h o r t  wave t r o u g h  

which propagated nor thward  w i t h  time (see Appendix B,  

F i g u r e  B2) and was associated w i t h  a mesoscale 

p r e c i p a t i o n  band j u s t  a s  i n  t h e  r a d i o s o n d e  model 

forecast F. The  o b s e r v e d  sho r t  wave appeared to  be 

s t a t i o n a r y  from 2100 to 0000 GMT b u t  showed up  s h a r p l y  

a t  0300 GMT i n  almost e x a c t l y  t h e  same l o c a t i o n  and 

w i t h  t h e  same s p a t i a l  d i m e n s i o n s  o n  t h e  n u m e r i c a l l y  

s i m u l a t e d  shor t  wave. Both  t h e  o b s e r v e d  and modeled 

waves lose a m p l i t u d e  a f t e r  0300 GMT. I t  mus t  be n o t e d  



t h a t  even w i t h  the SESAME data spacing, t h e  short wave 

which is obviously less  than 300 km wide, may s t i l l  be 

poorly resolved: t h u s ,  its exact shape and location is 

subject to some uncertainty. I n  Figure 39 t h e  observed 

short wave a t  0300 GMT is superimposed w i t h  the surface 

precipitation reports for the same time t o  show the 

correlation of the observed short wave trough w i t h  an  

observed mesoscale precipitation band. 

Hourly radar summaries i n  Appendix B show very 

clearly the northward propagation of a narrow short 

wave precipitation band originating i n  Oklahoma around 

2000 GMT and ending up i n  Nebraska a t  0600 GMT. I ts  

position is very close to the model forecast 

precipitation band and short wave. 

isochrones of the 700 mb short wave trough axes a t  

three hour intervals for  model forecasts E and F. 

These are compared to  l ines drawn through the center of 

the radar precipitation band a t  about t h e  same times. 

The positions of the radiosonde and s a t e l l i t e  short 

waves are close a t  a l l  times as they propagate 

northward a t  the same speed. The radar band has 

comparable locat ions and speeds of movement. 

correspondence between the radar bands and SESAME 700 

m b  short waves should be noted from analyses presented 

Figure 4 0  displays 

The 
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Figure 39: SESAME observed 700 mb height analysis (dekameters) 
at  0300 GMT A p r i l  11, 1979. Surface reports of precipitation, *, are superimposed t o  show the correlation of the observed 
short wave with an observed precipitation band. 

in Appendix B. 

At approximately 2100 GMT a squall line was 

observed to develop southwest o f  the tornado outbreak 

area (see radar analyses Appendix B) and increase in 

length by building progressively northeastward through 

Oklahoma as the precipitation band moved northward, 

Eastward translation of  this squall line was only about 

100 km during the following nine hours. Because of the 

several hours required to produce significant 

* 
c 
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Figure 40: Isochrones for the 700 mb short wave trough axis 
in cases E and F. 
precipitation band at approximately the same times. 

Bottom panel shows locations of the radar 
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p r e c i p i t a t i o n  i n  t h e  model, none was f o r e c a s t  i n  t h e  

o b s e r v e d  s e v e r e  weather area u n t i l  0000 GMT ( F i g u r e  3 3 )  

when i n  r e a l i t y  t h e  h e a v y  c o n v e c t i o n  had a l ready been  

i n  e x i s t e n c e  t h e r e  f o r  several  h o u r s .  I t  is n o t e w o r t h y  

t h a t  t h e  p r e c i p i t a t i o n  wh ich  was f o r e c a s t  (case F) was 

almost e n t i r e l y  c o n v e c t i v e  and  was c o n f i n e d  t o  a nar row 

band a t  0130 and  0300 GMT ( F i g u r e  33)  s u g q e s t i v e  of t h e  

Apr i l  1 0  s q u a l l  l i n e .  However, i ts  o r i e n t a t i o n  was 

a b o u t  t h i r t y  d e g r e e s  clockwise fxom t h a t  of t h e  

o b s e r v e d  s q u a l l  l i n e .  The a rea l  e x p a n s i o n  of t h e  model 

c o n v e c t i v e  p r e c i p i t a t i o n  associated w i t h  t h i s  band 

a f t e r  0300  GMT is c o n s i s t e n t  w i t h  t h e  radar a n a l y s e s  

a f t e r  0335  GMT. 

Whi l e  none o f  t h e  model f o r e c a s t s  was able t o  

s i m u l a t e  t h e  deve lopmen t  of t h e  squa l l  l i n e  E a r t h e r  

s o u t h  i n  C e n t r a l  Texas  af tex  0000 GPIT, t h e r e  is some 

e v i d e n c e  t h a t  t h e  r a d i o s o n d e  i n i t i a l i z e d  forecasts were 

t e n d i n g  i n  t h a t  d i r e c t i o n ,  The 700 mb r e l a t i v e  

h u m i d i t y  a n a l y s e s  for cases F and  D a t  0600 GMT ( F i g u r e  

41) show t o n g u e s  of r e l a t i v e l y  moist a i r  e x t e n d i n g  down 

i n t o  T e x a s  v e r y  close to  t h e  o b s e r v e d  s q u a l l  l i n e  

p o s i t i o n .  The r e l a t i v e  h u m i d i t i e s  were a l l  less t h a n  

50%, t h a t  is, s a t u r a t i o n  was n e v e r  a c h i e v e d  i n  these 

bands .  I n  case F t h e  moist band  was associated w i t h  
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Figure 41: Forecast 700 mb relative humidity at 0600 GMT 
for cases F,  D and J .  
than 60% are shaded. 

Areas with relative humidity greater 
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low l e v e l  convergence  a l o n g  t h e  s u r f a c e  d r y  l i n e  and 

r e s u l t a n t  upward t r a n s p o r t  of t h e  low l e v e l  moisture. 

I n  terms of p o s i t i o n ,  t h e  case D moist tongue is 

s i t u a t e d  best r e l a t i v e  t o  t h e  o b s e r v e d  s q u a l l  l i n e .  

The sa te l l i t e  forecase J,  which t y p i f i e s  a l l  t h e  

s a t e l l i t e  r u n s ,  shows no e v i d e n c e  o f  t h i s  moist tongue.  

The  e v o l u t i o n  of p r e c i p i t a t i o n  f o r  t h e  s a t e l l i t e  

cases was v e r y  much d i f f e r e n t  t h a n  for t h e  r a d i o s o n d e  

forecast F. Convec t ive  p r e c i p i t a t i o n  rates i n  cases E 

and J are  shown i n  F i g u r e s  4 2  and 43 a l o n g  w i t h  t h e  700 

mb forecast shor t  wave a x e s .  These  f i g u r e s  show t h a t  

t h e  s a t e l l i t e  shor t  waves had o n l y  a weak  a s s o c i a t i o n  

w i t h  a c o n v e c t i v e  p r e c i p i t a t i o n  band. Most o f  t h e  

p r e c i p i t a t i o n  i n  t h e  s a t e l l i t e  forecasts was 

c o n v e c t i v e .  I n  f a c t  t h e  o n l y  s i g n i f i c a n t  s t ab le  

p r e c i p i t a t i o n  which  f e l l  i n  t h e  s a t e l l i t e  cases 

o c c u r r e d  a f t e r  0300 GMT and was c o n f i n e d  to  a small  b u t  

i n t e n s e  (rates @ 1 0  mm hr'l) r e g i o n  i n  Sou thwes te rn  

Missouri and N o r t h e r n  Arkansas  (see F i g u r e  4 4 ) .  The 

i n i t i a l  o u t b r e a k  of c o n v e c t i v e  p r e c i p i t a t i o n  a l o n g  t h e  

Texas/Oklahoma border o c c u r r e d  e a r l y  i n  t h e  s a t e l l i t e  

forecasts, whereas no s i g n i f i c a n t  p r e c i p i t a t i o n  

deve loped  i n  t h e  r a d i o s o n d e  forecast  for t h e  f i r s t  

three hours.  

4 
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SFlTELLlTE E STRB PRCP RRT6 (MM/lE'ISI 

HRX= 31.965 HlN= -0.000 INT= 2.000 
4/11/1979 600 CHT 

Figure 44: Stable precipitation rates at  0600 GMT 
for s a t e l l i t e  case E.  

A l l  forecast precipitation rates  can be compared 

to the observed rates  computed by Vincent and Carney 

(1982)  which have been reproduced i n  Appendix B. These 

precipitation ra tes ,  expressed i n  mm hr-l ,  are  averages 

over one degree latitude/longitude boxes and therefore 

do not have the resolution to accurately depict f ine 

d e t a i l  i n  the observed precipitation f ie lds ;  however, 

they do show the general features. The s a t e l l i t e  

precipitation ra tes  when converted t o  mm hr'l 

x 
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( d i v i d e  by 3 )  are comparable t o  t h e  obse rved  

magnitudes.  Between 0000 and 0300 GMT t h e  s a t e l l i t e  

c o n v e c t i v e  p r e c i p i t a t i o n  shows t h e  same o r i e n t a t i o n  a s  

obse rved  w i t h  a wide band runn ing  from Texas t o  

I l l i n o i s ,  however t h e  s a t e l l i t e  band is located too f a r  

t o  t h e  eas t .  

The  effect  of h o l d i n g  t h e  l o w  l e v e l  "observed"  

winds c o n s t a n t  d u r i n g  t h e  i n t i t i a l i z a t i o n  (case J ,  

F i g u r e  4 3 )  was t o  retard c o n v e c t i v e  p r e c i p i t a t i o n  o v e r  

Oklahoma, Kansas and M i s s o u r i  f o r  t h e  f i r s t  s e v e r a l  

h o u r s  (compared t o  case E ) .  By 0300 GMT c a s e s  E and J 

were s imilar  w i t h  bo th  e x h i b i t i n g  northward movement of 

t h e  w e a k  shor t  wave p r e c i p i t a t i o n  band and t h e  

s o u t h w e s t  t o  n o r t h e a s t  o r i e n t a t i o n  of t h e  " s q u a l l  l i n e "  

p r e c i p i t a t i o n .  However, i n  case J t h e  l a t t e r  was 

c o n s t r i c t e d  to  a narrower  zone and was found f a r t h e r  

west, and therefore closer t o  t h e  obse rved  

p r e c i p i t a t i o n .  By 0600 GMT t h e  c o n v e c t i v e  

p r e c i p i t a t i o n  for t h e  s a t e l l i t e  cases had changed its 

c h a r a c t e r  as  it moved c o m p l e t e l y  o u t  o f  Texas.  Any 

banded s t r u c t u r e  it may have  had e a r l i e r  d i s a p p e a r e d .  

The o n l y  s i g n i f i c a n t  d i f f e r e n c e  between e x p e r i m e n t s  E 

and J was t h a t  i n  J t h e  c o n v e c t i o n  had s p l i t  i n t o  t w o  

s e p a r a t e  areas o v e r  Oklahoma.  

U p  to t h i s  p o i n t  the re  has been l i t t l e  ment ion  of 
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cases D,  G and K. Radiosonde case D is d i scussed  i n  

d e t a i l  l a t e r  because  it had some e x c e p t i o n a l  f e a t u r e s  

which merit a separate examina t ion .  

f i e l d s  i n  cases E and G were v e r y  s imi la r ,  e s p e c i a l l y  

i n  t h e  c o n v e c t i v e  mode, which s u g g e s t s  t h a t  o n l y  a 

minor impact  r e s u l t e d  from s t a t i c  i n i t i a l i z a t i o n  w i t h  

b a l a n c e d  rather  t h a n  o b s e r v e d  low l e v e l  winds. S i n c e  

t h e  sho r t  wave f e a t u r e s  i n  E and G were also v e r y  

s imi la r ,  exper iment  G d i d  n o t  merit a spec ia l  or 

d e t a i l e d  a n a l y s i s .  

P r e c i p i t a t i o n  

Model forecast K was o n l y  r u n  for three h o u r s  when 

d i f f e r e n c e s  between J and K i n  t h e  mass and 

p r e c i p i t a t i o n  f i e l d s  were found t o  be t r i v a l .  I t  was 

f e l t  t h a t  t h e  e x p e n d i t u r e  of t h e  s u b s t a n t i a l  computer 

t i m e  required to  complete t h e  forecast was n o t  

j u s t i f i e d .  Because  t h e  i n f l u e n c e  o f  t h e  o b s e r v e d  winds 

i n  case K d i e s  off r a p i d l y  w i t h  h e i g h t ,  b u t  s l o w l y  i n  

time f o r  t h e  lowest l e v e l  winds, it is only t h e  winds 

below 750 meters which have  a s i g n f i c a n t  w e i g h t  

a s s i g n e d  to them o v e r  t h e  e n t i r e  i n i t i a l i z a t i o n  period 

( recal l  F igure  2 1 ) .  Thus t h e  s i m i l a r i t y  of cases J 

and K i n d i c a t e s  t h a t  i t  is p r i m a r i l y  t h e  lowest l e v e l  

winds which h e l d  t h e  impact p o t e n t i a l  for t h e  pressure 

and p r e c i p i t a t i o n  forecasts.  

x 
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6 . 2 . 2  Domain Accumulations 

Attention is now turned t o  the t o t a l  accumulated 

precipitation a t  the end of the model forecasts. 

Because l i t t l e  precipitation accumulated i n  the model 

prior to  0000 GMT (except for case D which had a three 

hour lead on other experiments), it is f a i r  to  compare 

the to ta l  model accumulatioris (Figure 4 5 )  t o  the 

observed surface accumulated precipitation from 0000 to  

0600  GMT (Figure 4 6 ) .  

Major features i n  the observed f i e ld  are also 

found i n  the s a t e l l i t e  forecasts i n c l u d i n g  the 

convective precipitation band associated w i t h  the 

squall l ine which ran diagonally through Oklahoma. The 

maximum accumulations over Oklahoma are most consistent 

w i t h  the s a t e l l i t e  forecast J which has values from 30 

t o  4 0  mm w i t h i n  a narrow band. The diagonal band i n  

cases i n  cases E and G is too broad, and even i n  case J 

i t  is found too far  East. A second verifiable feature 

is the wide area of precipitation covering Kansas, 

Nebraska, Wyoming and Colorado. I t  m u s t  be noted tha t  

most of the s a t e l l i t e  case precipitation which f e l l  i n  

t h i s  region was i n  the convective mode, whereas the 

surface observations showed mostly steady type rain. 

Never-the-less, the t o t a l  accumulations were similar to  
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MRX; 31.412 M I N I  -0.000 lNT= 5.000 

. .  . ... . .. . ..:;.. . .. 

MRX= 33.510 MIN: -0.000 lNT= 5.000 

MAX- 39.702 M I N I  -0.000 INT: 5.000 

Figure 45: Total forecast precipitation accumulations 
(mm) for the model cases indicated in  the upper right 
hand corner of each map. 
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Figure 45: (continued) 

those observed (0.1 to 10 mm with pockets of up to 20 

mm) 

Intercomparisons of the satellite forecasts shows 

The the impact of including low level observed winds. 
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Figure 46: Observed surface accumulated precipitation 
(mm) for the period 0000 - 0600 GMT April 11. 

differences between cases with static initialization 

using real low level winds (E) and using balanced low 

level winds (G) are small. Continous insertion of the 

wind data (J), however, had the long term effect of 

confining the precipitation over Oklahoma to a narrower 

and more intense band. 
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The to t a l  precipitation accumulations for 

radiosonde case F are different  from those i n  the 

s a t e l l i t e  forecasts w i t h  most being accounted for by 

the combined stable and convective modes associated 

w i t h  the propagating short wave. The short wave 

precipitation band is also reflected i n  the observed 

accumulations. The only other significant 

precipitation i n  case F occurred along the 

Texas/Oklahoma border i n  the convective mode. 

The twelve hour radiosonde forecast (D ,  1800-0600 

GMT) accumulation patterns resemble those of s a t e l l i t e  

case E t h e  most, w i t h  precipitation found main ly  i n  two 

areas. The largest  one, over Oklahoma, is well 

si tuated w i t h  respect to  observations b u t  shows only a 

weak orientation from southwest to northeast. Most of 

the precipitation i n  t h i s  broad area was convective. 

Even though there was a low level short  wave similar t o  

that i n  case F, it was not accompanied by large 

precipitation amounts. 

The t o t a l  accumulated precipitation for the ent i re  

domain as a function of time is summarized for each 

case i n  Table 1. The numbers i n  the table are computed 

as C (accumi x NGPi )  , where the expression i n  

parentheses is the t o t a l  number of grid points w i t h  

N 

i=l 
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18: 00 - 
Forecast E - 

- 
- 

Forecast P - 
- 
- 

Forecast G - 
- 

Poreeaet J - 
- 
- 

Forecast D 0 

0 
0 

IOTAL PRECIPITATION - 
21:oo 22:oo 00:00 03:oO - -  

0 414 1246 3381 

0 0 74 371 

0 414 1328 3693 

0 133 4 94 2218 

0 0 55 523 
0 133 542 2618 

0 384 1199 3422 
0 0 41  167 
0 384 1240 3496 

0 416 815 2624 
0 0 59 258 
0 416 886 2816 

558 749 1453 3472 

53  93 248 666 

605 836 1656 4025 

06:OO - 
6220 (convecLive) 
1149 (etable)  

7230 ( t o t a l )  

4761 
1126 
5678 

6725 
775 

1335 

5685 
961 

6562 

6265 
1360 
7389 

Table 1: Whole domain p r e c i p i t a t i o n  accumulations as a funct ion 
of t i m e  f o r  each model fo recas t .  
of accumulated p r e c i p i t a t i o n  (nun) over a l l  model g r i d  points .  

Numbers represent  t h e  summation 

accumulations falling within an interval, i, multiplied 

by the average accumulation for that interval. The 

summation is over N=12 intervals, each 5 mm wide (0.1- 

5, 6 - 10, . . (. 40  - 4 5 ,  46 - 50, and 51+ mm). This 

quantity, which is proportional to the total amount of 

water reaching the surface, is computed for stable, 

convective and total precipitation. 

The amount of precipitation depended heavily on 

the initial data (satellite versus radiosonde) and the 
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method of h a n d l i n g  t h e  l o w  l e v e l  winds.  Despite h a v i n g  

t h e  same i n i t i a l  s u r f a c e  winds ,  s u r f a c e  p r e s s u r e ,  and 

m o i s t u r e  a n a l y s e s ,  t h e  r a d i o s o n d e  case F g e n e r a t e d  21% 

less t o t a l  p r e c i p i t a t i o n  t h a n  s a t e l l i t e  case E (5678 

compared to  7230). Most o f  t h i s  d i f f e r e n c e  a c c r u e d  i n  

t h e  c o n v e c t i v e  mode. Because  of i n i t i a l l y  d i f f e r e n t  

r e l a t i v e  h u m i d i t i e s ,  a f t e r  t h e  f i r s t  hour  t h e  

r a d i o s o n d e  case had p roduced  o n l y  a b o u t  30% as  much 

p r e c i p i t a t i o n  as t h e  s a t e l l i t e  ( E ) .  For t h e  r emainder  

of t h e  r a d i o s o n d e  forecast ,  basic d i f f e r e n c e s  i n  model 

e v o l u t i o n  related t o  wind and  t e m p e r a t u r e  i n  t h e  

i n i t i a l  s ta tes  r e s u l t e d  i n  lower p r e c i p i t a t i o n  

a c c u m u l a t i o n s  a t  a l l  times. 

D i f f e r e n c e s  i n  p r e c i p i t a t i o n  a c c u m u l a t i o n s  be tween 

s a t e l l i t e  cases d u r i n g  t h e  f i r s t  hour  were re la ted t o  

t h e  low l e v e l  convergence .  After o n e  hour  cases J and 

E (same i n i t i a l  w inds )  had t h e  same a c c u l u m a t i o n s  

( 4 1 5 ) ,  b u t  case G which  had a v e r y  small i n i t i a l  low 

l e v e l  convergence  produced o n l y  384 u n i t s  ( m m ) .  The 

l a r g e  low l e v e l  c o n v e r g e n c e s  which d e v e l o p e d  a f t e r  2200 

GMT i n  cases G and E resulted i n  greater m o i s t u r e  

c o n v e r g e n c e  and  upward mot ion  t h a n  i n  case J, so t h a t  

by 0000 GMT t h e  t o t a l  r a i n f a l l  amount for J ( w i t h  a 

c o n s t a n t  b u t  r e l a t i v e l y  weak low l e v e l  c o n v e r g e n c e  

d 
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f i e l d )  was 29% less t h a n  for case E. By t h e  end of t h e  

forecast, t h e  effect of h o l d i n g  t h e  l o w  l e v e l  winds 

c o n s t a n t  d u r i n g  t h e  i n i t i a l i z a t i o n  was to  r e d u c e  t o t a l  

p r e c i p i t a t i o n  by 9%.  The impact o f  i n i t i a l i z i n g  

s t a t i c a l l y  w i t h  b a l a n c e d  l o w  l e v e l  winds (G vs .  E)  was 

t o  o n l y  s l i g h t l y  i n c r e a s e  t h e  c o n v e c t i v e  p r e c i p i t a t i o n ,  

b u t  t o  r e d u c e  t h e  g r i d  scale p r e c i p i t a t i o n  by h a l f .  

Case G had t h e  lowest accumula ted  s table p r e c i p i t a t i o n  

a t  a l l  times. 

The accumula ted  p r e c i p i t a t i o n  amounts f o r  t h e  

f i r s t  three h o u r s  of r a d i o s o n d e  case D are  most s imilar  

t o  those i n  t h e  f i r s t  th ree  hou r s  of case F. Despite 

t h e  f ac t  t h a t  case D had a three hour lead o n  t h e  B l o c k  

I1 e x p e r i m e n t s ,  its t o t a l  a c c u m u l a t i o n  ended up o n l y  

s l i g h t l y  l a r g e r  t h a n  i n  any other f o r e c a s t .  
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6.2.3 Case D Convective Complex 

Discussion of experiment D has been postponed 

until now in order to give it special consideration. 

Although this case did not give the best precipitation 

forecast, it did produce a convective precipitation 

area associated with temperature and wind patterns 

which resemble those found in a mesoscale convective 

complex (MCC) . The satellite forecast precipitation 
area had similar features, but the adherence to the 

strict definition of an MCC was not as good. A brief 

summary of the MCC phenomenon is provided. 

Mesoscale convective complexes have only been 

recently recognized, mainly through satellite 

observations, as a distinct self-sustaining meso-.a 

convective precipitation system found frequently in the 

Central United States in the spring and summer months 

(Maddox, 1980). Such a system is characterized by mean 

mesoscale ascent over areas as large as several hundred 

thousand square kilometers in response to the 

statistical sum effects of the convective thunderstorms 

which comprise it. The vertical circulation is driven 

by mid-level latent heating, and results in mean low 

and mid-level convergence and a cold anticyclonic 

outflow at the convective cloud tops near 200 mb. The 
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aggregate of all thunderstorms anvils forms a large, 

thick cirrus cloud shield which provides the means for 

defining and detecting the presence of an MCC from a 

geostationary satellite. 

The first and essential criterion for defining an 

MCC (Maddox, 1980) is that the area encompassed by 

specific cloud top IR blackbody isotherms be greater 

than 100,000 km2 for -32 O C or greater than 50,000 km2 

for -52O C. Their shape must be nearly circular in 

order to avoid misclassification of squall lines as 

MCCs. The minimum duration is six hours; however, 

since they may last as long as twenty-four hours with 

little reduction in the intensity of the precipitation 

associated with them, MCCs may be partially responsible 

for the nocturnal maximum which characterizes 

convective precipitation in the great Plains and 

Midwest U . S .  during the summer months. 

The generation of MCCs has not been linked to a 

specific synoptic scale forcing, and the existence of a 

mesoscale (a or B )  forcing is unproven. However, the 

presence of an MCC does influence the synoptic scale by 

perturbing the large scale wind and temperature 

fields. The specific features of a mature MCC which 

cause this include a positive temperature anomaly at 
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middle l e v e l s  (500 t o  300 m b )  and a cold t e m p e r a t u r e  

anomaly a t  t h e  c o n v e c t i v e  c l o u d  tops ne 200 mb. The 

cold t e m p e r a t u r e  anomaly is associated w i t h  a h i g h  

pressure dome which i n d u c e s  a n  upper l e v e l  d i v e r g e n t  

outf low t h a t  i n  t u r n  also a c q u i r e s  a n t i c y c l o n i c  

v o r t i c i t y  i n  r e p s o n s e  t o  Coriolis a c c e l e r a t i o n .  

p o s i t i v e  p r e s s u r e  anomaly a t  t h e  c o n v e c t i v e  tops 

changes  t h e  local p r e s s u r e  g r a d i e n t s  and may r e su l t  i n  

i n c r e a s e d  wind speeds, e s p e c i a l l y  o n  t h e  n o r t h  s i d e  of 

a n  MCC imbedded i n  a w e s t e r l y  flow. A l l  of t h e  above 

phenomena have  been o b s e r v e d  by F r i t s c h  and Maddox 

The 

(1981) and t o  some e x t e n t  have  been g e n e r a t e d  i n  

numer ica l  s i m u l a t i o n s  by F r i t s c h  and Brown (1982) and 

Chang, e t  a l . ,  (1982) .  

These  same f e a t u r e s  were also forecast i n  

e x p e r i m e n t  D i n  a s s o c i a t i o n  w i t h  t h e  l a r g e  c o n v e c t i v e  

p r e c i p i t a t i o n  area o v e r  Oklahoma. A set of f i g u r e s  

( F i g u r e  47)  o n  t h e  n e x t  three p a g e s  shows t h e  close 

c o n n e c t i o n  of a n  i n t e n s i f y i n g  and growing c o n v e c t i o n  

area w i t h  p e r t u r b a t i o n s  i n  t h e  temperature and wind 

f i e l d s .  A t  500 mb t h e  temperature anomaly produced by 

t h e  c o n v e c t i o n  is less than +4.0 degrees C e l s i u s  b u t  is 

s e e n  t o  expand i n  area as t h e  p r e c i p i t a t i o n  area 

e n l a r g e s .  A t  300 m b  t h e  maximum p o s i t i v e  t e m p e r a t u r e  
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Figure 47: Sequence of maps showing the evolution of a convective 
precipitation system whose temperature and wind structure resembles 
that of a mesoscale convective complex (MCC). 
are given above each panel. 

Units and times 
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300.MB -P- 4/11/1979 600 CMT 
M A X =  -37.853 MIN- -50.773 INT: 2.500 

Figure 47: (continued) 

i 

MRX= -47.402 MINz -65.097 INT- 2.500 

2OO.MB -P- 4/11/1979 600 GMT 
MRX- -46.948 MIN- -67.030 INT- 2.500 
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SESAME CENTRBL 0 VBRTICITY I I / lE5S l  SESRME CBNTRBL 0 VECTBR WIND IM/SI 
200.MB -P- 4/11/1979 0 CMT 

MRX= 14.101 MlN= -10.399 INT: 5.000 
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~ 5 I. I 
200.M8 -P- 4/11/1979 300 GHT 
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, .  I I 
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t I 

200.M8 -P- 4/11/1979 0 GHT 
MRX- 75.459 MlN= 8.784 

200.MB -P- 4/11/1979 300 GMT 
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200.MB -P- 4/11/1979 600 CMT 
MRX= 73.631 M I N =  5.783 

Figure 47: (continued) 
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anomal ies  are  found l y i n g  d i r e c t l y  o v e r  t h e  c o n v e c t i v e  

area, w h i l e  a t  200 mb t h e  t e m p e r a t u r e  p e r t u r b a t i o n s  are  

n e g a t i v e  as  o b s e r v e d  i n  a n  MCC. 

The flow a t  200 mb becomes d i v e r g e n t  and t h e  

r e l a t i v e  v o r t i c i t y  maps show t h e  a n t i c y c l o n i c  r o t a t i o n  

o f  t h e  o u t f l o w  g e n e r a t e d  from t h e  p r e c i p i t a t i o n  

r e g i o n .  The wind v e c t o r s  and isotachs show t h e  

p e r t u r b e d  flow and enhancement o f  wind s p e e d s  by as  

much a s  1 0  m sec’l o v e r  a n  area j u s t  t o  t h e  n o r t h  and 

west of t h e  n e g a t i v e  temperature anomaly a t  0600 GMT. 

Whi le  t h e  s y s t e m  is n o t  examined i n  d e t a i l  i n  t h i s  

thesis ,  it is s u g g e s t e d  t h a t  because  i t s  s t r u c t u r e  is 

v e r y  s imilar  to t h a t  of a n  MCC, d i a g n o s t i c  s t u d i e s  on 

t h e  model u u t p u t  for t h i s  case s h o u l d  be performed i n  

hope of g a i n i n g  i n s i g h t  i n t o  t h e  g e n e r a t i o n  and 

e v o l u t i o n  o f  o b s e r v e d  c o n v e c t i v e  complexes. 
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6.3 Wind and M o i s t u r e  

6.3.1 Boundary Layer  Winds and M o i s t u r e  

T h i s  s e c t i o n  of t h e  study examines  major aspects 

o f  t h e  e v o l u t i o n  of low l e v e l  wind f i e l d s  w i t h  emphasis 

o n  t h e i r  impactr o n  t h e  low l e v e l  m o i s t u r e .  A 

s i g n i f i c a n t  f i n d i n g  c o n c e r n i n g  model i n i t i a l i z a t i o n  

w i t h  " obse rved"  low l e v e l  winds  is t h a t  g e n e r a l l y  much 

of t h e  p o t e n t i a l  impact o n  t h e  forecasts is tempered by 

t h e  model's a b i l i t y  t o  r a p i d l y  d e v e l o p  low l e v e l  f low 

p a t t e r n s  s imi la r  t o  those o b s e r v e d .  I t  is also found 

t h a t  t h e  lowest l e v e l  wind speeds e v o l v e  m a i n l y  i n  

r e s p o n s e  t o  t h e  p r e s s u r e  f i e l d .  

Ev idence  for these  s t a t e m e n t s  is s e e n  i n  F i g u r e  48 

which compares i n i t i a l  and t h r e e  hour  forecast s u r f a c e  

stream l i n e s  and isotachs for case E ( s t a t i c a l l y  

i n i t i a l i z e d  o b s e r v e d  s u r f a c e  winds )  and case G 

( b a l a n c e d  s u r f a c e  w i n d s ) .  A t  t h e  i n i t i a l  time speeds 

and d i r e c t i o n s  are v e r y  d i f f e r e n t  w i t h  speeds for E 

t y p i c a l l y  5 m sec'l and  those for G as h i g h  as 20 m 

sec'l i n  t h e  c e n t e r  of t h e  domain. Af t e r  three h o u r s ,  

e x p e r i m e n t  G d e v e l o p e s  t h e  c o n f l u e n c e  (and as  w i l l  be 

s e e n ,  c o n v e r g e n c e )  zone  i n  t h e  West. While t h e  speeds 

a r e  reduced  by a b o u t  a factor of t w o ,  t h e  isotach 

p a t t e r n  is similar to  t h a t  a t  t h e  i n i t i a l  time w i t h  a 
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band of r e l a t i v e l y  f a s t  winds r u n n i n g  nor th- sou th  

t h r o u g h  t h e  c e n t e r  of t h e  domain, For case E t h e  

c o n f l u e n t  s t r e a m l i n e s  are  found i n  t h e  same location 

b u t  resemble t h o s e  i n  G, L i k e w i s e ,  a band o f  large 

speeds deve loped  i n  t h e  c e n t e r  o f  t h e  domain i n  

r e s p o n s e  t o  t h e  p r e s s u r e  f i e l d .  

The s u r f a c e  d i v e r g e n c e  p a t t e r n s  for these same 

cases are shown i n  F i g u r e  49 for 2100 and 2230 GMT. 

The i n i t i a l  d i v e r g e n c e  i n  case E l i n e s  up w e l l  w i t h  

s u r f a c e  f ron ta l  p o s i t i o n s  (see Appendix B) w h i l e  t h a t  

for case G is small and unorganized.  The d i v e r g e n c e  i n  

case G r e s u l t s  from t h e  v e r t i c a l  i n t e r p o l a t i o n  o f  t h e  

b a l a n c e d  winds  to  t h e  model t e r r a i n  and from t h e  wind 

a d j u s t m e n t  program. A f t e r  t h e  o n e  and a h a l f  hour 

i n i t i a l i z a t i o n  period both r u n s  produced a narrower  and 

more i n t e n s e  convergence  zone o r i e n t e d  north t o  s o u t h  

th rough  C e n t r a l  Texas. 

t h e  t w o  forecasts i n d i c a t e s  t h a t  t h e  r e s u l t a n t  l o w  

l e v e l  wind f i e l d  h a s  l i t t l e  or n o t h i n g  to  do w i t h  t h e  

winds i n s e r t e d  there  i n i t i a l l y .  

The grea t  s i m i l a r i t y  between 

The convergence  band is n o t  c o n f i n e d  o n l y  t o  t h e  

lowest l a y e r s ,  

s l i g h t l y  s t r o n g e r  convergence  ( F i g u r e  5 0 ) .  I t  is also 

associated w i t h  v e r t i c a l  mot ions  up to 500 m b ,  F i g u r e  

The same c a n  be s e e n  a t  850 mb w i t h  
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SRTELLITE E 0 I VERGENCE I I / 1 E55 I 

i 

850.MB -P- 4/10/1979 2230 CMT 
MRX- 5.310 MIN- -10.410 1Nl= 2.500 -- - 

Figure 50: 
convergence (a) and upward motion (b) with the low 
leve l  convergence band. 

Maps showing correspondence of upper level 

Units and t i m e s  are indicated. 
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50b shows 700 mb v e r t i c a l  v e l o c i t i e s  as  g r e a t  a s  10 c m  

sec'l i n  t h i s  band. 

p e r s i s t e n t  f ea ture  of a l l  model forecasts and h a s  a 

s t r o n g  i n f l u e n c e  on  t h e  i n t e n s i f i c a t i o n  o f  t h e  l o w  

l e v e l  d r y  l i n e .  The impact  o n  700 m b  r e l a t i v e  h u m i d i t y  

h a s  a l r e a d y  been n o t e d  i n  t h e  d i s c u s s i o n  p e r t a i n i n g  to  

The convergence  band is a 

F i g u r e  41. 

I n  s a t e l l i t e  case J, t h e  low l e v e l  winds were h e l d  

c o n s t a n t  so t h a t  t h e  e n f o r c e d  d i v e r g e n c e  was t h e  same 

as t h a t  i n  F i g u r e  49 for one  and a h a l f  h o u r s .  Y e t  

a f t e r  t h e  i n i t i a l i z a t i o n  phase and d u r i n g  t h e  

s u b s e q u e n t  hour and a h a l f  t h e  low l e v e l  d i v e r g e n c e  

f i e l d  evo lved  i n t o  o n e  v e r y  s imilar  to  those i n  cases E 

and G (see F i g u r e  5 1 ) .  The p e r s i s t e n c e  of some of t h e  

smallest scale features  i n  a l l  cases, p a r t i c u l a r l y  i n  

Missouri and Arkansas  and a l o n g  t h e  w e s t e r n  boundary i n  

t h e  h i g h  t e r r a i n ,  shows some effect o f  t h e  t e r r a i n  on 

f o r c i n g  o f  s u r f a c e  d i v e r g e n c e .  

The convergence  band moves o n l y  v e r y  s l o w l y  

eastward i n  a l l  forecasts and t h e  o n l y  major d i f f e r e n c e  

between t h e  s a t e l l i t e  and r a d i o s o n d e  r u n s  is t h a t  i n  

t h e  former, t h e  convergence  band pushes  f a r the r  

eastward i n t o  S o u t h e r n  Texas. T h i s  w i l l  be e v i d e n t  

l a t e r .  The impact of t h e  c o n f l u e n t / c o n v e r g e n t  zone o n  
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Figure 51: Forecast 0000 GMT surface divergence for cases E, G and S. 
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the surface specific humidity forecasts is seen in case 

F (Figure 5 2 )  to have produced rapid intensification of 

the low level dry line. Although the magnitude of the 

gradient may be unrealistic, the intensification of the 

moisture gradient was also forecast in the Penn State 

model (Anthes, et al., 1982) and in the Australian 

model (Mills and Hayden, 1982) for April 10. This dry 

line is qualitatively consistent with the advection of 

cool, dry air behind the cold front as it moved into 

Texas . 
It was originally hypothesized that it might be 

possible to have a positive impact on model 

precipitation forecasts by including a low level wind 

field which forces an observed moisture convergence 

field (as was done in case J) . This was tested by 

examining the moisture flux convergence in each model 

run during the initialization phase. Moisture flux 

divergence 

f 01 lows 

4 

V e P q  T c a n  be broken into two terms as 
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p is a i r  d e n s i t y  and q is specific h u m i d i t y .  The 

v e l o c i t y  d i v e r g e n c e  term (1) was found t o  be a t  l e a s t  

a n  order of magn i tude  larger  t h a n  t h e  m o i s t u r e  

a d v e c t i o n  term (2 )  e x c e p t  i n  t h e  immediate  v i c i n i t y  of 

t h e  c o n v e r g e n c e  band where t h e  m o i s t u r e  g r a d i e n t  is 

v e r y  large.  Therefore, term 1 was i n t e g r a t e d  

t r a p e z o i d a l l y  o v e r  model h e i g h t  €rom t h e  s u r f a c e  t o  

ha  = 1250 meters, and o v e r  time for t h e  i n i t i a l i z a t i o n  

period for each model forecast.  T h a t  is,  

- a  t = 1.5  h r  
x =  p q  (V * V )  dh dt 

L O  

The  q u a n t i t y  x r e p r e s e n t s  t h e  t o t a l  amount of 

water vapor  accumula ted  i n  a column 1250 meters t h i c k  

d u r i n g  t h e  model i n i t i a l i z a t i o n .  The x v a l u e s  were 

c o n v e r t e d  from gm m-2 to an  e q u i v a l e n t  d e p t h  o f  water 

i n  millimeters and p lo t t ed  i n  F i g u r e  53 for cases J,  E, 

G and F. 

Case J a c c u m u l a t i o n s  e x h i b i t  t h e  same p a t t e r n s  as 

t h e  c o n s t a n t  d i v e r g e n c e  f i e l d  w i t h  maximum v a l u e s  o v e r  

9 mm j u s t  s o u t h e a s t  of t h e  Texas  Panhandle .  

Accumula t ions  i n  case E and G are  h e a v i l y  i n f l u e n c e d  by 
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Figure 53: Maps of low level moisture flux convergence integrated 
over the initialization period and over the bottom 1250 meters in 
the model. Each case is identified by a letter in 
the upper right hand corner of each panel. 
+2 mm are shaded; greater than +5 mm darkly shaded. 

Units are mm. 
Values greater than 
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the rapidly developing convergence band discussed 

earlier8 although in case E the impact of the observed 

surface winds is evident. The radiosonde case F 

resembles E in terms of accumulations along the 

Texas/Oklahoma border since both had approximately the 

same low level winds initially. However, case F also 

resembles J in terms of the single maximum near the 

severe weather initial outbreak area and the north- 

south moisture convergence band which bends backwards 

into Southwestern Texas rather than developing strongly 

in the central part of the state. 

There are clear differences between experiments in 

terms of low level moisture accumulations due to 

convergence. While it is obvious that the constant 

insertion had an impact on the precipitation forecasts 

(compare E and J in Figures 428 43 and 45)f the effect 

of forcing low level moisture convergence may have been 

overwhelmed by other factors. A direct correspondence 

can not be found between patterns in Figure 53 and 

specific patterns in the precipitation forecasts for 

the same cases. 

6.3.2 Free atmosphere winds 

Vertical profiles of total kinetic energy (TKE) at 

each model level for experiments E, F, G and J provide 
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a n  overview of t h e  e v o l u t i o n  o f  t h e  model wind 

f ie lds .  The TKE for each  l e v e l  is g i v e n  by t h e  sum o f  
1 - 2  - p l V  I 2 
each P a n e l  o f  F i g u r e  54 show t h e  TKE as a f u n c t i o n  o f  

a t  a l l  h o r i z o n t a l  g r i d  p o i n t s .  T h r e e  c u r v e s  i n  

t i m e  a t  2100, 0000 and 0600 GMT. A t  t h e  i n i t i a l  time 

t h e  k i n e t i c  e n e r g y  i n  t h e  s a t e l l i t e  cases is g r e a t e r  

t h a n  t h a t  f o r  r a d i o s o n d e  case F w i t h  a peak v a l u e  o f  

680 x l o 3  kg m secm2 compared t o  530 x 1 0  kg m sec 
The maximum o c c u r s  a round  12 km and  t h e  fastest 

winds are c o n f i n e d  t o  a shallower l a y e r  i n  t h e  

s a t e l l i t e  i n i t i a l  s t a t e s .  The  l a r g e r  TKE i n  t h e  upper  

l e v e l s  fo r  t h e  s a t e l l i t e  ref lec ts  l a r g e r  g e o p o t e n t i a l  

g r a d i e n t s .  The i n i t i a l  g r a d i e n t  d i f f e r e n c e s  a re  

g r e a t e r  o v e r  c e r t a i n  areas of  t h e  model domain such  as 

a l o n g  t h e  c r o s s - s e c t i o n  C-D (see F i g u r e  3 4 ) .  

G e o s t r o p h i c  winds  t a n g e n t i a l  t o  t h i s  c r o s s - s e c t i o n  i n  

F igure  55 show t h e  la rges t  g r a d i e n t s  a t  1 2  km f o r  t h e  

s a t e l l i t e  v e r s u s  a b o u t  9 km f o r  t h e  SESAME r a d i o s o n d e s .  

2 3 2 -2 

The e v o l u t i o n  of TKE w i t h  t i m e  d e m o n s t r a t e s  t h a t  

t h e r e  a re  s i g n i f i c a n t  d i f f e r e n c e s  between model r u n s .  

I n  a l l  f o u r  e x p e r i m e n t s ,  wind s p e e d s  i n c r e a s e  

s u b s t a n t i a l l y  a t  t h e  t r o p o p a u s e  l e v e l  between 2100 and 

0000 GMT a s  t h e  upper l e v e l  j e t  enters  t h e  s o u t h w e s t e r n  

pa r t  of t h e  domain i n  a c c o r d a n c e  w i t h  t i m e  dependen t  
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Figure 54:  Vertical profi les  of tota l  kinetic energy (TKE) at  each 
model l eve l  for cases E, F, G and J .  
labe l l ed  in GMT hours. 

Times for each curve are 
Units of abscissa are l o 5  kg m2 sed2 . 

boundary  c o n d i t i o n s .  Below l e v e l  6 ( h = 2000 meters) 

i n  e x p e r i m e n t s  E and  F t h e r e  a re  i n c r e a s e s  of TKE 

d u r i n g  t h e  f i r s t  three h o u r s ,  however ,  i n  case J t h e  

i n c r e a s e  is smaller b e c a u s e  of t h e  i n i t i a l  c o n s t r a i n t s  

on t h e  low l e v e l  winds .  For case G ,  eddy stresses i n  

t h e  boundary  layer  r e d u c e  t h e  i n v i s c i d  b a l a n c e d  wind 

(J 
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speeds so t h a t  t h e  TKE for t h e  lower l e v e l s  e n d s  u p  

a b o u t  t h e  same as i n  t h e  o t h e r  exper iments .  

Holding t h e  l o w  l e v e l  winds c o n s t a n t  d u r i n g  t h e  

i n i t i a l i z a t i o n  had an  impact on  wind f i e l d s  n e a r  t h e  

tropopause which d i d  n o t  show up u n t i l  l o n g  a f t e r  t h e  

i n i t i a l i z a t i o n  had ended.  A s  t h e  upper l e v e l  j e t  

propagated across t h e  s o u t h e r n  par t  of t h e  domain from 

0000 t o  0600 (see l e f t  hand side o f  F i g u r e  5 7 ) ,  e x p e r i-  

ments  E and G showed c o n c u r r e n t  i n c r e a s e s  o f  TKE. 

Exper iment  J is t h e  o n l y  one  i n  which TKE decreased 

d u r i n g  t h e  same p e r i o d .  Thus,  a t  t h e  end of t h e  

forecasts, peak v a l u e s  for G and E were a b o u t  920 x LO3 

compared t o  730 x kg m 2  sec'2 for cases J and F. 

A f t e r  0000 GMT i n  a l l  e x p e r i m e n t s  t h e  TKE between 

t h e  s u r f a c e  and l e v e l  7 underwent  rapid i n c r e a s e s  due  

t o  two processes. F i r s t  is t h e  e f f e c t  of v e r t i c a l  

momentum t r a n s p o r t  by c o n v e c t i o n  and mean mot ions .  

T h i s  is most e v i d e n t  i n  t h e  upper l e v e l  wind f i e l d s .  

The effect  of t h e  c o n v e c t i v e  component is n o t  a s  

r e a d i l y  s e e n  i n  t h e  low l e v e l  wind f i e l d s  because t h e  

t o t a l  downward d i s p l a c e m e n t  of a i r  parcels (and t h u s  

momentum t r a n s p o r t )  due  t o  c o n v e c t i o n  induced 

s u b s i d e n c e  is s m a l l  compared to  parcel d i s p l a c e m e n t s  i n  

t h e  u p d r a f t .  For example, i n  case F v e r t i c a l  mot ions  
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associated w i t h  p a r a m e t e r i z e d  c o n v e c t i o n  has  dis tor ted 

what  would h a v e  been  smooth isotach p a t t e r n s  a t  300 mb 

o v e r  t h e  Texas/Oklahoma border (see F i g u r e  56b) .  Wind 

speeds there as low as 35 m sec-l r e s u l t e d  from upward 

t r a n s p o r t  ( a d v e c t i o n )  of l o w  momentum. I n  t h e  r e g i o n  

o f  t h e  main short  wave a band of r e l a t i v e l y  low wind 

speed moved eastward o u t  of Colorado a l o n g  t h e  

c o n v e c t i v e  (and s t ab le )  p r e c i p i t a t i o n  area associated 

w i t h  upward v e r t i c a l  mot ion  i n  t h e  short  wave. The 

e f f e c t s  are a lso  found o v e r  t h e  c o n v e c t i v e  

p r e c i p i t a t i o n  areas i n  other e x p e r i m e n t s .  The main 

p o i n t  is t h a t  j u s t  as low momentum is t r a n s p o r t e d  

upward by t h e  c o n v e c t i v e  p a r a m e t e r i z a t o n ,  "faster"  

momentum is t r a n s p o r t e d  downward h e l p i n g  to e x p l a i n  t h e  

i n c r e a s e  i n  TKE a f t e r  0000 GMT i n  t h e  lower l e v e l s .  

The s e c o n d  and p r o b a b l y  p r i m a r y  factor which 

c o n t r i b u t e s  to  t h e  l o w  l e v e l  maximum i n  TKE is a l o w  

l e v e l  j e t  (LLJ)  and broad area of f a s t  winds  which is 

g e n e r a t e d  n e a r  850 m b  i n  r e s p o n s e  to  mass r e a d j u s t m e n t  

a round  t h e  e x i t  r e g i o n  of t h e  upper  l e v e l  (300 m b )  j e t  

(see F i g u r e  57). I n  F i g u r e  58 a r e c t a n g u l a r  box is 

drawn o v e r  t h e  l o w  l e v e l  j e t  a t  0600 GMT w i t h  shaded 

and unshaded areas b i s e c t i n g  t h e  low l e v e l  wind 

maximum. The s h a d e d  par t  encompasses  t h e  l o w  l e v e l  

J 
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SESRME RR0B F CBNV CLBUD T0P I K M )  SESRME RRBB F WIND SPEED IM/Sl 
4/11/1979 300 GMT 

HRX= 12.125 MlN= -0.000 lNT= 1.000 
300.MB -P- 411 Ill979 300 GMT 

MAX= 86.890 MlN= 5.197 INT- 5.000 

Figure 56: Maps i l lustrating the e f fect  of convective (location 
of convection shown in panel a) upward transport of low momen- 
tum on upper leve l  isotach patterns. Units and times are given 
above each panel. 

c o n v e r g e n c e  and  upward mot ion  which is e x p e c t e d  t o  t h e  

l e f t  hand s ide  of t h e  e x i t  r e g i o n  of a n  upper  l e v e l  

p r o p a g a t i n g  j e t  maximum. 

t h e  e x p e c t e d  d i v e r g e n c e  and  downward mot ion .  

The unshaded p o r t i o n  shows 

How r e a l i s t i c  is t h e  forecast l o w  l e v e l  j e t?  The 

SESAME 850 mb winds  (see Appendix B, F i g u r e  B 3 )  show 

t h e  LLJ which h a s  been  p r e v i o u s l y  l i n k e d  t o  i s a l loba r i c  

a d j u s t m e n t  a b o u t  t h e  500 mb j e t  s t reak which p r o p a g a t e d  

a round  t h e  upper  l e v e l  t h r o u g h  i n t o  T e x a s  (Kocin,  e t  

a l . ,  1982). The o b s e r v e d  850 mb LLJ moves from C e n t r a l  
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VECTBR WIND (MIS) SESRME PFMB F VECTBP WIND IM,Sl SESRME RRBB F 
3UO.MB -P- 4/11/1979 0 C?cT 850.M8 -P- 4/11/1979 0 CMT 

PRX= 84.093 MlN: 13.055 MRX= 26.057 MlN= 1.670 

300.HR -P- 4/11/1979 300 CMT 
MRX= 86.890 MIN= 5.197 

300.MR -P- 4/11/1979 600 GMT 
HRX- 89.045 HIN= 4.721 

Figure 57: Time sequence of maps showing the generation of a low 
l eve l  (850 mb) j e t  about the exit  region of an upper leve l  (300 mb, 
l e f t  hand panels) for radiosonde case F .  Units and t i m e s  given. 
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b .  

5,E‘diilE RR0B F 0 I VERGENCE L 1 / 1 E5S I 
85O.MB -P- 

MFl’X= 18.465 MIN= -3 INT= 2.500 

”:. f?WB F VERT I C R L  VELBC I I Y  I L t V 5  i 
700.MB -P- 4/11/1979 600 GMT 

t l Q X =  43.271 MIN= -25.495 INT= 5.000 

Figure 58: Maps showing the correlation of divergence (a) and 
vert ical  motion (b) with the location of the low level jet .  
Shaded and un-shaded halves of the rectangle bisect the 850 mb 
wind maximum. Units and times are given above each panel. 
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to  Eastern Oklahoma between 0000, 0300 GMT, and it is 

found over Western Mississippi by 0600 GMT s i tuated 

close to  t h e  one forecast i n  case F for t h e  same 

time. However, since there is no observed equivalent 

to  the model's 300 mb j e t ,  one can not argue that  the 

observed and forecast LLJ's are the same. Never-the- 

l e ss  it is proposed that  t h e  forecast l o w  level j e t  be 

studied i n  de t a i l  from model output since its formation 

consti tutes a complete numerical simulation of the 

adjustment processes associated w i t h  an upper 

troposphere propagating j e t  streak. 

a 



154 

7. Summary and C o n c l u s i o n s  

A f i n e  mesh (35 km) l i m i t e d  area n u m e r i c a l  

p r e d i c t i o n  model (LAMPS) was i n i t i a l i z e d  u s i n g  sub- 

s y n o p t i c  scale d a t a  from u n c o n v e n t i o n a l  s o u r c e s .  

SESAME r a d i o s o n d e  da t a  and h i g h  d e n s i t y  TIROS-N 

s a t e l l i t e  v e r t i c a l  t e m p e r a t u r e  p r o f i l e s  from Apr i l  10, 

1979,  2100 GMT were used i n d i v i d u a l l y  and i n  

c o n j u n c t i o n  w i t h  low l e v e l  wind f i e l d s  c o n s t r u c t e d  from 

h o u r l y  surface wind o b s e r v a t i o n s .  

The ma,in g o a l  was to  examine t h e  u t i l i t y  o f  

s a t e l l i t e  temperature data for i n i t i a l i z i n g  a mesoscale 

model by comparing t h e  forecast r e s u l t s  w i t h  t h o s e  from 

similar  e x p e r i m e n t s  employing r a d i o s o n d e  data and w i t h  

o b s e r v a t i o n a l  v e r i f i c a t i o n .  By u s i n g  wind f i e l d s  based 

o n  t h e  n o n- l i n e a r  b a l a n c e  r e l a t i o n s h i p  and g i v i n g  t h e  

s a t e l l i t e  i n i t i a l  s t a t e s  e s s e n t i a l l y  t h e  same m o i s t u r e  

a n a l y s i s  as t h e  r a d i o s o n d e  i n i t i a l  s t a te ,  t h e  o n l y  

d i f f e r e n c e s  between t h e  two are r e l a t e d  t o  d i f f e r e n c e s  

i n  t h e i r  temperature structure.  T h i s  s t u d y  a lso 

i n v e s t i g a t e d  t h e  impact o f  r e a l i s t i c  ( o b s e r v e d )  low 

l e v e l  winds on  t h e  model f o r e c a s t  by i n s e r t i n g  them 

i n t o  t h e  model a t  t h e  f i r s t  time s t e p  or c o n t i n u o u s l y  

d u r i n g  a 1-1/2 hour  i n i t i a l i z a t i o n  p e r i o d .  (The l e n g t h  

of t h e  i n i t i a l i z a t i o n  period was d e t e r m i n e d  based o n  
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domain averaged local p r e s s u r e  tendency statist ics.)  

I t  was h y p o t h e s i z e d  t h a t  s t a r t i n g  t h e  model w i t h  these 

winds would f o r c e  a l o w  l e v e l  moisture convergence  

which c o u l d  have  a p o s i t i v e  impact  on t h e  p r e c i p i t a t i o n  

forecasts. 

A p r e l i m i n a r y  s e t  of three-hour forecasts was made 

based on  SESAME r a d i o s o n d e  data from 1800 GMT on  A p r i l  

10 .  These were d e s i g n e d  t o  tes t  model i n i t i a l i z a t i o n  

w i t h  (A)  o b s e r v e d  r a d i o s o n d e  winds,  (B)  ba lanced  winds,  

and (C)  b a l a n c e d  w i n d s  p l u s  a q u a s i- g e o s t r o p h i c  (QG) 

d i v e r g e n c e .  The  QG d i v e r g e n c e ,  which was o b t a i n e d  by 

s o l v i n g  t h e  QG "Omega" e q u a t i o n  i n  model c o o r d i n a t e s ,  

was n o t  found to have  any s i g n i f i c a n t  impact  on  e i the r  

model e v o l u t i o n  or on  s u p p r e s s i o n  of t h e  i n i t i a l  

g e n e r a t i o n  of h i g h  f r e q u e n c y  g r a v i t y  waves. Balanced 

winds s u b s t a n t i a l l y  reduced i n i t i a l  " n o i s e"  l e v e l s  o v e r  

those for t h e  real  wind forecast and p r o v i d e d  a 

smoother, more accurate mass f i e l d  a t  t h e  end of t h e  

i n i t i a l i z a t i o n  period. The b a l a n c e d  wind case was r u n  

o u t  to 0600 GMT on  A p r i l  11 ( t w e l v e  hour  forecast ,  D )  

and produced r e a s o n a b l e  mass and p r e c i p i t a t i o n  f i e l d s .  

The rea l  winds g e n e r a t e d  v e r t i c a l  motion p a t t e r n s  

d u r i n g  t h e  i n i t i a l i z a t i o n  which were found t o  be 

c o n s i s t e n t  w i t h  g e o s t r o p h i c  a d j u s t m e n t  t h e o r y ,  and 
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af ter  three h o u r s  of model i n t e g r a t i o n ,  some of t h e  

f o r e c a s t  v e r t i c a l  motion f e a t u r e s  c o u l d  be s e e n  i n  

obse rved  v e r t i c a l  motion p a t t e r n s .  However, t h e  

f o r e c a s t  v e r t i c a l  motion f e a t u r e s  were l o c a t e d  a b o u t  

200 km too far  east .  The p r e v a l e n c e  of h i g h  amplitude 

g r a v i t y  waves i n  t h e  r ea l  wind i n i t i a l i z a t i o n  resulted 

i n  h i g h l y  distorted mass f i e l d s ,  and t h e  s y n o p t i c  scale 

low p r e s s u r e  sy s t em o v e r  Colorado  was n o t  p r o p e r l y  

main ta ined  by t h e  model. 

Two of t h e  main expe r imen t s  (E,F) were des igned  t o  

p r o v i d e  a d i rec t  comparison of model performances of 

SESAME r ad io sonde  t e m p e r a t u r e  and h i g h  d e n s i t y  

s a t e l l i t e  t empe ra tu r e  data.  The s a t e l l i t e  data 

c o n s i s t e d  of 89 TIROS-N temperature soundings  ove r  t h e  

model domain, w i t h  t w o  SESAME soundings  be ing  i nc luded  

a long  t h e  w e s t e r n  boundary to remedy a void  i n  t h e  

s a t e l l i t e  coverage .  These two expe r imen t s  (as w e l l  as  

other model forecasts) were compared i n  terms of  mass 

f i e l d s ,  p r e c i p i t a t i o n  and wind s t r u c t u r e .  Both  t h e  

i n i t i a l  s ta tes  had t h e  same moisture, s u r f a c e  p r e s s u r e  

and were s t a t i c a l l y  i n i t i a l i z e d  w i t h  l o w  l e v e l  winds 

(below 2000 meters) o b t a i n e d  on  model s u r f a c e s  by 

l i n e a r  i n t e r p o l a t i o n  between obse rved  s u r f a c e  wind 

a n a l y s e s  and ba lanced  winds a t  2000 meters. Thus ,  t h e  
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low Z e v e l s  i n c l u d e d  a n  Ekman t y p e  t u r n i n g  w i t h  h e i g h t .  

Most of t h e  smaller scale  f e a t u r e s  i n  t h e  i n i t i a l  

mass f i e l d s  were e l i m i n a t e d  d u r i n g  model 

i n i t i a l i z a t i o n ,  however o n e  major 700 mb short wave was 

r e l t a i n e d  by t h e  model and went o n  to have a s i g n i f i c a n t  

impact  on p r e c i p i t a t i o n .  T h i s  short  wave which was 

p r e s e n t  i n  b o t h  t h e  r a d i o s o n d e  and s a t e l l i t e  f o r e c a s t s  

propagated around t h e  700 mb s y n o p t i c  scale t r o u g h  from 

S o u t h e r n  Oklahoma to Nebraska from 2100 to  0600 GMT 

(Apr i l  11). 

I n  t h e  r a d i o s o n d e  forecast (F), as t h e  s h o r t w a v e  

reached N o r t h e r n  Oklahoma around 0000 GMT, it o r g a n i z e d  

r e c e n t l y  i n i t i a t e d  p r e c i p i t a t i o n  (both c o n v e c t i v e  and 

s table modes) i n t o  a narrow band. Then b o t h  t h e  s h o r t  

wave and p r e c i p i t a t i o n  p r o p a g a t e d  nor thward  a t  a b o u t  18 

m sec"', r e a c h i n g  peak p r e c i p i t a t i o n  rates around 0300 

GMT, and had l a r g e l y  d iss ipated by 0600 GMT. The 

p r o p a g a t i n g  short wave had a d i s t i n c t  v e r t i c a l  

s t r u c t u r e  w i t h  maximum v e r t i c a l  m o t i o n s  of a b o u t  35 c m  

sec -1 n e a r  500 mb. 

band and f o l l o w e d  immedia te ly  by a d i v e r g e n t  band which  

were para l le l  to each other and s l o p e d  down wind w i t h  

h e i g h t .  The e n t i r e  wid th  of t h e  s y s t e m  was about 200- 

300 km. 

It was preceded by a c o n v e r g e n t  
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T h i s  shor t  wave p r e c i p i t a t i o n  band h a s  n o t  been  

s e e n  i n  model s i m u l a t i o n s  by other i n v e s t i g a t o r s ,  b u t  

v e r i f i e s  e x c e l l e n t l y  w i t h  a s imilar  band e v i d e n t  i n  t h e  

NMC h o u r l y  radar summar ies  i n  terms of l o c a t i o n ,  r a t e  

of movement and  s p a t i a l  d i m e n s i o n s ,  The o b s e r v e d  

p r e c i p i t a t i o n  band is s e e n  t o  be associated w i t h  a 700 

mb sho r t  wave i n  t h e  SESAME h e i g h t  a n a l y s e s ,  j u s t  a s  i n  

t h e  r a d i o s o n d e  forecast  F. 

Along t h e  Texas/Oklahoma border t h e  r a d i o s o n d e  

forecast  c o n v e c t i v e  p r e c i p i t a t i o n  was i n i t i a t e d  a round  

0000 GMT and by 0300 had been o r g a n i z e d  i n t o  a narrow 

band s u g g e s t i v e  of t h e  Apr i l  1 0  s q u a l l  l i n e ,  However, 

it d i d  n o t  e x t e n d  f a r  sou thward  i n t o  C e n t r a l  Texas  as  

o b s e r v e d  and  was o r i e n t e d  a b o u t  30 d e g r e e s  clockwise 

from t h e  r ea l  s q u a l l  l i n e .  A f t e r  0300 GMT t h e  

o r i e n t a t i o n  and l o c a t i o n  of t h e  model forecast 

c o n v e c t i v e  p r e c i p i t a t i o n  was g e n e r a l l y  c o n s i s t e n t  w i t h  

t h e  o b s e r v a t i o n s .  

A l though  t h e  s a t e l l i t e  700 mb shor t  wave forecast 

l o c a t i o n  and  movements a re  almost ident ical  t o  those 

of t h e  r a d i o s o n d e  forecast shor t  wave, it shows o n l y  a 

weak a s s o c i a t i o n  w i t h  a c o n v e c t i v e  p r e c i p i t a t i o n  

band.  More s i g n i f i c a n t  for t h e  s a t e l l i t e  forecast is 

a n  area of heavy  c o n v e c t i o n  o v e r  Oklahoma which c o v e r s  

I 
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a much broader area than radar observations indicate. 

However t h i s  area shows the same NE-SW or ien ta t ion  a s  

the observations. T h u s ,  there a re  s ign i f ican t  

differences between t h e  radiosonde and s a t e l l i t e  

precipi ta t ion forecasts .  Overall ,  the radiosonde 

forecast  (F)  generated 20% l e s s  t o t a l  precipi ta t ion 

than i t s  comparable s a t e l l i t e  forecast  ( E ) .  

Differences between t h e  s a t e l l i t e  and radiosonde 

forecasts  m u s t  be re la ted to differences i n  t he i r  

temperature s t ruc ture .  The ramifications of d i f f e ren t  

i n i t i a l  temperature f i e l d s  include d i f f e ren t  i n i t i a l  

r e l a t i v e  humidities and s t a t i c  s t a b i l i t y .  I n  addition, 

the s a t e l l i t e  balanced winds  (wh ich  depend on 

temperature) are on the  averge 14% f a s t e r  near the 

tropopause than those i n  the radiosonde i n i t i a l  

s t a t e .  A l l  these dif ferences  feed back in to  the model 

t o  produce very d i f f e ren t  precipi ta t ion forecasts .  

When compared w i t h  observations both t h e  s a t e l l i t e  and 

radiosonde cases produced some very r e a l i s t i c  

precipi ta t ion pat terns  and amounts. On t h e  basis  of 

t h e  shor t  wave prec ip i ta t ion ,  however, i t  is concluded 

tha t  t h e  radiosonde data gave t h e  best overal l  

forecast .  

The impact of the surface wind data was examined 
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w i t h  t h e  he lp  of two a d d i t i o n a l  s a t e l l i t e  forecasts. 

One was i n i t i a l i z e d  w i t h  b a l a n c e d  winds a t  t h e  low 

l e v e l s  (G) and t h e  other h e l d  t h e  obse rved  s u r f a c e  and 

low l e v e l  winds c o n s t a n t  d u r i n g  t h e  i n i t i a l i z a t i o n  

period ( J ) .  The p o t e n t i a l  impor tance  o f  i n c l u d i n g  low 

l e v e l  wind o b s e r v a t i o n s  was tempered because  of t h e  

model@s a b i l i t y  to q u i c k l y  g e n e r a t e  rea l i s t ic  low l e v e l  

s t r e a m l i n e s  from b a l a n c e d  winds. However, t h e i r  

e v o l u t i o n  is c o n t r o l l e d  to a l a rge  e x t e n d  by a d j u s t m e n t  

t o  t h e  p r e s s u r e  f i e l d  s i n c e  isotach p a t t e r n s  t h a t  

resulted a f t e r  t h e  s t a t i c  i n i t i a l i z a t i o n  w i t h  real 

winds ( E )  resembled t h e  b a l a n c e d  wind isotach p a t t e r n s  

(GI * 

The r e su l t  of u s i n g  ba lanced  winds a t  t h e  low 

l e v e l s  i n i t i a l l y  ( v e r s u s  s t a t i c  i n i t i a l i z a t i o n  w i t h  

obse rved  low l e v e l  winds)  was to  m a k e  t h e  f i e l d  

propagate s l i g h t l y  fas ter  to  t h e  east .  W h i l e  t h e  

forecast p r e c i p i t a t i o n  p a t t e r n s  were a b o u t  t h e  same, 

t h e  t o t a l  amount of t h e  s tab le  ( g r i d  scale) 

p r e c i p i t a t i o n  was reduced by h a l f .  However, a n  

i n c r e a s e  i n  t h e  c o n v e c t i v e  a m o u n t s  g a v e  t h i s  case 

s l i g h t l y  more t o t a l  p r e c i p i t a t i o n .  

Holding t h e  l o w  l e v e l  winds c o n s t a n t  d u r i n g  t h e  

i n i t i a l i z a t i o n  (J) affected t h e  forecasts of wind, 
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p r e s s u r e  and p r e c i p i t a t i o n .  The most dramatic of these 

was a s u b s t a n t i a l  improvement  of t h e  sea l e v e l  p r e s s u r e  

forecast by r e d u c i n g  l a rge  p r e s s u r e  f a l l s  e x p e r i e n c e d  

i n  other e x p e r i m e n t s .  T h i s  case was t h e  o n l y  o n e  of 

t h e  s a t e l l i t e  e x p e r i m e n t s  whose s u r f a c e  isobar p a t t e r n s  

reflected t h e  t r o u g h  a l o n g  t h e  a p p r o x i m a t e  p o s i t i o n  of 

t h e  o b s e r v e d  s u r f a c e  cold f r o n t  a t  0600 GMT. 

The  c o n t i n u o u s  i n s e r t i o n  of l o w  l e v e l  w i n d s  had an  

impact o n  t h e  upper  l e v e l  winds  w h i c h  d i d  n o t  a p p e a r  

u n t i l  l o n g  a f t e r  t h e  i n i t i a l i z a t i o n  period (1-1/2 h )  

had ended .  The r e s u l t  was a s u b s t a n t i a l  r e d u c t i o n  i n  

mean wind speed n e a r  t h e  tropopause be tween  0000 and 

0600 GMT. The other forecasts showed i n c r e a s e s  d u r i n g  

t h e  same period as t h e  uppe r  l e v e l  j e t  propagated i n t o  

t h e  model domain.  S i n c e  t h e  h i g h  l e v e l  w inds  i n  t h e  

model r e t a i n  t h e  i n i t i a l  f a s t e r  t h a n  o b s e r v e d  

" b a l a n c e d"  wind speeds, t h e  r e d u c t i o n  of speed for t h e  

case i n  q u e s t i o n  is regarded as a s i g n i f i c a n t ,  b u t  

p o o r l y  unde r  stood improvement .  

The  effect o n  p r e c i p i t a t i o n  was to  re tard  t h e  

i n t e n s i t i e s  ( r a t e s )  of t h e  c o n v e c t i v e  mode for a t  l e a s t  

t h e  f i r s t  three h o u r s .  A t  t h e  end  of t h e  forecast  t h e  

r e s u l t  was a 9% r e d u c t i o n  of t o t a l  domain a c c u m u l a t i o n s  

(compared to  t h e  s t a t i c  i n i t i a l i z a t i o n  forecast) The 
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c o n v e c t i v e  p r e c i p i t a t i o n  area o v e r  Oklahoma was 

c o n s t r i c t e d  t o  a n a r r o w e r  band and was found f a r the r  

westward closer to  t h e  o b s e r v e d  s q u a l l  l i n e  

p r e c i p i t a t i o n  area. 

For t h e  B l o c k  I1 e x p e r i m e n t s ,  l o w  l e v e l  m o i s t u r e  

f l u x  c o n v e r g e n c e  was i n t e g r a t e d  o v e r  time and h e i g h t  

for each model g r i d  p o i n t  to o b t a i n  p a t t e r n s  of water 

vapor  which accumula ted  v i a  low l e v e l  wind f i e l d s  i n  a 

column 1250 meters t h i c k  d u r i n g  t h e  1- 1/2 hour  model 

i n i t i a l i z a t i o n .  The p a t t e r n s  c l e a r l y  reflected 

d i f f e r e n c e s  between t h e  e x p e r i m e n t s  i n  terms t h e  

e v o l u t i o n  of t h e  low l e v e l  winds .  However, no d e f i n i t e  

c o r r e l a t i o n  c o u l d  be s e e n  between low l e v e l  

a c c u m u l a t i o n s  of water vapor  d u e  to  forced m o i s t u r e  

c o n v e r g e n c e  and  r e s u l t a n t  p r e c i p i t a t i o n  p a t t e r n s .  

S i n c e  t h e  forced wind i n s e r t i o n  s i m u l t a n e o u s l y  affected 

p r e c i p i t a t i o n ,  p r e s s u r e  and upper  l e v e l  w inds ,  it is 

d i f f i c u l t  to  s a y  t h a t  t h e  forecast p r e c i p i t a t i o n  

impacts were d i r e c t l y  re la ted t o  l o w  l e v e l  moisture 

convergence .  The  s e c o n d a r y  e f fec ts  may have  been  more 

i m p o r t a n t  i n  a l t e r i n g  t h e  p r e c i p i t a t i o n  forecast. 

I n  a d d i t i o n  to  t h e  700 mb shor t  wave s y s t e m  which  

was s e e n  i n  t h e  r a d i o s o n d e  and  s a t e l l i t e  forecasts, t h e  

model a l so  p roduced  other mesoscale phenomena s u c h  as  
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t h e  i n t e n s i f i c a t i o n  of t h e  l o w  l e v e l  d r y  l i n e  o v e r  

Texas .  T h i s  f e a t u r e  h a s  been  p r e d i c t e d  i n  model 

s i m u l a t i o n s  by others and is c o n s i s t e n t  w i t h  a c o l d  

f r o n t  which pushed  eastward i n t o  Texas  d u r i n g  t h e  

forecast  period. An 850 mb l o w  l e v e l  j e t  was g e n e r a t e d  

by i sa l lobar ic  enhancement  of t h e  l o w  l e v e l  flow a b o u t  

t h e  e x i t  r e g i o n  of t h e  upper  l e v e l  j e t  (300 m b )  which 

propagated t h r o u g h  t h e  domain v i a  Texas .  A t  t h e  end  of 

t h e  model forecasts t h e  s o u t h e r l y  l o w  l e v e l  j e t ' s  

p o s i t i o n  is almost i d e n t i c a l  t o  t h a t  of a low l e v e l  j e t  

e v i d e n t  i n  t h e  SESAME 850 mb wind f i e l d  a t  0600 GMT; 

however ,  t h e  t w o  may be c a u s e d  by d i f f e r e n t  p h y s i c a l  

processes. Al though  r a d i o s o n d e  case D ( t w e l v e  h o u r  

forecast) d i d  n o t  g i v e  t h e  best  p r e c i p i t a t i o n  forecast ,  

i t  p roduced  t h e  most pronounced  c o n v e c t i v e  

p r e c i p i t a t i o n  s y s t e m  o v e r  Oklahoma w i t h  t h e  

character is t ics  t h a t  d e f i n e  a Mesoscale C o n v e c t i v e  

Complex (MCC). These  i n c l u d e  a warm core i n  mid- 

troposphere and  a cold a n t i c y c l o n i c  o u t f l o w  dome a t  t h e  

top of t h e  c o n v e c t i o n .  Cr i t e r i a  for s i z e  and  d u r a t i o n  

a re  a l so  s a t i s f i e d .  The g e n e r a t i o n  of t h e  low l e v e l  

j e t  and t h e  MCC-type c o n v e c t i v e  s y s t e m  was 

u n e x p e c t e d .  However, t h e  n u m e r i c a l  s i m u l a t i o n s  of each 

merit special  s t u d y  from model o u t p u t  d i a g n o s t i c s  which 
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are  a v a i a b l e  e v e r y  h a l f  hour  w i t h  35 km r e s o l u t i o n .  

R e s u l t s  of t h i s  s t u d y  s u g g e s t  t h a t  t o  o b t a i n  

accurate mesoscale model forecasts, i t  may be n e c e s s a r y  

i n  many s i t u a t i o n s  to i n i t i a l i z e  w i t h  sub- synop t ic  

scale data.  I m p l i c i t  i n  t h i s  s t a t e m e n t  is t h e  need for 

f i n e  mesh model g r i d s  capable of r e s o l v i n g  sub- synop t ic  

scale s t r u c t u r e .  . T h i s  s t u d y  demons t ra ted  t h a t  h i g h  

h o r i z o n t a l  r e s o l u t i o n  s a t e l l i t e  t e m p e r a t u r e  p r o f i l e  

data c a n  be assimilated i n t o  a l i m i t e d  a r e a  mesoscale 

model t o  p r o d u c e  forecasts which v e r i f y  f a v o r a b l y  w i t h  

mesoscale o b s e r v a t i o n s  or forecasts w i t h  r a d i o s o n d e  

da ta .  I n  a d d i t i o n ,  t h i s  s t u d y  demons t ra ted  t h a t  a 

r e a s o n a b l e  mesoscale forecast  is possible i n c o r p o r a t i n g  

o n l y  b a l a n c e d  winds  for t h e  mot ion  f i e l d  i n  t h e  i n i t i a l  

c o n d i t i o n s  . 
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Appendix A - Comparison of I n i t i a l  Sate l l i te  

and Radiosonde F i e l d s  

T h i s  a p p e n d i x  p r e s e n t s  compar i sons  o f  t h e  TIROS-N 

s a t e l l i t e  and  SESAME r a d i o s o n d e  f i e l d s  o f  g e o p o t e n t i a l  

h e i g h t ,  t e m p e r a t u r e  and s p e c i f i c  h u m i d i t y  f o r  2100 GMT 

o n  A p r i l  1 0 ,  1979. The h e i g h t  and t e m p e r a t u r e  f i e l d s  

a re  compared s t a t i s t i c a l l y  i n  Tables Al, A2, and A 3 .  

The sample s i z e  is t h e  number o f  g r id  p o i n t s  on  t h e  o n e  

d e g r e e  l a t i t u d e / l o n g i t u d e  g r i d  used  f o r  t h e  o b j e c t i v e  

a n a l y s i s .  The RpilS s a t e l l i t e - r a d i o s o n d e  t e m p e r a t u r e  

d i f f e r e n c e s  (Table A l )  a re  s imi la r  i n  magn i tude  t o  

v a l u e s  c i t e d  f o r  c o- l o c a t e d  s a t e l l i t e  and r a d i o s o n d e  

v e r t i c a l  t e m p e r a t u r e  p r o f i l e s  (Gruber  and Watk ins ,  

1982)  w i t h  a v e r a g e  RMS d i f f e r e n c e s  of a b o u t  1.5 K O  and 

w i t h  a maximum a r o u n d  2.0 K O  n e a r  t h e  t r o p o p a u s e  l e v e l  

a t  200 mb. 

The s a t e l l i t e  shows a c o l d  b ias  between 700 and 

400 mb which is r e f l e c t e d  by lower mean s a t e l l i t e  

h e i g h t s  f rom 500 to  250 mb. RMS h e i g h t  d i f f e r e n c e s  

(Table A 2 )  i n c r e a s e  w i t h  h e i g h t  up to  250 mb w i t h  a 25 

meter v a l u e .  The la rges t  h e i g h t  d i f f e r e n c e s ,  s u c h  as 

t h e  80  meters a t  250 mb, o c c u r  o v e r  t h e  s a t e l l i t e  data 

v o i d  o v e r  Oklahoma i n  a n  i n h e r e n t l y  h i g h  g r a d i e n t  area. 

The g r a d i e n t s  o f  t h e  s a t e l l i t e  a n d  r a d i o s o n d e  
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LEVEL - 
100 mb 
150 
200 
250 
300 
400 
500 
700 
850 
s f  c 

MEAN 

.85 -. 63 
-1.13 
.96 
.65 

-.70 -. 12  
-.92 

.67 
1.40 

RMS 

1.52 
1.30 
2.21 
1.41 
1.16 
1.53 
1.39 
1.17 
1.94 
1.52 

MAX 

-4.2 
-3.8 
-6.8 

- 

3.8 
4.1 
4.9 

-4.1 
-3.7 
6.1 
3.9 

Table Al :  S t a t i s t i c a l  comparison of satel l i te  - 
radiosonde temperature d i f ference f i e l d s  (OK ). 

LEVEL MEAN RMS MAX 

100 mb 3.6 
150 -4.8 
200 -3.1 
2 50 -7.9 
300 -13.3 
400 -13.9 
500 -7.7 
700 4.6 
850 8.2 

1000 1.7 

17.3 
17.9 
21.7 
25.6 
25.3 
18.0 
10.6 
8.3 
6.8 
7.1 

-55 
-46 - 64 
-81 
-80 
-53 
-33 

30 
30 
30 

Table A2: S t a t i s t i c a l  comparison of sa te l l i te  - 
radiosonde height d i f ference f i e l d s  (meters). 



167 

h LEVEL 

16000 m 
14000 
12000 
10500 
9000 
7500 
6000 
4500 
3000 
2000 
1250 
750 
375 
25 
0 

REL DIF 

4.2% 
7 .O 

14.5 
14.6 
11.9 
8 .5  
3.8 
1.1 
-2.0 
-2.3 
-1.8 
-1.0 
-0.2 
0 .0  
0.0 

Table A3: Percent re la t ive  error of mean i n i t i a l  
s a t e l l i t e  height gradient with respect t o  i n i t i a l  
radiosonde data for  a l l  model l eve l s .  Posi t ive  
values indicate larger satell ite gradients. 

h e i g h t s  a r e  compared i n  T a b l e  A3 u s i n g  t h e  ba lanced  

wind speed c o r r e s p o n d i n g  to g e o p o t e n t i a l  g r a d i e n t .  

S i n c e  kinetic e n e r g y  of t h e  wind is p r o p o r t i o n a l  t o  

v e l o c i t y  s q u a r e d ,  t h e  numbers i n  t h e  t a b l e  e x p r e s s  a 

p e r c e n t  change of t h e  mean s a t e l l i t e  h e i g h t  g r a d i e n t  

r e l a t i v e  t o  t h e  r a d i o s o n d e  from: 

1 - 2  TKE is t h e  sum of 2 P I V I  o v e r  a l l  h o r i z o n t a l  g r i d  

p o i n t s  i n  t h e  model domain. Although g e o s t r o p h i c  winds 
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a r e  more d i r e c t l y  related to h e i g h t  g r a d i e n t s ,  t h e  

ba lanced  winds s u f f i c e  t o  i l l u s t r a t e  t h a t  t h e  s a t e l l i t e  

g r a d i e n t s  a re  l a r g e r  t h a n  t h o s e  f o r  t h e  r a d i o s o n d e  a t  

a l l  l e v e l s  above 3000 meters. Near 200 mb t h e  

s a t e l l i t e  b a l a n c e d  s p e e d s  a re  a b o u t  14% f a s t e r  t h a n  

r a d i o s o n d e  b a l a n c e d  s p e e d s .  

Map compar isons  of s a t e l l i t e  and r a d i o s o n d e  

i n i t i a l  h e i g h t ,  t e m p e r a t u r e  and m o i s t u r e  f i e l d s  a re  

shown i n  F i g u r e s  A1 and A2.  Although t h e  p a t t e r n s  of 

t h e  s a t e l l i t e  and r a d i o s o n d e  h e i g h t  and t e m p e r a t u r e  

f i e l d s  a r e  s imi l a r ,  the re  a r e  s i g n i f i c a n t  r e g i o n a l  

d i f f e r e n c e s .  
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Figure A l :  Satellite,  radiosonde, and s a t e l l i t e  - radiosonde height 
and temperature f i e l d s  at 850, 700, 500, 300 and 200 mb (pages 170 
through 1 7 4 ) .  The l e f t  hand side going down each page shows three 
panels f o r  the radiosonde, sate l l i te  and difference f i e l d s  of 
geopotential height (dekameters). On the right hand s i d e  of  each 
page are the corresponding f i e l d s  for temperature (OK ). 
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Figure Al: (continued) 
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Figure Al :  (cont h u e d )  
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Figure A2: Comparison of t h e  i n i t i a l  sa te l l i te  and radiosonde 
s p e c i f i c  humidity analyses  a t  t h e  surface ,  850, 700 and 500 mb 
(going l e f t  t o  r i g h t  on success ive  pages). The top  panel in  
each column shows t h e  sa te l l i te  s p e c i f i c  humidity i n  t en ths  of 
gm / kg. 
s p e c i f i c  and relative ( X )  humidity analyses,  r e spec t ive ly .  

The middle and bottom panels  con ta in  the radiosonde 

d 

, . ( . .  l.." 
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I \ . _ _ _  -.L ,’ - _ _  - .- --- rao RH] 
700 mb 

Figure A2:- (continued) 
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Appendix B - Model V e r i f i c a t i o n  Data 

T h i s  append ix  c o n t a i n s  a n a l y s e s  based  on 

c o n v e n t i o n a l  m e t e o r o l o g i c a l  o b s e r v a t i o n s .  F i g u r e  B 1  

shows NMC mean sea l e v e l  p r e s s u r e  p a t t e r n s  and f r o n t a l  

p o s i t i o n s  from 1800 ( A p r i l  1 0 )  t o  0900 GMT ( A p r i l  11). 

Pages  181  t o  185 c o n t a i n  SESAME g e o p o t e n t i a l  h e i g h t  

(dekamete r s )  and t e m p e r a t u r e  (OC) a n a l y s e s  f o r  850,  

700 ,  500 ,  300 and 200 mb. Each page h a s  f o u r  p a n e l s  

c o r r e s p o n d i n g  to  d i f f e r e n t  times: 2100 GMT (upper  

l e f t ) ,  0000 GMT (upper  r i g h t ) ,  0300 GMT ( lower l e f t ) ,  

and 0600 GMT (lower r i g h t ) .  The fo rmat  f o r  t h e  

f o l l o w i n g  f i v e  p a g e s  is t h e  same e x c e p t  t h a t  t h e  p a n e l s  

show r a d i o s o n d e  wind s t r e a m l i n e s  and i s o t a c h s  ( so l id  

l i n e s ,  m sec'l). 

p r o v i d e d  by Mr. Thomas Q. Carney of Purdue U n i v e r s i t y ,  

were made u s i n g  t h e  Barnes  method o n  a one  d e g r e e  

l a t i t u d e / l o n g i t u d e  g r i d .  

These SESAME a n a l y s e s ,  which were 

NMC h o u r l y  r a d a r  summaries are shown from 1735 to  

0635 GMT A p r i l  10-11 i n  f i g u r e  B4. These show t h e  

g e n e r a l  s p a t i a l  s t ruc ture  o f  t h e  p r e c i p i t a t i o n  d u r i n g  

t h e  SESAME o b s e r v i n g  p e r i o d ,  i n c l u d i n g  t h e  nor thward  

p r o p a g a t i o n  of  a mesoscale r a i n  band from Oklahoma  to  

Nebraska.  

The p r e c i p i t a t i o n  r a t e s  i n  F i g u r e  B5 ( reproduced  
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from V i n c e n t  and  Carney ,  1982)  a re  based o n  h o u r l y  

s u r f a c e  o b s e r v a t i o n s  a v e r a g e d  o v e r  o n e  degree 

l a t i t u d e / l o n g i t u d e  boxes .  

a 
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Figure B5: Observed surface precipitation rates for A p r i l  
10 - 11, 1979. 
( Reproduced from Vincent and Carney, 1982 ). 

Units and times are shown on each panel. 
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Figure B5: (continued) 
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Appendix C - Estimation of a Lower Bound on 

Relative Error in Radiosonde Specific 

Humidity Measurements 

Using  t h e  relationship q = RH q, one can derive 

the following expression relating re la t ive  er rors  i n  q, 

RH and qs: 

u s i n g  the defini t ion of saturation specif ic  Solving - *qs 
qs  

humid i ty  q, ?r .622 es/P , and the Clausius Clapeyron 

equation des/es = LdT/RT2, equation (Cl) can be written 

as: 

C q  ARH L AT AP 
- f -  + -  + -  

RH R T ~  p 
(C- 2 1 

9 

which  re la tes  the re la t ive  error of q to  those of 

re la t ive  humid i ty ,  temperature and pressure. 

Typical RMS errors  i n  re lat ive humid i ty  

measurements are about 1 0 %  which implies a minimum 

re la t ive  error  of about 1 0 %  i n  RH ( i .e . ,  10% / 100%) .  

RMS er ro rs  for radiosonde temperature and pressure are 

a t  l eas t  0.5 OC and 1.3 mb respectively. RMS error  

estimates are  quoted from Fuelberg (1974)  i n  Gerhard, 
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et al., (1979). 

Plugging these error estimates into equation (C2) 

yields: 

4 = f 010 f 2 . 5 1 ~ 1 0 ~ ~  erq/gm 

18.016 gm/mole 

0.5 OK 1.3 mb 
IJ 2 * 850 mb X 

8. 317x107erq[mole OK (280 K) 9 

or l\s = f .LO f .0345 f .0015 
9 

Since any of the above terms may be positive or 

negative, the maximum lower bound relative error for q 

is f13.68 and the minimum relative error is f 6.4%. 

These values apply at levels around 850 mb. A t  higher 

levels where relative humidity is poorly measured, the 

relative errors for q may be much larger. 

Furthermore, for the example presented, 7 4 %  of the 

total possible error is attributable to mis-measurement 

of relative humidity, 25% to temperature errors, and 

only about 1% to pressure errors. 

a 

s 
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Appendix D - Numerical Solution of 
the Balance Equation 

The full non-linear balance equation is de 

this section as a quadratic equation in the variable 
2 v $ where $ is the stream function of the non- 

divergent balanced wind. This form facilitates the 

numerical solution and shows explicitly when the 

equation is non-elliptic. The derivation is similar to 

that of Pettersen (1953). 

Given the u and v component momentum equations 

(Dl) and (D2) in pressure coordinates (spherical terms 

are neglected) 

+ fv - a u + u -  a u + v -  a u + w -  au 
at ax aY a z =  - -  a x  

a a divergence equation can be formed by taking ax of 
(Dl) and - of (D2), adding them and rearranging to 

get 

a 
ay 
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where 5 is t h e  r e l a t i v e  v o r t i c i t y  e q u a l  t o  

I and B is equal t o  - a f  
a Y  

6 is t h e  h o r i z o n t a l  d i v e r g e n c e .  

Using t h e  d e f i n i t i o n s  of s h e a r i n g  d e f o r m a t i o n  A 

and s t r e t c h i n g  d e f o r m a t i o n  B 

it is n o t e d  t h a t  

and t h u s  



2 0 1  

F u r t h e r m o r e  I 

which a re  t h e  l a s t  three  terms of e q u a t i o n  (D3). 

S u b s t i t u t i n g  (D5) i n t o  (D3) g i v e s  a n  a l t e r n a t e  

d i v e r g e n c e  e q u a t i o n :  

2 2 2  - d t  d b  + $ b 2 = - V @ + f c t i  ( c 2 - A - B )  - B u  

S e t t i n g  d i v e r g e n c e  equal to  z e r o  yields t h e  b a l a n c e  

e q u a t i o n  i n  t h e  form 

2 b u t  u s i n g  t h e  r e l a t i o n s h i p  G = V 31 I o n e  o b t a i n s  

2 which is q u a d r a t i c  i n  V 31 . 
a $  
ax  

v = -  a $  
a Y  Using t h e  q u a d r a t i c  f o r m u l a  and u = - - 0  
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g i v e s  t h e  f i n a l  form o f  t h e  b a l a n c e  e q u a t i o n  as: 

T h i s  e q u a t i o n  is n o n- l i n e a r  i n  $ and is u s u a l l y  

e l l i p t i c .  

A n e g a t i v e  square root c o r r e s p o n d s  to  non- 

e l l i p t i c i t y  and therefore t o  p h y s i c a l l y  u n r e a l  

s o l u t i o n s  for t h e  assumpt ion  of non- divergence.  T h i s  

c o n d i t i o n  o c c u r s  most f r e q u e n t l y  where V2@ is s t r o n g l y  

n e g a t i v e  a s  i n  a h i g h  pressure area w i t h  s t r o n g  a n t i -  

c y c l o n i c  c u r v a t u r e  (see F i g u r e  Dl). P a e g l e  and P a e g l e  

(1974, 1976) claim to have found s i t u a t i o n s  l i k e  t h a t  

i n  F i g u r e  D l b  which are associated w i t h  i n t e n s e  

anomalous d i v e r g e n c e .  T h e r e f o r e  t h e y  have  proposed a 

method to add j u s t  enough d i v e r g e n c e  t o  e q u a t i o n  (D9) 

when n e c e s s a r y  to i n s u r e  e l l i p t i c i t y .  

Another  common approach  to  t h e  e l l i p t i c i t y  problem 

is based o n  the f a c t  t h a t  t h e  g e o s t r o p h i c  stream 
cp f u n c t i o n ,  - - f !  

stream f u n c t i o n .  Thus, i n  n o n - e l l i p t i c  areas (D9) c a n  

is f r e q u e n t l y  close t o  t h e  b a l a n c e  
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a b 

Figure D1: (a) Normal anticyclonic pressure and wind pattern. 
(b) flow and pressure pattern typically associated with non- 
e l l i p t i c  areas (shaded) for the balance equation. 

be solved by r e p l a c i n g  9 Balance  by l/J geostrophic on  
t h e  r i g h t  hand s ide  of t h e  e q u a t i o n .  Then t h e  r i g h t  

had side is c o m p l e t e l y  known and t h e  e q u a t i o n  may be 

s o l v e d  by s t r a i g h t  SOR ( K r i s h n a m u r t i ,  1968 ) .  

As mentioned i n  chapter 3 ,  t h e  h e i g h t  f i e l d s  c a n  

also be altered p r i o r  to n u m e r i c a l  s o l u t i o n  for q~ , t o  

produce  v a l u e s  o f  v rg which w i l l  g u a r a n t e e  t h a t  (D9) 

is e l l i p t i c  everywhere .  Tha t  p r o c e d u r e  was n o t  adop ted  

because t h e  h e i g h t  f i e l d s  a r e  t h e  most r e l i ab le  t y p e  of 

i n f o r m a t i o n  p r o v i d e d  by t h e  s a t e l l i t e .  I n s t e a d ,  i n  

n o n - e l l i p t i c  areas t h e  e q u a t i o n  v JI = - f was s o l v e d  

which c o n s t r a i n s  t h e  " ba lanced"  winds to  have  non- 

2 

2 

n e g a t i v e  a b s o l u t e  v o r t i c i t y .  

The s o l u t i o n  of t h e  balance e q u a t i o n  i n v o l v e s  a n  
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2 i t e r a t i v e  SOR t e c h n i q u e  for g e t t i n g  t h e  q u a n t i t y  V JI 

to c o n v e r g e  o v e r  t h e  domain. For each o u t e r  i t e r a t i o n  

for (02$)v+1 o n e  i n n e r  i t e r a t i o n  is r e q u i r e d  to  o b t a i n  

J I ~ + ~  . The o u t e r  i t e r a t i o n  is g i v e n  by 

where 0 is t h e  r e l a x a t i o n  factor and 

v 1/2 h($') = - f + ( f 2  + 2v24 + A ~ ~ + B ~ ~  + BU ) 

The  i n n e r  i t e r a t i o n  is 

where a is t h e  r e l a x a t i o n  factor and t h e  f u n c t i o n  g is 

g i v e n  by 
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2 

Y 
; y = cos ( l a t i t u d e )  V V ' I D 2  4- 2) + 'i-1,j + Jl i+l , i  

The r e l a x a t i o n  f a c t o r  for t h e  i n n e r  i t e r a t i o n ,  a, 

was chosen  a c c o r d i n g  to  a fo rmula  from H a l t i n e r  and 

W i l l i a m s  (1980) : 

where M and N are  t h e  number of g r i d  p o i n t s  i n  t h e  x 

and y d i r e c t i o n s ,  The c o e f f i c i e n t  w was d e t e r m i n e d  

e x p e r i m e n t a l l y .  The tes t  r e s u l t s  a re  summarized i n  

F i g u r e  D2, w e q u a l  to  0.35 c o r r e s p o n d s  to  under-  

r e l a x a t i o n  and appears t o  be optimal for a l l  l e v e l s .  

The lower l e v e l s  (850 mb) converged much more r a p i d l y  

t h a n  t h e  upper l e v e l s .  The r a n g e  of c o n v e r g e n t  w s 

was smaller for h ighe r  l e v e l s .  

I 

All d e r i v a t i v e s  were oomputed w i t h  second order 

f i n i t e  d i f f e r e n c i n g  o n  a o n e  degree l a t i t u d e / l o n g i t u d e  
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Figure D2: Graph of the relaxation factor for the outer 
iteration versus the number of iterations required for 
convergence at 850 and 400 mb. The optimalU) is about 
0.35 corresponding to  under-relaxation, 

354- g r i d  (see Figure D3). The mixed d e r i v a t i v e s  axav 
i a ~  a a j  
2 ax ay ay ax 

were computed from t h i s  g r i d  a s  - (-( ) t - ( ) ) .  

The term gu was c a l c u l a t e d  as 2aec0s(4) u/a where fie 

is the  e a r t h ' s  angular v e l o c i t y ,  "an is the  e a r t h ' s  

radius  and 4 is l a t i t u d e .  

In  order f o r  the  s o l u t i o n  to converge, net 

a 
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Figure D3: Grid stencil used for balance equation 
f i n i t e  differencing.  0 refers t o  l a t i t u d e .  

d i v e r g e n c e  o v e r  t h e  domain mus t  be close t o  z e r o .  T h i s  

c a n  be a s s u r e d  by c h o o s i n g  boundary  v a l u e s  of + s u c h  

t h a t  F 

X A S = O  as 

where AS is a n  i n t e r v a l  of 

d i s t a n c e  a l o n g  t h e  l a t e r a l  b o u n d a r i e s .  S i n c e  t h e  

geostrophic stream f u n c t i o n  - - @ c a l c u l a t e d  f rom t h e  

he igh t  f ie lds  is  s imilar  t o  t h e  balance stream 

f u n c t i o n ,  $J , the  former i s  used as a f irst  guess on 

f 

t h e  b o u n d a r i e s  and  t h e n  a d j u s t e d  t o  a c h i e v e  z e r o  

o u t f l o w .  The method is a s  described i n  B e n g t s s o n  and 

Temperton (1979, pg. 3 7 4 ) .  

S i n c e  t h e  b a l a n c e d  winds  were computed o n  a o n e  

degree g r i d  and h o r i z o n t a l l y  i n t e r p o l a t e d  to  t h e  f i n e r  

mesh model g r i d ,  a t e s t  was made t o  d e t e r m i n e  how w e l l  

t h e  r e p r e s e n t a t i o n  of t h e  b a l a n c e d  winds  is p r e s e r v e d  

a f t e r  t h e  i n t e r p o l a t i o n .  P a n e l  a i n  F i g u r e  D4 shows a n  
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i n i t i a l  850 m b  h e i g h t  f i e l d  from which b a l a n c e d  winds 

were computed. The r e s u l t a n t  winds  were i n t e r p o l a t e d  

to t h e  model g r i d  and t h e  residual d i v e r g e n c e  removed 

as  described i n  s e c t i o n  3.2. The b a l a n c e  e q u a t i o n  was 

t h e n  r e v e r s e d  i n  o r d e r  to  r e g e n e r a t e  a h e i g h t  f i e l d  

from t h e  winds  i n  t h e  model c o o r d i n a t e s .  These h e i g h t s  

( p a n e l  b) compared v e r y  well w i t h  t h e  o r i g i n a l  h e i g h t s  

i n d i c a t i n g  t h a t  t h e  i n t e g r i t y  of t h e  o r i g i n a l  b a l a n c e d  

winds is m a i n t a i n e d  a f te r  t h e  h o r i z o n t a l  

i n t e r p o l a t i o n .  P a n e l s  c and d i n  F i g u r e  D4 show t h a t  

t h e  a d j u s t m e n t s  to  t h e  wind f i e l d  af ter  t h e  removal  of 

i n t e r p o l a t i o n  g e n e r a t e d  d i v e r g e n c e  are t r i v i a l .  

Any imba lances  between t h e  mass and wind f i e l d s  

(as d e f i n e d  by t h e  b a l a n c e  e q u a t i o n )  i n  t h e  model ' 

i n i t i a l  s t a t e  m u s t  be due  almost e n t i r e l y  to v e r t i c a l  

i n t e r p o l a t i o n .  Such imba lances  are i n e v i t a b l e  s i n c e  

t h e  winds and p r e s s u r e- h e i g h t s  from which t h e y  were 

computed are  i n t e r p o l a t e d  to  model c o o r d i n a t e s  

i n d e p e n d e n t l y  of o n e  a n o t h e r  ( S u n d q v i s t ,  1976) . 
However, t h e  l a r g e s t  errors a re  l i k e l y  to be i n  t h e  

mass f i e l d  b e c a u s e  t h e  h e i g h t s  from which t h e  b a l a n c e d  

winds were o r i g i n a l l y  c a l c u l a t e d  are re- computed (as  

71 on  h sufaces) by i n t e g r a t i n g  upward h y d r o s t a t i c a l l y  
(I 

L 
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Figure D4: (a) o r i g i n a l  he ight  f i e l d  (1' gr id )  from which balanced 
winds were computed. (b) height  f i e l d  obtained by inverse  so lu t ion  
of t h e  balance equation from t h e  balanced winds which had been 
in te rpo la ted  t o  model coordinates.  (e) balanced wind speeds i n  
model coordinates.  (d) same winds as in (c) except t h a t  s m a l l  
i n t e r p o l a t i o n  r e l a t e d  divergence has  been removed. 
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u s i n g  independen t  l i n e a r  v e r t i c a l  i n t e r p o l a t e d  v a l u e s  

o f  temperature and s p e c i f i c  humid i ty  (Barker, 1 9 8 0 ) .  

Non- l inea r  b a l a n c e d  winds and t h e  non- divergent  

p o r t i o n  o f  t h e  g r a d i e n t  winds  f o r  t h e  same h e i g h t  f i e l d  

are  compared i n  F i g u r e  D5. The s t r o n g  l i k e n e s s  o f  t h e  

two wind f i e l d s  s u g g e s t s  t h a t  c o n s i d e r a b l e  computer  

time c a n  be saved  by u s i n g  t h e  non- divergen t  g r a d i e n t  

stream f u n c t i o n s  as  a f i r s t  g u e s s  f o r  t h e  b a l a n c e d  

stream f u n c t i o n s .  I t  is a l so  p o s s i b l e  t h a t  t h e  non- 

d i v e r g e n t  g r a d i e n t  wind might  be j u s t  as s a t i s f a c t o r y  

as  t h e  b a l a n c e d  wind f o r  i n i t i a l i z i n g  t h e  LAMPS 

model. These  winds have  a l r e a d y  been used €or 

i n i t i a l i z i n g  t h e  A u s t r a l i a n  numer ica l  model ( M i l l s  and 

Hayden, 1 9 8 2 ) .  

Figure D5: Comparison of non-linear balanced winds (left) and non- 
divergent gradient winds for the same 850 mb height analysis. 
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Appendix E - Numer ica l  So lu t ion  of t h e  Q u a s i- g e o s t r o p h i c  

Vertical Motion Equation and C o n t i n u i t y  Equation i n  

Model Coordinates 

To s o l v e  t h e  q u a s i - g e o s t r o p h i c  v e r t i c a l  mot ion  

e q u a t i o n  i n  h c o o r d i n a t e s  r e q u i r e s  a similar e q u a t i o n  

i n  z c o o r d i n a t e s  which is to be t r a n s f o r m e d  term by 

term so t h a t  d e r i v a t i v e s  o n  z s u r f a c e s  c a n  be 

c a l c u l a t e d  from v a l u e s  on  t h e  model h s u r f a c e s .  The 

e q u a t i o n  used  is by L e e  (1981): 

+ 

C 
where u1 - 'Ine and a2 = gc O t h e r  J a l n p  

az  
V 

- 9 7  
v a r i a b l e s  h a v e  t h e i r  u s u a l  m e t e o r o l o g i c a l  meanings .  

The g r i d  s t e n c i l  u sed  is as  shown i n  F i g u r e  E l  

where 4 is a dummy v a r i b l e .  The s u b s c r i p t s  N ,  S, e,  

and w refer to p o i n t s  on  a compass and U and I, refer 

to upper  and  lower l e v e l s .  DY is t h e  n o r t h  - s o u t h  

d i s t a n c e  be tween g r i d  p o i n t s .  The eas t  - west d i s t a n c e  

is DX = DY * cos ( l a t i t u d e ) .  The f i n i t e  d i f f e r e n c i n g  
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employed is second under accurate. S p h e r i c a l  terms are  

neglec ted .  

From t h e  basic r e l a t i o n s  for t h e  hu coordinate 

sys tem, 

=-  '-E H6 + ( 1 - 6 ) Z  and 3 I 
hu H-E = 3 I h  - a' a x  

t h e  fo l lowing  t r a n s f o r m a t i o n s  can be de r ived :  
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C 
- 1 P  Also, given p = 1000 and P - R ne 

the geostrophic wind components can be calculated as 

The second order accurate f i n i t e  difference formula 

required are 
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1 

The coordinate system parameters, 6 and 6 (good 

for a l l  x, y )  are required t o  s w i t c h  on ( 6  = 1) or 

off (6  = 0 )  terms i n  the equations related t o  sloped 

h surfaces below H = 5250 meters. x is a r a t i o  
(J 

relating the ver t ica l  distance Ah for a model layer to  

the d e p t h  of the model layer immediately below i t ,  

i.e., 

1 

The following table lists values of 6, 6 and x for 

each h level. 

d 
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0 
25 
375 
750 
1250  
2000 
3000 
4500 
6000 
7500 
9000 
10500 
12000 
14000 
16000 

1 
1 
1 
1 
1 
1 
1 
1 
0 
0 
0 
0 
0 
0 
0 

1 
1 
1 
1 
1 
1 
1 
0.75 
0.25 
0 
0 
0 
0 
0 
0 

0.000 
0.071 
0.933 
0.750 
0.677 
0.750 
0.667 
1.000 
1.000 
1.000 
1.000 
1.000 . 750 
1.000 
0.000 

D e r i v a t i o n  o f  SOR formula 

L e t  t h e  r i g h t  hand s i d e  of e q u a t i o n  (El) e q u a l  F, 

and l e t  

2 R 1  = g(a -(J ) ; 4 = pw and K2 = f o  1 2  

Then t h e  e q u a t i o n  can be w r i t t e n  

By l e t t i n g  Q = (H-h)/(H-E) and 
I 1  s = (1-6 +6 H/(H-E)) and u s i n g  t h e  t r a n s f o r m a t i o n  f o r  
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t h e  l a p l a c i a n  o n  a z s u r f a c e  w e  g e t  

where t h e  terms i n  F have  been t rans formed  i n t o  

h c o o r d i n a t e s ,  By d e f i n i n g  
U 

I = 2 Q K 1  6 5, J = 2 Q K 1  6 aY 

and d i v i d i n g  by K 1 ,  t h e  above e q u a t i o n  can  be e x p r e s s e d  

as  
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K1 ayah 

where P = N / K1. 

The terms on the left hand side can be expanded into 

finite difference form yielding 

After moving all terms not involving o0 to the right 
hand side, and multiplying both sides by DX 2 2  DY (Ah) 2 x , 
the equation becomes 

(2(Ah)2~(DX2+DY2) + DX 2 2  DY (2P+(1-x)LAh))oo = 

a 

P P 
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Finally, the SOR formula can be written as 

v+l = ( l - Y ) 4 l 0  V + 
60 

2 2  DX DY (Ah)2x 
2 2  Y {HI 

2(Ah)2~(DX2+DY2) + DX DY (2P+(l-x)LAh) 

After solving for 

yields vertical motion dZ/dt on the model 
9, = (pw), , dividing by density 

h, surfaces. The relaxation factor, y , which was 
optimal was determined experimentally to be about 1.2. 

solution of model continuity equation for the 

horizontal diverqent wind components on model h 

surf aces 
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The model continuity equation is 

(Pu) - - a (PV) a a - (Pt;) = - - 
ah ax ay 

where P = p/n . Neglecting the diabatic and curvature 

terms and setting aP/at = 0 I the equation can be 

expanded to 

where r h a s  been expressed in terms of a divergent and 

non-divergent component. Using the relation 
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7 0  TE $ 1  

F = P ( 1 - 6  +6 H / ( H - E ) ) -  g 
\y 

Then u s i n g  u = - a and v = - a , the  c0nt inuit .y  ax a Y  
equat ion is w r i t t e n  

. 
or 

-c 2 n + - V E )  6 -  * v X = -  F/P = FF 
- V x + ( - -  P H-E 

which can  be  reformatted a s  

x 
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Then with f i n i t e  d i f f e r e n c i n g  

FF - K 1  &l. - K2 a 
ax ay 

I 

I 

Mult iplying both s i d e s  by DX 2 2  DY g i v e s  

2 ( D X  2 2  +DY )x,  = (FF-K1 g - R 2  2 + 

Xe+Xw x + 2 2  
- s +  x! ) DX DY 

DXL DY4 

from which t h e  SOR formula can be wr i t ten:  

Xe-Xw 2 2  
FF - K1 2DX v + l  - v DX DY - x, (1-y)  + 

XO 2 ( D X ~ + D Y ~ )  

a R 
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x +x 'e+', s +  
DY DX 

x -x 
2DY s +  - K 2  

where v is t h e  i t e r a t i o n  index and y is t h e  

r e l a x a t i o n  factor. 

r e s u l t s .  

from t h e  g r a d i e n t s  of t h e  X f i e l d .  

Y = 1 . 8  was used wi th  good 

The u and v d i v e r g e n t  components a r e  d e r i v e d  
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