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PREFACE 

A p o t e n t i a l  numerical approach t o  t h e  problems of automotive lead  

t r anspor t  through the atmosphere i n  the p lanetary  boundary l aye r  has 

motivated t h e  au thor ' s  s t rong  i n t e r e s t  i n  completing t h i s  manuscript 

although t h e  main p a r t  of computation w a s  b a s i c a l l y  performed i n  1969 

while t h e  author was v i s i t i n g  t h e  National Center f o r  Atmospheric Research, 

Boulder, Colorado. This  paper has no t  previously been considered f o r  

publ ica t ion  nor  published i n  any form. 

The need f o r  b e t t e r  p red ic t ion  of air po l lu t ion  concentrat ions 

wi th in  urban areas  i n  general ,  o r  t h e  lead t r anspor t  near  highways i n  

p a r t i c u l a r ,  has  encouraged t h e  development of  various t r anspor t  models 

capable of descr ib ing  both temporal and s p a t i a l  va r i a t ions  of  d ispers ion  

parameters. Two p r i n c i p a l  problems must be  resolved during t h e  develop- 

ment of such models: (1) a computational procedure must be formulated 

which y i e l d s  s t a b l e  so lu t ions  and which incorporates  adequate d e t a i l  of  

t h e  phenomena of  i n t e r e s t  over appropr ia te  time and s p a t i a l  s c a l e s ,  and 

(2)  appropriate  and cons i s t en t  p r o f i l e s  of meteorological parameters 

must be chosen f o r  use as model input  da ta .  

This paper touches upon sub jec t s  q u i t e  c lose ly  r e l a t e d  t o  these  two 

problems (see a b s t r a c t ) .  In t h e  problems of lead t r anspor t ,  t h e  emissions 

general ly occur near  ground l e v e l  (excluding t h e  n a t u r a l  occurrence of 

pb210). Variat ions i n  mixing r a t e  and hor i zon ta l  ve loc i ty  with he ight  

a r e  of  primary importance. These f ac to r s  s u i t  t h i s  t r anspor t  problem well  

t o  a desc r ip t ion  derived from t h e  t r a c e r  equation which i s  i d e n t i c a l  t o  

our moisture t r anspor t  equation deal ing  wi th  s p e c i f i c  humidity ins t ead  

of t h e  lead  emit ted i n t o  t h e  environment through automotive exhaust.  



Application of the  topographical coordinate i n  t h i s  paper enables one 

t o  account f o r  the e f f e c t s  of s p a t i a l  va r ia t ions  i n  surface roughness, 

and consideration of l a t en t  heat re lease  allows f o r  the  var ia t ion of 

thermal charac te r i s t i cs  i n  t he  planetary boundary layer.  Such a considera- 

t i on  i n  the  model is essen t ia l  t o  any di f fus ion problem i n  pract ice .  

The application envisioned is a complete system describing the  

automotive lead t ranspor t  model which can be fundamentally derived from 

the  present work. For example, a hypothesis concerning the  influence 

of upper level  inversion height on the ve r t i c a l  d i f fus iv i ty  p ro f i l e  can 

be made such t ha t  t he  combined e f f ec t s  of mixing height and atmospheric 

s t a b i l i t y  can be simulated. 

The author g ra te fu l ly  acknowledges the useful suggestions of 

Professor E l m a r  R. Reiter .  This work was supported i n  par t  by the  

National Science Foundation under Grant No. GA - 29147. 



ABSTRACT 

A dynamical fo recas t  model is appl ied  t o  s tudy t h e  moisture 

v a r i a t i o n  i n  t h e  p lanetary  boundary l aye r  under t h e  chosen synoptic  

condit ion.  The observed 12-hour moisture p a t t e r n s  a r e  compared with 

t h e  fo recas t  pa t t e rns .  

Four numerical experiments, us ing  t h e  same i n i t i a l  da ta  on 0600 

CST, March 25, 1967, a r e  made. However, i n  one case only t h e  e f f e c t s  

of evaporation from t h e  Gulf of Mexico, and t h e  l a t e n t  hea t  r e l e a s e  

a r e  considered i n  t h e  model, whereas i n  t h e  r e s t  of  t h e  cases,  t h e  topo- 

graphical  e f f e c t s  a r e  a l s o  included. 

The r e s u l t s  i n d i c a t e  t h a t :  (a) The moisture tongue shows a good 

correspondence i n  loca t ion  between t h e  fo recas t  and observed va lues ,  a t  

200 meter-level above t h e  ground. (b) The r idge  l i n e  o f  the  fo recas t  

moisture p a t t e r n s  d isp lay  a tendency of  t i l t i n g  westward when compared 

with t h e  i n i t i a l  observed values.  The degree of t i l t i n g  depends, very 

c lose ly ,  on the  speed of t h e  cold f r o n t .  (c) The fo recas t  moisture 

i n  t h e  cen t ra l  U. S. proves t o  be acceptable,  but  i n  t h e  eas t e rn  U .  S .  

along t h e  Appalachian Mountains t h e  e r r o r  is about 2 gm kg-'. (d) For 

t h e  12-hour fo recas t  i n  t h e  c e n t r a l  U. S. region,  t h e  l a t e n t  hea t  r e l e a s e  

seems t o  be  more important than t h e  evaporation e f fec t .  
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1.0 Introduction 

The b a s i s  f o r  achieving accura te  l o c a l  area f o r e c a s t s  o f t en  rests 

upon t h e  a b i l i t y  of t h e  f o r e c a s t e r  t o  p r o j e c t  r ap id ly  changing f i e l d s  

of meteorological v a r i a b l e s  forward i n  t i m e  from cur ren t  mesoscale 

analys is .  This  objec t ive  is seldom rea l i zed  i n  ac tua l  p r a c t i c e  due t o  

a number of  var ied  and complex requirements. Among t h e  prime requi re-  

ments is t h e  need f o r  a fine-mesh dynamical model which is capable of  

generat ing r e a l i s t i c  fo recas t s ,  including boundary l aye r  i n t e r a c t i o n s  

with t h e  l a rge  s c a l e  environment. In addi t ion  t o  t h e  t h e o r e t i c a l  problems 

involved, such a model would a l s o  r equ i re  frequent  and d e t a i l e d  observa- 

t i o n s  from a dense network of su r face  and upper a i r  s t a t i o n s .  However, 
, . 

t h e  present  network of  observat ions,  i n  p a r t i c u l a r  upper a i r  soundings, 

is too  coarse t o  ob ta in  reasonably accura te  and necessary input  d a t a  

a s  i n i t i a l  condit ions f o r  such purposes. 

Nevertheless,  t h e  above d i f f i c u l t i e s  were p a r t i a l l y  resolved when 

Ooyama (1963) first successfu l ly  parameterized cumulus convection i n t o  

t h e  t r o p i c a l  cyclone model. He assumed t h a t  t h e  r a t e  o f  t o t a l  hea t  pro- 

duction by convective clouds i n  a v e r t i c a l  column is  propor t ional  t o  t h e  

supply of water vapor i n  the  column by t h e  l a rge  s c a l e  hor i zon ta l  conver- 

gence i n  t h e  su r face  boundary layer .  Thus he r e l a t e d  t h e  hea t ing  by 

cumulus convection t o  t h e  dynamics of t h e  l a rge  s c a l e  c i r c u l a t i o n  through 

su r face  f r i c t i o n .  By a per turbat ion  ana lys i s  he was ab le  t o  descr ibe  a 

dis turbance s i m i l a r  t o  a t r o p i c a l  cyclone with respect  t o  t h e  growth 

r a t e  and the  p re fe r red  s c a l e .  I t  was then poss ib le ,  t o  represent  s t a t i s -  

t i c a l l y  t h e  small s c a l e  convective motion i n  terms of parameters of l a r g e  

s c a l e  flow so  t h a t  it may be ab le  t o  numerically p red ic t  t h e  probable 



occurrence of  severe  loca l  storms and s q u a l l  l i n e s  without ca lcu la t ing  

indiv idual  convective c i r c u l a t i o n s  of  small sca le .  

I n  t h e  s tudy by Sasaki i n  1964, he pointed out t h a t  one of t h e  i m -  

po r t an t  parameters which may c o r r e l a t e  t o  t h e  occurrence o f  severe 

storms seems t o  be  t h e  upward moisture f l u x  from t h e  p lanetary  boundary 

l aye r  i n t o  t h e  f r e e  atmosphere. The b a s i c  i d e a  f o r  it i s  simple; t h e  

l a r g e r  t h e  upward moisture f lux ,  t h e  g r e a t e r  t h e  l a t e n t  hea t  re leased  

due t o  condensation of moisture. Condensation of  moisture i s  t h e  process 

which produces energies  e s s e n t i a l  f o r  t h e  formation and development of 

severe storms. 

From t h e  t h e o r e t i c a l  viewpoint, it is  always poss ib le  t o  so lve  t h e  

hydrodynamical equat ions i n  f i n i t e  d i f ference  forms i f  adequate i n i t i a l  

and boundary condit ions a r e  given. Also with t h e  a i d  of  high speed compu- 

t e r ,  t h e  numerical weather predic t ion  has become an opera t ional ly  f e a s i b l e  

technique. But t h e  e x i s t i n g  opera t ional  model with g r id  d is tance  of  

381 ki lometers  a s  used by NMC, i s  too  l a rge  i n  mesh length t o  e f f e c t i v e l y  

fo recas t  t h e  occurrence of  severe loca l  storms. 

In view of t h i s  po in t ,  a dynamical model f o r  fo recas t ing  t h e  moisture 

is  s tud ied  i n  t h i s  paper. The model which was b a s i c a l l y  used by Sasaki 

i n  1964 was applied with some modif icat ions i n  addi t ion  t o  t h e  increase  

of t h e  v e r t i c a l  r e so lu t ion  i n  t h e  boundary l aye r  where moisture i s  most 

densely d i s t r i b u t e d .  The s igni f icance  of  increased v e r t i c a l  r e so lu t ion  

t o  t h e  increased accuracy of moisture forecas t  was emphasized a l s o  by 

Sasaki ,  based on h i s  previous r e s u l t s  and was l a t e r  supported by a s e r i e s  

of moisture analyses i n  t h e  lower atmosphere. 

Smagorinsky (1956), i n  h i s  s tudy of  t h e  numerical predic t ions  of  

p r e c i p i t a t i o n  amounts, pointed out  t h e  necess i ty  of  including e f f e c t s  



of r e l e a s e  of  l a t e n t  hea t .  If these  inf luences  were not  considered, 

t h e  computed v e r t i c a l  v e l o c i t i e s  were underestimated i n  regions of con- 

densation by as much as an order  of magnitude. The amplifying e f f e c t  

has a l s o  been demonstrated by Danard (1966). He was ab le  t o  show 

mathematically t h a t  t h e  inc lus ion  of l a t e n t  hea t  l i b e r a t i o n  i n  t h e  so-  

c a l l e d  w-equation, would increase  i n  t h e  magnitudes of  t h e  computed 

v e r t i c a l  motions i n  a s a t u r a t e d  region. 

Since water vapor i s  added t o  t h e  air mainly by evaporation f op f 
oceans, lakes ,  and r i v e r s ,  t h e  cen t ra l  and southern United S t a t e s  a rea  

rece ives  t h e  majori ty of i t s  moisture supply from t h e  Gulf of Mexico. 

A r a t h e r  common weather p a t t e r n  t h a t  e x i s t s  p r i o r  t o  t h e  formation of  

thunderstorms i n  t h i s  a rea  is a s i t u a t i o n  where high pressure  dominates 

t h e  eas t e rn  United s t a t e s  l e t t i n g  moisture flow from t h e  Gulf of  Mexico 

i n t o  t h i s  a rea  (Mil ler ,  1967). According t o  Harris (1968), t h e  evapora- 

t i o n  from t h e  Gulf of Mexico i s ,  the re fo re ,  important i n  determining 

t h e  amount of moisture t ranspor ted  v e r t i c a l l y  upward i n t o  t h e  f r e e  

atmosphere. 

Reap, i n  1968, developed a t h r e e  dimensional t r a j e c t o r y  model t o  

fo recas t  temperature and dew po in t .  He then,  applied it t o  t h e  severe 

storm predic t ion .  I I i s  v e r i f i c a t i o n  s t a t i s t i c s  f o r  74 t e s t  cases during 

May-July 1968 indica ted  a s i g n i f i c a n t  improvement over t h e  p r imi t ive  

equation model fo recas t s  i n  t h e  lowest 150 mb, where temperature and 

moisture d i s t r i b u t i o n s  a r e  c ruc ia l  t o  severe storms development. A s  a 

f u r t h e r  refinement of temperature and dew point  f o r e c a s t s  i n  t h e  f u t u r e ,  

he recommended t h a t  i n  addi t ion  t o  t h e  necessary t e r r a i n  s p e c i f i c a t i o n ,  

a l l  ava i l ab le  sea-surface temperature d a t a  be included i n t o  t h e  thermo- 

dynamic equations t o  provide an est imate of the  sens ib le  hea t  f l u x  and 



evaporative moisture f lux  from the  ocean surface. He a l so  suggested 

t h a t  a su i tab le  s t a t i s t i c a l  evaluation of ship-reported dew points ,  

coupled with exis t ing upper a i r  data ,  is needed t o  provide a f i r s t  

estimate of the  ve r t i c a l  moisture p rof i l es  i n  as many levels  as may be 

feas ib le  over data-sparse oceanic regions. 

This paper describes an attempt t o  incorporate the influences of 

evaporation from the Gulf of Mexico, and the  released la ten t  heat  i n to  

a numerical prediction model. The e f f ec t s  of topography a re  taken care 

of by using the  r e l a t i ve  ve r t i c a l  coordinate which i s  defined as 

z *  = z - H(x, y) with H(x, y) the  height from the  ground and z posi t ive  

upward i n  the  conventional car tes ian coordinate. The most important 

problem is  then the prediction of the moisture f i e l d  by numerical technique 

and i t s  ver i f i ca t ion  against the  observed data. 

Four versions of the  model a re  discussed: Experiment 1 is the  

basis  of the model which neglects topography, evaporation and la ten t  

heat release;  Experiment 2 has no evaporation and no la ten t  heat re lease ,  

but accounts f o r  topography, i . e . ,  uses topographical coordinate; 

Experiment 3 adds the e f f ec t s  of evaporation but without l a ten t  heat 

release;  Experiment 4 only accounts f o r  topography and la ten t  heat 

re lease  but excludes evaporation e f f ec t s .  

The forecasts  made f o r  the  above four experiments were the  i n i t i a l  

data  on 0600CST, March 25, 1967. The computed 12-hrs. r e su l t s  a r e  com- 

pared with observed data  i n  terms of the spec i f ic  humidity i n  gm kgm1 over 

the centra l  U. S. areas including the Gulf of Mexico. 



2.0 The Governing Equations 

The s e t  of equations which governs t h i s  dynamic fo recas t ing  model 

f o r  Experiment 1 was described by Sasaki (1967) and Chen (1968). This 

s e t  is  comprised of t h e  Navier-Stokes equations of motion wr i t t en  i n  a 

Cartesian (x, y,  z ,  t )  system, t h e  equation of mass cont inui ty  under 

t h e  incompressible assumptions, t h e  moisture equation neglec t ing  non- 

ad iaba t i c  e f f e c t s ,  and t h e  hydros ta t i c  equation f o r  constant a i r  dens i ty  

i n  t h e  layer .  The equation of thermodynamics is not  included i n  t h i s  

experiment t o  avoid any d i a b a t i c  processes f o r  t h e  sake of  s impl i fy ing  

t h e  problem. The governing equations a r e  now s t a t e d  below with t h e  nota-  

t i o n s  a s  defined i n  Table 1. 

d -  a + u -  - - -  where dt a a a + IJ- + w -  
a t  ax ay a z 

Since t h e  hor izonta l  s c a l e  is much l a r g e r  than t h e  v e r t i c a l  s c a l e ,  

and we a r e  concerned only with t h e  p lanetary  boundary l aye r ,  t h e  second 

de r iva t ives  of x and y components i n  t h e  r i g h t  hand s i d e  of (2.1) and 

(2 .2)  a r e  j u s t i f i e d  t o  be  n e g l i g i b l e  i n  comparison with a2u/az2 and a2v/az2 



In (2.1) and ( 2 . 2 ) ,  t h e  ve r t i c a l  component of eddy coef f i c ien t s  is  

4 assumed t o  be a l i nea r  function of height with 10 c. g. s. a t  the  lowest 

5 
level  a t  200 m above the  ground t o  4.3 x 10 c. g. s. a t  top level  a t  1.4 

km. The va l i d i t y  of t h a t  approximation i s  open t o  discussion. Baddley 

(1968) i n  h i s  study of wind and temperature p r o f i l e  i n  the  planetary 

boundary layer making use of data  from an instrumented TV tower (WKY, 

4 Oklahoma City) showed tha t  10 c. g. s. would give a p ro f i l e  which closely 

approximated the  observed wind f o r  the  lower l eve l s  of t he  tower, 

5 while 10 c .  g. s. gave a close approximation t o  the  observed wind f o r  

the  upper level  of the  tower a t  445 meters. 

(2.4) is the  continuity equation f o r  moisture i n  i ts  simplest form. 

Evaporation i s  discounted temporarily i n  t h i s  f i r s t  experiment. The 

physical p ic tu re  t r i e s  t o  see  how the  moisture is  advected by the  wind 

i f  the  three-dimensional wind components were known. In the centra l  U. S .  

region, the  major supply of moisture is the  advection of spec i f i c  himidity 

from the  Gulf of Mexico, pa r t i cu la r ly  when a cold f ron t  associated with 

a low system, producing a strong southerly wind, is approaching Oklahoma. 

-5 - 1 Coriol is  parameter, f ,  is assumed constant 8.365 x 10 sec  . A i r  

- 3 
density,  P , is 1.08 x gm cm , and accelerat ion of gravi ty  is assumed 

- 2 
constant, 980 cm sec  . 

The va l i d i t y  of t h i s  model f o r  Experiment 1 was t es ted  before a more 

sophis t ica ted model was formulated f o r  o ther  experiments. 

2.1 Modified Models f o r  Experiments 2 ,  3, and 4 

In  these models, more physical proper t ies  are  included. The 

general charac te r i s t i c s  common t o  these models are  four ve r t i c a l  levels ;  

the  primit ive equations; a horizontal  g r i d  s i z e  of 165 kilometers 



everywhere neglec t ing  t h e  map f a c t o r  which is u n i t y  a t  60 degrees 

l a t i t u d e .  

The b a s i c  d i f f e rence  is t h e  use o f  the topographical coordinate 

i n  these  models. The c a r t e s i a n  coordinate system is t r ans fe r red  i n t o  

t h e  topographical coordinate system (x, y ,  z*, t )  by def in ing  t h e  r e l a t i v e  

v e r t i c a l  coordinate z* = z-H(x, y ) .  A s  seen i n  Fig. 1, H(x, y) is  t h e  

ground e levat ion  t h a t  i s  read from t h e  geographical map (Fig. 2 ) ,  and 

smoothed before t h e  in t eg ra t ion  t o  make t h e  s lope  l e s s  than 1/750 i n  

order  t o  avoid i n s t a b i l i t y  i n  t h e  scheme (Appendix A). The thermodynamic 

equation is  added t o  describe t h e  e f f e c t  of evaporation and l a t e n t  hea t  

r e l ease .  

The x and y components of  t h e  Navier-Stokes, cont inui ty ,  hydro- 

dynamic, moisture, and thermodynamic equations derived i n  Appendix B ,  

using t h e  r e l a t i v e  v e r t i c a l  coordinate,  a r e  now s t a t e d  below: 

where aH a H a a w* = w - u -  - v -  d a and - = - a 
+ U -  d t  a t  

+ v - + w * -  
ax a Y ax ay az . 



The above s e t  of equat ions is  d i s t i n c t l y  d i f f e r e n t  from t h e  previous 

set of  governing equations used i n  t h e  Experiment 1. In  t h e  equations 

of motion, two terms with g r a v i t a t i o n a l  acce le ra t ion  appear. These 

terms a r e  r e s u l t s  of using t h e  topographical coordinate,  and may be 

phys ica l ly  viewed as correc t ion  terms t o  t h e  pressure  f i e l d .  A s  an 

i l l u s t r a t i o n ,  we may redef ine  a new pressure  f i e l d  a s  , which i s  mathe- 

mat ica l ly  express ib le  as 

By raking  the  p a r t i a l  de r iva t ive  of t h e  above expression i n  both x and y 

a H 
aH were obtained. I t  should be d i r e c t i o n s  r e spec t ive ly ,  g and g ay 

mentioned here  t h a t  these  two terms may c o n s t i t u t e  a se r ious  s t a b i l i t y  

problem, i f  not  properly handled, a s  indica ted  by Kasahara and Washington 

(1967), i n  t h e i r  work on t h e  global  general c i r c u l a t i o n  model. 

(2.11) says t h a t  t h e  change i n  s p e c i f i c  humidity is  only equal t o  

the  gain due t o  evaporation which may be ca lcu la t ed  by using Sverdrup's 

(1951) formula from t h e  s e a  sur face .  In mathematical expression,  Sverdrup's 

evaporation formula i s  given by E = 3.7 (e  - ea) / v I  , where e and 
W W 

e denote r e spec t ive ly  t h e  vapor pressure  a t  some height  and a t  s e a  
a 

sur face .  V i s  the  wind speed. I t  i s  c l e a r  from t h e  evaporation formula 

t h a t  maximum evaporation should occur i n  a reas  of  s t rong  wind, warm water ,  

and cold a i r ,  as  cold a i r  over warm water w i l l  r e s u l t  i n  a l a rge  s p e c i f i c  

humidity d i f ference .  Harris (1968) ca lcula ted  evaporation and moisture 

t r anspor t  from t h e  Gulf of Mexico u t i l i z i n g  t h e  same s e t  of d a t a  on 0600CST, 

March 25,  1967. H i s  r e s u l t  of  evaporation output i n  t h e  form of (qw) 

a t  200-meter l eve l  was incorporated d i r e c t l y  i n t o  t h e  model as  t h e  i n i t i a l  

evaporation input  (Fig. 3 ) .  However, t h e  evaporation i s  assumed t o  s t a y  



constant  through t h e  e n t i r e  fo recas t ing  period and e n t e r s  t h e  problem 

only a s  a  boundary condit ion a t  200-meter l eve l .  

(2.13) is t h e  thermodynamic equation which includes t h e  change of 

p o t e n t i a l  temperature due t o  t h e  l a t e n t  hea t  re leased  by the  r i s i n g  moist 

a i r .  It has been long known t h a t  t h e  amount of hea t  l i b e r a t e d  i n  a  v e r t i -  

c a l  u n i t  column is proport ional  t o  t h e  t o t a l  convergence of  moisture. 

Furthermore, Smagorinsky (1956), i n  h i s  s tudy of numerical predic t ions  

of p r e c i p i t a t i o n  amounts pointed out t h e  necess i ty  of  including e f f e c t s  

of  r e l e a s e  of l a t e n t  hea t .  If t h i s  inf luence were not  considered, 

t h e  computed v e r t i c a l  v e l o c i t i e s  would be underestimated i n  regions of  

condensation by as  much as an order  of  magnitude. Ogura (1964) based 

on h i s  est imation of time s c a l e  between small and l a r g e  s c a l e  motion, 

assumed t h a t  t h e  r e l e a s e  of l a t e n t  hea t  took p lace  i n s t a n t l y  through 

most of the  troposphere once t h e  a i r  pa rce l  with t y p i c a l  v e r t i c a l  v e l o c i t i e s  

i n s i d e  cumulonimbus clouds s t a r t s  t o  ascend. He was ab le ,  by speci fy ing  

temperature a t  some l e v e l s ,  t o  w r i t e  

The nondimensional p ropor t iona l i ty  constant  n was roughly est imated 

as 3 t o  4 by giving t y p i c a l  values of - and t h e  mixing r a t i o  of  water 
aP 

vapor a t  t h e  top  of t h e  boundary l aye r .  By applying Ogura's method, 

(2.13) i s  r ewr i t t en  as  



The p a r t i t i o n  of l a t e n t  hea t  r e l e a s e  is not  considered i n  t h i s  ca l cu la t ion .  

2.2 Physical Layouts of  Parameters and Boundary Conditions 

A s  mentioned e a r l i e r ,  t h i s  is  a four- level  model, equal ly spaced 

i n  t h e  v e r t i c a l  d i r e c t i o n  from lowest l eve l  a t  200 meters t o  t h e  h ighes t  

l eve l  a t  1400 meters. On the  z *  coordinate,  a l l  meteorological parameters 

such as  temperature, pressure ,  s p e c i f i c  humidity, and hor izonta l  v e l o c i t y  

a r e  assigned a t  200 m, 600 m y  1000 m and 1400 m above t h e  ground. The 

v e r t i c a l  ve loc i ty  i s  assigned a t  t h e  ground l eve l  and a t  100 m y  400 m y  

800 m y  1200 m and 1600 m above t h e  ground a s  shown below. On t h e  constant  

z*  su r face ,  t h e  hor i zon ta l  g r id  system i s  shown i n  Fig. 4 which shows t h e  

coverage of t h e  a rea  and i t s  g r id  system. 

upper boundary (w = 0) 

su r face  (w = 0) 
/ / / / / / / / / / / / / / / / I /  

The v e r t i c a l  boundary condit ions a r e  chosen t o  be 

(1.4 km) 

(1.0 km) 

(0.6 km) 

(0.2 km) 

w = 0 a t  sur face ,  w = 0 a t  upper boundary. 



In doing t h i s ,  we a r e  assuming t h a t  t h e  upper boundary is  r i g i d ,  thus 

allowing no momentum t r a n s f e r  above t h a t  boundary. This ,  of  course, is  

not  r e a l i s t i c  and some o the r  ideas  such as  incorpora t ing  the  present  

opera t ional  NWP output of w i n t o  t h i s  model a r e  suggested. 

The l a t e r a l  boundary condit ions,  which a r e  usua l ly  more d i f f i c u l t  

t o  s e t  up than t h e  v e r t i c a l  boundary condit ions,  assume t h a t  t h e  ve loc i ty  

p r o f i l e  i s  determined by t h e  p r o f i l e  one g r i d  poin t  inward. Such 

boundary condit ions a r e  taken t o  smooth t h e  ve loc i ty  f i e l d  a t  t h e  l a t e r a l  

boundary a t  a l l  l e v e l s  t o  insu re  t h e  s t a b i l i t y  of t h e  scheme. Since we 

a r e  deal ing with a  r a t h e r  shor t  i n t eg ra t ion  per iod ,  t h e  generated e r r o r  

waves do not  invade the  domain f a r  from t h e  boundary po in t ,  s o  we may 

t r e a t  t h e  problem ignoring t h e  e f f e c t  of the  f i n i t e n e s s  of  t h e  domains 

(Matsuno, 1966)- 



3.0 Method of  Solu t ion  

(2.1) t o  (2.6) provide t h e  s i x  equations with s i x  dependent va r i ab les ,  

U,  V ,  W ,  T ,  p, q. Since p i s  constant ,  t h e  s e t  of  equations and 

va r i ab les  both reduce t o  f i v e .  The i n i t i a l  values o f  these  parameters 

a r e  given from t h e  observat ion except t h e  pressure  f i e l d  T , which 

is  not  obtained from t h e  ac tua l  da ta  but  r a t h e r  ca lcu la t ed  from t h e  wind 

f i e l d .  Therefore, t he  ca lcu la t ion  of t h e  forecas ted  hor i zon ta l  v e l o c i t i e s  

i n  those equations cannot proceed u n t i l  t he  pressure T is ca lcu la t ed  

f o r  f u r t h e r  use i n  (2.1) and (2.2) .  

From (2.3), t h e  cont inui ty  equation is  rewr i t t en  a s  

By i n t e g r a t i n g  over t h e  he igh t ,  it y i e l d s  

z = upper boundary , z = upper boundary 

z = upper boundary 
r 

W W 
z = upper boundary =  0  - ] [dil ax + ?l] dl a Y 

Assuming the  following boundary condit ions on t h e  ground surface  and 

a t  t h e  top ,  

w = 0 , and w 
z = O  z  = upper boundary = 0  - 

The in teg ra ted  divergence i s  then required t o  be zero,  i . e . ,  

z  = upper boundary 

I -f 

( D I V  Vh) dz = 0 , 



where 
3 au av 

D I V  Vh = - + - . ax ay 

(3.1) descr ibes  t h e  condit ion t h a t  has  t o  be s a t i s f i e d  throughout 

a l l  ca l cu la t ions .  

The pressure  f i e l d  n i n  (2.1) and (2.2) is t o  be forecas ted  by 
1 .  

t h e  following method. 

Let 

1 an 
u be  t h e  u component neglec t ing  t h e  pressure  gradient  term, - - 

ax 

1 an 
v be t h e  v component neglec t ing  t h e  pressure  gradient  term, - - 

a Y 

then,  t h e  forecas ted  wind f i e l d  is  given by 

~ ( t  + At) = ~ ' ( t  + At) + < = ~ ' ( t  + At) - ;jji 
X 

an  A t  , 

Y 
a* A t  . v ( t  + At) = v l ( t  + At) + c = v l ( t  + At) - - 
ay 

By s u b s t i t u t i n g  t h e  above equation i n t o  (3.1) they y i e l d  

z = upper boundary 

av J t + At) + -  (t + a t )  - a% 
a Y  

a2n  A t )  dz = 0 , sAt- 

z = upper boundary 

D I V  Gh 
A t  

= m .  

The mean pressure f i e l d  i s  then obtained by t h e  r e l axa t ion  method t h a t  is  

discussed i n  Sect ion 4.0.  



Once the  mean pressure f i e l d  is determined, the  hydrosta t ic  

equation is  used t o  solve f o r  the pressure f i e l d  a t  each level .  

Since we are  in te res ted  i n  the  motions whose horizontal  dimension is  

much larger  than the ve r t i c a l  one, the  use of t h i s  approximation w i l l  

be permitted. 

From (2.6), the following algebraic equations a re  val id ;  

By adding the  above equations, it gives 

,,' + IT + IT + IT4 = 2'i11 
1 2 3 2 3 

+ IT + IT - 3gAz . 

After algebraic manipulation, the  above equali ty becomes 

Similarly,  

(2.1) and (2.2) can be used t o  calcula te  u and v wind f i e ld s .  

The ve r t i c a l  velocity w a t  each level  is then computed from (2.3), 

which yie lds  

W - 

z - [ + $1 dz 



A t  t h i s  poin t  t h e  s p e c i f i c  humidity q i n  (2.4) can be computed 

from values of u, v ,  w,  and i n i t i a l  values of q. The marching process 

is then repeated t o  proceed through time. 

In t h e  experiments 2, 3,  and 4, t h e  ca lcu la t ion  of  pressure  i s  a 

l i t t l e  d i f f e r e n t .  Because t h e  topographical terms e n t e r  i n t o  t h e  equa- 

t i o n s  of motion, g ~ 2 ~  has t o  be added i n t o  t h e  r i g h t  hand s i d e  of  

(3.2).  Otherwise, t he  same method appl ies  t o  t h e  Experiments 2, 3,  and 

4 except i n  t h e  handling of hydros ta t i c  equation where a i r  dens i ty  

is  no longer constant under these  experiments. 

From (2.10) we a r e  ab le  t o  w r i t e  

where c = gAz/R , R i s  t h e  dry a i r  cons tant ,  and ? is  t h e  mean 
ab 

temperature between l eve l s  a and b.  By adding t h e  above expressions,  

we ge t  



Now 

= P1 + e x -  ] T12 + e x p [  A] T12 exP[- A] T23 

+ exp [ - - <,I ex.[- e] ~ X P [  ] ] . 

t he re fo re ,  

Once pl i s  determined, p2,  p3 and p4 a r e  solved by (3.3).  

3 .1 Data Analysis 

In order  t o  t e s t  t h e  model and make a fo recas t ,  t he  r e a l  d a t a  

w a s  used. Advantage was taken of t h e  d a t a  a l ready ex t rac ted  by French 

(1968), and t o  make t h e  r e s u l t s  of h i s  s tudy more e a s i l y  adaptable 

t o  t h e  predic t ion  model. He obtained t h e  o r i g i n a l  weather d a t a  from 

t h e  Universi ty of Texas. I t  cons is ted  of t h e  upper a i r  da ta  and surface  

observat ions f o r  a l l  s t a t i o n s  i n  t h e  United S t a t e s ,  and t h e  Northern 

Hemisphere su r face  and 700 mb cha r t s .  The d a t a  used w a s  v a l i d  f o r  

each twelve hour period beginning with 1800 CST, 24 March 1967 and 

ending 1800 CST, 25 March 1967. Sea su r face  temperature d a t a  was 

obtained from Texas A G M Universi ty f o r  t h e  period 25 March t o  1 Apr i l ,  

1967. 

Temperature, dew po in t ,  pressure ,  wind speed, and d i r e c t i o n  were 

p l o t t e d  a t  l e v e l s  200 meters apa r t .  From t h e  soundings temperature and 

dew point  were se l ec ted  f o r  each 200-meter l e v e l ,  and by assuming t h e  



mixing r a t i o  equal t o  the  spec i f i c  humidity, t he  spec i f i c  humidity a t  

each level  was obtained. Since wind d i rec t ion  and speed were p lo t t ed  

at each 1000 f t .  on the  soundings, it was easy t o  in te rpo la te  the  values 

f o r  each 200 meter l eve l .  

In terpola t ion of pressure f o r  each 200 meters was e s sen t i a l l y  

done by using the  following hydrosta t ic  equations, 

and 

l n p -  I n 7 0 0  - - In 850 - In 700 

z - z(700) z (850) - z (700) 

In t he  above equations, z was the  desired level  i n  meters. A l l  

o ther  parameters were avai lable  from th ree  standard l eve l s  of the  sounding 

a t  1000, 850 and 700 mb. 

Due t o  the  unavai labi l i ty  of upper a i r  da ta  over Mexico and t he  

Gulf of Mexico, the  data  from the  Northern Hemisphere surface and 700 

mb char ts  was in terpola ted t o  obtain da ta  i n  these areas. It i s  there-  

fore expected t ha t  t h i s  da ta  may not be as accurate as it would be i f  

the  e n t i r e  sounding was avai lable .  The measure of evaporation from the  

Gulf of Mexico i s  obtained from the  r e s u l t s  of I l a r r i s t s  work. The 

surface water temperature of  the  Gulf is based on the  data  obtained 

from ship  measurements which were made by the  s t a f f  of the  Texas A M 

University f o r  the  period 25 March - 1 April 1967. From t h i s  temperature. 

the  sa tura ted spec i f i c  humidity is calculated and assumed unchanged 

throughout the  period of forecas t .  



After a l l  the  data was analyzed f o r  each 200 meters, topography 

was considered i n  order t o  change a l l  parameters from (x, y, z)  t o  

(x, y, z*) coordinate. This was done by computer. 

3.2 I n i t i a l i z a t i o n  of Data -- Objective Analysis 

The most important th ing t o  obtain a sa t i s fac tory  r e su l t  i n  the  

numerical computation of hydrodynamical equations i s  the i n i t i a l i z a t i o n  

of data coupled with an energy conserved mathematical scheme. To 

perform a time integrat ion of hydrodynamical equations, the  i n i t i a l  

conditions a re  needed fo r  the geopotential,  wind, ve r t i c a l  veloci ty ,  

temperature, and moisture i f  thermodynamics i s  included. These conditions 

can, i n  p r in ic ip le ,  be obtained from the  observed data.  However, 

the data may not always be used d i r ec t l y  as i n i t i a l  conditions, even 

though the forecasting domain i s  covered with a dense observing network. 

I f  the  data  is used d i rec t ly ,  a short-period o sc i l l a t i on  of motion 

i s  produced (Miyakoda and Moyer, 1968). This is  pa r t l y  due t o  inaccurracy 

i n  the data  and t o  the  incompleteness of the  forecasting model. 

In view of t h i s  f ac t ,  an objective analysis  on the data  i s  needed 

t o  f i l t e r  out o r  t o  suppress unnecessary meteorological high frequency 

noises contained i n  the  i n i t i a l  data.  The c lass ica l  technique is  

solving the balance equation by assuming the f l u i d  is i n  a s t a t e  such 

t ha t  i ts  flow i s  always adjusted t o  the  pressure f i e l d  under the control 

of gravity and cor io l i s  force. 

The method applied i n  t h i s  analysis  i s  ra ther  s t r a igh t  forward. 

Taking the observed u and v components of wind data,  the vo r t i c i t y  i s  

computed. The streamfunction $ is then obtained by solving the  Poisson 

equation, = v2$ , where r is r e l a t i ve  vo r t i c i t y .  The non-divergent 



wind is recalculated by using 

a$ u = - -  and v = -  a$ 
ay ' ax 

Note t ha t  t h i s  is  s a t i s f i e d  by (2 .3)  as zero i n i t i a l  ve r t i c a l  veloci ty  

is assumed, although t h i s  is not a r e a l i s t i c  assumption. 
I 1 : '  

In i t i a l i z a t i on  is a subject  of urgent importance. In 1965, 

Smagorinsky e t  a l .  made two forecasts  with h i s  primitive equation model, 

one with a ce r ta in  value of i n i t i a l  ve r t i c a l  veloci ty  and the  other  with 

zero i n i t i a l  ve r t i c a l  veloci ty ,  showed s imi la r  r e su l t s  f o r  a t  l e a s t  

5 days. There is ,  however, a pos s ib i l i t y  t h a t  the  solutions would begin 

t o  depart from each other  a f t e r  5 days. Recently, an in te res t ing  

i n i t i a l i z a t i o n  method was proposed by Miyakoda and Moyer (1968). Their 

method uses the geopotential as the  only input. Sasaki (1968) made 

one s t ep  forward on the  i n i t i a l i z a t i o n  problems by using a l l  available 

data, not only geopotential but a l so  wind, e t c . ,  t o  develop a dynamical 

objective analysis scheme t o  get the i n i t i a l  values which were able t o  

suppress unnecessary high frequency modes t o  an adequate level .  The 

i n i t i a l  values thus obtained by h i s  method may not f u l l y  s a t i s f y  the  

so cal led "balancetf condition but do not contain high frequency modes 

unnecessary f o r  the shor t  range forecast .  



4.0 The Numerical Model 

(2.1) through (2.6) a s  well as (2.7) through (2.13) of Section 2.0 

a re  used t o  forecast  the moisture under various physical assumptions. 

Although these primitive equations have the  advantage of being eas ie r  

t o  incorporate various physical e f f ec t s  i n t o  the model, it is neverthe- 

l ess ,  impossible t o  get analyt ical  solutions due t o  t h e i r  high degree 

of non-lineari ty.  A p rac t ica l  solut ion t o  t h i s  problem is the  method 

of f in i te-di f ference approximations. 

The governing equations a re  approximated i n  f in i te-di f ference form 

using the modified Lax-Wendroff scheme a s  discussed by Richtmyer (1962) 

t o  evaluate the  derivatives.  A 10-minute time s tep  is  used along with 

the  horizontal  grid distance of 165 kilometers i n  order t o  s a t i s f y  the  

computational s t a b i l i t y  requirement (Appendix C) of the  system. 

4.1 The Finite-Difference Equations 

As mentioned i n  the previous section,  a s t ab l e  calculation scheme 

is  required t o  get a meaningful prediction r e su l t s  when the  prognostic 

equations a re  integrated.  The simplest forward-time s t ep  method of 

solution is subject  t o  computational i n s t a b i l i t y  when the centered 

space difference is used. This means t h a t  the numerical solutions w i l l  

begin t o  show a charac te r i s t i c  s t ruc ture  i n  which the  motion degenerates 

i n to  eddies of a few gr id  in te rva l s  i n  s i z e  and r e su l t s  i n  an i n a b i l i t y  

of the f i n i t e  g r id  t o  properly resolve them. The eddies, once formed, 

usually in tensi fy  w i t h t  l i m i t ,  causing computational i n s t a b i l i t y  and 

explosive growth of the t o t a l  k ine t ic  energy of the  system. Moreover, 

it is a l so  observed i n  the past  t ha t  as in tegrat ion proceeds the energy 



is d i s t r ibu ted  over a broader and broader range of wave number. For 

a  shor te r  period forecast ,  the s t a b i l i t y  is not a  serious problem, but 

f o r  a  long-term integrat ion of the  hydrodynamical equations, it i s  

necessary t o  overcome the  computational i n s t a b i l i t y  through a  proper 

and de l ica te  computational design of the in tegrat ion,  because the non- 

l i nea r  i n s t a b i l i t y  has its or igin  i n  space-truncated e r rors .  Because 

of these d i f f i c u l t i e s ,  there  are  some c r i t e r i on  as t o  the choices of 

time increment i n  r e l a t i on  t o  the grid distance and a l so  the eddy 

coeff ic ient  such t h a t  the high frequency waves w i l l  be damped o f f  and 

a  s t ab l e  solut ion w i l l ,  therefore,  be quaranteed. Lax-Wendroff scheme 

s a t i s f i e s  t h i s  desired charac te r i s t i c  and has been successfully used 

i n  short-period forecasting problems i n  meteorology. 

Corresponding t o  (2.1), (2.2) and (2.4), the  f in i te-di f ference 

equations, applicable t o  the  ( i ,  j  , k )  - th  gr id  point (exclusive of the  

ooundary points)  and the  n-th time s teps  are as  follows: 

1 

u;+ 1 
( j k )  = -  (Un(i+l, j ,  k) + U ( - 1  j ,  k)  + Un(i, 1 k) 

4 n  

- ~ t w ~ ( i , j  ,k)vZUn + AtfVn(i,j,k) - A t V  n 
x n 

+ K(z)VzVzUn , (4 1) 

1 
v;+ 1 j  , = - (V ( i + l ,  J, k) + V ( - 1 ,  j  , k) + ( i ,  j r l ,  k~ 4 n n 

+ Vn(i, - 1 ,  k))  - AtUn(i,j,k)VxVn - btVn(i,j,k)V V 
Y n 

- btwn(i,j  ,k)Vzvn - AtfUn(i,j ,k) - A t v  n 
Y n  

+ K(z)VzVzVn , 



- Atwn(i,j , k ) V e ~  , 

Un+l ( i  ,j ,k) = Un , , - AtU;+l ( i  , j ,k)VxU;+l - AtV;+l ( i  , j  ,k)VyU1;+l 

- A t ~ , ( i , j , k ) V ~ U ; l + ~  + Atfl ;+l( i , jyk)  - A t V  IT x n 

- A t w  ( i , j , k ) V  V* - A.tfU;+l(i,j,k) - A t V  n n z n + l  Y n  

+ K(z)VZVZV;+l - (4.5) 

g+, j 1 = g ( i y j  - AtUn+l(i,j ,k)Vx$+, 

with i, j = 2, 3 ,  . . . M - 1 ,  k = 1, . . . 4,  and n = 1, 2 ,  3,  . , 

The f i n i t e  d i f f e r e n c e  ope ra to r  i s  def ined  a s  

U ( i ,  j + l ,  k) - Un(i, j-1,  k )  
n V U  = 

Y n ~ A Y  

and 



The l a s t  two expressions i n  t h e  v e r t i c a l  de r iva t ives  a r e  bound by 

t h e  condit ions t h a t  any quanity such as  Un ( i ,  j , k + l )  , o r  Un ( i  , j , k-1) 

has t o  be zero r e spec t ive ly  a t  k = 4, and 1. 

A l l  space de r iva t ives  i n  (4.1) through (4.6) a r e  approximated by 

centered space d i f f e rences .  In t h e  v e r t i c a l  boundaries a t  l e v e l s  1 

and 4, t h e  forward and backward space d i f f e rences  were f i rs t  t r i e d  

separa te ly  i n  hopes of y i e ld ing  more v a l i d  approximations a t  those 

boundaries. But it turned out t h a t  i n s t a b i l i t y  developed and f i n a l l y ,  

t h e  centered-space d i f f e rence  had t o  be used. The consistency of t h e  

space de r iva t ives  i n  f i n i t e  approximations is important i n  order  t o  

avoid i n s t a b i l i t y .  

The d iagnos t ic  equations such as  equation of con t inu i ty  a r e  simply 

approximated by centered-space d i f ference .  In t h e  ca lcu la t ion  of  

v e r t i c a l  ve loc i ty ,  t h e  hor izonta l  wind components from (4.4) and (4.5) 

a r e  used t o  compute hor izonta l  divergence, and t h e  t rapezoidal  r u l e  

is  appl ied  t o  i n t e g r a t e  t h e  ca lcu la t ed  hor i zon ta l  divergence up t o  

t h e  des i red  he ight  t o  obta in  t h e  v e r t i c a l  ve loc i ty .  

The v e r t i c a l  ve loc i ty ,  w ,  and pressure  f i e l d ,  T, a r e  ca lcu la t ed  

only once a t  each time s t e p  a s  not iced  from (4.1) through (4.5).  

Unlike these  two parameters, u and v components a s  well  a s  s p e c i f i c  

humidity q a r e  ca lcula ted  twice a t  each time s t e p  a s  shown i n  t h e  

equations. The pressure terms i n  (4.1) and (4.2) a r e  a c t u a l l y  ca lcu la t ed  

by t h e  method already described i n  t h e  previous sec t ions .  

A s  pointed out e a r l i e r ,  i n  so lv ing  f o r  pressure  f i e l d  a t  each s i n g l e  

l e v e l ,  t h e  mean pressure is obtained from numerical so lu t ion  of  ( 3 . 2 ) .  

The technique f o r  so lv ing  t h i s  Poisson equation i s  by applying t h e  so-  

c a l l e d  ext rapola ted  Liebman re l axa t ion  method. The idea  i n  genera l ,  



is  giving the i n i t i a l  values on the boundary and a l so  the  general values 

i n  the  en t i r e  domain of the  region and then by successive approxima- 

t ions ,  it generates an ordered sequence of approximations, each one 

b e t t e r  than the  previous one. In  t h i s  method, with a good choice 

of relaxation parameter, which usually l i e s  between 1 and 2 ,  can 

produce dramatic savings i n  the computing time t o  converge t o  the 

desired values. In t h i s  study the relaxation parameter i s  given as 

1.68, and it  took less  than 30 i t e r a t i ons  t o  converge t o  t he  desired 

values. The number of i t e r a t i ons  required, of course, depends on the 

l imi ta t ion of the  chosen converging c r i t e r ion .  

After pressure f i e l d  and ve r t i c a l  veloci ty  have been determined 

a t  each gr id  point ,  (4.1) through (4.6) a re  applied mechanically t o  

obtain forecasted wind components and spec i f ic  humidity. The f i n i t e -  

difference models f o r  Experiments 2 ,  3 ,  and 4 are  t rea ted  the same 

way except the thermodynamic equation i s  added t o  account f o r  the 

potent ia l  temperature changes. 



5.1 Synoptic Discussion 

5.0 Resul t s  and Discussion 

The synopt ic  s i t u a t i o n  chosen f o r  t h i s  s tudy is a r a t h e r  common 

weather p a t t e r n  t h a t  e x i s t s  p r i o r  t o  t h e  formation of thunderstorms i n  

the  c e n t r a l  United S t a t e s  (Mil ler ,  1967) . High pressure  dominated t h e  

eas t - cen t ra l  U. S . ,  allowing moisture flow from t h e  Gulf of  Mexico i n t o  

Texas and northward t o  t h e  Great P la ins .  A t  t h e  su r face  a cold f r o n t  

was moving slowly i n t o  t h e  northwest corner  of t h e  g r i d  beginning at 

1800 CST on 24 May 1967. The f r o n t  extended across  t h e  extreme north-  

west c o m e r  of the  g r id  a r e a  from Omaha, Nebraska t o  c e n t r a l  Colorado 

(Fig. 5 ) .  A squa l l  l i n e  had developed i n  western Oklahoma and severe  

storm a c t i v i t y  was occurr ing i n  t h e  extreme southern s t a t e s .  Empirically 

we know t h a t  t h e  moisture which helped produce t h i s  severe weather came 

from t h e  Gulf of Mexico. 

From the  sounding a t  0600 CST, 25 March 1967 (Fig. 6 ) ,  an a rea  

of  maximum s p e c i f i c  humidity of 14 gm km-' a t  t h e  200 meter MSL was lo-  

cated a t  t h e  Gulf a rea .  With increas ing  he ight ,  t h e  a r e a  of h igh  

moisture concentrat ion elongated from t h e  Gulf of Mexico i n t o  c e n t r a l  

Texas. 10 gm kg-' maximum was observed a t  t h e  1000 meter l e v e l .  A t  

1800 meters, t h e  moisture maximum of 8 gm kg-' was completely s h i f t e d  

in land i n t o  North Texas and South Oklahoma. The whole p a t t e r n  a t  t h i s  

l e v e l  was f a i r l y  homogeneous with only 2 gm kgw1 d i f f e rence  between t h e  

south and north p a r t  of t h e  g r id .  The d i s t r i b u t i o n  of t h e  observed 

moisture p a t t e r n s  suggests t h a t  it would be des i r ab le  t o  have h igher  

v e r t i c a l  r e so lu t ion  i n  t h e  lower p a r t  of  t h e  boundary l aye r .  



5.2 Ex~er iment  1. The Basic Model 

This is t h e  b a s i c  experiment of t h e  model without us ing  topo- 

graphical  coordinate,  evaporation, and l i b e r a t i o n  of l a t e n t  hea t .  

A l l  parameters were obtained by i n t e r p o l a t i o n  and assigned t o  each 

constant  he ight  l eve l  above t h e  ground. 

The forecas ted  moisture (Fig. 7) displayed two systematic  moisture 

tongues; one extending from t h e  southeas t  p a r t  of  t h e  Gulf o f  Mexico 

north-westward i n t o  Oklahoma; t h e  o the r  extending from Colorado through 

New Mexico i n t o  Texas. The maximum moisture concentrat ion was 14 gm kg-', 

and was centered i n  Southern Louisiana and p a r t  of  t h e  Gulf of Mexico. 

I t  i s  i n t e r e s t i n g  t o  note t h a t  t h e  l a r g e s t  gradient  of moisture was 

loca ted  near  t h e  a rea  where t h e  flow p a t t e r n  seemed t o  converge (Fig. 8 ) .  

A dry l i n e ,  s epa ra t ing  t h e  warm humid a i r  from the  Gulf of  Mexico and 

cooler  d r i e r  a i r  from northwest was t h e  d i r e c t  r e s u l t  of t h i s  b i g  gradient .  

This a r e a  corresponds t o  grea t  i n s t a b i l i t y  with Showalter index of -3  

(Fig. 9 ) .  Furthermore, t h e  observed low was centered just south of 

t h e  Oklahoma panhandle with t h e  cold f r o n t  behind t h e  dry l i n e .  A l l  

t hese  c o n s t i t u t e  a favorable condit ion f o r  storm formation. The 

observed weather a t  t h i s  time d id  show a very long band o f  squa l l  l i n e  

(Fig. 11) with l i g h t  storms. Along Texas, Oklahoma, Missouri, Arkansas, 

and p a r t  of  Kansas some s l i g h t  r a i n  showers were a l s o  observed i n  t h e  

south and e a s t  Texas. 

Another i n t e r e s t i n g  f e a t u r e  was t h e  o r i e n t a t i o n  o f  t h e  moisture 

tongue which showed a s u b s t a n t i a l  t i l t i n g  of  i t s  r idge  l i n e  toward 

t h e  l e f t  as compared with t h e  i n i t i a l  d i s t r i b u t i o n  (Fig. 10) .  This 

phenomenon was pointed out  by D r .  R .  Inman of NSSL (personal communica- 

t i o n ) ,  and f u r t h e r  e labora t ion  on t h i s  w i l l  be inves t iga ted .  However, 



it is suspected t h a t  under some pa r t i cu l a r  synoptic s i tua t ions ,  some 

mechanism may produce an organized d i s t r ibu t ion  of moisture within a 

shor t  period. The t i l t i n g  of the  moisture tongue is s ign i f ican t  i n  the 

severe storms forecasting problem, s ince  by knowing the  ax i s  of t i l t i n g ,  

it would serve t o  b e t t e r  locate the  probable locations of severe storms. 

Due t o  the  non-availabil i ty of r e l i ab l e  data a t  higher topographical 

areas,  the forecasted pressure indicated a r e l a t i ve ly  poor agreement 

both i n  pat tern  and magnitude. To forecast  the  pressure, the  mean 

value of pressure a t  four levels  on the boundary was taken t o  solve 

Poisson's equation. I t  i s ,  therefore,  conceivable t ha t  the  accurate 

i n i t a i l  pressure data on the boundary w i l l  improve the  r e su l t .  

The forecasted moisture was ver i f i ed  against the  observed value 

(Fig. 12) at 1800 CST, 25 March 1967. The major e r ro r  was found i n  the 

Gulf area with 3 gm kg-' higher than the  observed value (Fig. 13). This 

may have t o  do with the accuracy of sea  surface temperature measurement. 

Another e r ro r  with 2 gm kg-' across Oklahoma, Arkansas and Tennessee i s  

expected t o  be removed when more physics is considered i n  the  following 

experiments. 

5.3 Ex~eriment 2 .  Effects of T o ~ o e r a ~ h v  

Surface roughness is the  major f ac to r  which causes convergence o r  

divergence i n  the planetary boundary layer.  In regions of sloping 

t e r r a in ,  the  a i r  immediately above the  surface i s  subjected t o  forced 

ver t i ca l  motion. A s  a r e su l t ,  the  moisture d i s t r ibu t ion  should be 

expected t o  have close corre la t ion with ve r t i c a l  veloci ty  caused by 

topography . 



Results of Experiment 1 indicated t ha t  the  moisture forecast  

without using the  topographical coordinate was about 3 gm kg-' too 

high i n  the region of the  Gulf of Mexico as compared with the observed 

pattern.  This forecasted e r ro r  is reduced as  expected when u t i l i z i n g  

the  topographical coordinate accounting f o r  surface roughness. 

Figure 14 is  the r e s u l t  of Experiment 2 .  The major difference 

when compared with Experiment 1 is  shown i n  the  western boundary of 

the g r id  where the  topography is r e l a t i ve ly  high. The general pat tern  

is  s imi la r  otherwise, except the 14 gm kg-' l i n e  is  now completely 

s i tua ted  i n  the Gulf area. Figure 15 shows the  difference between 

forecasted and observed values of moisture on the  z*  coordinate. Note 

t h a t  s ign i f ican t  improvement is made over the  eastern boundary. Most of 

the  errors  are  still centered i n  the Gulf area  as i n  the case of 

Experiment 1. Over the  land two places with e r ro r  of 2 gm kg-' were 

indicated respectively a t  Northern Georgia and Mexico. These e r rors  a re  

most l ike ly  due t o  inadequate data  i n  the higher topographical areas. 

The forecasted pat terns  of (wq) a r e  shown In Fig. 16. The value 

of q is  a t  1 km and w i s  the  l i nea r  average of the values a t  0.8 and 1 km. 

The forecasted pat terns  indicated a r a the r  elongated d i s t r ibu t ion  of (wq) 

from the southwest boundary of the  g r id  along the  northern coast l i n e  

of the Gulf of Mexico t o  the  northeast  boundary of the  grid.  The elongated 

b e l t  was changing s tead i ly  f o r  the  f i r s t  6-hour forecasted period. A t  

the end of s i x  hours, a s ign i f ican t  increase i n  the southwest U. S. is  

observed. Furthermore, the pat tern  of (wq) developed i n to  a more s o l i d  

b e l t  from the  southwest corner along the Gulf coast i n to  the northeast  

end corner of the boundary. The forecasted location of the b e l t  agrees 

favorably with the observed squal l  l i ne s  and a l so  compared well with the  



observed Showalter index which is shown i n  Fig. 9 .  The forecas ted  

v e r t i c a l  ve loc i ty ,  w, at 1000 meters is shown i n  Fig. 17. Note t h a t  

t h e  major upward motion is i n  t h e  southwest p a r t  of Texas and southern 

Oklahoma where t h e  cold f r o n t  is propagating slowly eastward. 

5.4 Experiment 3,  Effec t  of  Evaporation 

Experiment 2 showed t h a t  t h e  topography i s  an important considera- 

t i o n  i n  g e t t i n g  a b e t t e r  moisture fo recas t .  In t h i s  experiment, evapora- 

t i o n  from the  Gulf of Mexico a s  a constant  moisture source is  added t o  

t h e  model t o  i n v e s t i g a t e  t h e  e f f e c t  of  evaporation t o  t h e  moisture 

d i s t r i b u t i o n  in land wi th in  a 12-hour period.  

The general  p a t t e r n  i n  Fig. 18 i s  s i m i l a r  t o  t h a t  of Experiment 2 .  

However, t h e  whole p a t t e r n  is  seen s h i f t e d  inland from t h e  south p a r t i c u l a r l y  

i n  t h e  middle eas t e rn  por t ion  of t h e  forecas ted  domain. The l i n e  of 

14 gm kg-' s i t u a t e d  i n  the  south of F lo r ida  peninsula i n  Experiment 2 

i s  now moving in land t o  t h e  edge of  t h e  coas t  l i n e .  No s i g n i f i c a n t  

change i s  observed i n  t h e  western por t ion .  This phenomenon corresponds 

f a i r l y  well with t h e  s a t e l l i t e  photographs (Fig. 19) ,  t h a t  shows a wide 

band o f  clouds extending from t h e  eas t e rn  Gulf along t h e  Appalachian 

mountains a t  1938 a ,  March 26, 1967. Although t h e  forecas ted  time is  

19 hours e a r l i e r  than t h e  s a t e l l i t e  photographic time, it was poss ib le  

from t h e  forecas ted  d i s t r i b u t i o n  of  moisture t o  show t h e  development of  

t h a t  cloud system. 

Two loca t ions  with maximum magnitude of 17 gm kg'' a r e  shown i n  t h e  

Gulf of Mexico area;  one i n  t h e  western p a r t  of t h e  Gulf, and t h e  o t h e r  

one i n  t h e  eas t e rn  p a r t .  These two areas  correspond t o  t h e  same loca t ions  



where the  ve r t i c a l  moisture t ranpor t  was i n  maximum according t o  Harris 

(1968). The western center of m a x i m  ve r t i c a l  moisture transport  is due 

primarily t o  the  convergence of horizontal  moisture tranport  i n  t ha t  

area, whereas the eastern center is a r e s u l t  of the  large evaporation 

t ha t  i s  occurring i n  the  region. 

Figure 20 is  the difference i n  spec i f ic  humidity between Experiment 

2 and Experiment 3 .  There were two centers of maximum difference 

contributed by evaporation from the Gulf of Mexico; one i n  the west with 

3 gm kg-', the  other  is  i n  the ea s t  with 3 . 5  gm kg-'. Notice t ha t  the  

location of the maximum difference i n  the eastern par t  of the  Gulf 

corresponds r e l a t i ve ly  well with t ha t  of maximum center as  seen i n  Fig. 

18, whereas the other center i n  the west has been sh i f t ed  substant ia l ly  

inland by northeast  d i rect ion due t o  r e l a t i ve ly  strong horizontal  

moisture transport  i n  the l a t t e r  area as shown i n  Fig. 22. 

Figure 21 i s  the difference between the r e s u l t s  of Experiment 3 

and observed values of moisture. Over the  land i n  the  middle west the  

forecasted value was very sa t i s fac tory ,  but over the Florida peninsula 

the  e r ro r  was high. This augmented e r ror  over t ha t  area is  mostly due 

t o  constant source of evaporation t ha t  was assumed constant over the  fore- 

casted period. This is unrea l i s t i c .  Therefore, some b e t t e r  observations 

are  necessary t o  improve the forecasting r e su l t .  

The evaporation e f f ec t s  under the ordinary Cartesian coordinates 

without topography are  a l so  made comparable t o  Fig. 20. This i s  shown 

i n  Fig. 23 which has s imilar  d i s t r ibu t ion  i n  the  moisture pat tern  regard- 

l e s s  of topography. 

The forecasted pat tern  of (wq) i s  shown in  Fig. 24 which shows exactly 

the same pat tern  as  Fig. 16 a t  1800 CST, except i n  the  Gulf region where 

(wq) i s  elongated due t o  evaporation from tha t  area. 



5.5 Experiment 4; E f fec t s  of  Latent  Heat Release 

The evaporation, u t i l i z i n g  H a r r i s ' s  d a t a  i s  omitted temporari ly 

t o  check t h e  e f f e c t  of  l a t e n t  h e a t  r e l e a s e  i n  t h e  model. Figure 25 

shows t h e  r e s u l t  of Experiment 4. S ign i f i can t  reduction of  maximum 

moisture i n  t h e  eas t e rn  Gulf a r e a  is  found, although t h e  o v e r a l l  

d i s t r i b u t i o n  sti l l  looks s i m i l a r  t o  t h a t  of Fig. 18. Figure 26 is  t h e  

v e r i f i c a t i o n  t h a t  shows t h e  d i f ference  between Experiment 4 and t h e  ob- 

served s p e c i f i c  humidity a t  t h e  same time. Note t h a t  improvement is  

made over t h e  Gulf a rea ,  e spec ia l ly  i n  t h e  eas t e rn  boundary when com- 

pared with Fig. 21. Note a l s o  t h a t  t h e  2 gm kg-' l i n e  appeared i n  t h e  

eas tern  boundary i n  Fig. 15 is  now s h i f t e d  c l o s e r  towards t h e  boundary. 

This i s  undoubtedly t h e  most s a t i s f a c t o r y  forecas ted  r e s u l t  among various 

experiments performed i n  regard t o  t h e  moisture fo recas t  u t i l i z i n g  t h i s  

p a r t i c u l a r  s e t  of i n i t i a l  da ta .  

Another i n t e r e s t i n g  r e s u l t  i n  t h i s  experiment i s  t h e  p a t t e r n  o f  (wq) 

which i s  shown i n  Fig. 27. A very s t rong  and systemized b e l t  is indica ted  

i n  t h e  southwestern Texas a rea .  This loca t ion  corresponds f a i r l y  well  

with t h e  observed squa l l  l i n e  loca t ion .  This i s  a b i g  improvement i n  

t h e  fo recas t  of squa l l  l i n e  formation taking  accounts of l a t e n t  hea t  r e -  

lease .  Figure 28 shows t h e  forecas ted  v e r t i c a l  ve loc i ty  a t  1000 meters 

above t h e  ground. The s t ronges t  upward motion forecas ted  a t  t h e  south- 

western Texas loca t ion  corresponds b e t t e r  with t h e  Shswalter index as  

compared with t h e  w ,  forecas ted  by Experiment 2 (Fig. 17) .  

To understand how much moisture is  being added i n t o  t h e  loca l  s t a -  

t i o n  within 12 hours, a constant t racking of moisture a t  1 hour i n t e r v a l  

is made f o r  t h r e e  s t a t i o n s  a s  shown i n  Fig. 29. Oklahoma City shows a 

predic ted ,  s teady inflow of moisture from i n i t i a l  values of 8.0 t o  10.1 gm kg-', 1 

1 



- 1 a net  increase of 2.1 gm kg over the  12-hour period. A s a t e l l i t e  

photograph taken at 1247 CST, March 25, 1967 (Fig. 30) showing a wide 

band of clouds extending from western Gulf i n t o  Oklahoma seems i n  

excellent  agreement with t h i s  predicted r e su l t .  The second s t a t i on ,  

Amarillo, Texas, which is approximately 1 kilometer above MSL showed 

a very s l i gh t  gain of moisture f o r  the f i r s t  8 hours, then goes steady 

a t  6.5 gm kg-' fo r  a 2-hour period. A t  the  end of 10 hours, the  moisture 

s t a r t s  de~$e"%ing! The surface map, (Fig. 5) a t  1800 CST, March 25, 

1967 showed a t  map time the  cold f ron t  had already passed the  s t a t i on .  

So the  a i r  behind the s t a t i on  is  cooler and d r i e r .  This i s  a very good 

example jus t i fying why the  predicted moisture a t  t ha t  s t a t i on  i s  decreas- 

ing two hours before map time. Another s t a t i on ,  Nashville, Tennessee, 

showed a very steady gain of moisture with only 0 . 7  gm kg-' over 1 2  

hours forecasted period. This s t a t i on  has r e l a t i ve ly  l ess  moisture inf lux 

from the Gulf of Mexico due t o  i t s  overwhelming eas t  wind from the western 

At lant ic  area. Furthermore, the  a i r  from the  At lant ic  d r i e s  out a f t e r  

crossing the Appalachian Mountains. The ver i f i ca t ion  of forecasted 

moisture a t  1 kilometer i s  a l so  shown i n  Fig. 31. The e r ror  is only 

found i n  the Gulf of Mexico. Very sa t i s fac tory  forecast  r e su l t  is ob- 

tained i n  the centra l  U. S.  area.  

Additional physical e f fec t  such as evaporation from the Gulf of 

Mexico is again included i n to  Experiment 4 t o  check the forecasted r e su l t s .  

I t  turns out ,  as shown i n  Fig. 32, t h a t  the general feature  is s t i l l  

not much improved when compared with Fig. 2 1  which is  the ver i f i ca t ion  

of Experiment 3. 

The constant tracking of moisture a t  three  s ta t ions  were performed 

i n  order t o  see  the evaporation e f fec t .  A t  Oklahoma City (Fig. 33), the  

amount of moisture added due t o  evaporation i s  not discernible u n t i l  10 



hours l a t e r .  A t o t a l  net  increase of 0.4 gm kg-' within 1 2  hours due t o  

evaporation is forecasted at Oklahoma City, A t  Amarillo, Texas, the  

e f fec t  of evaporation is per fec t ly  zero. This is indicated exp l i c i t l y  

by the northeast wind d i rec t ion  at  t h a t  s t a t ion .  A t  Nashville, Tennessee, 

evaporation e f fec t  is  very strong. This s t a t i on  shows its s ign of evapora- 

t ion  e f fec t  a t  6 hours l a t e r  and erds up with a net  gain of 0.8 gm kg-' 

within 12 hours. A shor te r  distance from the center of maximum evapora- 

t ion  r a t e  (Fig. 34) is the reason. 

In Experiment 3, the  e r ror  of forecasted moisture i n  the  Gulf area 

is  assuned due par t ly  t o  the  evaporation data  used i n  t ha t  area which i s  

too large.  In ant ic ipat ion of correction t h a t  e r ro r ,  only ha l f  of the  

calculated evaporation data was taken t o  be incorporated with the  e f fec t  

of l a t en t  heat re lease  i n  the model. Figure 35 is the  ver i f i ca t ion  of 

- 1 
t h i s  experiment. Major e r ro rs  with 2 gm kg a re  confined t o  the Gulf 

area and i n  the eastern boundary of the grid.  A good forecast  was ob- 

served throughout the  r e s t  of the forecasted area. 

5.6 Water Content 

To check the va l i d i t y  of t h i s  model i n  i t s  a b i l i t y  t o  forecast  the  

amount of precipi table  water i n  a ve r t i c a l  column of a i r ,  the  average 

spec i f ic  humidity i n  the layer is multiplied by the  height difference 

between two layers and then multiplied again by the  a i r  density,  t o  ob- 

t a i n  the  precipi table  water. The mathematical expression i s  given by 



- 2 
where W is l i q u i d  water i n  gm cm , p is a i r  den i s ty  assuming 

- 1 constant ,  and q is s p e c i f i c  humidity i n  gm kg - 
- 2 

Figure 36 shows t h e  forecas ted  p r e c i p i t a b l e  water i n  gm cm con- 

t a ined  i n  a v e r t i c a l  column from lower boundary a t  200 meters up t o  t h e  

upper boundary a t  1400 meters. The maximum value spreads from t h e  Gulf 

a rea  with 1 . 3  gm cm-L northward through Louisiana and southern Arkansas 

- 2 t o  1.2 gm cm a t  t h e  southwestern boundary of Oklahoma S t a t e .  The 

surface  map reproduced from t h e  Washington Daily weather map (Fig. 37) 

a t  1200 CST, March 25, 1967 showed a t  map time, which i s  6 hours e a r l i e r  

than t h e  v e r i f i e d  time, t h a t  t h e r e  were two shqded a reas  i n  e a s t e m  

Oklahoma and t h e  whole s t a t e  of Louisiana where p r e c i p i t a t i o n  was occurr ing.  

The forecas ted  areas  of maximum p r e c i p i t a b l e  water were a c t u a l l y  moved 

considerably f u r t h e r  e a s t  when compared with Fig. 37. In t h i s  p a r t i c u l a r  

case, an exce l l en t  co r re l a t ion  does e x i s t  between t h e  forecas ted  maximum 

p r e c i p i t a b l e  water and the  observed p r e c i p i t a t i o n  area .  

Figure 38 i s  the  v e r i f i c a t i o n  showing t h e  d i f ference  between t h e  

forecas ted  p r e c i p i t a b l e  water and t h e  observed values a t  1800 CST, 

March 25, 1967. Most of t h e  e r r o r s  with 0.2 gm ~ m - ~  a r e  loca ted  i n  t h e  

Gulf a reas .  In land, the  Appalachian Mountains a r e  t h e  only shallow place  

with e r r o r s  of 0.2 gm cm-&. A good f e a s i b i l i t y  i n  t h i s  model f o r  render- 

ing  adequate moisture fo recas t  seems es tabl i shed.  



6.0 Conclusions 

This s tudy has covered d iscuss ions  of four  numerical experiments: 

(1) t h e  s implest  model without us ing  topographical coordinates ,  (2) t h e  

topographical e f f e c t s  (3) the e f f e c t s  of  evaporation from t h e  Gulf of  

Mexico, and (4)  t h e  e f f e c t s  of l a t e n t  hea t  r e l e a s e .  

The storm index, wq, computed a t  1 ki lometer ,  was a l s o  t e s t e d  t o  

prove t h e  v a l i d i t y  of t h i s  fo recas t ing  model i n  ve r i fy ing  agains t  t h e  

observed weather condit ions.  The f i n a l  fo recas t  was accomplished by 

computing t h e  p r e c i p i t a b l e  water from forecas ted  s p e c i f i c  humidity a t  

each l eve l .  The p r e c i p i t a b l e  water  f o r e c a s t s  were a l s o  v e r i f i e d  agains t  

observed da ta .  The e r r o r  f i e l d s ,  compiled using t h i s  v e r i f i c a t i o n  

method, counted only t h e  a lgebra ic  e r r o r  a t  t h e  200 meter l e v e l  above 

t h e  ground. 

Direct  evaluat ion of t h e  e r r o r  f i e l d  showed t h a t  t h e  12-hour pre-  

d i c t i o n  of moisture by t h i s  model appeared t o  be  adequate. O f  course, it 

i s  d i f f i c u l t  t o  genera l ize  t h e  r e s u l t s  simply based on the  l imi t ed  exper- 

iment from a s i n g l e  synoptic  case. However, t h i s  s tudy has provided a 

good b a s i s  f o r  a f u r t h e r  extension of its work, and could eventual ly 

develop i n t o  an opera t ional  model supplement t o  t h e  present  NMC model. 

The s i g n i f i c a n t  r e s u l t s  were these :  

1. The moisture r idge  l i n e s  o r  t h e  moisture tongue showed a good 

correspondence i n  loca t ion  between forecasted and observed values i n  a l l  

experiments, a t  t h e  200 meter-level above t h e  ground. 

2. The r idge  l i n e  of t h e  forecas ted  12-hour moisture p a t t e r n  had 

displayed a tendency t o  tilt toward the west i n  t h i s  p a r t i c u l a r  synoptic  

s i t u a t i o n ,  a s  compared with t h e  i n i t i a l  observed values.  The degree of 

t i l t i n g ,  depends, very c lose ly ,  on t h e  speed of  movement of  t h e  cold f r o n t .  



3.  Forecasted moisture i n  t h e  c e n t r a l  U. S. proved t o  be very 

s a t i s f a c t o r y ,  b u t  i n  t h e  e a s t e r n  U. S. a long t h e  Appalachian Mountains 

- 1 
t h e  e r r o r  was about 2 gm kg . This e r r o r  occurred i n  a l l  experiments. 

Correct ion should be made when more r e l i a b l e  d a t a  a r e  ava i l ab le .  

4. The storm index, defined as wq, successfu l ly  described t h e  squa l l  

l i n e  pos i t ion  when topographical and l i b e r a t i o n  of l a t e n t  hea ts  were 

accounted f o r  i n  t h e  model. 

5. For the  12-hour fo recas t  i n  t h e  c e n t r a l  U. S.  region,  t h e  

l a t e n t  hea t  r e l e a s e  seemed t o  be more important than t h e  evaporation 

e f f e c t .  Since evaporation from c e n t r a l  Gulf of Mexico only a f fec ted  

- 1 
coas ta l  s t a t e s  (Fig. 20) under moderate wind speeds, say 6 m sec  . 

6. Good agreement was a l s o  observed between t h e  forecas ted  moisture 

gradients  and the  e x i s t i n g  i n s t a b i l i t y  l i n e s .  

7 .  It was poss ib le  t o  de tec t  t h e  passage of a cold f r o n t  by a 

constant t r ack ing  of t h e  moisture a t  a s p e c i f i c  s t a t i o n  a s  was shown i n  

Fig. 28. 

8. The forecas ted  p r e c i p i t a b l e  water i n  Experiment 4 agreed 

f a i r l y  well  with the  observed value,  except i n  t h e  Gulf a rea  and t h e  

Appalachian Mountains. Furthermore, t h e  forecas ted  loca t ion  of maximum 

p r e c i p i t a b l e  water a l s o  corresponded well  t o  the  observed p r e c i p i t a t i o n  

a reas ,  although t h e r e  was no p o s i t i v e  s t a t i s t i c a l  c o r r e l a t i o n  between 

t h e  two. 

Evaluation of v e r i f i c a t i o n s  revealed t h a t  t h e  improvement i n  t h e  

forecasted r e s u l t s  were made i n  the  h igher  l e v e l s  such as  a t  t h e  1-km 

leve l .  Also, t h e  forecas ted  e r r o r  was smal les t  i n  t h e  r e l a t i v e l y  f l a t  

p a r t  of t h e  g r i d  areas .  Due t o  t e r r a i n  e levat ion ,  missing d a t a  had t o  

be entered  f o r  many g r i d  p o i n t s  a t  t h e  lower l eve l s .  The amount of 



missing d a t a  decreased w i t h  the higher  l e v e l s  rorhich cont r ibuted  t o  

b e t t e r  f o r e c a s t  r e s u l t s  the re .  

From t h e  t h e o r e t i c a l  viewpoint, t h i s  s tudy has  made an e f f o r t  

t o  consider  a major f a c t o r ,  evaporation, i n  a model and t o  prove t h i s  

model is  f e a s i b l e  i n  short-range fo recas t ing  even under the  u n r e a l i s t i c  

assumption of constant  evaporation throughout t h e  e n t i r e  fo recas t  

period.  A t  t h e  present  t ime, t h e r e  is no b e t t e r  way of t r e a t i n g  t h e  

evaporation and s p e c i f i c  humidity based on t h e  observat ional  frequency i n  

t h e  Gulf a rea ,  because of  the  lack of upper a i r  da ta  from repor t ing  s t a -  

t i o n s  i n  Mexico and around t h e  Gulf of Mexico. For a longer per iod  

fo recas t  such as 24 hours o r  more, t h e  evaporation from the  Gulf of 

Mexico is apparently dec is ive  i n  deteriming t h e  development of severe  

storms i n  t h e  c e n t r a l  U. S. Under such circumstances, t h e  d iu rna l  

v a r i a t i o n  of temperature is  no longer neg l ig ib le  i f  e f f e c t i v e  evaporation 

i s  t o  be considered. 

The v e r t i c a l  v e l o c i t y  f i e l d  ca lcula ted  by t h i s  model was comparable 

only t o  t h e  magnitude of t h e  Synoptic s c a l e  even when l a t e n t  hea t  

r e l e a s e  was accounted f o r .  This may be due p a r t l y  t o  t h e  f a c t  t h a t  

t h e  so lu t ion  a t  12 hours, a t t a i n e d  by t h i s  model, is s t i l l  undergoing 

i n i t i a l  adjustment, and p a r t l y  due t o  the  u n r e a l i s t i c  assumption of 

zero v e r t i c a l  ve loc i ty  a t  t h e  upper boundary. I t  i s  proposed t h a t  t h e  

output of w from t h e  NMC opera t ional  model be incorporated i n t o  t h e  

present  model as t h e  i n i t i a l  v e r t i c a l  ve loc i ty  f i e l d  s o  t h a t  more 

accurate r e s u l t s  could be  expected. 

Another e r r o r  of w may occur from t h e  inaccuracy of i n i t i a l  

hor izonta l  wind components. A s  we pointed out e a r l i e r ,  t h e  nondivergent 

wind does not  r e f l e c t  t h e  ac tua l  wind. For one th ing ,  t h e  nondivergent 



wind tends t o  lose  too  much meteorological information which is usual ly  

important f o r  loca l  short-range fo recas t s ,  p a r t i c u l a r l y  around t h e  

f r o n t a l  a reas  and low l eve l  j e t s .  For a short-range fo recas t ,  these  

c h a r a c t e r i s t i c s  a r e  not  favorable ,  and should be removed by applying 

Sasak i ' s  ob jec t ive  ana lys i s  (1968) method, using a l l  ava i l ab le  da ta .  

A l og ica l  extension of t h i s  s tudy should put  more emphasis on 

the  v e r t i c a l  r e so lu t ion  of moisture i n  t h e  boundary layer .  I t  is 

s t rongly  bel ieved t h a t  t h e  v e r t i c a l  r e so lu t ion  i s  t h e  major f a c t o r  

which influences the  d i f ferences  i n  fo recas t  r e s u l t  r a t h e r  than t h e  

i n i t i a l  v e r t i c a l  f i e l d  f o r  t h e  short-range fo recas t .  Because, contrary 

t o  the  v e r t i c a l  behavior of temperature p a t t e r n s  with he igh t ,  t h e  

moisture p a t t e r n  shows a pronounced tendency t o  vary, e spec ia l ly  i n  t h e  

lowest 1.5 km o r  so .  We cannot r e l y  on t h e  d i s t r i b u t i o n  of moisture 

o r  r e l a t i v e  humidity a t  t h e  su r face  f o r  t h e  p a t t e r n s  a l o f t  p a r t i c u l a r l y  

i n  t h e  Gulf a reas .  

More synopt ic  cases would have t o  be  t e s t e d  i n  order  t o  f i n a l i z e  

t h e  f e a s i b i l i t y  of t h i s  numerical model on an opera t ional  b a s i s .  
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APPENDIX A 

Cr i t e r ion  of  Smoothing Topography 

Since t h i s  term gg a r i s e s  when t h e  topographical coordinate i s  

applied i n  t h e  x - c o m p o ~ n t o f  t h e  equation of motion, t h i s  term has t o  

be, a t  most, equal t o  o r  l e s s  than t h e  o the r  terms i n  t h e  equation i n  

its order  o f  magnitude i n  order  t o  prevent ampl i f ica t ion  of  predic ted  

wind f i e l d  due t o  too  much cont r ibut ion  from t h e  topographical gradient .  

For a crude est imation,  t h e  following approximation i s  v a l i d  f o r  t h e  

x-component of t h e  equation of motion. 

Rewriting i n  d i f f e rence  form, (A- 1) becomes 

un+ 1 Assuming and U" have the  same order  of magnitude (A-2) is  

non-dimentionalized by d iv id ing  through Un t o  y i e l d  

The cons t r a in t  t o  (A-3) i s  ( I has t o  be smaller  than o r ,  Un Ax 

st most, equal t o  u n i t y  t o  s a t i s f y  t h e  s t a b i l i t y ,  i . e . ,  

- 1 By choosing A t  = 10 minutes, and LJn = 8 m sec  , grav i ty  acce le ra t ion ,  

- 2 g = 980 cm sec  , t h e  topographical gradient  becomes 



If allowing for smaller values of 8 in the lower levels, as is the 

usual case, the following inequality, 

should insure stable solutions. 

i ( I ,  , 
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. . 
: J i 



APPENDIX B 

Derivation of  Governing D i f f e r e n t i a l  Equations i n  

Orographic Coordinates 

The de r iva t ion  of t h e  s e t  of d i f f e r e n t i a l  equations governing t h i s  

model using orographic coordinates  was performed by Sasaki i n  1967. The 

coordinate system is so  c a l l e d  a r e l a t i v e  ca r t e s i an  system. The p o s i t i v e  

x-axis i s  eastward along the  loca l  p a r a l l e l ,  t h e  p o s i t i v e  y-axis is  

northward along t h e  loca l  meridion, and t h e  p o s i t i v e  z*-axis is  perpen- 

d i c u l a r  t o  a l e v e l  su r face  above the  constant  he ight ,  H(x, y ) ,  measured 

from t h e  ground. 

As defined e a r l i e r  i n  t h e  t e x t ,  z* = z - H(x, y ) .  Where z repre-  

s e n t s  the  v e r t i c a l  coordinate i n  t h e  ordinary c a r t e s i a n  system, and 

H(x, y) is  t h e  topographical height  from t h e  ground. The transformation 

of z i n t o  z*, based on t h e  above r e l a t i o n s  between two v e r t i c a l  coordinates ,  

is given below. 

Using the  above r e l a t i o n s ,  t h e  equation of motion i n  t h e  x-component 

i n  t h e  z coordinate,  i . e . ,  

is  ready t o  be transformed i n t o  t h e  following expression, 



aH au aH au +Vs] - v -  - a u a,] +Ua,] - u -  - + W  - 
ax az* ay ,* ay az* a Z* a t  Z* ax Z* 

(B-41 is rearranged t o  become 

2) a u a H a H  au au + ( w - u - - v - )  - + u - ]  + v - ]  
a t  Z, ax ,, ay ,* ax ay az* 

a H 
ax 

aH , and drops a l l  o the r  supe r sc r ip t s  *, By def in ing  W *  = w - u - - v - a Y 

(B-5) is rewr i t t en  as 

Using t h e  expressions i n  (B-1) through (B-3) and following t h e  

a lgebra ic  manipulation a s  demonstrated above, t h e  governing equations 

from (2 .7)  through (2.13) i n  Sect ion 2.0 were obtained. 



APPENDIX C 

Investigation of Computational S t a b i l i t y  

The modified Lax-Wendroff scheme f o r  the  system of d i f f e r e n t i a l  

equation of 

where 

A = constant, 

K = coeff ic ient  of eddy v i scos i ty ,  

Ax= g r id  dis tantce ,  

U = wind component along x ax i s ,  

A . t =  time increment, 

Introducing the  amplif icat ion f ac to r  which i s  defined as  

where 

U = constant , 
0 

k = wave number , 



Subst i tu t ing (C-2) i n t o  (C-1) y ie lds  

ikAx -ikAx 
A t  

ikAx + ,-ikAx 
i A t A  e G = l - -  ( 1 + A 2 ( e  1 - e 
Ax 2 i 2 

A t  2 2AtK e ikAx + .-ikAx 2AtK 
- 1  A 2 + ~ (  2 ) -(bX)L 

A t  2 
= I - -  A t  

iAtA s i n  k ~ t  + ( ~2 cos  AX - ( ) 
Ax 

2AtK + -2 cos kAx - 2 A t K  
(Ax) (dxj2 

2 2 A t K  
At  ) (COS kAx-1) + (COS kAx-1) = 1 + (z 

(Ax> 

- -  iAtA s i n   AX 
Ax 

2AtK A t  = 1 - (1-cos kAx) [ -2 + ( ) A ~ ]  - s i n  kAx . 
(Ax) Ax 

The condition f o r  s t a b i l i t y  c a l l s  f o r  G not t o  exceed 1 i n  

absolute value. 

Therefore, 

For Mx = 0, 1 > 1 > -1 , - - 

f o r  kAx = 90" , 

2AtK A t A  A t A  
- > -1 , l >  [ I -  ( - 2 + ( x ) l  + ( F )  - 

(Ax) 

I f  choosing par t i cu la r ly  f o r  

K A t  A t A  .-2 2 1/2 , and - < 1/2 , 
(Ax) Ax - 

Eq. (C-3) i s  s a t i s f i e d .  

Assuming the  average wind speed below 2 km is 25 m sec- l ,  the  speed 

o f  a gravi ty  wave is  100 m sec - l ,  and gr id  distance,  AX, t o  be 165 km, then 



For convenience, the  time s t ep  increment is chosen as A t  = 10 min = 

600 sec. 

The m a x i m u m  l i m i t  f o r  K is  determined from the  r e l a t i on  constrained 

K A t  
(Ax) 2 1 'i * 

 AX)^ (0.165 x 1 0 ~ ) ~  K < - =  10 
- 2 (At) 2 x 600 = 22 x 10 c.g.s. 

So the  eddy v i scos i ty  coeff ic ient  has t o  be l e s s  than o r  equal t o  

22 x 1o1O c.g.s.  



Table 1 

Nomenclature 

Note: An a s t e r i sk  means the  parameters a r e  in r e l a t i ve  ve r t i c a l  coordinate, 
unless s t a t e d  otherwise. 

- 2 - 1 Evaporation r a t e  i n  gm cm day 

vapor pressure 

Coriolis  parameter equals t o  twice the angular veloci ty  of the  
ear th  times the s ine  of the  l a t i tude .  

Acceleration due t o  gravity.  

Topographical height from the ground. 

k 2 - 1 
Eddy coeff ic ient  i n  cm sec  . 

s .  q . r 

P Actual pressure of atmosphere. 

spec i f i c  humidity i n  gm kg-'. 

Heating r a t e  per un i t  mass. 

Gas constant f o r  dry a i r .  

Absolute a i r  temperature. 

t time i n  seconds. 

A t  Time increment fo r  numerical solution.  

Eastward (x) component of wind velocity.  

Northward (y) component of wind velocity.  

Vertical  (2) component of wind velocity.  

- 2 Precipitable water i n  gm cm . 
x,y ,z  Coordinate axis along eastward, northward, and ve r t i c a l  d i rect ions  

respectively.  
Ax,AY Y 

Az Mesh s izes  fo r  numerical solutions i n  x,y,z components respectively.  

A i r  pressure divided by a i r  density.  

Average value of IT i n  the  layers .  



Potent ia l  temperature. 

Specific heat  capacity of dry a i r  a t  constant pressure 

A i r  density.  

Nondimensional propor t ional i ty  constant. 

Relative vo r t i c i t y .  

Vert ical  veloci ty  i n  pressure coordinate. 

Streamfunction i n  the  x - y plane. 

Laplacian operator. 



, . 
F i g .  1 .  Rela t ive  v e r t i c a l  coordinate  









F i g .  5 .  Synopt ic  s i t u a t i o n  a t  1800 CST, 25 March 
1967. I soba r s  a r e  4 mb a p a r t .  Long wind 
barb i s  10 k t .  



1800 meters 
v 

F i g .  6 .  Observed moisture (gm 0600 CST, 25 March 1967. 



200 meters Z* , 
- 1 

Fig .  7. Forecasted moisture (gm kg ) 
1800 CST, 25 March 1967 

ig. 8.  Forecasted s t reaml ine  
1800 CST, 25 March 1967. 



F i g .  9 .  Observed stability at 
'1800 CST, 25 March 1967 

Fig. 10. Observed moisture (gm kg-') 
0600 CST, 25 March 1967 
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0600 CST 0900 CST 

1500 CST 

Fig. 11. Radar echo summary for 25 March 1967. 



F i g .  1 2 .  Observed m o i s t u r e  a t  
1800 CST, 25 March 1967 

F i g .  13. V e r i f i c a t i o n  o f  exper iment  
1 on m o i s t u r e ,  1800 CST, 
25 March 1967. 



F i g .  1 4 .  Forecasted moisture of  
experiment 2 ,  1800 CST, 
25 March 1967 

F i g .  15. Ver i f i ca t ion  of experiment 
2 on moisture,  1800 CST, 
25 March 1967. 



1200 CST 

1800 CST, 25 March 1967 

F ig .  16.  Storm Index w q  o f  experiment 2 .  



F i g .  17 .  Forecas ted  w (cm s e c - l )  
o f  exper iment  2 ,  1800 CST, 
25 March 1967 

F i g .  18 .  Forecas ted  mois tu re  o f  
exper iment  8 ,  1800 CST, 
25 ?larch 1967. 



Fig. 19. Satellite Photograph for 26 March 1967 at 1938GMT. 



Fig.  20. Forecasted d i f f e r ences  i n  
moisture between experiments 
2 and 3 ,  1800 CST, 25 
March 1967 

Fig. 21. Ver i f i ca t ion  o f  experiment 
3 on moisture,  1800 CST, 
25 March 1967 



- 1 F ig .  2 2 .  t lor izontal  moisture t r a n s p o r t  qV (gm kg-' cm s e c  x lo3)  h .  



F i p .  23. Evaporation e f f e c t s ,  
1800 CST, 25 March 1967, 
without using topo- 
graphica l  coordinate  

F i p .  2 4 .  Storm index w q  of  experiment 
3 ,  1800 CST, 25 March 1967 



F i p .  25. Forecasted moisture of  
experiment 4 ,  1800 CST, 
25 March 1967 

200 meters Z* \ 

Fig.  26.  Ve r i f i ca t ion  of experiment 
4 on moisture,  1800 CST, 
25 March 1967 



F i g .  27. Storm index w q  o f  
experiment 4 ,  1800 CST, 
25 March 1967 

F i g .  28. Forecasted w (cm sec - l )  
of experiment 4 ,  1800 CST, 
25 March 1967 





Fig. 30. S a t e l l i t e  Photograph f o r  25 March 1967 a t  1847GMT. 



V d d  

1000 meters Z* , 
Fig. 31. Ver i f i ca t ion  o f  experiment 

4 on moisture a t  1000 
meters Z * , .  1800 CST, 
25 March 1967 

k 

200 meters Z* 7 

F i g .  32. Ver i f i ca t ion  o f  experiment 
4 on moisture accounting 
f o r  evapora t ion ,  1800 CST, 

25 March 1967 





F i g .  3 4 .  Evaporation rate (gm cm'* day-') 

i 



. 

0 0 

200 meters Z* y 

Fig. 3 5 .  Ver i f i ca t ion  of  experj  ment 
4 on moisture accounting 
f o r  h a l f  of evaporat ion,  
1800 CST, 25 March 1967 

Fig. 36. Forecasted p r ~ c i p i t a b l e  
water (gm cm- ) o f  
exreriment 4 ,  1800 CST, 
25 March 1967 



Fig .  37. Surface map a t  1200 CST, 25 March, 1967. 
Shaded areas ind ica te  p rec ip i t a t ion  occurring 
a t  map time. 



Fig. 38. Ver i f i ca t ion  o f  
p r e c i p i t a b l e  water .  


