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ABSTRACT 

An iterative technique to  produce an initial set of consistent meteorological variables 
on a mesoscale basis is constructed. The development follows closely the earlier 
pioneering study of Miyakoda & Moyer (1968) who examined the feasibility of such a 
technique for synoptic scale initialization utilizing the linearized barotropic equations. 
The proposed scheme, on the other hand, employs the primitive equations of motion 
and emphasizes the three-dimensional structure. Another difference is the employment 
of a staggered grid which greatly facilitated the finite difference forms of the 
Laplacians and minimized some of the problems encountered in the earlier work. The 
present goal is to produce consistent sets of u, v ,  w, 4, and 8-fields for subsequent 
mesoscale diagnosis. The structure of the various mesosystems, the horizontal and 
vertical subsynoptic circulations are studied. The immediate emphasis is not, 
however, on the examination of the initialized fields for possible use in prediction. 

1. Introduction 

A satisfactory understanding of the mesoscale 
motions can be gained by collecting good quality 
observations on that scale and by subjecting 
such data to sound dynamical treatments. For 
either diagnosis or prognosis on this scale, the 
wind-pressure relationship is likely to be 
better governed by the primitive equations 
than by some quasi-balanced approximations. 
Several dynamical meteorologists, e.g. Okland 
(1970) and Haltiner (1971) have stressed the 
importance of basing primitive equation pre- 
dictions on properly initialized fields. The 
desirability of initialization will be more 
pressing i f  the area of intended forecast is 
small (e.g., small enough to resolve mesocon- 
vective processes) and localized prognoses are 
demanded. Without proper initialization, the 
first few time integrations often yield very 
poor forecast fields as the data adjusts itself 
to the numerical model during this period. 

Miyakoda & Moyer (1968) outlined an itera- 
tive initialization scheme for synoptic-scale 
motions. They used the linearized primitive 
barotropic equations of motion with a simple 
form of friction and controlled data. They 
enforced certain conditions on the time deriva- 
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tives of the divergence field and allowed the 
initial fields to be adjusted through iterative 
time integration of the prediction equations. 
Euler’s backward time differencing, which 
waa shown by Matsuno (1966) to damp high fre- 
quency oscillations, was employed. Although 
this iterative scheme’s deficiences had been cited 
previously (Nitta & Hovermale, 1969; Tem- 
perton, 1973) it was found that the utilization 
of a staggered grid minimized these weak- 
nesses. 

The purpose of this article is to discuss the 
development of a scheme based on a set of 
multilevel primitive equations to initialize 
mesoscale data. The most effective way of 
checking out an initialization technique is to 
subject the initialized fields through a time 
integration and observe the evolution of the 
meteorological fields. For reasons of economy 
and also because the present model is not 
intended to describe the complete dynamics 
of the mesoscale, a temporal integration is not 
attempted here. Instead the model structures 
of certain mesosystems like mesohighs, etc., 
are compared with those subjectively anlyzed. 
A favorable comparison was interpreted as a 
satisfactory evidence for initialization. 
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2. Computational procedures 

The basic equations used in this research are: 
(a) the momentum equations 

au - -  - - u - - v -  au au - w - - + f v - -  au a4 
at ax ay ap ax 

av _ -  - - u - - v  av av - - w - - f f u - -  zv a4 
at ax ay ap ay 

( b )  the equation of continuity 

au av aw 

ax ay zp  
- + - + - = o  

(c) the hydrostatic equation, and 

RT !!!t= _ -  
aP P 

(d )  the adiabatic equation 

a0 ae so a8 
at ax ay ap 

- u- - v- - 0- - =  

The above adiabatic and frictionless equations 
constitute the equation set (I). 

The primary task is to iterate a modelled 
form of the above equations until an equilibrium 
state is reached between the fields of geo- 
potential and momentum within certain pre- 
scribed tolerances. Since a diagnosis of the 
initial fields, as opposed to their prognosis is 
contemplated, presently a marching ahead in 
time is not needed. The procedure is as follows. 

If the geopotential is the only primary input, 
eqs. ( 1 )  expressed in the finite difference form 
cannot be solved because the number of 
unknowns (e.g., utn,  vto, etc.) exceeds the 
number of equations. Miyakoda & Moyer de- 
manded the following restrictions on the 
divergence field 

Xto=XtotZAt  = X t 0 + 2 A t  

to form a closed set of equations.' In the above, 
x is the velocity potential. The above require- 
ment implies that the horizontal velocity com- 

1 Support for an extension of the Miyakoda & 
Moyer constraint to the mesoscale comes from the 
various studies by Barnes (1974) who found the 
divergence pattern to  retain its consistency prior 
to snd during the outbreak of severe weather. 

ponents u and v are related to y the stream- 
function and x in the following manner: 

The equation for the vertical component of 
vorticity is utilized to solve for y :  

where 

avo au 
ax ay 

qo= - - -O + f and 

the subscripts 0 and 1 are used to signify 
quantities at the initial time to and one time 
step later, to + At respectively. 

The above equation is obtained through 
cross-differentiation of eqs. 1 and writing 

Eq. (3) also signifies taking a backward time 
step from to + A t  to to to get an improved 
estimate of the rotational part of the wind (see 
also Haltiner, 1971, p. 258). 

Eqs. (1) in their respective iterative form can 
be expressed as 

ax 
(4) 

( 5 )  

where 

ax ay  ap 
a0, a0, - u,- - v,- - w,- (7)  

Quantities denoted by a star (*) are temporary 
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CONPUTE (equation 3 )  + 
.1 

C OMPUTE : 
%= -g:+”x >X 

(equation 2)  

v,= a+& 
d X  

TEST computed uo and vo with given uo and vo t 

1.e . ‘  D- ]given u,-cornputed uol+ Jgiven vo-computed vob 

COWUTE D a t  every grid point so 
that an array [ D l  is  establ ished.  

i 
I 
i 

TEST for maximum value of D i n  array ID]. 
DPFINE t h i s  maximum value Ni l .  

IS M i < € ?  no 
& , a prescribed value 

of convergence. 

u, v ,  w ,  o and 0 f i e l d s  
- of uo and vo a s  given are i n i t i a l i z e d .  

Pig. 1. Flow diagram for current initialization scheme. 

computations necessary for Euler-backward .au: *au: ,a$ 

aY aP time differencing; the subscript k refers to 

Moyer (1968),  u, v, w ,  .9 and 4 are thus deter- 

w1 - 2)1 - - ul 

the kth isobaric level and k = 1 signifies the 
lowest pressure level. Following Miyakoda & 

ax 
- 

mined for the first time step: w l ( k - l )  = w l ( k )  + * P D 1 ( k ,  k-1) 
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I + 1  

I +2 

Fig. 2. A staggered grid on an isobaric surface. 
J increases eastward and I increases southward. 
The positioning of the various meteorological 
variables is described in the text. 

It may be noted that the respective equations 
for v: and v1 are not written because of their 
similarity with u: and u,. u, and vg are likewise 
computed and with ( l ) ,  a new X-field is gener- 
ated. Further, a new y-field is produced from 
u,, vl and (3) .  Then (2) is solved for u,, and 
v, on an isobaric lattice; these more recent 
u,, and vo are compared with the corresponding 
values immediately prior to the iteration. If 
they vary within a prescribed tolerance limit 
between two successive iterations, the scheme is 
said to have converged. It is these converged 
wind components which are presented for 
diagnostic analysis and are numerically con- 
sistent in this model with the corresponding 
temperature and geopotential fields. Fig. 1 
schematically displays the convergence criteria 
for the current initialization procedure. 

According to Miyakoda & Moyer (1968), the 
Laplacians in ( 1 )  and (3) are written in a 
conventional lattice with a grid distance As as 

for any quantity A .  Unfortunately, (13) slows 
the convergence and sets up certain unwanted 
oscillations in the A -field near the boundaries 
contaminating perhaps the interior as the 
iteration proceeds. Furthermore, additional 
boundary values need be prescribed and the 
effective area of integration is reduced. Miya- 
koda & Moyer circumvented these problems 
by artificially smoothing the observed geo- 
potential on the perimeter. 

It has been found that these disadvantages 
which pertain to the slow convergence rates and 
the development of spurious oscillations can be 
minimized through the employment of a 
staggered grid shown in Fig. 2. The meteoro- 
logical variables are arranged thus: Values for 
0, 4 and y will be positioned at  the intersection 

of I and J ,  
x and UJ at M and N ,  
u a t  M and J ,  
v at I and N ,  

In this grid, 

1 
vaX(M.  N )  = z [ X ( M + I .  N )  + X ( M - 1 ,  N )  + X ( M ,  N + 1 )  

(As) 

+ X ( M . N - i )  - 4 X ( M . N ) 1  

since 

where 2i and 6 represent the divergent part of 
the wind. 

An analogous form for V p y  is similarly con- 
stituted. 

Boundary values were formulated by a 
method similar to Hawkins & Rosenthal (1965, 
version 2) modified for a staggered grid. Fig. 3 
shows an approximate layout of the National 
Severe Storms Laboratory mesoscale network 
(Barnes et al., 1971) as it existed in 1967. On 
this is superimposed the staggered grid with 
variables arranged in conformity with Fig. 2. 
An artificial outer boundary on which x was set 
to zero was established. Then using the rela- 
tionship that V2x = V . V  was solved on the 
interior points. Denoting the direction along 
and perpendicular to the boundary by s and n, 
respectively, the y’s on the inner boundary 
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grid superimposed. Heavier solid line outlines the area of integration for the numerical model. Outer 
dashed line is an artificial outer boundary described in the text. Dots show the position of the radiosonde 
release points. 

are generated from the equation 

from the observed V,. The streamfunctions on 
the outer boundary were calculated using the 
relationship 

awe v,--, ax 
an a8 

A simple arithmetic mean of the two adjacent 
points of each one of the four corners gives 
ly's at the four corner points. 

Mesoscale data (Fankhauser, 1969) were 
used to test the feasibility of the above model 
with Ax = Ay = 20 km and Ap = 100 mb. 1 000 
mb constituted the bottom while 200 mb 
represented the top level because no mesoscale 
data were available a t  100 mb and up. 

Because the observed wind analyses were used 
to formulate the boundary values of y and x a 
kinematic calculation of vertical velocities 
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based on the boundary y and x 's  produced 
unrealistically large values, particularly at 
upper levels. It was feared that such poor 
estimates would eventually contaminate the 
interior computations. Consequently an adjust- 
ment of the verticl velocities not only on the 
perimeter, but in the interior was made in a 
manner originally developed by O'Brien (1970) 
and described by Fankhauser (1969) and is as 
follows: 

The improved vertical velocity w' a t  any 
level k is written as 

(k= l(1)L) 

where L, the total numbers of levels is 9, mu 
and wa are the unadjusted (calculated using 
eq. 10) and adjusted vertical velocities at the 
top (k = 1). The latter are obtained by multi- 
plying by a constant ( < l )  which sets the 
resulting mean equal to that of Fankhauser. 
Such an adjustment also facilitated a fairer 
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Fig. 4. Top: a 500-mb map showing the geopotential 
height contours (solid) and temperature (dashed). 
Winds are in knots, dashed barbs represent upper 
winds at nearest standard level. Bot,tom: a 
surface map showing the mesonetwork (boxed) 
and a quasi-stationary front (from Fankhauser, 
1969). 

comparison of the current 0’s with those of 
Fankhauser. 

Computation of UJ at 1 000 mb was achieved 

by combining the frictionally and terrain- 
induced components of vertical velocity. 
Smoothed terrain contours with respect to the 
mean sea level (Schaefer, 1973) were employed. 

The convergence of the wind fieid indicated 
by M ,  of Fig. 1, between two successive 
iterations at a point determines the equilibrium 
state of the model. When the present iterative 
technique was applied to a mesoscale situation 
(not described here) where no conspicuous dis- 
continuities in the wind field were present, 
M ,  converged to less than 10 cm sec-l. For the 
current situation, M ,  reached a value of 75 cm 
sec-l and remained approximately the same for 
several iterations (5 or so) and then slowly 
increased. The initialized wind field is that  
which is obtained for a quasi-constant MI. 

Miyakoda & Moyer (1968) found that the 
initialized fields were fairly insensitive to the 
time step At used and that for the synoptic 
scale, At’s as large as 1 4 4 0  sec converged. I n  
the current 20-km model, a time step of 70 
sec was the largest value which allowed con- 
vergence. For convenience, At = 6 0  sec was 
employed. 

3. The data 

The National Severe Storms Laboratory 
(NSSL) mesonetwork is situated in south- 
western Oklahoma with its headquarters at 
Norman. Norman is skewed slightly (see 
Fig. 3) toward the climatological upwind 
(southwest) direction, with respect to the 
surface network to compensate for balloon 
displacement during flight (Barnes et a1 , 
1971). An operational period extending from 
15 April to 15 June was selected to cover 
Oklahoma’s climatic peak in thunderstorm 
activity. 

The case study of 28 May 1967 was chosen for 
this experiment because of the availability of 
the surface and radiosonde data and a detailed 
mesoanalysis of this situation from Fankhauser 
(1969). Fankhauser had originally selected this 
situation because on this day, the usual 
ingredients giving rise to  thunderstorm forma- 
tion, such as potential instability and vertical 
wind shear were only marginally present. Atten- 
tion was purposely restricted by him to a 
situation of this type in an attempt to resolve 
the inherent limitations of the sounding system. 
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Close examination of the individual sound- 
ings, as well as the relative positions of sound- 
ings and radar echoes indicated that none of 
the released balloons entered thunderstorms. 
Thus, the measurements in the analyses can 
be regarded as representative of the external 
air mass environment. 

Six hourly analyses of the wind, tempera- 
ture, and moisture fields between 1200 and 
1 700 CST were available for the current study 
for every 50-mb from 950 through 20 mb. 
These analyses served as the input data for the 
initialization scheme. 

The synoptic situation over the central United 
States is shown in Fig. 4. Of interest is the 
boxed area. A quasi-stationary front straddles 
across its northwestern part while a rather 
weak southwesterly flow exists aloft. 

Echoes developed along the aforementioned 
front by 1 100 CST. Two hours later, their 
expanded versions were situated well within the 
mesonetwork. Thunderstorms continued in this 
area through the evening with the most severe 
storms occurring between 1300 and 1600 
CST (Fankhauser, 1969). Thus, the situation 
of 1400 was selected for initialization because 
of its representation of the mesoscale thunder- 
storm environment. 

4. Results 

Presence of upward vertical motion is a 
prerequisite for the occurrence of most weather 
phenomena. The vertical velocity is usually 
calculated by the kinematic, adiabatic or vor- 
ticity methods or by solving a vertical velocity 
(w) equation. Presentation of the o-field is of 
primary importance when objectively discuss- 
ing the validity of a diagnostic analysis. 

The 900-mb w-vield (Fig. 5) reveals that the 
predominant area of upward motion parallels 
the qnasi-stationary front and regions of slight 
downward motion are closely aligned with 
the mesohighs depicted at the surface. Ac- 
cording to Purdom (1973) a favored area for 
convective activity coincides with the inter- 
section of a mesohigh and a quasi-stationary 
front. Supporting his observation, the center 
of strongest upward motion is developed in a 
corresponding area producing a definitive 
thunderstorm at 1500 CST. 

An examination of the 500-mb w-field in the 
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11100 C S T  

28 MFlY 1967 
of 11100 C S T  

900-MB V E R T I C A L  V E L O C I T Y  

Pig. 5 .  w-field with surface mesoanalysis. Units are 
microbars 8ec-l. U and D signify centers of upward 
and downward motion, respectively. Irregular 
outlines depict radar echoes at the map time while 
hatched are the most intense radar echo an hour 
later. Thin dashed lines represent surface mesohighs. 

same figure discloses that the ascent associated 
with the aforementioned 1500 CST thunder- 
storm area remains fairly constant in intensity 
in the vertical but suffers an eastward tilt. The 
downward motion in the north and south central 
parts of the diagram are associted with the 
two mesohighs. The descent related to the 
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1000 M e  

SCALE 
F A C T O R  

=I0 M / S E C  

Y H T I ~ T  
INITIRLIZED WINDS 

S U R F A C E  

SCALE 
F R C T Q R  

: l o  R / S E C  T 

Pig. 6. The model derived 1 000-mb (initialized) and the subjectively analyzed surface winds. The latter 
served as the input to produce the 1000-mb wind field. Vectors originate at grid points. 

northern mesohigh vanishes at  500 mb while 
that pertaining to the southern one has 
increased considerably both in area and 
intensity a t  this level. The weaker north- 
eastern ascent appears to the shallow. This 
region is so close to the periphery, however, 
that this calculation could be highly sensitive 
to boundary conditions. 

To note the general agreement in the location 

of the ascent center, the present estimates are 
compared with those obtained earlier by Fank- 
hauser (1969, Fig. 14). The latter’s w-analysis 
reveals a maximum upward motion at both 
900 and 450 mb whereas it remains nearly 
constant through 500 mb in the current study. 
The descent associated with the mesohighs at 
900 mb in Fig. 5 is not present in his analysis. 

The construction of a 1000-mb wind field 
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Pig. 7. The model derived (top) end the input (bottom) winds for 800-mb. 

aa demanded by the model is somewhat fic- Fig. 6 shows a pronounced departure of the 
titious since the mesonetwork stations reported model winds from those observed in the west 
surface pressures -970 mb. Because the model central part of the network. Demanding a 
is frictionless, some deviation of the 1000-mb certain consistency between the mass and 
winds from the surface winds may be expected. momentum fields along with the frictionless 
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Fig. 8. The subjectively analyzed 800-mb geopo- 
tential field (m)  for 1400 CST 28 May 1967. 

assumption perhaps accounts for the discrep- 
ancy. This area coincides with the region of 
most intense convective activity. 

Fig. 7 shows the 800-mb wind field. The 
initialized winds, in general, are stronger and 
are more southerly. From Figs. 7 and 8 one 
concludes that the wind is blowing across the 
geopotentials, particularly in the west central 
part. Such a cross-contour flow and the lack 
of agreement between the vorticity (inferred 
from the flow pattern) and the pressure fields 
was also observed earlier by Tepper (1950), 
Fujita (1963), and Staff members (1963) and 
more recently confirmed by numerous in- 
vestigators, e.g., Barnes (1973). 

The deviation between the initialized and 
input winds became less with elevation, 
presumably because of the existence of less 
complicated pressure patterns and diminished 
role of friction. 

5. Summary 

The above discussion demonstrates the 
feasibility of extending the original Miyakoda & 
Moyer (1968) iterative scheme to a nine-level 
numerical model based on the primitive 
equations to investigate some mesoscale struc- 
tures. The incorporation of a staggered grid 
into the model improved the computation, 

simplified the formulation of boundary con- 
ditions, and necessitated no smoothing on the 
perimeter. 

The convergence qualities of this experiment 
are very encouraging although the complexity 
of the structure of the mesosystems limits the 
degree of convergence on this scale. Further 
refinements on the model, especially the in- 
clusion of friction and other processes will 
hopefully yield an even better equilibrium 
state. Formulation of boundary conditions 
more consistent with the dynamics of the 
mesoscale situation is another area of im- 
provement to be dealt with in future research. 

Although O’Brien’s (1970) special adjust- 
ment was incorporated into the model primarily 
to make a valid comparison with Fankhauser’s 
(1969) results, it turned out that realistic a’s 
in the upper levels could not have been com- 
puted without it. In  general, the analysies 
obtained in this study agree with those of 
Fankhauser. 

Two noteworthy differences are the low-level 
descent associated with the mesohighs and the 
fairly uniform ascent through 500 mb. Fank- 
hauser previously observed no low-level down- 
ward motion but dual ascent maxima at 900 
and 450 mb in the same general region. 
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PiTEPAUBOHHAFI CXEMA HHPiqHAJIH3AqHPi AJIR 
ME30MACIIITABHbIX BCCJIEHOBAHBm 

IIIaFOM, q T 0  CHJIbHO o6nersae~ KOHeVHOpa3HO- 

M H 3 H p y e T  HeKOTOpbIe npo6ne~b1, B03HHKaBIUHe 

GOTH COCTOHT B IIOCTpOeHHH COrJIaCOBaHHbIX 

c m y m  a n n p o K c H M a q H m  j I a n n a c n a H o B  II MEHII- 

B 6onee p a H H e i  pa6o~e. 4enb H a c T o H q e Z i  pa- 

~ a 6 o p o ~  noneti u, v, w,  9 n 0 H ~ R  noczenymqero 
M ~ ~ O M ~ C U I T ~ ~ H O ~ O  ~ n a r ~ o s a .  Haysae~cx CTPYK- 
T y p a  pa3J IHqHbIX Me30CHCTeM, a T a K X e  l’OpI4- 
30HTaJ IbHbIe  H BepTHKaJIbHbIe  Cy6CHHOnTEqeCKHe 
q H p K y J I R q H H .  OAHaKO I I p H  H 3 y q e H I I H  HHHUIIP- 

MOXHOM HCnOJlb30BaHHH TeXHHKII B 3 a A a r I a X  
n113aqn11 noneti H e  A e n a e T c n  a K q e H T a  H a  BOB- 

nporaosa. 
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