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ABSTRACT 

A four-layer, non-entraining axial-symmetric, steady-state model of a severe thunder- 
storm with a rotating updraft is used to study some effects of the low-level moisture 
fields on the thermal and dynamical structure of the storm. This model represents 
the third in a series of three models which have been produced at Saint Louis University. 
It differs from the other two which were developed by Lin & Martin (1971, 1972) by 
the fact that moisture becomes a specified input parameter rather than a deduced 
one. The three models have been checked to assure their internal consistency so that 
any one of them can be used to generate a common field of gridded variables depend- 
ing upon the nature of the observed evidence a t  hand. 

The selective mix of observed and generated data within the updraft of the modelled 
storm, provided by the particular model of this respect, was used to evaluate (1) 
vertical velocities from the mass continuity equation, (2) moisture distribution in the 
subcloud layer from the continuity equation for water vapor, (3)  the field of pressure 
based on the radial equation of motion, (4) the temperature field using the thermo- 
dynamic energy equation, and (5) moisture fluxes, latent heat releases and static 
energies utilizing the data obtained from (1) through (4). The results indicate that a 
substantial percentage of the latent heat releases within a storm must be confined 
to the lower portion of the atmosphere in order for a warm-core center to be main- 
tained. The low-level relative humidity of the embedding environment was found to 
be a strong indicator of severe thunderstorm development. The “static energy dif - 
ferentials” between a storm and its environment are compared for a modelled and 
observed storm to illustrate certain agreements among the modelled and natural 
physical processes in operation. 

I. Introduction 

The development and maintenance of severe 
thunderstorms are influenced b y  transports of 
momentum, heat  and moisture b y  eddies in  the  
atmospheric boundary layer (e.g., Sasaki, 1966; 
Bonner, 1966; Newman, 1972). Consequently, 
various combinations of these parameters are 
employed t o  predict t h e  probability of severe 
weather occurrences (U.S. Weather Bureau, 
1965; Miller, 1972). For  example, Sasaki e t  al. 
(1967) found moisture fluxes and divergences 
t o  relate quite well t o  areas of convective ac- 
t ivi ty  and severe weather occurrences. These 
two-particular boundary-layer phenomena were 
also successfully used t o  parameterize latent 
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heat releases in tropical storm research b y  Kuo 
(1965) and in pertaining t o  midlatitude severe 
convective storms by Hudson (1971). 

Hudson found vigorous cumulus convection 
t o  be  associated, in general, with well-defined 
axes of horizontal moisture convergence. These 
results were collaborated by the s tudy of Ni- 
nomiya (1971) on the  interaction between the 
meso-scale convective storm and its environ- 
ment. The importance of vertical moisture 
fluxes from the subcloud layer into the  updraft 
of the severe thunderstorm has also been in- 
dicated by many observational studies, e.g., 
Fankhauser (1965, 1966), Newton (1966), Auer 
& Marwitz (1968). The magnitude of these 
fluxes was calculated by Fankhauser (1966) t o  
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be on the order of 28 x loD e sec-’ for a hailstorm 
in Oklahoma. Magnitudes of a.pproximately 
8.8 x lo9 g sec-1 were found by Newton (1966) 
and 3.1 x lo9 g sec-l by Auer & Marwitz (1968). 
These values are approximately one or two 
orders of magnitude greater than those found 
for the “air mass” thunderstorm (sce Braham, 
1952). 

The difficulties and hazard of making meas- 
urements within intense convective cells have 
impeded the direct observational assessments 
of the relative roles played by each of the various 
physical processes occurring within them. Hence, 
we propose to make these assessments by in- 
troducing observed peripheral data as boundary 
conditions into our diagnostic severe thunder- 
storm modelling research. The model to be pre- 
sented uses such information to formulate the 
wind-componcnt parameters and to specify the 
boundary conditions for moisture, temperature 
and pressure. Fields of vertical velocity, tern- 
perature and pressure internal to the storm, 
which are consistent with those more readily 
observed evidences in the outer reaches of the 
sevcre thunderstorm, are then generated by the 
model. These are used to study some effects of 
the low-level moisture fields on thc thermal 
and dynamical structure of the modelled storm. 

2 .  The model 

A four-layer, non-entraining, axial-symmet- 
ric, steady-state model of a severe thunderstorm 
with a rotating updraft is devised. The layer 
which ranges from the surface ( z  = 0) to a height 
of zb = 1 km is taken to represent the atmos- 
pheric boundary layer beneath the cloud base. 
The main body of the storm’s updraft configura- 
tion is assumed t o  extend from the top of this 
layer to a height of 15 km. It is defined by three 
equally spaced segments (see Fig. 1). The outer 
boundary of the storm’s updraft, rib, is assumed 
to be 10 km. 

The model requires analytically formulated 
radial and tangential veIocities, u and TI. Values 
of specific humidity within the main body of 
the storm’s updraft configuration, q, are speci- 
fied in terms of “partition ratio” of condensed 
water vapor (to be discussed in Section 3.2). 
The surface temperature, To, and specific 
humidity values, po, are inferred from observa- 
tional data near the ground. The vertical velo- 

city, wb, at z =zb  is deduced from the horizontal 
wind fields using the formula patterned after 
the study of Charney & Eliassen (1964). I n  the 
subcloud layer of the storm, pressure p y ,  and 
moisture qr, at r =vib  a.re inferred from sounding 
data. 

The model uses these input values to calculate 
the following variables in the storm’s updraft 
configuration: 

1. Vertical velocity based on considerations 
involving the mass continuity equation; 

2. temperature using the thermodynamic 
energy equation combined with equations of 
radiat and vertical motion; and 

3. pressure based on the radial equation of 
motion. 

I n  addition, the spatial distribution of water 
vapor within tho subcloud layer (0 < z s  < z b )  is 
obtained by integrating the continuity equation 
for water vapor inward from the r =rib to the 
center r = 0. This treatment will be dctailed in 
Section 3. These data are in turn used to calcu- 
late moisture fluxes, latent heat releases and 
static energies throughout the main body of the 
modelled storm. 

Before proceeding with the discussion of these 
calculations, some of the more pertinent mod- 
elling assumptions will be justified. The steady- 
state assumption is based on evidences supplied 
by the studies of Browning & Ludlam (1962), 
Donaldson (1962), Browning & Donaldson 
(1963), Auer & Sand (1966), Schlesinger (1971) 
and Fanlihauser (1971). They reported that 
severe thunderstorms often retain quasi-in- 
variant shapes and sizes for periods extending 
as long as two hours. 

The assumption of non-entrainment is based, 
in part, on the works of Bates (1961), Pujita & 
Byers (1962) and Malkus & Williams (1963). 
These studies suggest that  the effects of lateral 
entrainment are small, by comparison with the 
other processes being considered, during the 
mature stage of the storm’s life cycle. Recent 
evidence which runs somewhat counter to this 
assumption has been supplied by Brown & 
Crafford (1972). They found that the storm cell 
is neither sufficiently rigid to divert the winds 
around i t  nor amorphous to permit every part 
of the cloud structure to yield separately to the 
wind force exerted on it. On the other hand, 
Baxter (1971) showed the updraft configura- 
tion in a severe thunderstorm to be intimately 
related to the strength of an  accompanying 
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Fig. 1. The four-layer model of a severe thunderstorm. In layers 2, 3 and 4, the specified variables are radial 
velocity (u), tangential velocity (v) and specific humidity ( q ) ,  and the calculated variables are vertical ve- 
locity (w), temperature (T) and pressure (P) .  

“forced” downdraft arising from the evapora- 
tive cooling of entrained dry environmental air 
into the rear portion of the storm cell. He rea- 
soned that the sharp temperature contrast be- 
tween the “forced” downdraft and the updraft 
portions of the severe thunderstorm would 
provide a barrier to mixing between them. 
Hence, an amorphous downdraft does not auto- 
matically preclude the use of a non-entrainment 
assumption in the updraft portion when the 
latter is being considered as a separate entity. 

The assumption that certain severe thunder- 
storms rotate is supported by Bates (1961), 
Browning (1965a, b ) ,  Stein & Rhyne (1962), 
Fitzgerald & Valvocin (1964), Koschielski (1967), 
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Doswell & Tegtmeier (1972), Fujita & Grandoso 
(1968), and Charba & Sasaki (1971). Theaxial- 
symmetric assumption is difficult to justify 
since it automatically and completely isolates 
the storm from its environment. I ts  employ- 
ment, a t  this time, lies in our belief that many 
gross characteristics of the storm, which can 
be captured when that assumption is invoked, 
are yet to be uncovered. We did not choose, 
therefore, to  complicate the mathernatica lre- 
presentations until their simple forms have 
been more fully exploited. 

The simplified governing equations for the 
storm model in cylindrical coordinates (r ,  4, z,  1 )  
are: 
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Tablc 1. List of symbols 

cD specific heat for dry air a t  constant pressure 
E, “static energy” per unit mass 
f Coriolis parameter 
g acceleration of gravity 
K i  horizontal momentum exchange coefficient 
Kt,, vertical momentum exchange coefficient 

K: 

K;  

4 
M ,  

(? 
QL 

L 

P 
Pr 

P 
q b  

Y r  
‘1s 

r 

Ar 
T 
T, 

R d  

u 
2) 

W 

w b  
2 

‘ b  
Az 

Y 

Y m 
e 
P 

o! 

Y d  

horizonta,l eddy diffusion coefficient for water 
vapor 
vcrtical eddy diffusion coefficient for water 
vqo’’ 
latent heat of condensation 
“partition ratio” of water vapor condensed in 
the ith layer 
area mean of vertical moisture flux density 
pressure 
pressure in the refereiice atmosphere 
rate of change of diabatic heat per unit mass 
rate of change of latent heat per unit mass 
specific humidity 
specific humidity a t  the top of the subcloud 
layer 
specific humidity in the reference atmosphere 
saturation specific humidity 
gas constant of dry air 
radial distance (positive outward) 
outer boundary of the storm’s updraft 
radial grid distance 
temperature (in Kelvin degree) 
temperature at the reference atmosphere 
radial velocity (positive outward) 
tangential velocity (positive counterclockwise) 
vertical velocity (positive upward) 

height 
height of the subcloud layer 
vertical grid distance 
spacific volume 
temperature lapse rate 
dry-adiabatic lapse rate ( = 10°C Bm-l) 
moist-adiabatic lapse rate ( = 6.4”C km-l) 
density 
density in the reference atmosphere 

w Z L t  2 = zo 

(a )  Radial equation of motion 

( b )  Tangential equation of motion 

( c )  Vertical equation of motion 

aw aw a lnl’ 

ar iiz az 
u- i u; - t g+Rdl ’ -  7 0 

( d )  Mass continuity equation 

( e )  Thermodynamic energy equation 

(3 )  

(4) 

( f )  Continuity equation for water vapor (ap- 
plied to  the  subcloud layer only) 

l a  a 
~- -- [@q*r]  -t - [Qq*w] 
1’ ar az 

Here q* denotes the  specific humidity iii t h e  
subcloud layer (0 < z s  < z b ) ,  and t h e  other sym- 
bols are  described in  Table 1. 

The frictional terms on t h e  right of eqs. (1) 
and (2) are parameterized in  accordance with 
the  studies of Ogura (1963), Orville & Sloan 
(1970), Rothensal (1970a, b ) ,  Takeda (1971), 
and  Lin & Martin (1972). Mixing length con- 
siderations mere used t o  approximate the  la t -  
eral coefficient of eddy viscosity b y  t h e  ex- 
pression KE-L‘v‘ where L‘ is the  scale length 
of the  eddy and v’ is t h e  magnitude of the  wind 
gusts due t o  the  eddies. The d a t a  of Rhyne  & 
Steiner (1964) and Ackerman (1967) indicate 
that KEf, ranges between 9 x 10’ and 35 l o 7  
cm2 sec-1 for convective clouds. Ogura (1963) 
estimates its magnitude t o  be approximately 
10’ em2 sec-l for shallow cumulus clouds. 

Corresponding magnitudes for the vertical 
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Table 2. Magnitudes of momentum and water vapor exchange coeflicients (in mz sec-l) used by other 
researchers 

Investigator K: KZ, KE Ar (km) AZ (km) rmsx (lrm) zmax (icm) Remarks 
- 

Lin & Martin 4 x lo3 100 0.25 0.25 10 15 Severe storm 
(1972) 

Liu & Orville 40 40 40 0.1 0.1 7 3.5 Shallow cumulus 
(1969) 2 2 2 0.01 0.01 7 3.5 Shallow cumulus 

Ogura (1963) 40 40 40 0.1 0.1 3 3 Shallow cumulus 
103 103 103 Suggested for 

thunderstorm 
Orville & 80 80 80 0.1 0.1 10 10 Rainstorm 

Sloan (1970) 4 4 4 0.01 0.01 10 10 Rainstorm 
Rosenthal ( 1 9 7 0 ~ )  lo4 10 20 loou 440 loou Tropical cyclone 

(1970b) 103 0-10 104 10 l O O U  440 1 OOU Tropical cyclone 
Talredn (1971) 500 BOO 500 1 0.5 25 10 Precipitating 

convective cloud 
Units in mb. 

component of eddy viscosity, K g ,  are not as 
well documented. Rosenthal (1970a, b )  used a 
value of 105 cmz sec-1 in his study of tropical 
cyclones. Those provided by other researchers 
are listed in Table 2. Values of KE = 4 x lo7 cm2 
sec-1 and KZ, = 108 cm2 see-l were used in the 
model under discussion. 

The horizontal wind fields were analytically 
expressed as follows. The tangential velocity 
representative of the severe thunderstorm is 
assumed to be separable into a radial dependent 
and a height dependent component: 

v(r,  2) = Vr(r)  VJZ) (7) 

The radial dependent function of the tangential 
velocity takes the form 

Here V,,, is a constant corresponding to the 
maximum value of V&), and r, is the radius 
a t  which V,,, occurs. The non-dimensional 
height dependent function, V&), is calculated 
by solving the tangential equation of motion 
(2) together with the equation of continuity. 
The procedure used is similar to that introduced 
by Lin & Martin (1972). 

The radial velocity is expressed by the 
formulation 

(9) 

The height dependent functions, U,,,(z) and 
I.*,@), denote the maximum radial velocity at  a 
given height z ,  and the radius at  which U,,, 
occurs. They are assumed to be 

and 

r*n(z) = 1 + 0.5 [ yI2 
where z, is the height which separates the in- 
flow layers from the outflow ones. These ex- 
pressions conform with the studies of Beebe & 
Bates (1955)  and Fankhauser (1965, 1971) which 
demand a confluence of moist air in the lower 
troposphere and a diffluence aloft. 

Values of 25 m sec-1 for V,,,, 2 km for rm, 
5 m sec-l for U:, 3 m sec-l for U,, and 6.7 km 
for z, best tune these analytical formulations to 
the observed evidence available to us for the 
outer extremities of the typical severe thunder- 
storm. 

The mean density, Q(z), is assumed t o  be a 
function of height z only, since density, e, 
varies much more slowly laterally than ver- 
tically and since its fluctuations are at least an 
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Table 3. Values of  temperature, Tr(’K), pressure, 
p,(mb), und density, g(g ~ r n - ~ ) ,  for the reference 
atmosphere 
These were obtained from the average tornado- 
proximity sounding of Darkow (1969) 

0 301.3 
0.5 296.0 
1.0 293.0 
3.3 277.0 
5.7 262.0 
8.0 245.0 

10.3 226.4 
12.7 213.0 
15.0 209.5 

1013.0 
954.6 
898.7 
671.7 
493.5 
355.7 
250.9 
172.6 
i15.4 

1.172 
1.124 
1.069 
0.845 
0.656 
0.506 
0.386 
0.282 
0.191 

order of magnitude smaller than its mean. The 
tornado-proximity data compiled by Darkow 
(1969) were used to establish these values (see 
Table 3). 

Tho rate of change of diabatic heating, per 
unit mass, is approximated by a release of la- 
tent heat of condensation, i.e., & - 9,. This re- 
presentation has been frequently used in the 
nieteorological literature for tropical and extra- 
tropical storms and severe thunderstorms (e.g., 
Kuo, 19G5; Rosenthal, 1970a, b, etc.). Since 
the portion of a severe thunderstorm which is 
occupied by the updraft configuration is gener- 
ally at  or near saturation, no provision is made 
in the model for the inclusion of evaporative 
processes. More detailed treatments of the &, 
term are provided in the Appendix and Section 
3.2. 

Lateral and vertical convergences of moisture 
fluxes are given by the Oernis on the left of eq. 
(6),  and those on the right express the lateral 
and vertical components of turbulent mixing 
in the subcloud layer of the storm. Various 
estimates for K z  by other researchers are listed 
in Table 2. Values of 10lo cm2 sec-l for K z  and 
106 Em2 sec-1 for KL were selected for our 
model based on numerous sensitivity experi- 
mentations and comparisons which we made 
between model-produced and independently 
derived values for the respective generated 
variables under consideration. These estimates 
appear to be somewhat larger than those used 
by the other investigations. It must be noted, 

however, that the magnitude of I<: and KL is 
highly dependent on the specific model being 
considered as shown in Table 2. 

3. Numerical experiments 

Numerical experiments were performed using 
a 42 x 7 grid system. A horizontal grid spacing 
of 0.25 km and a vertical one of 2.33 km was 
used throughout the updraft. A somewhat finer 
vertical grid (Az = 0.1 km) was used for tho 
subcloud layer. A one-sided differencing method 
was employed to compute the advective terms 
and a centered-differencing scheme for the non- 
advective ones. 

The following dependent variables within the 
storm’s updraft configuration were calculated 
using the specified values of u and v and the 
known “partition ratio” of condensed water 
vapor to determine values of q:  

3.1. Vertical velocities w( r ,  z )  
The field of w was computed from the mass 

continuity equation (4) using the spccified 
values of u from eqs. (9) to (11). The “friction- 
ally-induced” vertical velocity, w,, a t  the top 
of the subcloud layer, z =zb,  is used as a lower 
boundary condition for integrations. This quan- 
tity was calculated from the formula patterned 
after the study of Charncy & Eliassen (1964), 
i.e., 

where [, is the surface vorticity, f o  = sec-’ 
and K; = 1.4 x lo5 cma sec-l. 

Fig. 2 shows model-generated vertical pro- 
files for w at  r =0, 1 and 2 km along with its 
radial distributions a t  z = 1.5 and 5.7 km. Note 
that values of approximately 7.5, 3.5 and 1.0 m 
sec-1 are given at  z = 1.5 km for T -0, 1 and 2 
km, respectively. For comparative purposes, 
Marwitz (1972d) observed values range from 
5.0 to 7 . 5  ni sec-l a t  the cloud base (approxi- 
mately 1.5 km above t,he surface) using chaff- 
tracking techniques. Similarly, Henderson (1972) 
deduced values of approximately 5.0 m sec-l 
at z = 1.5 km using NSSL’s in-storm soundings. 
Thus, it appears that the modelled vertical 
velocity term, which is so critical to the trans- 
port of moisture, is moderately realistic. 

Tellus XXVI (1974), 5 
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Fig. 2. Calculated vertical velocity profiles, w (m sec-l), in the main body of a modelled storm. 

3.2. Temperatures T ( r ,  z )  
The collective effects of cumulus convection 

are treated implicitly under the assumption 
that all the products of condensation precipitate 
out of the system. Thus, the release of latent 
heat by condensation in a unit mass of air per 
unit time can be written as 

(13) dqs Q L = - ~ -  when w > O  
d t  

With the aid of eqs. ( I )  and (3), the thermo- 
dynamic energy equation ( 5 )  becomes 

aT Q L  aT u W 

az c9 ar cp CP 
w - = - - u- + - Gl(r ,  z )  + - G2(r,  z )  (14) 

where 

and 

Since the terms on the right of eq. (14) are 
likewise known, the field of temperature was 
calculated by integrating (14) upward. 

In  the region of the updraft configuration of 
a severe thunderstorm where the vertical ve- 
locities are positive, the rate of change of latent 
heat by condensation in the i th layer (with 
i = 2 ,  3 or 4), [QLji, is expressed as 

[QLli  = t&Lyli + [QLzIi (15) 

where 

Q,,= - Lq:) 9 

and 

au au 
ar az 
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Laboratory) in-storm sounding (see Barnes, 
1972; Henderson, 1972) provide the observa- 
tional specific humidity and temperature data 

Layer 4 =3 
‘b 

‘b - q 5  
‘b 

Layer 2 1, = 

Fig. 3.  A schematic representation of the “partition ratio” of water vapor condensed and the latent heat 
released in the ith layer, Z i  and [ Q L I i ,  within a unit column of air. 

The “partition ratio” of condensed water A more detailed derivation of eq. (18) is givcn 
in the Appendix. The first term on the right- 
hand side of each equation in (18) represents 
the vertical advection, and the second term the 
lateral advection, of latent heat. The values of 
Zi (with i = 2 ,  3 and 4) arc given by ey. (17) 
and shown in Fig. 3. 

vapor in the ith layer 

V z i ; l - q 2 i - 1  

~ C O R  - q b  
(17) li = 

was employed (see Fig. 3).  In  the above, qb and 
ptoD represcnt thc specific humidity at  the cloud 
base ( z  = z b )  and the top of the modelled storm 
( z  = z t ) ,  respectively. The “partition ratio”, Z,, 
has a magnitude between 0 and 1. This para- 
meter represents the ratio of water vapor COII- 

densed, per unit cross-section, in any one of 
tho three main layers to that of n unit section 
extending throughout the cntire updraft. It is 

3.3. Pressares P(r,  z )  
After obtaining the fields of vert,ical velocity 

( w )  and temperature ( T )  within the main body 
of the storm’s updraft configuration, the field 
of pressure was calculated from tho radial equa- 
tion of motion (1) with the form 
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Table 4. Lateral boundary values o i  temperature, 
T,(”K), specific humidity, qT ( g  kg-I) ,  pressure, 
p,(mb),  and density, ( g  cm-3), along the edge of 
the updraft in the subcloud layer 
These values were deduced from the average tor- 
nado-proximity sounding of Darkow (1969) 

z T, 4, PT e 
(Irm) ( O K )  (g kg-I) (mb) g ~ r n - ~ )  

0 
0.1 
0.2 
0.3 
0 .4  
0.5 
0.6 
0.1 
0 .8  
0.9 
1.0 

301.3 
300.3 
299.2 
208.2 
297.1 
296.0 
295.4 
294.8 
294.2 
293.6 
293.0 

18.0 1013.3  
17.0 1001.3  
16.5 989.5 
16.0 977.7 
15.5 966.1 
15.0 954.6 
14.7 943.2 
14.4 931.9 
14.0 920.7 
13.5 909.6 
13.2 898.7 

1.172 
1.162 
1.152 
1.143 
1.133 
1.124 
1.112 
1.101 
1.090 
1.080 
1.069 

tion. These data are noeded for our modelling 
efforts and are shown in Table 4. 

The field of tangential velocity component, 
v,(r, z,), for the subcloud layer was generated 
using eqs. ( 7 )  and (8). The vertical velocity 
within the same layer ws(r,  z,), was extrapolated 
downward from the top of this layer ( z  = z b )  to 
the surface ( z  =0)  using the analytical expres- 
sion 

Once fields of w, were found, eq. (4) was em- 
ployed to deduce the radial velocities, us(r ,  z,) 
within the subcloud layer. 

The values of specific humidity, qr, shown in 
Table 4 were used as lateral boundary condi- 
tions for q* within the subcloud layer along the 
radii of r = 10 km and r = 10.25 km, respectively. 
The field of specific humidities, q*(r, z,), was 
obtained by integrating eq. (6) inward from 
rlb = 1 0  km to the core of the modelled storm 
( r  = 0) with the aid of the generated fields ‘us, 

v ,  and w, and the lateral boundary values of 
specific humidity qr(rlb, 2,). Values of specific 
humidity qb a t  the top of the subcloud layer 
( z  =zb)  were obtained from the field of q*(r, 2,). 
These values are necessary to assess the field 
of temperature discussed in Section 3.2. 
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4. Discussion of numerical results 

It is obviously impossible to justify the many 
assumptions of the model with sufficicnt con- 
fidence to expect the derived quantities to re- 
present the detailed structure of the natural 
storm. On the other hand, the research is of 
minimal value unless such comparisons do, in 
fact, show that certain gross features of the 
natural storm are being quasi-realistically re- 
presented by the modelling equations. Various 
comparisons between the modelled storm and 
the real atmosphere will be presented to show 
similarities between modelled and observed 
responses to changes in environmental humidity 
conditions. The check-sounding and proximity- 
sounding da.tlt furnished by Darkow (1969) pro- 
vide one set of “observed” source material. 
The proximity-sounding is reprcsentative of 
environmental conditions when severe thunder- 
storms subsequently occurred, and the check- 
sounding pertains to these cases when they did 
not. Both were taken within the same overall 
embedding synoptic environment. The other 
set of reference data was provided by NSSL. 
Specifically, on April 29, 1970 an in-storm 
sounding was launched from Wheatland, Okla- 
homa at  the same time that its environmental 
data were being collected a t  Noble, Oklahoma. 

Since Darlrow’s soundings represent a com- 
posite of many situations, only generalized rela- 
tionships between the modelled product and the 
“typical” severe thunderstorm can be inferred. 
The observed meso-data of NSSL, being repre- 
sentative of an individual event, permit case 
study comparisons between the modelled and 
observed storm. Two parameters, in particular, 
will be compared. They are the “static energy 
differentials” between the storm and its environ- 
ment, and the relative magnitudes of the latent 
heat releases. 

4.1. Interdependencies between the environmental 
moisture fields and the thermal structure 
of a modelled storm 

The data of Table 4 show a mean specific 
humidity of about 15 g kg-l or a relative humid- 
ity of approximately 80 yo in the subcloud layer. 
This value under the axial-symmetric assump- 
tion pertains to all radii 10 km from the center 
a t  ground level. The analytically formulated 
horizontal winds (see eqs. 7 through 11) also 
specify the vorticity values for calculating the 
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Table 5. Temperature lapse rates in the lower 
and middle layers given by the model calculations 
(column I ) ,  Ninomiya (column 2 ) ,  and Darkow 
(column 3) 

~~ ~ ~ ~ ~ 

Model Ninomiya’s Darkow’s 

Lower layer 5.8”C km-’ 6.0”C km-l 6.4”C km-l 
Middle layer 6.5”C km-l 8.2”C km-l 8.0”C km-l 

“frictionally induced” vertical velocity, wb(r, zb).  
The modelling effects result in moisture con- 
vergences near the center of the updraft (r -0) 
which increase the relative humidity by some 
5% to 10% over that prescribed along the edge 
of the updraft configuration ( r  =rib). The inter- 
play between the specific humidity values and 
the subcloud layer wind fields provide the 
horizontal grid of moisture and vertical velocity 
values a t  the cloud base, z =zb, needed to inte- 
gratje the modelling equations and assess the 
effects that the vertical transport of moisture 
has on the thermal structure of the storm. The 
lifting condensation level (LCL) for this case is 
slightly higher than 1 kin and over 50% of 
the wat,er vapor is contained in the layers below 
500 mb. Thus, the partitioning ratio, Z i ,  for this 
particular case is approximately 50 % in layer 2, 
40% in layer 3 and 10% in layer 4 of the model 
(see Fig. 3). The calculated temperature lapse 
rates, y,  for layers 2 and 3 of the modelled 
storm are shown in Table 5 along with those 
deduced from the observational studies of Dar- 
kow (1969) and Ninomiya (1971). The values 
given by these two authors are characteristic 
of the storm’s environment where convective 
activity is less vigorous than that within our 
modelled severe thunderstorm. This accounts 
for the smaller lapse rates calculated by the 
model since, obviously, more latent heat of 
condensation is released within a given area 
covered by a vigorous storm than for other 
areas of similar size within the environment. 

The heavy line in Fig. 4 shows the “static 
energy” profile per unit mass, E, = C, T + gz +Lq, 
which was deduced by the model. This is to be 
compared with the “static energy” profile of 
Darkow (1068, 1969) which is representative 
of the “synoptic” environment. Since his prox- 
imity values provided the lateral boundary 
conditions for our modelling efforts, the dif- 
ferences in profiles are “solely” attributable to 

the modelling equations operating on the periph- 
eral data. 

An independent set of “static energy” pro- 
files is given by NSSL’s data (Henderson, 1972). 
The in-storm sounding was launched at  2233 
CST, 29 April 1970 a t  Wheatland, Oklahoma, 
while the environmental sounding mas taken 
at  2247 CST, 29 April 1970 a t  Noble, Okla- 
homa. Although the NSSL’s data carries more 
refinements than either the profiles of Darkow 
or the model, the “static energy” representa- 
tive of their sounding appears in good agree- 
ment with that given by the model in the lower 
6 km a t  the same time that the “static energy” 
calculated from the synoptic-environmental 
sounding is comparing quite favorable to that 
of Darkow. This indicates that the model is 
capturing certa,in elements of reality with 
respect to the gross energy aspects of the storm 
vis-iL-vis those of its environment. 

An appreciable amount of water vapor is 
requircd from the environment to feed the sub- 
cloud layer of the storm by lateral nioisture 
transport processes, eq*u,. Magnitude values of 
eq*us on the order of g sec-l in the 
subcloud layer were calculated in this experi- 
ment. These are comparable to those given by 
Fankhauser (1965), i.e., about 4 x g cm-2 
sec-1. Since inflow is essentially confined to the 
layer below the cloud base, the magnitude of 
this term decreases very sharply with storm 
height. The spatial mean of the vertical moisture 
flux density, z?;, a t  a given height, z ,  is given 
by 

where the cross-sectional area A is equal to 25 
n km2. Calculated values of M,, in units of 10-4 
g cm-2 sec-1, a t  selective heights are given in 
Table 6 along with those of other investigators. 
The value reported by Auer & Marwitz (19G8) 
was obtained from eight hailstorm occurrences 
in NE Colorado during the years of 19G4 and 
1965, and Lin & Martin (1972) computed their 
value from modelling experimentations at  the 
level where comparative data are available. 

The total latent heat in a unit column of air, 
G:, was then calculated using the observed 
in-storm sounding of NSSL on 29 April 1970 
a t  Wheatland, Oklahoma. The following for- 
mulation mas used: 

Tellus XXVI (1974), 5 
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Pig. 4 .  “Static energy”, per unit mass, obtained from our model, NSSL’s in-storm and environmental sound- 
ings and Darkow’s tornado-proximity sounding. 

The term on the right of (22) can be expanded 
into two terms, i.e., 

After applying the boundary conditions that 
w = 0 and q = 0 a t  z =zt,  we arrive a t  the fol- 
lowing form for a;: 
sz -L(ew)Z=,*(qb - 4 )  (24) 

where ?j is the mean value of saturation specific 
humidity with respect to height, and (ew),, 

Tellus XXVI (1974), 5 

denotes the vertical mass flux across the cloud 
base. 

Eq. (24) applied to the observed data of 29 
April 1970 gives 8.1 Joule sec-l with an 
accompanying cloud base of 1.18 km (see Table 
7 ,  Case B). The model-generated values ob- 
tained when Darkow’s check-sounding (no 
severe thunderstorms occurring subsequently) 
was used as the humidity input parameter gave 
a latent heat release value of 6.4 Joule 
sec-1 (Case C of Table 7 ) .  This difference is 
quite large as reflected by the higher cloud 
base of 2.1 km. Presumably, a cloud base of this 
height is too great, in general, for the severe 
thunderstorm to develop. Thus, the very fact 
that the modelled values of Case C and the 
observed values of Case B differ by such a 
large amount (see Fig. 5) is encouraging. Next, 
the model-generated data based on Darkow’s 
proximity sounding were processed to obtain 
a value of 7.8 Joulo om-2 sec-1 for 4; (see 
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Table 6. Calculated mean values of vertical mois- 
ture jlux density, Mz ,  at selecti,Lte heights 

Comparable values of M ,  obtained by Lin & Martin 
(1972) and by Auer & Marwitz (1968) at z = 3 km 
are also shown. Units: g em2 sec-1 

z Lin & Auer & 
(km) Model Martin’s Marwitz’s 

3.3 23.5 24.1 36.5 
5.7 17.1 
8.0 11.8 

10.3 6.2 
12.7 4.1 
15.0 0.0 

Table 7 and Fig. 5, Case A) accompanied by a 
cloud base of 1.28 lrm. These compare very well 
with the NSSL’s observed sounding data. This 
one case study indicates that  the model is 
capable of discriminating between those en- 
vironments which are mid are not the more 
probable producers of severe thunderstorms 
through a consideration of their respcctive 
humidity fields. We would, indeed, be pleased 
i f  such comparisons were found to  pertain in 
general-a question which will remain unan- 
swered until contemporary in-storm and en- 
vironmental sounding data for other situations 
become available for comparative purposes. 

Thus, although the modelled results are 
fraught with many assumptions, these experi- 
ments a t  least would seem to  indicate that the 
model is capable of delineating certain responses 
between the severe thunderstorm aiid its en- 
vironment which trend in the same direction 
as thosc found in the real world. Whether or 

Table 7. Calculated total latent heat release, Qz, 
in a uni t  column of air in the center of the updraft 
when Darkow’s proximity-sounding defined the 
environmental humidities (Case A ) ,  for the ob- 
served NSSL’s in-storm sounding (Case B ) ,  and 
when Darkow’s check-sounding characterized the 
environmental humidities (Case C )  

Case A B C 

Mean R.H. (x) 80 85 60 

Q E  (Joule sec-1) 7.8 8.1 6.4 
LCL (km) 1.28 1.18 2.10 

A B C  
Pig. ,j. Calculated total latent heat release, Qz, in 
a unit column of air in the center of the updraft 
when Darkow’s proximity sounding defined the 
environmental humidities ( A ) ,  for the observed 
NSSL’s in-storm sounding (B), and when Darkow’s 
check sounding characterized the environmental 
humidities (C). Units: Joule cm-2 sec-1. 

not the absolute magnitude range of 0; which 
we presented constikites a rneaningful delinca- 
tion between the highly probable and the seldom 
occurring scvere thunderstorm is left for time 
to tell. 

I n  order to  examine the influence of various 
“partition ratios” of condensed water vapor, li, 
in each layer on the t,hcrmal structure of the 
model storm, other numerical experiments with 
different valucs of li were also made. Results 
show that the calculated temperature field 
within the main body of the storm’s updraft 
configuration is quite sensitive to  the vertical 
moisture gradients, fig,/&. Tho most suitable 
way to form a “warni-core” structured storm 
at mid-altitudes (supported by many observa- 
tional studies, e.g., Ninomiya, 1971; Henderson, 
1972, etc.) is to  condense a larger amount of 
water vapor in the lower layers of the severe 
thunderstorm. 

4.2. T h e  role of eddy dif fusion processes 
within the subcloud layer 

Eq. (6) was used to calculate the moisture 
field of the subcloud layer using the same 
boundary conditions and parameters employed 
in Case A. However, the diffusion coefficients 
were allowed to  vary among the experiments 
until a wide extreme of values was tested. 

One experiment assumed tha t  both KE= 
K$ = 0, i.e., no diffusion processes are operative. 
Specific humidities under this assumption were 
calculated for each grid point within the sub- 
cloud layer by integrating eq. (6) inward from 

Tellus XXVI (1974), 5 
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the outer boundary, r =rib, to the center. The 
lateral boundary condition of q* was specified 
as previously discussed in Section 4.1, and 
Gq*/& was set equal to zero a t  z = 0. Under 
these conditions, the specific humidity a t  the 
core of the storm (7 =0)  reached its saturation 
value immediately above the ground. Such low 
cloud bases for a severe thunderstorm do not 
fit eithcr the observational evidence of Case B 
or the model deduced values of Case A. 

In  another experiment only the vertical mix- 
ing was assumed to operate, i.e., KE = O  and 
KL = lo8  cm2 sec-l. The low-level saturation in 
the modelled subcloud layer was found to be 
more extreme than they were when the condi- 
tions KE = K t  = 0 were imposed. Other calcula- 
tions such as cloud-base heights, for example, 
were quite similar in both cases. 

Next, only the horizontal mixing component 
was permitted to operate, i.e., KE = 1 O ' O  cm2 
sec-l and KZ, = O .  Somewhat surprisingly, a 
cloud-base height quite close to that found under 
Cases A and B in Table 7 was found. 

Finally, both lateral and vertical mixing were 
permitted to operate when KE was reduced for 
a factor of ten with K$ = lo6 cni2 sec-lremain- 
ing the same as in the other experiments. The 
calculated lateral moisture gradients were found 
to be considerably larger than those reported 
for the observed storm (Case B of Table 7 ) .  

Based on the above experimental deductions 
and observational comparisons, we conclude 
that: 

(a )  Subcloud mixing by turbulent processes 
exerts an important influence on the thermal 
structure of the updraft as well as the moisture 
distribution of the subcloud layer. 

( b )  Horizontal mixing processes play a more 
dominant role than the vertical ones in distribut- 
ing the moisture of the subcloud layer through- 
out the main body of the storm. 

( c )  Values of KE = 1 O l o  om2 sec-l and KL = lo8 
cm* sec-l provide results which best tune our 
modelling experiments to known characteristics 
of the natural cloud. 

( d )  Magnitude ranges of KE and KL appear 
to be highly dependent on the specific cloud 
model under consideration. 

5. Summary and conclusions 

A four-layer, non-entraining model of a severe 
thunderstorm with an axial-symmetric rotating 

Tellus XXVI (1974), 5 

updraft is devised to study various aspects of 
its dynamic and thermodynamic properties. In  
particular, some effects that low-level moisture 
fields and their vertical gradients exert on the 
internal thermal structure of the severe thunder- 
storm are discussed. 

One set of sensitivity studies was performed 
using typical moisture gradients found in as- 
sociation with observed severe thunderstorms 
subsequently developing as input data to the 
model. Another experiment treated those mois- 
ture gradients within the same synoptic area 
as the first set and for which n o  subsequent 
storm did develop. Finally, the horizontal and 
vertical diffusivities for water vapor were al- 
lowed to vary. 

The results indicate that: 
(a )  The vertical moisture gradients within a 

storm's updraft are highly correlated with the 
vertical moisture flux across the cloud base in 
response to surface humidities, lowlevel flow 
patterns and terrain features which encourage 
moisture convergence. 

( b )  The turbulent mixing of water vapor in 
the subcloud layer plays an important role in 
determining the vertical moisture distribution 
of the updraft. Horizontal mixing, in particular, 
constitutes the more effective mixing process. 

( c )  The warm-core structured storm a t  mid- 
altitudes signifies that much of the water vapor 
available to the storm is concentrated in the 
lower layers of the atmosphere. 

Certain climatic studies which might be 
worthy of undertaking can also be inferred 
from these modelling experiments. Among these 
are (1) correlations between the frequency of 
severe thunderstorm occurrences and spatial- 
averaged environmental humidities, (2)  cor- 
relations between observed cloud-base heights 
within an area and the probability of subsequent 
severe thunderstorm occurrences, and ( 3 )  the 
frequency of severe thunderstorms as a func- 
tion of terrain induced horizontal convergences. 
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In  the above 

(A-4) 
421-1- q z i t  1 s. = 

’ 2Az 

From eq. (A-4), we define the value of S,,, as A P P E N D I X  

The treatment of latent heat released by 
cumulus convection 

(-4-5) 

Since the saturation specific humidity, in gen- 
eral, decreases exponentially with height, it  
appears reasonable to assume that the value of 
qtop in eq. (A-5) is zero so that 

In  a “pseudo” adiabatic process, the release 
of latent heat of condensation, per unit mass 
of air during a unit time, in the i th  layer of 
the storm’s updraft is given by 

rQ,1,= - L  -s (2 
For convenience, “partition ratio” of water 
vapor condensed in the layer, l i ,  is introduced, 
i.e. 

An expansion of the right-hand term produces 

where 

as shown in Fig. 3. 

tain 
With the aid of eqs. (A-6) and (A-7), weob- (A-2) 

li q b  8. = - 
’ 2Az and i = 2, 3 or 4. 

Integrating the component Q,, with respect 
to height from the top of the subcloud layer 
( z  = z b )  to the upper boundary of the modelled 
storm ( z  = z t ) ,  see Fig. 1, gives 

Upon combining eqs. (A-4) and (A-8), it gives 

(A-9) 

and 

with 
From eqs. (A-9) and (A-lo), we have 

(A-3) (A-11) 
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and 

( 4 t O P  - 4 7 )  
[4L214 = - Lw, ______ = Lw,S, 

2Az 
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) into (A-3)  yields 

(A-12) 

On the other hand, values of saturation specific 
humidity at even levels ( 2 i )  are linearly inter- 
polated based on  the  relationship 

t o  give 

(A-13)  

Combining (A-Z), (A-11)  and (A-13)  yields 

and 
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( A -  14) 

After inserting (A-12)  and (A-14)  into (A-Z), we 
finally arrive at the  following parameterized 
forms of [&Ii in layers i = 2 , 3  and 4, respectively: 

The above expressions for [Q,li were used t o  
assess the release of la tent  heat of condensa- 
tion by water vapor within the storm's updraft 
configuration throughout this study. 
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