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DYNAMICAL ANALYSIS OF OUTFLOW FROM TORNADO- PRODUCING 

THUNDERSTORMS AS REVEALED BY ATS III PICTURES
1 

by " 
2 

K. Ninomiya 

The University of Chicago 

ABSTRACT 

Detailed synoptic and dynamic analyses of outflow from tornado
producing thunderstorms of April 23, 1968 were made by using conventional 
rawinsonde data combined with A TS III pictures . It was found that the 
pre-existing flow at the cirrus level over storm areas changed dramatically 
into outflow as the storms developed. When the storms reached their 
mature stage, the horizontal dimensions of the outflow increased to 
about 500 km. Detailed analyses of rawinsonde data inside the outflow 
area revealed the existence of a mid-tropospheric warm core accom
panied by a significant field of convergence below the 700-mb surface. 

Quantitative analysis of the thermodynamical and dynamical aspects 
of the outflow field showed that the outflow was induced and maintained 
by convective warming. 

1. Introduction 

In order to understand the dynamical as pects of s evere local storms many 

researchers have tried to describe the three-dimens ional wind fi eld making use of both 

a erological and aircraft data (see Fujita (1963) and Newton (1963 and 1967)). 

It has been pointed out that m e sosca le outflow is found over developed thunderstorms . 

Using a Project Jetstream flight into a squall line of April 23, 1957, McLean (1961) 

obtained an outflow pattern in the layer between 36, 000 and 40, 000 ft over the thunderstorm. 

In the analysis of a huge cumulonimbus, Fujita and Arnold (1963) showed that the anvil 

1 
The research reported in this paper has been supported by the National Aeronautics 

and Space Administration under grant NGR 14-001-008 and the Environmental Science 
Services Administration under grants USESSA E-22-41-69(G) and ESSA E-198-68 (G). 

2
on leave from the Meteorological Research Institute, Tokyo, Japan. 
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cloud grew rapidly from the echo a:i;ea. By using wind data obtained by high-level obser

vation flights, staff members of the National Severe Storms Project (1963) showed that 

the high .level wind speed increased over the lee side of severe storms . The use of both 

aircraft and rawinsonde data, however, is limited for the determi.nation of the outflow 

field as a function of time, because the outflow from the thunderstorms is much smaller 

in area and shorter in life than that of hurricanes. 

Series of photographs obtained by the geosynch~onous ATS satellite have been found 

useful in determining the cloud velocity field. In the spring of 1968, NASA and ESSA 

conducted the Tornado Watch Experiment. On days when severe storms were expected, 

A TS III took pictures at 14 minute intervals . Fujita and Bradbury (19 69) determined 

the mass outflow from a thunderstorm complex on April 19, 1968 by computing the high 

clouds' displacement observed by the ATS III pictures. It is the special advantage of 

ATS observations that the cloud velocity field can be determined during the entire period 

of thunderstorm development. 

In this paper, the upper level outflow from the tornado-producing thunderstorms 

on April 23, 1968 will be analysed both synoptically and dynamically in detail by using 

rawinsonde data combined with a series of ATS III pictures of the Tornado Watch 

Experiment. It is the purpose of the study to clarify the role of the convective warming 

in the dynamical process of the formation of the outflow. 

2. Description of the Severe Storms Synoptic Situation of 23 April 1968 

On the morning of 23 April 1968 there was a moderately developed extratropical 

cyclone over southwest Wisconsin with a weak trough line extending through central 

Illinois, western Kentucky and Tennessee. During the day, the cyclone remained 

nearly stationary and as the trough line moved eastward a secondary low pressure center 

developed. By 1800 CST this secondary low center had become intense and was located 

over eastern Michigan. 

In the mid- troposphere a cut-off cold core (500- 400 mb) was centered south of 

the surface cyclone center during the morning of 23 April. As this cold core moved 

northeastward over the Great Lakes region, it passed over the very moist and warm lower 
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tropospheric air mass which was being advected ahead of the surface trough by strong 

southerly flow. This fits the model for a typical synoptic situation for severe storm 

development described by Fawbush, Miller and Starret (1951). Figure 1 shows the 

conditions that existed at 1200 CST. Surface isotherms and mixing ratios are shown in 

the figure with the 1,000 ft. winds. Also included is the movement of the cut-off cold 

core during the 12-hour period between 0600 CST and 1800 CST. 

The remarkably uns table stratification was brought over southeastern Indiana in the 

early afternoon. The initial development of the thunderstorms occurred between 1100 

CST and 1200 CST. 'The thunderstorms grew rapidly as they moved northeastward with 

the speed of 50-60 knots. The maximum storm activity occurred between 1400 CST 

and 1700 CST, and the activity of the storms continued late into the night of the 23rd. 

3. High-Level Flow Obtained from Cloud Movement 

Detailed analysis of the cloud displacement in the upper layers was made by tracing 

cloud movements from a film loop of consecutive ATS III pictures taken at 14 minute 

intervals. The film loop was put on a "loop movie projector" designed by Fujita and the 

cloud displacem ent between first and last picture represented the cloud m otion during 

that interval of time. The velocity in the cloud layer was assumed to be equal to the 

velocity of the cloud movement. The moist layers were found from rawinsonde observa

tions in the convective layer and also in the higher troposphere. The wind field in the 

higher troposphere was obtained by tracing the movements of high clouds. 

The ATS III pictures and the displacement of clouds for the three stages of the 

thunderstorm complexes, i.e. , the initial stage, the growing stage and the mature stage, 

are presented in Fig. 2, 3, and 4, respectively. Shown in Fig. 2a is the ATS III picture 

at 1100 CST. The bright cloud mass which was located in southern Indiana at this time 

grew explosively into a huge triangle-shaped cloud in two hours as observed in Fig. 3a. 

Fig. 2b shows the cloud displacem ent in the initial s tage of the storms . No significant 

mesoscale difluence flow pattern or mesoscale divergence field is observed prior to and 

in the initial stage of the storms' development. 

The velocity field of high clouds in Fig. 3b s hows a remarkable change from the field 
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two hours earlier. The flow around the huge triangle-shaped cloud became a remarkable 

mesoscale difluence flow. 

As several mesosystems developed successively , the high cloud sheet grew from 

each storm and they formed a large nephsystem as shown in Fig. 4a. This large 

nephsystem is considered to be a large-scale nephsystem rather than a mesoscale one 

because its horizontal scale is about 500 km or more. The cloud velocicy field at the 

time corresponding to the picture in Fig. 4a is shown in Fig. 4b. A mesoscale difluence 

flow pattern is observed not only over each thunderstorm, but also a large-scale difluence 

flow pattern is observed over the whole area of mature thunderstorms. 

It might be questioned whether or not the high clouds' movement does, indeed, 

represent the wind velocity field at a certain isobaric surface. However, a comparis on 

of the clouds' movement with the wind velocity observed by the rawinsonde shows a 

strong correlation. The comparisons made at HTS and BUF for 1800 CST are shown in 

Fig. 5 as examples. We can see that the high clouds' movement coincides almost with 

the wind in the layer between 300 and 200 mb. Of course, the heights of all individual 

clouds are not necessarily uniform. The height difference among these clouds would 

be two thousand meters at most. The height difference would not make, however, serious 

error in the wind velocity estimation in the outflow layer because the vertical wind shear 

in the layer is fortunately small (see Fig. 5 and Fig. 10). Because some irregular 

variation in the velocity field given in Figs . 2b, 3b, and 4b is due to the height difference , 

in all quantitative analyses in this section, the irregularity of the wind field was eliminated 

by areal smoothing. 

In order to describe characteristics of the outflow quantitatively, it is necessar y 

to· evaluate divergence, vorticity and deformation in the outflow layer. The evaluation of 

the mean divergence is made over the areas indicated in Figs. 6a and 6b, where boundary 
....--... ....-.... ,......-..... ,,,--..... 
AB and CD are normal to the stream lines everywhere while BC and DA are parallel to 

the stream lines. The mean divergence in the area is therefore written as 

(1) 
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where V n , is the component of wind normal to the boundary, d s the line element 

along the boundary and S , the dimension of the area. 

Shown in Fig. 6a is the evaluation of divergence over the developing thunderstorm 

complex. The amount of the outflow across the downstream side boundary is 9x106m2sec 1 

while that of inflow across the upstream side boundary is only 2 x 106m2sec1 . The mean 
10 2 -5 -I 

divergence over this mesoscale area (S= 6 x 10 m ) is, thus, evaluated as 12 x 10 sec . 

The evaluation for the mature stage is made over the relatively larger area (Fig. 6b). 

As the dimension of the area is 29 x 10
10

m
2

, the result of this evaluation should be 

considered as the value of the large-scale divergence field rather than that of the meso-
6 2 -I 

scale field. We have 28 x 10 m sec of the outflow across the downstream boundary 

against 7 x 10
6

m2 sec 1 of the inflow across the upstream boundary. In spite of the large 

area for the calculation, the magnitude of the mean divergence is as large as 7 x 10-5 sec I 

The above results indicate that there was strong upward motion just below the outflow 

layer. 

The values of divergence mentioned above are the value of mean divergence defined 
4 2 

in the area whose dimension is on the order of 1 x 10 km and should not be confused 

with the value of the upper divergence over each cumulonimbus. As reported by McLean 

(1961), Fujita and Arnold (1963), and Mats umoto, Ninomiya and Nakagaki (1967), the 

magnitude of the divergence and/or the vertical velocity in a cumulonimbus is larger by 

one order of magnitude or more than the mean value evaluated in a whole s torm area. 

Another interesting feature of the upper level flow pattern is the appearance of 

strong winds along the northwest boundary of the storm area (see Figs. 3b and 4b). These 

strong winds are not only detected by using the c louds' movement but also observed by 

rawinsonde. As found in Fig. 9 of the next section, the wind speed at DAY exceeds 

120 knots even at 500 mb. (The wind observation above 440 mb was miss ing at this 

station.) The vorticity field in the outflow layer was characterized by strong cyclonic 

vorticity to the north of the storm area. The magnitude of the relative vorticity is given 

by 

,. av 
~ - Ks V - on (2) 
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where V , K
5 

, and n are the wind speed, the curvature of the stream Une and the 

distance normal to the stream line, respectively. The evaluation is made along the line - -AG and ah in Fig. 7a for the mature thunderstorm complex. To obtain the smoothed 

wind speed along these lines, the cloud movements used were within two 200 km wide - -· zones centered on AG and ah . The smoothed wind speed and c~lculated relative 

vorticity are presented in the lower part of Fig. 7a. The maximum of the cyclonic and 

anticyclonic vorticity is observed to the north and to the south of the northern boundary of 

the storm area, respectively, because the wind speed is largest along the northern 

boundary as mentioned. 

The deformation field was analyzed in the outflow lay"er. It can be expressed as 

and 

iJV a - as - V Kn 

b - v K +av 
s on 

(3) 

(4) 

where V , Ks , Kn , s and n are the wind speed, the curvature of the stream line, 

the curvature of the orthogonal line to the stream line, the distance along the stream line 

and the distance along the normal to the stream line, respectively. The magnitude of 

deformation is given by 

or 

where e 
calculated as 

d - a cos2e + bsin28 (5) 

ldl~ (6) 

the angle between the axis of dilatation and the orthogonal line, is 

(7) 
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The evaluation of deformation for the mature thunderstorm complex is made along - - -the line K Q in Fig. 7b while smoothed wind profiles along lines A G and a i in 

Fig. 7a are used. Results of the analysis show that the magnitude of deformation in the 

outflow layer is about 6 x 10-5 sec I , and the axis of dilatation is almost normal to the 

streamline. 

It is noteworthy that the axis of dilatation is not parallel to the stream line but 

normal to it. It is also rather hard to assume an elongation towards the lateral direction 

for the isolated cumulonimbus from the growth of the anvil cloud. The remarkable lateral 

elongation or difluence in the upper layer would be the characteristic observed only over 

the group of thunderstorms. 

In order to verify the results of this section, a comparison should be made with 

the results in the following section which were obtained by using rawinsonde data only. 

After 1700 CST as the darkness of the earth's shadow began to cover the eastern part of 

the area under consideration, it became too hard to evaluate the cloud movement. 

Therefore, only the comparison between the results of the analysis for 1600 CST by using 

the ATS cloud data and the results for 1800 CST by using rawinsonde data, is possible. 

The comparison seems, however, to be adequate because the life time of the mean 

outflow, whose horizontal scale is more than 500 km, would be sufficiently longer than 

the 2 hour time difference mentioned above. 

4. Vertical Structure of the Outflow 

Although the detail of the outflow and its growth could be studied by using high 

cloud movements as done in the previous section, the wind field in the layer under t.he 

outflow layer could not be studied by using A TS pictures. This was because the velocity 

of middle and low clouds can not be evaluated beneath dense high clouds. As a result, 

the vertical structure of the wind field in and under the outflow layer was analyzed by 

using the data of rawinsonde observations at 1800 CST. 

A cloud distribution map at 1700 CST and the surface weather map at 1800 CST 

are shown in Fig. 8. Charts for the 250, 300, 500, and 700 mb surfaces at 1800 CST 

are shown in Fig. 9. As its spacing is more than 300 km, the mesoscale field can not 

be amJyzed by using only the regular rawinsonde network. The large scale difluence 
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flow in the upper troposphere, however, was observed clearly around the storm area. The 

strongest difluence is observed on the 250-mb and 300-mb surfaces The difluence 

in the upper level is more clearly recognized in Fig. 10 by comparing the wind hodograph 

at the stations BUF and DIA which are situated on the north and south sides of the center 

of the convective storms. At 300 mb, the difference between the wind direction at BUF 

and DIA is as large as 60°. Fig. 10 also demonstrates the confluence in the lower 

troposphere between 650 and 750 mb. The confluence is strongest at 700 mb. Since the 

convective warm core exists in the layer between 600 and 400 mb, the wind field around 

the thunderstorm complex was characterized by the difluence above the warm core and 

the confluence below the warm core (for an example of a similar wind field, see Matsu

moto and Ninomiya (1967)). 

By using the wind observation at PIT, HTS, GSO, and DIA (see Fig. 8) the mean 

horizontal divergence over the quadrangle area enclosed by these stations is calculated as 

follows: 

(8) 

where L i and Vn i are the length of the side and the wind component normal to Li 

respectively. The dimension of the area, S , is about 10.1x10
4

krn2. The vertical 

distribution of the mean horizontal divergence is presented in Fig. 11. The vertical 

velocity w ( = dP ) is, then, also calculated by using the continuity equation. 
dt 

The result is also shown in Fig. 11. 

Upper divergence exists in a shallow layer between the 300 and 200-mb surface. 

The magnitude of the maximum divergence observed at 250 mb is as large as 7 x io5
sec1

• 

The layer of the horizontal convergence is observed below 700 mb and the mid-tropos phere 

is characterized as the non-divergence layer. The largest upward motion is, therefore, 

in the layer between 700 mb and 400 mb. Above 300 mb, the upward motion decreased 

rapidly and almost vanished at the 200-mb surface. 

Analyses of rawins onde data confirmed the conclusions about the vorticity field 

that were derived from the ATS pictures. It was shown in the previous section that 

the largest cloud velocity was found along the northwestern boundary of the storm area. 
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As seen in Fig. 9, the wind speed at DAY exceeded 120 knots even at the 500-mb surface. 

Since there were no wind observations at DAY above 440-mb, only the values of the 

geostrophic wind velocity above this height can be used. The maximum geostrophic 

wind speed of 130 knots was at 300-mb over DAY. The magnitude of the relative vorticity 

in the area to the northwest and to the southeast of the axis of the strongest wind are 

evaluated by using the geostrophic wind velocity at DAY and the observed wind velocities 

at FNT, PIA, PIT and HTS. The results of the evaluation are presented in Table 1. 

Since the jet stream is located along the northwestern boundary of the storm area, the 

upper tropospheric vorticity field in the vicinity of the storm area was characterized by 

the strong cyclonic vorticity to the northwest of the storm area and the strong anticyclonic 

vorticity over the storm area. 

Analyses of the deformation field using the rawinsonde data verified the conclusion 

of the previous section obtained from the cloud velocity field . The analysis is made over 

the same area inwhich divergence and vertical velocity were evaluated. The magnitude 

of deformation d and the angle ® between the axis of dilatation and the y axis 

(here the calculation is made in the rectangular coordinates) are given as 

d A cos 2 ® + B sin 2 ® (9) 

and 

® = J_ ton- 1 ~ 
2 A (10) 

where 

A ~ ov - ax -ry (11) 

and 

B =fi + * (12) 

The angle between the axis of dilatation and the normal to the stream line, 8 

is obtained from the wind direction and ® . As presented in Table 2 , the magnitude 

of deformation in the outflow layer is as large as that of divergence and the axis of 
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Table 1. The magnitude of relative vorticity in the area to the northwest and to the 

southeast of the jetstream. 

mb 

200 

250 

300 

400 

Northwest 

-5 -I 
10 x 10 sec 

14 

18 

15 

Southeast 

-5 -I 
-7 x 10 sec 

-8 

-8 

-8 

Table 2. The magnitude of deformation, d, and the angle between 1he ebngation axis and 

the normal to the stream line, 8 

mb 

200 

250 

300 

400 

-5 -I 
Id I, 10 sec 

6 

8 

11 

6 

10 

8 deg 

10 

10 

5 

15 



of dilatation is almost normal to the wind direction. 

The conclusions obtained in the quantitative analyses of the upper wind field in 

this section coincide well with the results obtained using the high cloud movements in 

the previous section and support our confidence in the validity of those analyses. 

5. The Warm Core in the Mid-Troposphere 

The most remarkable feature in the thermal field over the storm area was a warm 

core in the mid-troposphere. As seen in Fig. 9, the difference between the temperature 

inside and outside the warm core is as great as 3C or more at the 500-mb surface. In 

addition, Fig. 9 shows high relative humidity within the core, itself. Fig. 12 represents 

the mean temperature sounding in the warm core which was obtained by averaging the 

rawinsonde observations at PIT, GSO, and HTS and clearly shows that the lapse rate 

in the layer between the 700-mb and the 400-mb surface is almost equal to the wet 

adiabatic lapse rate. Since the layer inside the warm core is characterized by high 

relative humidity , a wet-adiabatic lapse rate and strong mean upward motion (see Fig. 11), 

it is infered that the warm core was caused by the release of latent heat in the condensa

tion process. 

Because the thermal gradient of the large-scale field is so strong around the 

cut-off cold vortex (see Section 2) the thermal field of the warm core should be separated 

from the large-scale field. The temperature anomaly in the storm area is expressed by 

~ T = t ( T PIT + T HTS ) - t { T DIA+ T DAY ) (13) 

Since stations DAY and DIA are located just north and south, respectively, of the .storm 

area, ~ ( T DIA+ T DAY) would give the temperature of the large-scale fie ld. The 

vertical distribution of the temperature anomaly obtained by using equation (13) is 

presented in Fig. 13. The figure s hows a temperature anomaly of 2C in the warm core 

between the 600-mb and the 400-mb surface. Above this warm core there is cold air 

3 
An example of a similar temperature field was suggested by Fujita and Byers (1960) 

for a single huge cumulonimbus and another was analysed by Matsumoto and Ninomiya (1967) 
for mesoscale convective storms in wintertime. Yet another analogous situation is the 
thermal structure of the warm core of a tropical cyclone and the associated upper outflow 
(see Yanai 1968) even though there are differences between the wind field of a tropical 
cyclone and that of a severe storm. 
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as seen in the 300 ahd the 250·mb maps in Fig. 8. This cold air is a result 

of the overshooting of convective motions. 

Because convective warming in the deep layer of the mid-troposphere increases the 

layer's thickness between the 700-mb and the 300-mb surfaces, there is local anomaly 

of the geopotential height of the isobaric surface in a warm core. The Laplacian of the 

geopotential height of the isobaric surface, 'V2 cp would be a good indication of the 

geopotential height anomaly because it expresses the curvature of the isobaric surface. 

The vertical distribution of 'V2 cp calculated over the same area on which the temperature 

anomaly was evaluated, is presented in Fig. 13. The figure shows that the maximum of 

the negative value, i.e. , the maximum anomaly, was just above the warm core (c. f. 

Matsumoto, Ninomiya and Akiyama 1967) (for the relationship of the negative value of 

'V24' to the upper divergence iield, see Section 7). 

As mentioned previously, the large-scale thermal gradient is strong to the south 

of the cut-off cold core. As the convective warm core is situated to the southeast of 

the cut-off cold air, the strongest thermal gradient appears to the northwest of the 

s torm area and has a maximum value of 2C/100 km. Although the reverse temperature 

gradient in the southern part of the warm core is partly canceled out by the large-scale 

gradient, still a weak reverse thermal gradient can be seen in the 500-mb surface 

(Fig. 9). 

Hodographs of the geostrophic wind are shown in Fig. 14 for the northside and the 

southside of the storm area. The northside hodograph was obtained by using geopotential 

height at DAY, HTS, and PIT and the southside hodograph was calculated by using 

observations at HTS, PIT and DIA. The figure shows that to the north of the warm core 

the geostrophic wind speed increases rapidly w~th height up to the 300 mb surface. 

Then it decreases with height due to the reverse thermal gradient which is caused by 

warm air over the cut-off cold air and the cold air over the storm area. To the south 

of the warm core , the speed of the geostrophic wind is almost unchanged, but its direction 

varies with height from southerly in the lower levels to westerly in the upper levels. 

The results of the analysis show that the strong wind in the outflow layer along 

the northwest boundary of the cirrus sheet over the thunderstorms, the relatively 

weak wind to the south of the storms, and the difluence flow over the storm (see Fig. 14 
12 ' 



and also Sb and 9) are caused by the characteristic thermal field around the storm area. 

6. Thermodynamical Aspects in the Upper Outflow Layer and the Warm Core 

Several analyses have been made to clarify the role of convective transfer of 

heat and moisture in the thermodynamical process of the atmosphere. In their budget 

analysis of a tropical storm Riehl and Malkus (1961) stressed the role of convective 

transfer (i.e., the hot tower hypothesis), while Matsumoto (1967) and Ninomiya (1968a,b) 

analyzed quantitatively the convective transfer in convective s torms in wintertime. 

In this section the role of the convective transfer of heat and moisture in the 

thermodynamical process in the upper outflow layer and the warm core will be clairfied 

by analyzing the continuity equation of water vapor and the thermodynamical equation 

for the mean motion using the rawinsonde observation data at 1800 CST. For the purpose 

of the analysis, convective terms should be introduced in these two equations. They are 

written as (Ninomiya l 968a) 

(14) 

and 

Cp [ oT + V· VT+ ..L wT - ..R Iw] + Cp ~ w'T' = Lrn* (15) at iJP Cp p oP 

where q is the mixing ratio of water vapor, rn * the condensation amount in the unit 

air mass, R the gas constant, C p the specific heat of the air in a constant-pressure 

process, and L is the latent heat of vaporization. The bar - and the prime ' in 

eqs. (14) and (15) denote the mean value in the area under consideration and the deviation 

from it, r espectively. Since the deviation field is due to the sub-grid size convective motions, 
I -,-, c n --r-:J" 

the terms --g w q and-gr w T represent the vertical convective transfer of 

the water vapor and of the sensible heat, respectively. The mean upward velocity w 
is given as 

_ !Ps 
w = W· V dp 

p 
(16) 
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where Ps indicates the surface pressure. 

It is m ore convenient for the following discussion to rewrite the eqs. (14) and (15) 

as 

and 

Lm* 

where the net increment of the mixing ratio due to the mean motion ( _Q_) q 
8 - 8t 

of the temperature (-1 ) T are defined as 
8t 

( 8~) q = ~ + V· V q + fp w q 

and 

. 1 4 respective y. 

a T + v. v T a -- - B.. w T - o t + op w T Cp p 

(17) 

(18) 

and 

(19) 

(20) 

In the continui ty equation of water vapor, eq. (14), only the terms in the br ackets 

are evaluated by using the rawinsonde observation data, while both fp °Jq' and rn* 

4 
Instead of eqs. (17) and (18), or (15) and (16), 

ag + v · V q + _g_ w q = - m * at aP 
and 

are sometimes used for the m ean field. It is not correct, however, in the convective area 
because the most important process in the distribution of heat energy, i.e . , the convective 
transfer of heat energy, is left out. 
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could not be evaluated with rawinsonde data. A similar situation occurs in the thermo

dynamic equation, eq. (15), where Cp lp w'r' and m * can not be evaluated with 

rawinsonde data, either. In order to evaluate separately the vertical convective transport 

of water vapor and heat , it is necessary, therefore, to know the vertical distribution of 

the amount of condensation. As we do not have the necessary information on the 

vertical distribution of m ~the equation of total heat e~ergy is used instead, which is 

obtained by multiplying eq. (14) by L and adding eq. (15) as 

Cp [ gtT + v. VT + _Q._ WT - R WT ] 
v oP Cp p 

(21) 

+ L[ ~~ + v·v q + 0°P wq ] + 0°P [ cpw'T' + Lw'q'] = o 

or 

c (_E!) T + L ( 8 ) - + 
p 8t 8T q 0

°p [ Cp w'r' + Lw'q'] - 0 (22) 

. a [ -, , -, , J <2 > <22> The convective term 
0 

p Cp w T + L w q in eq. 1 or can be 

evaluated as the residual term once the mean terms are evaluated by using the rawinsonde 

observation data. The evaluations are made in the quadrangle bounded by the four rawin

sonde stations PIT, HTS, GSO and DIA. The mean horizontal divergence of water-vapor 

flux and sensible heat flux are calculated as 

V · V q = -5
1 I Vn. q. L i 

j:I I I 

and 

I 4 
Cp V· VT = Cp-8 l: Vn .T. Li 

. I I I •= 
where Li is the length of the side, Vn 

1 
the wind component normal to Li and q 1 

and Ti a re the m ean value of q and T along LI respectively. The dimension of 

the quadrangle, S, is about 10. 1x10
4

km2 . The value of the mean vertical velocity 

w given by eq. (16) and the areal averaged values T and q are used to 

calculate lp w T ~ wpT and a"p w q The terms involving local time 
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change in eq. (21) in the layer below 800 mb are evaluated by using the surface observa

tion both in plain and mountainous areas and these terms in the layer above 800 mb are 

calculated by using the space-time transformation technique, 

_Q__ -at -CL as 

where C and S are the propagation velocity and direction of the system. 

(23) 

Thus the evaluated magnitude of each mean term in eq. (21) is integrated in 

each layer between two isobaric surfaces. The results
5 
of the evaluation are presented 

in Figs. 15 and 16. 

Once the vertical distribution of [ Cp ( ~{ ) T + L( fr) q] is obtained, 
I ,, '') the value of -g ( CpwT+ Lwq _ can be obtained at an arbitrary pressure 

surface by integrating [ Cp( 
8
81) T + L(tt ) q] from the top of the outflow 

layer to the pressure surface with the boundary condition that the convective transfer 

vanishes at the top of the outflow layer P 1 as 

(24) 

The results are also presented in Fig. 16. 

The most interesting features of the vertical distribution of [ Cp( a~' ) T + L( ~t ) q] 
are its large positive value in the upper troposphere and its negative value in the_ lower 

troposphere (c. f., Matsumoto 1968). Eq. (22) and Fig. 16 show that the net increment 

of the total heat energy in the upper outflow layer is balanced by the vertical convergence 

of the convective transfer of the heat energy. The results of the analysis show that the 

large amount of convective transfer of heat energy across the base of the outflow layer 

thermodynamically maintains the mean motion in the outflow layer. 

5 
Since V · V Ta +at w Ta is zero for an arbitrary constant Ta , 

the value of the three dimensional flux divergence V· VT + Jp wr is equal 
to V·V( T -Ta)+Lw(T-Ta) • In Fig. l{"the values of 
V·V (T-220) and0P ..Q...w (T-220) are presented instead of the 

values of V·VT and g_ w'f" oP to simplify the discussion. The mean 
air temperature at the 200-mi9~urface is approximately 220 K. 
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Previously, it was mentioned that the net increment of the total hea~ energy appears 

in the outflow layer and that the large amount of heat energy is transported into the 

outflow layer by the convective motion. The following discussion would explain the physical 

meaning of the results of the heat energy budget analysis in the outflow layer. 

The equation of total heat energy eq. (21) is expressed by using the equivalent 

potential temperature
6 Be = .,, ( T + ~P q ) where 1T indicates 

( 1ogo ) K and then integrating from the bottom of the outflow layer p
1 

to 

the top of the layer P2 

p - p 
S1.P r 2 dfi..e dp + ~ r 2 

W· V Be dP + .fE Bew 
gJP o t g JP g 2 2 

I I 

(25) ' 

(Both the mean upward motion w and the convective transfer -%' B;w' vanish at 

the top of the outflow layer.) In order to simplify the discussion, eq. (25) is rewritten with 

the aid of eq. (23) and the continuity relation 

(26) 

as 

In eqs. (26) and (27), f\ indicates the vertical mean value in the outflow iayer 

and ~p is defined as p
2
- p

1 
. Since the magnitude of the second term in eq. (27) 

is two or three times greater than that of the first term, the second term seems to be 
A 

balanced mainly by the third term of eq. (27). The difference between Be , the 

mean equivalent potential temperature in the outflow layer, 

6For the small value of the mixing ratio, the equivalent potential temperature 

a =.,, T exp ( L q · ) is written as Be= .,, T ( I + .L9_) 
e . ~ c~ 
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and Be , the equivalent potential temperature at the base of the layer, is positive 
2 

and its value is SK in the area under consideration. Thus we have approximately 25 ly hour 1 

for the second term since the mean divergence in the outflow layer is 5 x 10-
5 

seZ" 
1 

. In 

other words, the horizontal out-flux of equivalent potential temperature from the storm 

area associated with the horizontal mass divergence in the outflow layer is larger than 

the amount of the mean upward transfer of equivalent potential temperature across the base 

of the outflow layer because 0 Be is n egative in the layer. (The difference 
~ . ap~ -

between ~ and Be , l. e. 8e- Be in eq. (27), is expressed as 
/\ 2 2 
18~- Be

2 
,..., ~(Bet B62)-Be

2 
~ ..., ~ fp- Be ~p ) The difference 

between the horizontal outflow of total heat energy and the mean vertical transfer of the 

heat energy into the outflow layer is supplied mainly by the convective transfer of the 

heat energy. Likewise it is easily shown that the convergence in the lower troposphere 

should increase the convective transfer of water vapor (Ninomiya 1968b). 

At the end of this section, the value of the convective transfer in Figs. 15 and 16, 

which i s evaluated as the residual terrh in the budget calculation, should be related to 

the characteristic thermodynamical quantities of the convective motion. As shown in the 

Appendix, we can express the convective transfer of total heat energy as 

I ( -,-, -,-, 
-g CpwT+Lwq) 

where 0(: is the area ratio of the convective upward motion, We 

(28) 

the convective 

upward velocity, ~c T and L'.\q are the convective excess temperature and excess 

mixing ratio, respectively. Although we do not have precise information about ~c T 
and ~cq , 2K of the excess temperature and 2gm k£ 1 of the excess mixing ratio have 

not been considered unusual (see for instance, Fujita and Byers 1960, Matsumoto, 

Ninomiya and Nakagaki 1967). As mentioned in section 4, the mean vertical velocity in 

the mid-troposphere is about 25 mb hour- I. By using these values in eq. (28), the 

magnitude of the convective transfer of the heat energy is evaluated to be approximately 
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40 ly hour-1. This value coincides rather well with the value of the convective transfer 

obtained from the budget calculation and indicates the validity of the budget calculation. 

7. Dynamical Aspects of the Upper Divergence 

In this section some dynamical aspects of the wind field of the large scale upper 

outflow will be analysed. Since the wind field in the upper outflow layer is characterized 

by strong divergence, it is appropriate to use the divergence equation instead of the 

momentum equation for discussing the dynamical mechanism of the outflow. The 

divergence equation relevant to the mean motion in the outflow layer is written as 

a D a D ( aw au aw iJ v ) 
a-t+V ·WD +w ap +ax iJP +ay ap 

I _2 _2 -2. _2 _ "' 
+ 2 ( D + A + 8 - ~ ) - f ~ + '\/2 

.,., (29) 

+ [w' ao' +_I 0 f- J = 0 ap 2 

where D is divergence, ~ 

8 =av +d!L ax ay 

is relative vorticity, and A _qg__dJL - ax ay and 

are deformations (see Matsumoto, Ninomiya and Akiyama 

1967). The bar - and prime ' are used in the same way as in eqs. (14) and (15) in 

section 6. The convective term in eq. (29), to be precise, should be 

[w' iJD' + ( ~.d...!L + ~.Qj[__) +-1 (D~+ r:/+ ef -7) ] ap oxap ay ap 2 

Although we do not have enough information on these correlation terms, it is inferred 
'00' ~ from the dynamical nature of convective m otion that w a p and D are 

the most important. 

[ ,ao' 1 '2 ] Thus, in the divergence equation, eq. (29), w a p + 2 D is introduced 

as the most important of the convective terms. The mean terms in eq. (29) are evaluated 

over the storm area by using rawinsonde observation at 1800 CST. (The time-space 

transformation technique given in eq . (23) was applied to the first term of eq. (29). ) 

The estimated value of each mean term over the storm area is given in Table 3. 
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Table 3. The estimation of the divergence equation (unit = 10-8 sec-2 ) 

w ao ap 

aw av a~ au ax-ap- - ay ap 

I _2 _2 -2 -2 
y( D +A + B - ~ )-f ~ 

300 mb 

0. 1 

0.3 

0.1 

0.6 

-1.9 

250 mb 

0.3 

0. 0 

0 . 0 

0.8 

-1. 0 

On the 250-mb surface, the surface of maximum diver~nce , the main terms of 

eq. (29)are 'V2 </> , ~~ , V·VD and[t(D + A2+F--r2
) -t1] 

Both the twisting terms and w ~ ~ are negligibly s mall on this surface. It 

should be emphasized that the large scale divergence in the outflow layer is due to the 

negative value of 'V2 cp which is caused by the convective warming in the midtroposphere . 

The eddy terms in eq. (29) could not be evaluated directly by using rawinsonde 

observation and so were evaluated as the residual term$. The value of [.w, aao' + __L o'2] 
-8 -2 p 2 

was 0. 1 x 10 sec . This value is smaller than the value of '\12 cp by one 

order of magnitude , and hence the role of the convective eddy terms seems to be less 

important at the 250-mb s urface than on the surface of maximum '\12 cp , the 300-mb 

surface, where the role of the convective eddy terms seems to be significant because the 
-8 -2 

estimated value of the eddy terms is 1. x 10 sec , which is obtained by the residual 

calculations. This large value of the convective eddy terms on the 300-mb surface is 

the reason why the maximum divergence appears in a higher level than the level of the 

maximum of the negative 'V 2 cp 
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The vertical distribution of the magnitude of the convective eddy terms, which 

is estimated in the residual calculation, is related to the dynamical property of the 

convective motion. As explained in the appendix, the convective eddy terins are written 

as 

I --;2 
- D '.::::'. 2 (30) 

and 

, a D' !:::! w ( a De _ a Dt ) 
w ap - a P a P (31) 

where De and Df are the divergence in and out of the upward convective motion 

respectively. Although we do not have much information on the convective motion in 

higher levels, still some qualitative aspects of the eddy terms can be discussed. It 

can be inferred that we is almost constant in the mid-troposphere because the 

mean vertical velocity w = oC we+ Of w f is almost constant and 

therefore D D and also oDc will be almost zero. Above 400 mb, , c (}'j) 
De increases with height up to the middle of the outflow layer. The difference between 

De and Dt on the other hand, becomes rapidly smaller with height due to lateral 

mixing. The mean vertical velocity O and also mean divergence w vanish at the top 

of the outflow layer. Therefore, the values of the convective eddy terms are small in 

the mid- troposphere and increase with height. The maximum will be somewhere in 

the lower part of the outflow layer and will vanish at the top of the outflow layer. · Since 

and De are larger than w and D respectively, by one order of 

magnitude, eqs. (30) and (31) indicate that the maximum value of the convective eddy 

terms will be 108 sec-2 . 

The convective eddy terms in the divergence equation, eq. (29), correspond to 

those in the momentum equation. For example, the considerably large magnitude of 

' ~ D' w FP"- in eq. (29) suggests the strong vertical convective transfer of the 

horizontal momentum, which has been considered one of the important mechanisms of 

severe storm development (see Newton (1963), and Matsumoto and Ninomiya (1969)) . 
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8. The Influence of the Convective Warming on the Mean Vertical Motion in the Storm 

Area 

There were several ways to analyze the influence of the convective warming on the 

wind field. Manabe (1956), for example, analysed the change of the potential vorticity 

in the large scale field due to the released latent heat in the area of intense precipitation. 

Solving the w - equation which included the terms of diabatic heating, Danard (1964) 

also showed the influence of the released latent heat on the large-scale wind field. He 

estimated the amount of diabatic heating by using the amount of condensation which was 

evaluated from the kinematically computed vertical velocity. 

In the case presented here, the influence of the convective warming on the mean 

upward motion will be analysed by means of the w - equation. When the vorticity 

equation and the thermodynamic equation are combined to eliminate the terms of time 

change of the geopotential and temperature, the familiar w - equation is obtained, 

+ B__I V2( 80 ) 
Cp p 8 f 

where er . is defined as - a a~ In 8 and (~) 8t 

(32) 

is defined as diabatic 

heating for the mean motion. The vertical motion caused by the third term and the last 

term are the thermally and dynamically forced upward motion, respectively. 

In order to clarify the discussion, the thermally and the dynamically forced upward 

motion should be analysed separately . . We will evaluate the thermally forced upward 

motion by using the w - equation which involves the term of the diabatic heating, 

+ _B__I v2(8Q ) = O 
Cp p 8 t (33) 
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As already discussed in section 6, the diabatic heating for the mean motion 

defined as 

( ]_Q_) Cp [ oT + V·VT+ LwT R 1-- ] - --wT 8t at ap Cp p 

- L m* - cp -1._ cJr' ap 

(34) 

where m *mea ns the amount of condensation per unit mass of the air. It is important 

to note that the diabatic heating for the mean motion is caused not only by the release 

of the latent heat Lm*but also by the vertical convergence of the convective transfer 
a , , 

of the sensible heat Cp 
0 

p w T 

In order to evaluate the mean vertical velocity, the w - equation, eq. (33) was 

rewritten in the form of simultaneous linear equations of w at each grid point, w1 • k 
1J I 

by using the grid system shown in Fig. 17, where the area of the diabatic heating is 

indicated by stippling. The amount of the diabatic heating in each layer evaluated 

over the storm area in section 6 is adopted as the amount of diabatic heating in the 

is 

heating area. Adiabatic motion is assumed outside this heating area. It was also assumed 

that the mean vertical velocity w vanishes at the lateral boundaries of the volume over 

which calculations are performed and on the 1000-mb and 100-mb surfaces. The values 

of w were obtained by solving the simultaneous equations. The horizontal divergence 

at each grid point was also calculated from the vertical velocity by using the continuity 

equation. The results for the center of the heating area are presented in Fig. 18. A 

comparison of these results (Fig. 18) with the mean vertical velocity and divergence 

obtained kinematically from the observed wind (Fig. 11) verifies the fact that the 

vertical velocity and the divergence obtained by solving eq. (33) show the .characteristic 

features of the vertical distributions of the upward velocity and horizontal divergence 

in the storm area. The results indicate that the strong upward motion in the warm core 

and the remarkable high level divergence over the warm core are mainly induced and/ or 

maintained by the convective warming. 

Lastly we will study the dynamically forced vertical motion in the storm area 

by using the w - equation for adiabatic motion 
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(35) 

It should be noted that the dynamically forced vertical motion is also influenced by 

the convective warming because the wind velocity and the vorticity, which are involved 

in the last term of eq. (35), have been modified in the vicinity of the warm core as 

shown in sections 4 and 5. In order to simplify the discussion, eq. (35) is rewritten 

by using the geostrophic wind approximation 

aVJ ·V(f+C) a P 
(36) 

In rewriting the equation, the terms which are insignificantly smaller than the term 

in the right side of eq. (36) are dropped. Since the left side of eq. (36) is negatively 

correlated with w itself, eq. (36) indicates that upward motion tends to occur in the 

region in which the thermal wind blows from the area of the maximum absolute vorticity 

to the area of the minimum vorticity and vice versa (Eliassen 1964). 

It was shown in section 4 that the core of strong cyclonic vorticity is located to 

the northwest of the storm area and that the thermal wind is very strong along the 

northwestern boundary of the storm area. Therefore, the downward and upward motion 

are induced dynamically behind and ahead of the core of the cyclonic vorticity , respectively. 

This downward motion seems to intensify the dry area in the rear of the storm area. 

(see the 700-mb map in Fig. 9). 

Although the core of anticyclonic vorticity was located within the storm area as 

mentioned in section 4, the dynamically forced vertical motion in the storm area was 

weak because the thermal wind was very weak in the storm area. 

9. Concluding Remarks 

On the upper level outflow and the midtropospheric warm core over the tornado

producing thunderstorms of April 23, 1968, a detailed synoptic and dynamic analysis 
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was made by using the conventional rawinsonde data combined with A TS HI pictures obtained 

by the Tornado Watch Experiment of 1968. 

The main results are summarized as follows: 

1) No unusual mesoscale divergence in the upper level was found in the period 

prior to the development of the thunderstorms. 

2) The velocity field of high-level clouds obtained by using the series of ATS 

pictures revealed the existence of mesoscale outflow from the developing thunderstorms. 

The magnitude of the mean divergence evaluated in the area whose horizontal dimension 
4 2 -4 -I 

was on the order of 10 x 10 krri was about 10 sec . 

3) As the number of the developing thunderstorms increased, the mesoscale 

outflow patterns modified the general flow and a large-scale outflow pattern was formed 

over the storm area. 

4) A warm core was observed in the mid-troposphere beneath the large-scale 

outflow. The high humidity and also the strong upward motion in the warm core suggest 

that the warm core was due to the convective warming. 

5) The wind field in the storm area was characterized by strong divergence and 

difluence above the warm core and also by strong convergence below the warm core. 

6) The warm core intensified the thermal gradient to the northwest of the 

storm area. As explained by the thermal wind equation, the strong thermal gradient 

causes in part the strong vertical wind shear and strong wind observed to the northwest 

of the storm area. 

7) Heat budget analysis indicates that the large amount of diabatic warming was 

necessary to maintain the mean motion in the outflow layer. This diabatic warming was 

due to the upward convective transfer of heat energy across the base of the outflow layer. 

This convective transfer was caused mainly by the convergence of water-vapor flux in the 

lower troposphere. 

8) The dynamical aspects of the large-scale upper outflow was studied by using 

the divergence equation in the upper layer and also by using the w - equation with 

diabatic heating. The strong mean upward motion in the mid-troposphere and the strong 

mean divergence in the upper outflow layer were induced and maintained by the convective 

warming in the storm area. 
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APPENDIX 

THE CONVECTNE TRANSFER IN THE MEAN FIELD 

The ratios of area of the core of upward convective motion and that of area outside 

of the core are denoted by oC and o-f respectively. The values inside and outside 

of the core are indicated by the suffixes c and f . The areal mean is denoted by a 

bar- and the deviation from the mean by a prime ' 

we have 

and 

a = 

According to the definition 

(A-1) 

(A-2) 

(A-3) 

where w is vertical velocity and a is an arbitrary scalar quantity. The total upward 

transfer of the quantity 0 is written as 

(A-4) 

or 

(A-5) 

or 

(A-6) 
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Therefore the eddy term is written as 

(A-7) 

(see also Yanai (1964), Matswnoto (1967) and Ninomiya (l 968a)). As the we is one 

order of magnitude or more larger than w and as the mean upward motion is mainly 

due to the convective motion, eq. (A-7) is roughly 

(A-8) 
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1000 FT. WIND, 
SURFACE TEMP. S 
MIXING RATIO 

1200 CST 

Fig. 1. Surface temperature ( C, thin line), mixing ratio (gm. kg
1 

, thin das hed line) and 1,000-ft winds at 1200 CST, 23 April 

1968. The storm (tornado and hall) areas r eported between 1200 CST and 1500 CST are indicated by the stipple. The movement 

of the cut-off cold core is a lso shown in this figure. The isotherms at 400 mb are drawn with thick solid lines. 
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90W 85W 80W 

45N 

40N 
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30N 

ATS m 23 APR 1968 1100 CST A 

CLOUD MOVEMENT 

-

8 

Fig. 2(A). A digitized ATS Ill picture at 1100 CST, April 23, 1968. 

Fig. 2(B). The velocity field of clouds for the initial s tage of the thunder

storm complex. The clouds' movements are obtained for a 41-min period 

from 104 7 to 1128 CST. The figures indicate the wind speed (knot). The 

distribution of c louds (area of thin stipples) and radar echoes (area of dense 

stipples) is for 1100 CST. 
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90W 85W sow 
45N 

40N 

35N 

30N 

ATS III 23 APR 1968 1303 CST A 

CLOUD MOVEMENT 

B 

Fig. 3(A). A digitized ATS III picture at 1304 CST, April 23, 1968. 

Fig. 3(8). The velocity fi e ld of clouds for the growing s tage of the thunder

storm complex. The clouds' movements are obtained for a 41 -min period 

from 1236 to 1317 CST. The dis t ribution of clouds and radar .echoes is for 

1304 CST. 
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ATS III 23 APR 1968 1605 CST 

CLOUD MOVEMENT 

HIGH CLOUD 

MIDOLE or 
LOW CLOUD 

"'{ .. . .. 

.... IOW 

Fig. 4(A). A digitized A TS lll picture at 1605 CST, April 23, 1968. 

A 

B 

Fig. 4(B). The velocity field of clouds for the mature stage of the thunder

s torm complex. The clouds' movements are obtained for a 41-min period 

from 1538 to 1619 CST. The distribution of clouds and radar echoes is for 

1605 CST. 
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DIVERGENCE 
IN OUTFLOW LAYER 

HTS 

50 JOO KNOTS 

BUF 

50 100 KNOTS 

Fig. 5. The comparison between wind speed and velocity of high clouds in the 

neighborhood of the radiosonde station, HTS and BUF. 
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Fig. 6(A). Divergence in the outflow layer of the thunders torm complex in the growing stage. Calculation i s made by using the 

high clouds ' movements for a 41-min period from 1236 to 1317 CST. 

Fig. 6(B). Divergence in the outflow layer of the mature thunderstorm complex. Calculation is made by using the high clouds' 

movements for a 41 -m in period from 1538 to 1619. 
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RELATIVE VORTICITY 
IN OUTFLOW LAYER 
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Fig. 7(A). Relative vorticity calculated along the line AG and the lineOh by using the high clouds' movements for a 41-mtn period 

from 1538 to 1619 CST. 

Fig. 7(8). The deformation field In the outflow layer evaluated along the line KP by using the high c louds' movements for a 41-min 

period from 1538 to 1619 CST. 
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CLOUDS AND 
RADAR ECHOES 

1700 CST APR 23, 1968 1800 CST, APR 23, 1968 

Fig. 8. Left: Distributions of clouds (indicated with thin stipples) and radar echoes (indicated with dense stipples) at 1700 CST, 

April 23, 1968. Right: The surfacw weather map at 1800 CST, April 23, 1968. Isobars , isotherms and isollnes of mixing ratio are 

indicated by thin solid, solid and dashed lines, respectively. The isollnes of the hourly precipitation amount (mm hour 1) ending at 

1800 CST are shown by the heavy sol!d lines. 
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Fig. 9. 250, 300, 500 and 700 mb charts at 1800 CST, April 23, 1968. Heigllt contours, isotherms and isolines of mixing a re 

indicated by thin solid, solid and das hed line, respectively. 
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• SOUTHERLY 
50--t"""--

KN OTS 

250 

Fig. 10. Wind hodographs at BUF and DIA for 1800 CST, April 23, BUF and DIA were situated to the north 

and to the south of the storm area at the time. Note that the maximwn difluence is at the 300-mb surface anc' 

the maximum confluence is at the 700-mb surface. 
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Fig. 11 , Venical dis tri bution of the horizontal divergence and the vertical velocity calculated by using the 

upper wind data at PIT, HTS, GSO, and DIA for 1800 CST, Apri.~ 23. 
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Fig. 12. The mean sounding in the warm core obtained by averaging the 

radiosonde observations at PIT, GSO, and HTS for 1800 CST. 
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Fig. 13, Verti~al distributions of the temperature anomaly in the warm 

core and '11 2 </> ca lculated in the area of thunderstorm complex. 
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Fig. 14. Hodographs of the geostropMc wind in the north and the south side of the storm area. 
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Fig. 15. Total heat energy budget over the mature thunderstorm complex. 
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Fig. 16. The net increment of the toal heat energy for the mean motion in each layer over the mature thunders torm 

complex t J [ Cp( :; )T + L( 
8
8t Jq) dP 

and the convective transfer of total heat energy I ' ' ' ) -w (CpT + Lq g 
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Fig. 17. The grid syst em us ed for solving eq. (34) and the vertical dis tri-

bution of diabatic heating { ~ ) In the storm area. 
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Fig. 18. The mean vertical mot ion and m ean horizontal divergence forced thermally 

due to convective warming . 
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