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MESOSCALE MODIFICATION OF SYNOPTIC SITUATIONS 

OVER THE AREA OF THUNDERSTORMS'DEVELOPMENT 

AS REVEALED BY ATS III AND AEROLOGICAL DATA1 

by 

K N. . 2 ozo monuya 

The University of Chicago 

ABSTRACT 

Synoptical and dynamical aspects of the development of the tornado
producing thunderstorms of April 23, 1968, were studied by combining 
conventional observation data with ATS III pictures, with special 
emphasis on the interaction between the thunderstorms and large -
scale field. 

Results of the analysis revealed a significant modification of 
moisture, thermal and wind fi elds in the vic inity of the area where 
storms developed. The formations of the large-scale cloud band and 
moist tongue were due to the mesoscale convective disturbances 
that developed along the frontal zone. It was concluded that the 
formation of a mid-tropospheric warm core accompanied by a strong 
upper outflow was the result of a process of so -called convective 
warming. 

Results of the analyses suggested that both the jet stream and the 
core of positive vorticity to the left of the jet stream were formed 
by the increased thermal gradient to the left of the warm core. 
It was inferred that the modified thermal field and vorticity field 
forced downward motion and produced the dry area to the rear of 
the storm area. 

Another characteristic aspect brought out by the analyses was 

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

Science Services Administration under Grant ESSA E-198-68-(G) and the National 
Severe Storms Laboratory under Grant USESSA E-22-41-69-(G). 

2 
On leave from the Meteorological Research Institute, Tokyo, Japan. 



the intensification of a low-level jet stream. The downward convective 
transport of the horizontal momentum in the shear flow intensified 
the low-level jet. The low-level jet increased the convergence of the 
water-vapor flux ahead of the jet, thus maintaining the activity of 
thunderstorms. 

1.. Introduction 

2 

Synoptic conditions faborable for the development of severe local storms have 

been described by many authors. According to Fawbush, Miller, and Starret (1951) 

and Newton (1963 and 1967) these conditions can be summarized as follows: 

(1) potential convective instability, (2) availability of abundant moisture in the lower 

layer within a relatively narrow band (i.e. , a moist tongue) with dry air aloft, 

(3) strong wind bands in the lower and upper levels and (4) some mechanism than can 

trigger the release of instability. 

Although these situations are observed in most cases of severe storm development, 

the physical link whereby the large-scale conditions and the development of the 

mesoscale storm are related is still poorly understood. For example, the strong 

wind aloft over a storm area sometimes is considered to be a result of convective 

activities rather than the cause of storm development. Without special observational 

data, a precise discussion of such a mutual relation between large-scale and mesoscale 

phenomena would be difficult, because both the life time and the horizontal scale of 

the latter are so small compared to the frequency and the density of the conventional 

rawinsonde observations, respectively. 

In the spring of 1968, NASA and ESSA conducted the Tornado Watch Experiment. 

On days when severe storms were expected, ATS III took pictures at 14-minute intervals. 

The tornado-producing thunderstorms of April 23, 1968, were selected as part of the 

experiment. 

In this paper, a detailed synoptical and dynamical analyses on the development of 

the thunderstorms of April 23 will be made to clarify the physical interaction between 
' 

large-scale phenomena and thunderstorms by using conventional rawinsonde data 

combined with ATS III pictures. 



2. Synoptic Weatrer Situation of April 23rd 

This section will be concerned with the synoptic situation of April 23, 1968. 

The surface, the 850-mb and the 500-mb weather maps at 0600 CST and 1800 CST 

on April 23, 1968, are shown in Fig. 1 and Fig. 2, respectively . As seen in Fig. 1 
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a moderately intense cyclone was situated over southwestern Wisconsin on the 

morning of April 23 and a cold front extended to the southwest of it. During the day, 

the cyclone moved slowly at 15 knots northeastward. While the cold front moved eastward, 

a secondary low-pressure center developed over eastern Michigan (see Fig. 2). 

In the lower troposphere (see 850-mb maps in Figs. 1 and 2) there was a narrow 

zone of warm and moist air which was advected from the Gulf ahead of the cold front 

by a moderately strong southern air flow. There was a mid-tropospheric cut-off cold 

air mass to the east of the cyclone which initially severed from the main cold air-mass 

in the evening of April 22. While the main cold trough aloft moved very slowly, the 

cut-off cold core moved northeastward at 40 krots (see 500-mb maps in Figs. 1 and 2) . 

As the cut-off cold core moved over the Great Lakes region, it passed over the moist 

tongue in the lower layer. Remarkably unstable stratification, therefore, occurred 

over Indiana and Kentucky in the early afternoon of April 23. The initial development 

of the thunderstorms took place before noon over Indiana and they grew rapidly as they 

moved northeastward at 50 knots. 

Fig. 3 contains the ATS III pictures at 0908 CST, 1155 CST and 1605 CST, April 

23. The cloud vortex accompanying the cyclone was located towards Lake Michigan. 

A large-scale cloud band was found over the moist tongue in the lower troposphere. 

The cloud systems of the thunderstorms, which were observed as the bright cloud masses 

over Indiana at 1155 CST, grew quickly into a large cloud mass in a few hours. At 1605 

CST, a huge triangle-shaped cloud mass from the thunderstorms was located to the 

south of Lake Erie. 

During the 12-hour period from 0600 CST to 1800 CST, April 23, the remarkable 

changes in the ·thermal - wind field took place in the vicinity of the storm area. 

There was a warming area at the 500-mb surface at 1800 CST over the stonn area and 

concurrently the mid-tropospheric jet stream formed to the northwest of the storm area. 



In the lower troposphere (see the 850-mb map in Fig. 2), there was a low-level jet 

in the storm area at 1800 CST. 
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A schematic summary of the general situation of the day is presented in Fig. 4. 

The movement of the cyclone and the cold front at the 850-mb surface, the movement of 

the cut-off cold core, ad he rnoJemert of the thunderstorms are indicated. The position of 

the axes of the upper-tropospheric jet stream at 0600 CST and at 1800 CST April 23 

are also indicated in Fig. 4. As can be seen, the wind field in the upper troposphere 

changed remarkably during the developing and mature stage of the thunderstorms 

(see also Fig. 18 in section 6). 

In the following sections, we will discuss the detail of the characteristic 

aspects of the thermal - wind field mentioned above. 

3. The Role of the Cut-off Cold Core in the Thunderstorms' Development 

a. Thermal Structure and Movement of the Cut-off Cold Core 

It is well known that the development of severe storms is usually accompanied 

by the approach of a predominant cold air-mass aloft of a cold trough or a cut-off cold 

vortex (Fawbush, Miller and Starrett, 1951). As observed in Figs. 1 and 2 in the previous 

section, the cut-off cold core at the 500-mb surface was rather weak . We can, however, 

recognize the cold core more clearly by analyzing the thermal field at the 450-mb surface. 

Shown in Fig. 5 are the wirrll and thermal :fields at the 450-mb surface in the vicinity 

of the cold core at 0600 CST. Figure 5 also shows the 300-mb thermal field and the 

pressure at the tropopause. In Fig. 6 the 450-mb and the 300-mb thermal fields at 1800 

CST are presented. As observed in these figures, the cold core was quite intense 

at 450-mb. Although both the horizontal and the vertical ocales of this cold core are 

much smaller than those of the typical cut-off cold vortex as studied by Newton and 

Palmen (1963), b::th Sx>wed the characteristic thermal structure of the cut-off cold vortex, 

i.e., the warm air mass at 300 mb and the depression of the tropopause above the cold 

core (see Figs. 5 and 6). (For similar cases of small cold vortices, see Matsumoto 

and Ninomiya (1967). ) 
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The movement of the cold core and the change of the minimum temperature in 

the core are to be noted next. At 1800 CST, April 22 , the eastward elongation of the 

cold air mass in the main cold trough, i.e. , the indication of the cut-off, occurred 

over west Kansas. The movement of the cold core can be traced by tracing the center 

of the minimum temperature at 450 mb and that of the maximum temperature at 300 mb 

as shown in Fig. 6. While the main cold trough moved very s lowly, the cut-off cold 

core moved northeastward at 40 kn::ts. The minimum temperature of the cold core 

at 450 mb increased from - 33°C to -27°C during the 12-hour period from 0600 CST 

to 1800 CST, April 23. This rapid increase of the temperature of the cold core indicates 

its rather rapid degeneration. 

b. Influence of the Cut-off Cold Core on the Thunderstorms' Development 

One of the influences of the cold core upon the thunderstorms ' development 

is the thermal one. The cold advection in front of the cold air mass aloft, or, in 

other words, the decrease of the mid-tropospheric air temperature due to the 

passage of the cold core, over the moist tongue in the lower troposphere is a destabilizing 

factor. On the 500-mb maps in Figs. 1 and 2 of section 2, the area in which the difference 

between the equivalent potential temperature at 500 mb and that at 850 mb, i.e. , when 

/:::,. e e = Be - Be is less than 2°K WE indicated by the stippled area. 
500 mb 850mb 

There was the unstable stratification under the cold core. Indeed, there were intense 

thunderstorms over eastern Michigan under the cold core during t~ afternoon and the 

evening of April 23. 

Another influence of the cold core upon the thunderstorms ' development is the 

dynamical one. The dynamically forced large-scale upward motion in the vicinity 

of the cold core works as a trigger for the release of the convective instability in the 

moist tongue. The use of the w -equation is adequate to treat the large-scale vertical 

motion. Since we study here the field of vertical motion prior to the developing stage 

of the thunderstorms, the effect of the released latent heat in the condensation process is 

not considered. The w -equation for adiabatic motion is 
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(1) 

where w is vertical velocity (= %~ ), a specific volume of air, f coriolis 

parameter, V g geostrophic wind velocity and ~g geostrophic vorticity. The 

static stability u is defined as - a ~ I~ 8 where 8 is potential temperature. 

As it is the intention of this study to clarify the role of the cold core in the thunderstorms' 

development, it will be adequate to simplify the equation to clarify the discussion. 

For the horizontal sinusoidal and vertical parabolic distribution of w, i.e. , 

w = wa · sin( 27T x)· sin( 27T y) · [I -{ 2P -I )2
] (2) 

L L P0 

(the constant w 0 indicates the maximum value of w , 

and p
0 

is the surface pressure), we have 

where 

L is wave length 

(3) 

(4) 

Eq. (3) states the well-known relation that the ascent motion tends to occur in regions 

of an upward increase of cyclonic vorticity advection and near maxima of warm 

temperature advection. To discuss the combined effect of the terms in the right 

side of eq. (3), it is convenient to rewrite eq. (3) as 

- A2 w = f ~ ¥9 
• \J ( ~g + f ) + ( 'V 2 V9 l-'V a 

+ 2 { a Vg . v .Q_g_ + a Vg . V ~ ) 
c}X c}X ay oY 

(5) 
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where we used the relation Vg. v ( vza) = -f Vg· v ~~ . The magnitude of 

. f ~ ~g · V (C9 + f ) is usually larger than the magnitude of the second and the third 

terms, which means that the value of the vertical motion is dependent mainly on the 

first term. There we have 

- A 2 
w ~ f ~ ~g · V ( 'g + f ) . (6) 

Eq. (6) states that ascent motion tends to occur within the region where the thermal 

wind blows from the area of the larger vorticity toward the area of smaller vorticity 

and descent motion within the region where the thermal wind blows from the 

area of the smaller vorticity toward larger vorticity (Eliassen, 1964). Shown in 

Fig. 7 are the field of the absolute geostrophic vorticity ('g + f ) on the 500-mb surface 

and the thickness between the 400-mb and the 700-mb surface. The hatched areas in 

the figure indicate the region where r < v. _ v ) . n < r + f ) I 
-9 - I 9 400mb g 700mb v ~g 500mb 

is more than 2 x 10 sec. Since the wavelength L is about 2, 000 km, the value 

mentioned above corresponds to the absolute value of vertical velocity of 3 mb hour- 1 
• 

As seen in Fig. 7 the large scale upward motion was to the southeast of the cut- off cold 

core, over Indiana, in the morning of April 23. The moist tongue in the lower layer 

extended from the south to southern Indiana. The most favorable conditions for the 

thunderstorms' development existed in this area and the severe storms did actually 

develop there during the afternoon and the evening later on in the day. 

4. lbe !Ormation of the Moist Tongue 

a. Synoptical Aspects of the Moisture Field 

The existence of the narrow belt of the moist and warm air in the lower 

layer is considered as one of the necessary conditions for storm development. The moist 

and warm air from the air mass over the Gulf of Mexico had been advected ahead of the 

cold front by the southerly flow as seen in both the surface and the 850-mb maps (Figs. 

1 and 2). The areas indicated by stipples are the moist areas at the surface and that 
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at the 850-mb surface exceed 8 gm kg- I and 6 gm kg-I . The growth of the moist 

tongue, i.e. , the elongating moist zone, during the 12 hours can be seen by comparing 

the moist areas indicated by stipples at 0600 CST with those at 1800 CST on April 23. 

As observed in other cases of storms development (Fulks, 1951, Fawbush and 

Miller, 1953, Beebe, 1958) a remarkable inversion layer existed in the lower troposphere 

during the day. The height of the lower boundary of the inversion was not higher than 

2,CXD m above the surface in the morning of the day . Bounded by the inversion, the 

moist ai r mass was limited to the lowermost layer. This did not mean, however, 

that the air was very dry everywhere above the inversion. There was a narrow 

moist zone at the 700-mb s urface even prior to the storms' development. As seen 

in the ATS III picture presented in Fig. 3, there was a large-scale cloud zone over the 

moist zone. Looking at this large-scale cloud zone and the moist tongue at 700 mb, one 

gets the impression that they are the direct cause of the storms' development. 

In order to clarify the role of the large-scale moist zone, quantitative aspects of 

water-vapor transport will be analyzed. The horizontal transport vector of the water-vapor 

V q at each standard pressure surface at 0600 CST and 1800 CST are presented in 

Fig. 8. At 0600 CST, the largest horizontal transport was at the surface and/ or 

at 850 mb and the magnitude of transport at 700 mb was generally small while the 

magnitude of transport at 700 mb is as large as that at 850 mb within the storm 

area at 1800 CST. Shown in Fig. 9 are the vertical distribution of the horizontal 

convergence of the water-vapor flux 'V · V q calculated by using the rawinsonde data 

at BNA, LIT, JAN and MGM for 0600 CST and PIT, DIA, GSO and HTS for 1800 CST 

April 23. Prior to the development of the thunderstorms, the horizontal convergence 

of water-vapor flux was observed mainly in the lower layer below the 800-mb surface 

while then as the thunderstorms had developed the layer of convergence of water-vapor 

flux reached as high as 600 mb. The results of analyses indicate that the strong 

convergence of water-vapor flux in the lowermost layer is the essential condition for 

thunderstorms ' development, because it provides the abundant water vapor and the 

potential convective instability in the 8torm area prior to the storms' development. 

However, this conclusion does not contradict the fact that the large-scale cloud band or the 
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moist tongue at 700 mb is a symp:om or, at least, a simultaneous phenomena of 

thunderstorms' development. Their formations indicate enough storage of water-vapor 

and potential instability in the lower layer. 

b, Mesoscale Structure of the Moist Tongue 

From the analyses of convective clouds, Matsumoto, Ninomiya and Akiyama 

(1967) concluded that convective clouds are organized into a mesoscale pattern and that 

the mesoscale convergence seems to influence the activity of the convective clouds. 

By analysing the water-vapor budget in the area of convective clouds, Ninomiya (1968) 

showed that the moisture field and cloud distribution are governed by the mesoscale 

convergence in the lower atmosphere. The assumption that the mesoscale convergence 

governs the moisture field and cloud distribution will be verified by analysing the detailed 

structure of the large-scale moist tongue and the cloud zone. 

The cross section through the moist tongue and that through the storm area for 

1800 CST, April 23,presented in Fig. 10 show the m esoscale structure of the moistur e 

field in the large -scale moist tongue. In the cross section, thick stipples and thin 

stipples indicate the moist layers in which the dew-point depression is less than 2°C 

and S°C. Figure 10 shows that the mois ture fie ld is not uniform throughout the large-scale 

moist zone and the mesoscale moist areas form the large-scale moist tongue. 

Shown in Fig. 11 are the distribution of clouds obtained from the ATS picture and the 

distribution of mixing ratio at the 850;- 700-and 500-mb surface at 1800 CST. The 

assumption that the mesoscale moist areas formed the moist tongue can be supported 

by comparing the cloud distribution with the moisture field given in Fig. 11 . While 

the moist air mass a t the surface (see the surface map in Fig. 2) covered almost all 

the area of the warm sector of the cyclone as well as the Gulf area, the moist areas 

at the 850-and 700-mb surface were only in the limited area where there were m esoscale 

convective disturbances . 

One of the examples of the influence of the convective clouds upon the moist 

tongue was found near the Gulf coast around the Mexiam border. As seen in Figs. 

10 and 11 there are no indications of the moist zone or cloud zone in the windward 
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of the convective disturbance around the Mexican border. Convective motions in the 

disturbance brought the moist air in the lower layer up to the 700-mb surface. 

The moist air mass at 700 mb which flowed from the disturbance formed the moist 

tongue. As the moist air from the convective disturbance was advected leeward, both 

the humidity and the mixing ratio decreased due to the mixing of the relatively 

dry air. The large-scale moist tongue, however, was reintensified when it passed 

over another convective disturbance. Since there were several convective disturbances 

along the frontal zone, the large scale moist tongue was formed and/ or maintained 

along the frontal zone. 

A further example of the influence of the· mesoscale convective disturbance 

upon the moisture field was observed over the storm area to the south of Lake Erie 

(Figs. 10 and 11). The horizontal convergence in the storm area was calculated 
-5 -I 

to be 6 x 10 sec at 850 mb by using rawinsonde data at DAY, HTS and PIT. 

The strong horizontal convergence in the lower layer brought the moist air up to the 

400-mb surface. (For an example of similar aspects of the moisture field in 

the vicinity of the convective disturbance, see Matsumoto (1968).) 

5. Intensification of the Low-level Jet 

The large value of the horizontal transport of water vapor in the moist tongue 

at 850 mb (Fig. 8) was due to both the high mixing ratio and the strong wind speed. 

Moderately strong southwesterly wind was expected to be ahead of the cold front, 

because the pressure gradient was moderately strong in the vicinity of the cold front 

in the lower troposphere (Figs. 1 and 2). The wind speed, however, was not uniform 

in the moist tongue as observed in the 850 -mb map at 1800 CST (Fig. 2) . At 850 mb 

the wind speed at HTS was as high as SO knots. 

Fig. 12 shows the wind field on the 4, 000 ft. level at 1200 CST and 1800 CST. 

There was a remarkable core of strong wind on this level. Since the horizontal wind 
-5 -I shear around the core was as large as 8 x 10 sec , it can be regarded as a low- level 

jet stream. Fig. 13 shows the wind distribution in the vertical cross section along the 

jet axis and that normal to the jet axis at 1800 CST. In the figure thick and thin lines 
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are isotaches (in knots) and isolines of vertical wind shear O V (in m· sec I. km I ). oP 
Although no distinct maximum of wind speed is observed in the vertical profile of the 

wind speed, very strong vertical wind shear was observed in the layer between the 2, 000-ft 

and the 3, 000-ft level. In the figure, the layer of the positive shear is indicated by thin 

stipples and the layer in which the shear exceeds 20m·sec 1-km 1 by dense stipples. The 

maximum vertical wind shear was as strong as 30 m·sec1 ·km- I. Since the layer 

between the 4, 000-ft and the 5, 000-ft level was characterized by the non-vertical s hear, 

the height of the core of the low-level jet was, probably, 4, 000 ft or 5, 000 ft above the 

ground. 

A word of explanation is necessary concerning the strong wind above 8, 000 ft 

over DAY (Fig. 13). It is not considered to be a low- level jet stream but the lower 

extension of the core of a mid-tropospheric jet stream (see Fig. 14a in section 6). 

The strong low- level jets often occur in the western part of the Middle West. 

The jets are characterized by a distinct maximum wind in the lower level, long duration 

and nocturnal intensification. It has been proposed that the orographic effect and the 

frictional stress in the boundary layer cause its formation (Wexler (1961) and Hoecker 

(1963)). Sometimes, however, the low-level jet develops in an area where the orographic 

effect is not expected. (For example, see Matsumoto, Fujita and Asai (1962) and 

Matsumoto, personal communication~) 
As the low-level jet in the case described here did not occur in the western· part 

of the Middle West, the mechanism of its formation should differ from that proposed 

by Wexler (1961). 

A few hours prior to the thunderstorms' development, at 0600 CST, no significant 

core of strong wind in the lower layer was recognized in the moist zone. Comparison 

of the wind field and the distribution of cloud and radar ech o (Fig. 12) shows that the axis 

of strong wind was situated near the center of the convective area. The vertical wind 

profile at HTS (see Figs . 13 and 14a) was characterized by an almost uniform wind speed 

in the convective layer and strong vertical shear under the convective layer. (For a 

3
Personal communication on the results of the dynamical analysis on the low-level 

jet associated with intense rainfall over western Japan of July, 1968. 
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similar case see, Matsumoto, Ninomiya and Akiyama (1967), and Matsumoto and Ninomiya 

(l 969a~.) The characteristic wind profile mentioned above suggests the vertical convective 

mixing of the horizontal momentum in the convective layer. The downdraft in the storm 

area brings down the larger horizontal momentum from the upper convective layer into 

the lower convective layer and the updraft brings up the smaller momentum from the 

lower layer into the upper layer. Thus, as a whole, convective motions in the shear 

flow tend to decrease the wind speed in the upper layer and to increase the wind speed 

in the lower convective layer. Therefore the strong wind is formed on the base of the 

convective layer in the area of intense convections. 

The convective mixing of the horizontal momentum, however, can not explain 

completely the mechanism of the low-level jet formation because there is the difference 

between the wind direction in the middle troposphere (about 2400) and that in the lower 

layer (about 210°). It would be necessary to introduce a mechanism of the adjustment 

of the imbalance between the pre-existing pressure gradient and the convectively intensified 

wind velocity to unders tand fully the dynamical process of the low- level jet formation. 

At present, however, the mechanism can not be studied because both density and frequency 

of rawinsonde observations were not sufficient for the analysis . 

The modified wind field in the lower convective layer creates a favorable 

situation for the successive development of convective motions by producing the 

convergence ahead of the core of the low- level jet. (See Newton (1963), Matsumoto and 

Ninomiya (l 969a and b).) In this case, the s trong convergence and strong convergence 

of water-vapor flux are formed ahead of the core of the strong wind (Figs . 8 and 13). 

The maximum value of the horizontal convergence in front of the core was as large 

as 7 x 10-5sec- 1 • 

6. The Modification of the Large-scale Wind and Thermal Field by the Thunderstorms 

a. Formation of a Jet Stream 

When the thunderstorms develop there is usually a strong wind zone in the 

upper layer as well as in the lower layer (Newton 1967). In this case,also, as seen in 

the 500-mb map at 1800 CST (Fig. 2 in section 2), there was a strong wind zone in 
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the vicinity of the storm area. 

At 1800 CST, the strongest 500-mb wind more than 120 kmts was observed at DAY. 

This strong wind will be described using cross-section analysis. Shown in Fig. 14a 

is the vertical cross section normal to the axis of the strong wind zone (see Line I in 

Fig. 16) Stations HTS and PIT were located within the storm area, DAY and DIA 

outside the storm area. The cross section shows that there was a strong wind core in the 

relatively narrow area to the northwest of the storm area while there were only weak winds 

over the storm area and to the south of it. The jet stream was characterized by strong 

horizontal and vertical wind shear as well as by high wind speed. The cross section 

shows a core of the mid-tropospheric warm air in the storm area and the strong horizontal 

thermal gradient to the northwest outside of the warm core. The strong vertical wind 

shear of the jet stream can be linked to the strong thermal gradient through the relation 

given by the thermal wind equation. The geostrophic wind profile, calculated by using 

the geopotential height at DAY, HTS and PIT is shown in the left side of Fig. 14a, which 

coincides well with that of the observed wind at DAY. (It should be noted that the winds 

recorded at the 400 ,- 300-and 250 -mb surfaces at DAY were 40 , 60 and 65 knots, respectively, 

at 0600 CST). 

In order to compare the wind field in the vicinity of the storm area with that in 

the windward region of the storm area, the vertical cross section along the 90° W 

meridian is presented in Fig. 14b (see line II in Fig. 16). l'he distance between the 

cross section in Fig. 14a and that in Fig. 14b is no more than 800 km. In spite of the 

rather small distance, there are distinct differences between the wind and thermal 

situations in the two cross sections. Neither the mid-tropospheric warm core nor 

the mid-tropospheric jet stream can be observed in the cross section along the 90° W 

meridian. The nature of the strong wind over LIT differs from the nature of the jet 

stream over DAY (Fig. 14a) because the former is related to the thermal gradient in 

the upper troposphere which is characteristic of the thermal field in the vicinity of a 

high-level jet stream. Cross-sectional analyses suggest that the intensification of 

the wind speed (or formation of a jet stream) to the northwest of the storm area is caused 

mainly by the middle-tropospheric warming occuring in the storm area. 
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b. Middle-tropospheric Warm Cor e in the Storm Area 

The characteristic features of the thermal field in the vertical cross section 

(Fig. 14a) are a distinct middle-tropospheric warm core in the storm area and the strong 

thermal gradient to the northwest outside the warm core. This warm core can be seen 

as a warm area in the 500-mb map (Fig. 2). 

In the cross section, a deep moist layer was observed in the storm area while 

a very dry layer was to the northwest of the storm area. 

By using rawinsonde data at PIT, HTS, GSO and DIA, the mean horizontal 

divergence over the quadrangle enclosed by these s ituations was calculated. The vertical 

velocity was then also calculated by using the continuity equation. The vertical distribution 

of the horizontal divergence and the vertical velocity in the storm area are presented in 

Fig. 15. As is seen in Fig. 15, the vertical velocity in the warm core is as large as 

20 mb·hour 1 • 

Because the high humidity, strong upward motion and the active convective clouds 

were observed in the warming area, the warming can be considered as the convective 

warming due to the release of the latent tm: in 1lE carlensation process . It should be noted 

that a few hours prior to the thunderstorms' development, at 0600 CST, no warm core 

was recognized in the middle troposphere. 

In order to express the entire effect of the warming in the convective layer, we 

will analyze the thickness field rather than the the rmal field at a certain isobaric surface. 

Fig. 16 shows the thickness field between the 700-mb and the 400-mb surface and also 

the observed vertical wind shear in the same layer at 1800 CS'I; April 23. As seen 

in the figure there was an area of notable thickness, i.e. , the area of warming, over 

the storm area and strong vertical shear along the northwestern border of warming area.. 

(For an analys is of similar warm cores of convective storms see Matsumoto and Ninomiya 

(1967).) 

In the analyses of the developm ent of a tropical storm Yanai (1961) showed that 

the rapid deepening of sea-level pressure began after the formation of the warm core 

s ituation. It might be questioned whether or not the pressure deepening did occur under 

the influence of the convective warming in the middle latitude. Although no low-pressure 
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center was found in the storm area, there was a secondary maximum of pressure fall under 

the mid-tropospheric warm core. The value of the pressure fall during the 12-hour 

period between 0600 CST and 1800 CST was 10 mb. Some part of this pressure fall, 

of course, was due to the approach of the main cyclone. From the comparison of the 

value of the pressure fall in the storm area with that outside the storm area, we infer 

that 4-5 mb of the pressure fall was due to the convective warming. 

c. Upper Outflow from Thunderstorms 

The wind field in the upper troposphere in the vicinity of the storm area will 

be analyzed. Shown in Figs. l 7a and l 7b are the velocity field of the high cloud movement 

obtained by using the series of A TS III pictures taken during the 42-minute periods 

between 0841 and 0923 CST and 1538 and 1619 CST. Fujita and Bradbury (1969) 

and Ninomiya (1970) showed that the velocity of high clouds in the vicinity of the storm 

area coincides well with the wind velocity in the layer between the 200-mb and the 

300-mb surface. Therefore, it can b~ assumed that the high cloud velocity field in 

Fig. l 7a and Fig. l 7b indicate the upper-tropospheric wind field before and after the 

thunders torms' development. The 250-mb wind velocity obtained by rawinsonde obser

vations at 0600 CST and 1800 CST are also presented in Figs. l 7a and l 7b. (In Fig. l 7b, 

the wind at 440-mb at DAY and 370-mb at BNA are presented because the wind observations 

were missed above these levels. ) The stream lines and the jet axes are indicated in the 

figures by solid lines and thick broken lines. 

The wind field in Fig. l 7b shows the notable change as compared with the field 

several hours earlier (Fig. l 7a). The striking feature in Fig. l 7b was the formation 

of the jet stream to the northwes t of the storm area and the formation of the upper 

outflow field over the storm area. 

It was already pointed out that there was a zone of strong thermal gradient to the 

northwest of the warm core (see Fig. 16). The formation of the jet stream can be linked 

to the strong thermal gradient through the relation given by the thermal wind equation. 

The upper outflow field over the storm area was characterized by both the 

strong difluence and the strong horizontal divergence. The difference between the wind 
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direction in the northwestern side of the storm area and the wind direction in the 

southern side of the storm area was as large as 70° . The magnitude of the horizontal 
-5 -I 

divergence over the storm area was more than 7 x 10 sec . The outflow was considered 

to result from the upward mass transport across the base of the outflow layer due to the 

intense convective motions (see Fig. 15 ). 

The results of the analyses in this section suggest that the warm core, the strong 

wind to the northwest of the storm area and the upper outflow should be considered 

as the results of the intense convective activity rather than the cause of the storms' 

development. At least, these phenomena should be considered as the simultaneous 

phenomena associated with the development of the thunderstorms. 

More quantitative analyses on the warm core and upper outflow will be necessary 

in order to understand the physical aspects of the storms' development and will be made 

in a separate paper (Ninomiya 1970). 

7. Intensification of the Dry Front 

One of the interesting features of the moisture field is the very dry area to the 

northwest of the thunderstorms. As analyzed by Sawyer (1955), Fujita (1958) and the 

staff members of the National Severe Storms Project, the U.S. Weather Bureau (1963), the 

horizontal gradient of the mixing ratio in the transitional zone between the storm area 

and the dry area is sometimes very strong and thus could really be described as a dry 

front. 

Since the dry air mass covered the vast area in the rear of the cold front, there 

was a moderately strong gradient of mixing ratio of the water vapor in the transitional 

zone between the dry and moist air mass (the 850-mb map in Fig. 2). The gradient of the 

mixing ratio, however, was not uniform along the transitional zone. As seen on the 

850-mb map (Fig. 2) and the cross section (Fig. 14a), there was the extremely strong 

gradient of the mixing ratio in the rather narrow area in the rear of the storm area. 

This boundary between the moist area in the storm area and the extremely dry area 

in the rear of the storm area was also recognized in the ATS picture at 1605 CST (Fig. 3) 
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as the clear-cut boundary between convective cloud area and the cloudless area. 

The fact that neither the extremely dry area nor the strong dry front was observed 

prior to the thunderstorms' development (see the 850-mb map at 0600 CST in Fig. 1), 

suggests that they developed simultaneously. 

In order to clarify the mechanism of the dry front's formation, the water-vapor 

budget in the transitional zone in the rear of the storm area will now be analyzed by 

using rawinsonde data at DAY, HTS, BNA and AHN at 1800 CST. 

The continuity equation of water vapor is 

V· 'V q +w aq 
aP 0 (7) 

where p is pressure, q, mixing ratio, V and w are horizontal and vertical wind 

velocity respectively. The bar- indicates the areal mean. Neither the term of the 

condensation nor the term of convective transfer is necessary in the equation, since 

there were few convective clouds in the area under consideration. The vertical distribution 

of the horizontal divergence evaluated by using rawinsonde data at DAY, HTS, BNA 

and AHN is presented in Fig. 15 of section 6. The vertical velocity is calculated by 

using the continuity equation. 

The local time change of the mixing ratio .Q..9_ 
at is not evaluated directly 

except at the surface b~use the time interval of the rawinsonde observation is too long. 

Therefore to evaluate ~i the time-space transformation technique for the steady state 

was used as 

- -C·'VQ c Q.9..._ as (8) 

where C and C are the velocity and speed of system, and S is the distance 

measured in the direction of the velocity. 

The results of the evaluation of eq. (8) are summarized in Table 1. 
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Table 1: The Water Vapor Budget for the Passing of the Dry Front (unit in gm·kg- 1 ·hour1 ). 

Layer V ·Vq 
- oQ V ·Vq+~~ ~ w ap oP 0 t 

400 - 500 mb 0.15 0.09 0.24 -0.15 

500 - 700 mb 0.24 0.32 0.56 -0.45 

700 - 850 mb 0.22 0.21 0.43 -0.62 

850 - 1000 mb 0.31 0.05 0.36 -0. 57 

It should be noted that in the layer between the 500-mb and the 850-mb surface, the 

magnitude of the vertical advection of water vapor w ~ ~ almost equals that of the 

horizontal advection of the water vapor V· V q. The magnitude of the three dimensional 

advection of the water vapor coincides well with the magnitude of the local time change 

~ i . The rapid decrease of the mixing ratio is not only a result of horizontal 

advectjon. The results shown in Table 1 indicate that the strong downward advection due 

to the downward motion in the rear of the storm contribute greatly to the formation of 

the dry area and/ or the dry front. 

The detail of the dry front formation is not analyzed, however , by using th_e 

rawinsonde data because the time interval of the rawinsonde observation is 12 hours. 

·The detail of the dry front formation will now be analyzed by using surface observation 

data. Shown in Fig. 18 are the isochrone of the dry front passage, or the isochrone of 

the occurrence time of the maximum decrease of the dewpoint temperature observed 

by the surface observation stations. The isolines of the maximum dewpoint-temperature 

decrease in one hour are a 1 so presented in the figure. In order to compare the position 

of the dry front at the surface with that in a higher level and the cloud distribution, the 

mixing ratio at the 700-mb surface and the c loud distribution obtained from the ATS picture 
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for 1800 CST are shown in the left figure of Fig. 18. 

Fig. 18 shows that the dry front and/or dry area intensifies in a few hours as 

the thunderstorms developed and the maximum intensification occurred between 1600 CST 

and 1800 CST during which the thunderstorms reached their mature stage. The results of 

the surface analysis suggest that the downward motion is not so strong prior to the 

development of the thunderstorms but intensifies rapidly when the storms reached their 

mature stage. 

8. The Modification of the Vertical Motion by the Thunderstorms 

a. Vertical Motion in the Vicinity of the Storm Area 

It was pointed out in sections 5, 6, and 7 that the field of vertical motion 

and divergence changed rapidly, as well as the horizontal wind field , during the several 

hours in the vicinity of the storm area. The upward motion in the storm area and the 

downward motion in the rear of the storm area intensified simultaneous ly as the thunder

storms developed. 

In this section, the mechanism of the intensification of vertical motion and the 

influence of the thunderstorms upon the vertical motion will be analyzed by means of 

the w -equation. It should be noted that it is not this author's intent to analyse the 

vertical motion of each thunderstorm but the mean vertical m otion in the whole storm 

area or the dry area. Since the horizontal scale of these areas is 500-1000 km, the use 

of the w -equation would be rather adequate. The w -equation for the diabatic motion 

is 

(9) 

where cp is the geopotential height, C , vorticity and f , coriolis parameter. The 

static stability o- is defined as - a oaP In 8 where 8 and a is potential temperature 
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and specific volume of the air, and { ~ ~ ) is defined as diabatic heating. 

The vertical motion caused by the third term and the last term is the thermally 

and dynamically forced vertical motion, respectively. In order to clarify the mechanism 

of the intensification of the vertical motion, the thermally and dynamically forced vertical 

motion will be analyzed separately in the following studies. 

b. Influence of the Convective Warming upon the Upward Motion in the Storm Area 

The thermal influence of the thunderstorms upon the upward motion is 

studied by using the w - equation for thermally forced vertical motion. 

(10) 

In order to simplify eq. (10) we introduce the horizontal sinusoidal and vertical parabolic 

distribution of w and ( ~ ~ ) , i.e., 

W= 

and 

where p
0 

is the surface pressure and L 

{ ~ ~ ) 0 indicate the maximum value of w 

eq. (10) by using eqs. (2) and (11), we have 

2 R I 82( 8 Q ) -A Wa - --
Cp p 8 t a 

or 

8 2 R I 8Q 
Wa - ----{ at A2 Cp P 

(2) 

is the wavelength. The constant w0 and 

and ( ~ ~ ) , respectively. Rewriting 

- 0 (12) 

)a 
(12') 
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where 

2 0" ( 277" )2+ f2( 8 ) 
P. 2 L o 

(4) 

and 

(13) 

The amount of the areal mean precipitation in the central part of the storm area 

was 2 mm· hour 1 . Provided that the amount of condensation was equal to the amount 

of precipitation, the value of bp ( ~ ~ )
0 

is approximately 0. 75 ·hour-I . Since 

the diameter of the storm area was about 500 km, we assume that L is 1000 km. The 
I -I -4 -I 

value of O' and f is approximately 0. 25 cm3 gn1 mb and 10 sec , respectively. 

By putting these values in eq. (121 ), the value of w0 is evaluated to be approximately 

20 mb·hour-I . 

The result of analysis shows that strong upward motion was caused by the 

release of latent heat in the storm area. 

c . Dynamical Influence of the Thunderstorms upon the Vertical Motion 

In section 3, by simplifying w -equation, we related the vertical 

motion to the vorticity advection due to the thermal wind as 

-A2w ~ t 0 V9 
· v {' + t > oP · (6) 

4 -I -I Since 120 cal·hour of the latent heat is released by the 2 mm ·hour of con-
densation, we have 

.S>JPo_I ( 8 Q) dp = ~_I (8 Q) rf:6 [ I -( .ae_ -1}2] 
g 

0 
Cp 8 t g Cp 8 t oJo P0 

and the value of _I_ ( ~ ) is obtained. 
Cp o t o 

-I 
d p = 120 ca I· hour 
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The dynamical influence of the thunderstorms upon the mean vertical motion is studied by 

using eq. (6). 

It was already pointed out that the convective warming in the storm area intensified 

the thermal gradient to the northwest of the storm area and the formation of the zone of 

strong wind and the strong vertical shear could be linked to the intensified thermal 

gradient (section 6 ). The vorticity field was, therefore, modified greatly as the thunderstorms 

developed. 

Fig. 19 shows the field of relative vorticity at the 500-mb surface at 1800 CST. 

In the figure, the field of thickness of the layer between 400 mb and 700 mb is also presented. 

The strong cyclonic vorticity outside the storm area and the strong anticyclonic vorticity 

inside the storm area are due to the strong horizonta l wind shear in the vicinity of the jet 

stream. 

In the vicinity of the area of cyclonic vorticity, the magnitude of ~ ~g · \J (C +f) 

was quite large , because both the thermal gradient and vorticity gradient are quite 

strong. The downward and upward motion is, therefore, forced dynamically in the 

windward s ide and the leeside of the center of cyclonic vorticity (Eliassen, 1963). The 
-9 -2 

value of ( ~ - Vr
9 

)· 'V(C +f) is approximately 10 x 10 sec , and L 
400 mb 700mb 500mb 

(wavelength) is assumed to be 1000 km. By using eq. (6) , the magnitude of the vertical 

motion is evaluated to be approximately 5 mb·hour 1• 

The dynamically forced downward motion in the windward side of the area of the 

cyclonic vorticity, i. e., the rear left of the s torm area, intensified the dry area and dry 

front (see section 7). 

Although there was the strong anticyclonic vorticity in the storm area, the 

magnitude of the dynamica lly forced vertical motion was small because the thermal 

gradient and the thermal wind were weak over the storm area and to the south of the 

storm area. 

d. Feedback Mechanism in Thunderstorms ' Development 

The results of analysis in sections 8b and 8c show that the upward motion 

was intens ified in the s torm a rea and in the leeside of the area of cyclonic vorticity (i. e. , 
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front-left of the storm area) due to the dynamical and thermal influence of thunderstorms . 

The intensified upward motion and/or convergence in the lower troposphere in 

the storm area as well as the convergence of water-vapor flux in ahead of the low-level 

jet (section 5) create a favorable situation for the successive development of convective 

motions in and ahead of the storm area. This feedback mechanism due to the interaction 

between the thunderstorms and the large-scale (or medium-scale) field is assumed to 

be important in the development of the severe storms. 

A word is necessary concerning the production of the kinetic energy in the 

vicinity of the storm area. 'The ascending of the air mass in the warm core and the 

descending of the cold air mass in the rear of the storm area converts available potential 

energy into kinetic energy. The produced kinetic energy intensifies the jet stream and 

therefore intensifies the vertical motion and thunderstorms . It should be noted that 

the production of the kinetic energy is also due to the thunderstorms because both the 

vertical motion and the warm air result from the development of the thunderstorms. 

9. Concluding Remarks 

From the analysis of the rawinsonde data and the ATS III pictures of the 

23rd of April -1968-tornado-producing thunderstorms, we are able to conclude the 

following about the interaction between the large-scale field and the thunderstorms. 

(1) A cut-off cold vortex aloft was important to the thunderstorms ' development. 

The cold vortex and the warm, moist air flow in the lower troposphere provided the 

potential convective instability prior to the storms' development. 

(2) The dynamically forced large-scale upward motion to the southeast of the 

cold vortex triggered the release of instability. 

(3) The moist air mass was mainly in the lower troposphere under the inversion 

layer. The strong convergence of the water-vapor flux in the lower layer provided the 

abundant moisture and the potential instability prior to the thunderstorms' development . 

(4) The large-scale cloud zone and the large-scale moist tongue in the higher 

layer developed simultaneously as the thunders torms developed. They were caused 

and/or maintained by the mesoscale convective disturbances along the frontal zone. 
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(5) As the thunderstorms developed, the low-level jet was intensified in the storm 

area. The characteristic wind profile indicates that it was due to the convective transfer 

of horizontal momentum. 

(6) The low-level jet provided the favorable condition for the successive development 

of thunderstorms by producing the convergence of water-vapor flux ahead of the low-level 

jet. 

(7) There was convective warming (i.e. , the warm core) in the deep layer of the 

middle troposphere when the thunderstorms reached the mature stage. 

(8) There was a strong outflow in the upper troposphere over the warm core. 

The strong upward motion in the warm core and the upper outflow were caused thermally 

by the convective warming. 

(9) The convective warming caused the intensification of the horizontal thermal 

gradient and thus caused the formation of a jet stream to the northwest of the 

warm core. Therefore, there was the strong cyclonic vorticity to the left of the jet 

and the strong anticyclonic vorticity to the right of the jet. 

(10) The strong thermal wind and the strong gradient of the vorticity to the 

northwest of the storm area caused dynamically downward motion in the rear- left 0f 

the storm area and upward motion front-left of the storm area. 

(11) The downward motion caused the decrease of mixing-ratio in the rear of the 

storm area and a strong gradient of the mixing ratio was formed between the dry area 

and the storm area and the dry front was intensified. 

These conclusions about the interaction between the thunderstorms and the 

large-scale field are summarized in the schematic model of the severe stonns' 

development as presented in Fig. 20. 
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Fig. 1. Surface, 850-mb and 500-mb map at 0600 CST April 23, 1968. Isobars or 

contours and isotherms are indicated by thick and thin lines. The mois t areas on the 

surface and the 850-mb map are indicated by stippling. On the 500-mb map, the area 

in which the difference between the equivalent potential temperature at 500 mb and that 

at 850 mb was less than '1!' K are indicated by stippling. 
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Fig. 2· Surface, 850-mb and 500 -mb maps at 1800 CST, April 23, 1968. 
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Fig. 3a. A TS Ill picture at 0908 CST. 
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Fig. 3b. ATS III picture at 1155 CST. 
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Fig. 3c. A TS Ill picture at 1605 CST. 

Fig. 4. Movement of the storm area, the cold front and the cut-off cold core. 
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Fig. 5. Thermal field in the vicinity of the cut-off cold core at 0600 CST April 23. 
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Fig. 6. Thermal field of the cold core at 1800 CST and the movement of the cold core. 
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Fig. 7. Absolute geostrophic vorticity at the 500-mb s urface and the thickness between 

the 400-mb and the 700-mb surfaces at 0600 CST. 
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Fig. 9. Vertical distribution of the horizontal convergence of water vapor flux prior 

to the develoi:ment of the storms and that In the mature stage of the storms. 
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Fig. 10, Radar echo, cloud and the 700-mb wind in the moist tongue and the storm area 

and vertical cross sections through the moist tongue at 1800 CST. In the cross sections, 

lsollnes of the mixing ratio and the dewpolnt depression are indicated by solid and thin 

lines. 
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Fig. 12. The low-level jet stre8J!1 on the 4,000 ft level, cloud and radar echo at 1200 

CST and 1800 CST. 
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Fig. 13. The verticsl cross section along and normal to the low- level jet at 1800 CST. 

lsotaches (knot) and taoUnes of verticsl wind shear iN/ az (m sec-I mr1 
) are Indi

cated by thick and thin lines. 
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Fig. 14. The vertical cross section normal to the jet stream. Isotaches, tsotberms 

and !so lines of dew-point temperature a.re Indicated by tbiclc, thin and thin-dotted lines, 

respectively. 
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Fig. 15. The vertical distribution of divergence and vertical velocity In the storm area 

and In the dry area. 
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18 CST APR 23 1968 

Fig. 16. Thickness of the layer between the 400-mb and 700-mb surface and the dif -

ference between the Wind velocity at 400-mb and that at 700 mb at 1800 CST. Radar 

echo and cloud are Indicated by dense and thin stippling. 
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Fig. 17. High-cloud velocity and the 250-mb wind velocity. 
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Fig. 18. Left figure: Isochrone of the dry front and maxfmwn decrease of the dewpoint 

temperature in one hour. Blaclc circles indicate surface obeervation stations. 

Right figure: Mixing ratio and wind at the 700-mb surface. 

6 t>cj> = c/>4oomb c/>1oomb 
18 CST APR 2 3 1968 

Fig, 19. Relative vorticity at the 500-mb surface and the thickness of the layer 

between 400 and 700 mb. 
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MODEL OF SEVERE STORM DEVELOPMENT 
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(SFC -800 mb) 
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convective transport 
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cyclonic vorticity__..____. 
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FEEDBACK 

~-,,__- intensification of convections ---------------------------' 

Fig. 20. Schematic model of interaction between the thunderstorms and the large-scale field in the development of storms. 
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