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The University of Chicago 

Chicago, Illinois 

ABSTRACT 

In order to utilize the U. S. Weather Bureau' s instrumented airplanes 
for research on severe local storms over the Midwest , preliminary tests 
and evaluations on the airborne Doppler systems have been completed. 
Results indicated that the Doppler data always include some errors which 
are caused by the system itself, conditions of the backscattering surface , 
precipitation beneath the aircraft, the aircraft's angle of bank, etc. 
If these causes are known completely, it is feasible that a majority 
of the errors can be corrected for use in me so scale research problems. 
In order to minimize such causes, the meteorofogical systems to be 
flown through in this proposed flight program in l 965 are limited to 
the dry systems, thus avoiding mature squall lines . Moisture fronts 
and wake depressions have been selected and a review of our present 
knowledge on these disturbances and several proposed flight patterns 
are presented. 

1. Introduction 

During past years, the "Doppler Wind System" on board the Weather Bureau's 

aircraft furnished meteorologists with wind patterns at various levels inside hurricanes . 
, .. 

Since the scale of a hurricane falls into the upper limit of the "mesoscale", the 

measured winds represent the circulation extremely well . 

When the Doppler system is used in sampling the winds associated with rather 

small mesoscale disturbances, such as squall lines, cumulonimbi, cumuli, etc., we 

often come across rather erratic winds which require further error analysis. 

Especially when a meteorological disturbance to be investigated is in the horizontal 

scale of several to ten miles, measured winds often appear to be .. ettatic partially 
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or totally because the winds accompanied by such a small system are not known to 

us. 

As a result of the test flights carried out by the Research Flight Facility 

(RFF) of the U. S . Weather Bureaud'uring past year and of the analyses by Fujita 

(1964), it was learned that the Doppler positions are representative when measured 

in straight flights while avoiding unnecessary turns. In sampling winds associated 

with mesoscale disturbances, however, it is necessary for an aircraft to make 

turns frequently, thus increasing both position and wind errors. 

A turn with a constant angle of bank less than about 13° is still below 17° 

beyond which the Doppler system goes into "memory". The winds obtained in such 

a horizontal loop flight with low angle of bank can be used in correcting the true 

air speed (TAS) error and in computing divergence and vorticity inside ·the loop 

area. 

Until further tests are completed, it is reasonable to sample winds along 

a combination of straight and loop flight passes. It is also necessary to avoid 

flight through heavy rain since the Doppler beams ·(about 3 cm wave length) might 

lock ontotthe falling large raindrops. In view of these considerations, the sampling 

through mature squall lines should be ruled out for a while. 

Selected as the meteorological systems for aircraft measurements and inves

tigation during. 1965 NSSL operation are the squall lines in their initiation and 

dissipation stages. Thus "DRY FRONTS" which often give rise to the initiation 

and subsequent development of squall lines and the "WAKE DEPRESSIONS" that 

develop after a few hours of squall line activity have been chosen as specific meteoro

logical syste ms to probe fo.r . air.borne measurements.;. -'Pres·en:t ·knnwl.edge bf:.t_hese .. ·: 

'-'.dry "fronts" .and '.'wake depressions" is reviewed in the subsequent sections . 

2 . Dry Fronts 

Long after the discovery of warm and cold fronts in Europe back in the 

1920s, sharp boundaries between dry and moist air were observed and studied in 

the midwestern United States. As in the case of warm air and cold air which are 

separated by a frontal surface, a mass of extremely dry air often makes contact 
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with that of moist air without showing evidences of rapid mixing. 

Most favorable locations for these boundaries between dry and moist air 

at the surface are the western part of the states of Texas, Oklahoma, and Kansas . 

The maritime tropical air from the Gulf of Mexico having undergone some modification 

in traveling northward is found usually to the east of the boundary, and continental 

air, either polar or tropical , with its dryness accentuated through descending motion 

along the eastern slope of the Rockies is found to the west of this boundary. 

These boundaries appear as lines when intersected by the earth's surface 

or by vertical planes. In discussing changes in meteorological parameters through 

these boundaries the term "line" has frequently been used . In order to treat the 

boundary as a surface separating dry air from moist air the term "front" will be 

used hereafter , thus defining "dry front" , "moist front", with respect to their 

movement as in the case of warm and cold fronts. 

Fawbush, Miller, and Starrett (1951) studied the occurrence of tornadoes 

in relation to the 55F isodrosotherms, and subsequently the role of dry fronts in 

the development of severe storms was emphasized . Two years later Fawbush 

and Miller (1953) found that the mean soundings made when tornadoes and hailstorms 

with hailstones of about 4 inches in diameter developed are characterized by a moist 

layer near the ground topped by a dry layer with pronounced convective instability. 

On the average, the depth of the moist layer is found to be greater as the severity 

of the storms increases. For the 1 inch hailstones the mean depth of the moist 

layer is about 3000 ft; for the 4 inch hailstones, 4000 ft; and for tornadoes, 4500 

ft. Beebe and Bates (1955) also found that the moisture increases from below when 

severe storms develop. 

The U . S . Weather Bureau undertook the extensive·:"Tornado Research 

Aircraft Project" (TRAP) during the years 1956 through 1959. The primary objective 

of the project was to sample meteorological parameters through various stages of 

midwestern squall lines. TRAP' s mission covered a large number of squall line 

penetrations using P-51 aircraft in 1956 and 1957 and P-38 aircraft in 1958 and 1959. 

Detailed description of the project and the results are reported by Goddard (1962) . 

With the use of TRAP data Beebe (1958) and Fujita (1958) revealed the phenomenon 

of rapid increase in moisture east of the dry front of June 11, 1958. On this day a 
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front of dry air extended from North Dakota through western South Dakota and 

Nebraska into eastern Colorado . A series of traverses started about three hours 

prior to the development of a rather weak squall line and ended shortly after a 

mesohigh spread beneath a number of scattered radar echoes. Four vertical cross

sections summarized from Fujita's (1958) paper are shown in Fig. 1. The sequence 

reveals that a . layer of moist air over the gently-sloped plane is pushed from the 

west by a mass of dry air with about 20C lower dew-point temperature. Throughout 

the traverse period the surface winds in the moist air remained south-southeast 

at about 15kt suggesting that the horizontal convergence just east of the dry frontal 

surface resulted in the lifting of the top moist layer. Unfortunately, however, 

no airborne Doppler system was available at this time, thus making it rather difficult 

to discuss the dynamics of such a mesoscale circulation based upon the actual wind 

field . 

Detailed structure of the dry frontal surface was studied by McGuire (1962) 

using the TRAP data taken over the Texas Panhandle. The cases he selected did 

not include E?quall-line development while the traverses were in progress . Traverses 

were made in "stair-step" patterns in an attempt to sample the mixing ratio in the 

immediate vicinity of dry frontal surfaces. 

An example of his two-dimensional mixing ratio analysis of May 26, 1959 

is shown in Fig. 2 . It should be noted that the frontal surface is almost vertical 

and the gradient of the mixing ratio is extremely large. especially within the layer 

up to 4000 ft above the ground. The strongest gradient obtained was 6 g/ kg per 

one and a half miles (about 33 sec of flight time) . 

The air temperatures on the dry air side of the frontal surface are slightly 

larger than those on the moist air side. The difference, a few tenths to about 2 

deg ., is approximately the same as that between virtual temperature and air 

temperature inside the moist air. As a result, the densities of the dry and the moist 

air are more or less the same, thus allowing for balanced flows on both sides of 

a semi -vertical frontal surface. 

A "square cloud" photographed by TIROS I meteorological satellite was 

investigated by Whitney and Fritz (1959). Their results and further investigation 

by Fujita (1963) indicate that the cloud developed on the dry front. Figure 3 shows 
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the TIROS photograph of the square cloud located near Wichita Falls, Texas. The 

isotherm analysis presented in Fig . 4 clearly defines the cold air behind a cold 

front extending through Kansas, Oklahoma, and the Texas Panhandle . Black areas 

inside the square cloud, now rectified into a "diamond-shaped cloud," represent 

radar echoes which started forming as early as 1300 CST, when the cold front was 

over 50 miles away. There are bands of cumulus and cumulonimbus clouds oriented 

perpendicular to the low level winds inside the warm sector. They are probably 

associated with the longitudinal waves above the moist layer. 

Figure 5 indudes the isodrosotherms; the density of dewpoint temperature 

reports was augmented by using regular station network data along with special 

network data collected by the National Severe Storms Project , now expanded into 

the National Severe Storms Laboratory. Of extreme interest is a long band of 

strong moisture gradient extending from Central Kansas to Western Texas . A 

20F difference in dew-point temperature is seen near the diamond-shaped cloud. 

It was found that the echoes contributing to the development of the cloud started to 

form along the dry front near the Texas-Oklahoma border about one hour prior to 

the satellite photograph time . These cells then produced their anvil clouds which 

were somehow organized into a huge diamond-shaped cloud. Since TIROS photographed 

only one picture at 1403 CST, the time changes in the cloud shape and dimensions 
. . 

have to be obtained by other means. By using the thermograph traces from a 

large number of Alpha Network stations, the:i&>chrorres of the cloud boundary at 20-

min intervals were obtained (Fig. 6). As "indicated by small arrowheads on the 

temperature traces, a significant temperature drop was recorded when the leading 

edge of the cloud mushroomed over the station. The black areas represent radar 

echoes at 1403 CST when the satellite photographed the cloud. The cloud area at 

1400 CST is stippled. It should be noted that these echoes continued forming and 

decaying since 1300 CST along the western border of the moist air transported 

northward from the Gulf of Mexico. In this moist air sector far ahead of the dry 

front, only cloud bands were predominant . Nature somehow has chosen such a 

mild convection scheme and no giant thunderstorms or hailstorms developed there. 

If one examines Fig. 3 very closely, it would reveal two important features . 

(1) A faint line extending diagonally from upper right to lower left . The left side 
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of this line is completely clear. We may thus presume that this faint line corresponds 

to the dry front. (2) Relatively dark areas surrounding the square cloud on the picture. 

Such a dark area usually indicates the region where small cumulus development is 

suppressed for some reason, the reason in this case being the compensating down

ward motion around the main mass of the cloud. The square cloud and dry front 

relationship brings interesting problems regarding the development of huge thunder

storms along the front of moisture discontinuity. 

3. Three-Dimensional Structure of Dry Front 

Humidity gradient across the dry frontal surface seems to show some diurnal 

variation. It is rather strong in daytime and weak at night. The front is thus accentu

ated in gradient by heating in daylight hours; however, the front itself is produced 

under certain synoptic conditions which are favorable to the development of the down

slope motion. 

One of the most frequent situations is produced by a cold air mass.which 

moves over the Rocky Mountains before entering the Midwest. Figure 7 represents 

such a case of May 13, 1956 when the TRAP aircraft made a sampling mission 

from Dallas, Texas to Kansas City, Missouri flying over a dry front and a cold 

front. In order to compare the airborne measurements with the surface frontal 

systems, the aircraft path was plotted in a relative position with respect to the fronts 

rather than its geographic position. 

When the geometric pattern of the warm, cold, and dry fronts in Fig. 7 is 

carefully examined, it will be seen that the dry front is located over the area where 

a cold front extending from the low center near Omaha, Nebraska would be expected 

if there were no Rocky Mountains. The chart indicates that the cold air behind the 

low is blocked by the mountains with the exception of the fresh northerly wind entering 

the plain without modification. 

Aircraft measurements of the dew-point temperatures and the air temperatures 

while flying at the 700-mb surface are presented graphically in Fig. 8. An abrupt 

drop in dew-point temperature associated with a rapid rise in temperature identified 

with the arrows at point A took place when the aircraft entered from the moist layer 

into the dry air aloft. Two arrows identified with the letter B represent moist air 
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pumping into the dry air either through convection or wave motions. The pilot stated 

that he ran into some low broken clouds at these positions. 

The point where about SC temperature drop occured at point C was directly 

above the surface dry front. It is also very close to the point where the dry front 

separates from the cold front . A lOC drop in the dew-point temperature at point 

0 seems to be real; however, our conventional knowledge of frontal systems does 

not justify the existence of such a strong humidity gradient at the 700-mb surface. 

An attempt was made to put together the vertical distribution of air and dew

point temperatures from radiosonde stations (Fig. 9). The stippled areas are the 

pressure altitude with -30C or higher dew-point temperatures. Most of the stations 

to the southeast show a pronounced dew-point temperature drop immediately above 

the temperature inversion at low levels up to about 700 mb. A laye r of moist air 

identified as "M" is seen over many stations. Seen between these two moist layers 

is· · an extremely dry air characterized by motorooatlng· dew-point temperatures. 

Using these data and some wind data a number of constant pressure charts were 

analyzed. 

Surface isodrosotherms in Fig. 10 portray the dry air and its fronts . The 

dew-point temperature inside the moist air is rather uniform showing slight increase 

toward the east . When the mapping surface is raised to 900 mb, the southeastern 

corner of the chart intersects ·above the moisture top thus reducing the dew-point 

temperature appreciably (Fig. 11). The axis of the moist air inflow is parallel to 

the surface dry front at this pressure surface . The pressure at the top of the moist 

layer is indicated by the three digits in mb with a short line above (930 denotes 

moisture top at 930 mb) . At 800 mb, however, most of the moist layer is located 

below this surface (Fig. 12). A small area of the moisture bulge extends from 

Oklahoma to the Ohio Valley. The pressure at the base of the moist layer is given 

by the underlined three digits (830 denotes moisture base at 830 mb). It is seen that 

the dew-point temperature in the mountain region is about - lOC degrees while that 

' over the surface dry front is -25C or less, suggesting the source of the dry air being 

much higher than 800 mb. 

A significant feature appearing at the 700-mb surface (Fig 13) is a tongue 
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of moist air extending parallel to the dry front. The western limit of this moist 

tongue would block the dry westerlies ·from pushing futjher eastward . The stream 

lines ·of the dry air at this pressure surface indicate s4ch a flow pattern. Over the 
; 

cold frontal surface, however, there exists a descendmg motion of the west-south-

westerlies which is extremely dry over the warm sector -southeast of the surface 

low center. 

The 600-mb isodrosotherms in Fig. 14 indicate the shift of the moist tongue 

further westward. It is located over the surface dry front, thus overhanging toward 

the west. The dry westerlies at this level are blocked even before reaching above 

the surface dry ·front. 

It would be useful to summarize the horizontal distribution-of moisture at 

various pressure surfaces by constructing east-west vertical cross-sections (Fig. 15) 

through north, middle, and south portion of the analysis ·area. The northern cross

section cuts through the deep cold air behind the ·1ow. The top of the -shallow moist 

layer in the warm sector is extremely dry. In the middle cross-section, the dry 

air descending toward the moist air east of the cold front seems to ·originate·above 

the cold frontal surface. The dry air thus ·undercuts ·the relatively moist air which 

existed :above the shallow moist layer prior to the intrusion of this dry descending 

air. The conditions between Dodge City and Wichita, Kansas will be favorable for 

tornadoes or hail development. 

The southern cross-section reveals the existence of two types of down-slope 

dry air. The ·one which slides above the cold frontal surface, undercutting the moist 

tongue above, and the other which subsides inside the cold-air mass along the eastern 

slope of the rockies. The ·latter meets the moist air of the dry frontal surface but 

the former may overrun atop the shallow moist layer. 

Through a three-dimensional analysis of the May 13, 1956 dry front case by 

using conventional aerological data it was postulated that a well -defined dry front 

is smoothly connected tangentially with the -regular cold front. Without airborn 

measurements of accurate winds, air temperature, and dew-point temperature, 

it is almost impossible to carry on researches leading to the clarification of the 

dynamical and thermodynamical structure of a dry front. It seems ·that the dry 

westerlies making contact with the moist air to the ·east originate inside the -cold 
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air and also ·above the frontal surface. 

4. Proposed Flight Patterns for Dry-front Research 

Proposed flight patterns are designed for the purpose of (1) HORIZONTAL 

SAMPLING (patterns A anci B) (2) PHOTOGRAPHIC MISSION (patterns C, 0, and E) 

and (3) VERTICAL SAMPLING (pattern F). None of these patterns includes penetration 

through an active portion of a squall line. All patterns can be flown by either one 

or two DC-6Bs spaced in ·vertical positions. -A B57will be used mainly for photo

graphic missions. 

Pattern A (Simple traverses) 

This pattern. is designed to obtain the time change in the wind, . temperature., 

and moisture fields at a constant height surface above the ground. The flight ·may 

be made along a fixed line or the flight line may be shifted parallel after each 

traverse . One round trip penetrations requires about an 80-mile flight path or about 

20-min flight time, thus making it possible to .fly three round trip penetrations per 

hour. When two 0C-6Bs are available, the one will be assigned to fly at about 3000ft 

and the other at about 8000ft height above the ground surface. The lower plane will 

measure the wind and other meteorological parameters slightly above the frictional 

layer and the upper one the increase in moisture during the preformative· stage ·of 

convective activities -along a dry front. 

The angle of bank at each turn may be selected arbitrarily. If desired, an 

angle larger than about 17 deg may be used $ 0 that the Doppler system goes into 

memory while the turn is being completed, or the angle could be set to less than 

15 deg to allow wind measurement during each turn . 

This pattern will be flown over the region where a dry frontogenesis is 

expected. The duration of flight depends ,entirely upon the development of the system. 

When clouds start forming along the dry front, the pattern "B" will be flown there

after. 

·Pattern B (Loop traverses) 

After the formation of a well -defined dry front accompanied by few scattered 

cumuli, the simple traverses may not be sufficient for dynamical studies of the wind 
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and temperature fields. By flying with a constant angle of bank, it is feasible to 

compute mean divergence and vorticity inside each loop. Such a possibility has been 

pointed out by Fujita (1964) who evaluated Doppler positions photogrammetrically. 

Knowing that computation cf absolute values of both divergence and vorticity from 

actual winds is not only difficult but also extremely erratic, his method is designed 

to obtain relative values ·computed inside several loop areas . If one of the loops 

is flown within a non-divergent and irrotational atmosphere, absolute values inside 

loops elsewhere can be calculated . 

The loop flight is, therefore, made within dry air, through the dry frontal 

surface, inside the moist air, circling a cumulus cloud in various stages of develop

ment, etc. (Fig. 16). In order to permit wind measurements along straight lines 

through frontal surfaces, several penetrations should be made without loops. 

The flight levels of two DC-6Bs may be selected to any height, however , 3000 

ft and 8000 ft above the ground surface are reasonable altitudes to fly before the clouds 

reach the towering cumulus stage. After reaching this stage , the upper plane should 

fly above the moisture top in an attempt to Investigate the role of dry air above the 

moisture top upon the cloud development. 

Due to the fact that a large number of loops i s included it would take about 

40 minutes to complete a round trip traverse through a dry frontal surface. The 

width of the sampling zone should extend at least 10 miles into the dry air side and 

20 miles into the moist air side. 

Pattern C (Both side photography) 

If the convective clouds along a dry front are relatively small, a photographic 

mission can be performed while flying along a rectangular closed circuit. Two 

DC-6Bs may fly simultaneously at different .. altitudes.>3000 ft and 8000 ft above the 

ground surface for instance. This pattern, due to its ·simplicity, would be most 

useful in photogrammetric mapping of convective clouds ·forming along dry fronts. 

A B57 will perform a high level flight along a straight line passing directly over the 

cloud in line . 

During this pattern flight, "35-min time~'tapse pictures are exposed at the rate 

of about 30-second intervals. 
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Pattern D (Rear side photography) 

When the line cumuli develop into towering cumuli and their traverses become 

no more practical ,one DC-6B will be used for the photographic miss ion to fly at 

about the 20, 000-ft level behind the line along a course parallel to the line. The 

distance between the western edge of the clouds. and the flight path is kept between 

20 and 30 miles. In case another DC-6B is available it will fly slightly below the 

cloud base directly beneath the first aircraft, as near as possible. 

Maj.Or objectives of this photographic mission are to determine photogrammetri 

cally the height of the cloud tops from the high-level flight photography and to map , 

by using low-level flight photography, the extent of the anvil that spreads toward the 

upwind side .. 

The low-level aircraft, while flying below the base of convective clouds, will 

sample temperature, humidity and wind inside the mesoscale cold dome, if it 

exists, and extend westward appreciably. 

This proposed cloud mapping from high and low levels will reveal the preferable 

locations of cloud formation along a dry front. Studied in addition to this ar e the ef

fects of large to giant cloud build-ups on the growth of nearby clouds along the dry 

front. Aerial photographs taken from the west of the line and the National Severe Storms 

Laboratory's radar pictures are to be ·combined in studying the three-dimensional de

velopment of clouds along a dry front. 

A BS7 is kept flying near the cloud· top level parallel to the dry front and the 

dry air side of the highest points of the anvil tops. Patterns Dl and D2 in Fig. 17 re

present the proposed paths. 

Pattern E (Vertical cross -section) 

Even though a DC-6B is not suitable for sampling meteorological parameters in -

side a vertical plane through a dry frontal surface, its capability in measuring winds 

is extremely valuable in studying dynamics 'and thermodynamics of a dry frontal system. 

In this pattern, as shown in Fig. 18, ·the planets altitude is increased by 1000 

or 2000 ft after each traverse through the dry frontal surface. Such an increment is 

achieved while flying around a circle of ·10 miles in diameter. Up to three turns 

around this circle will be sufficient to gaiil the r equired altitude. 

The sampling is made from about ·2000 ft above the ground to about the 600-mb 
·. 

surface which is usually much higher than tlie top of the moist layer. It is necessary 

to reach this surface, since the virtual temperatures inside the dry and moist air masses 

are practically the same; thus the pressure gradient above the level of the moist layer 
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top should be known in order to solve dynamical problems involved in dry fronto-genesis. 

This pattern can be flown during the early stage of dry front development as well 

as during the mature stage if a clear air space can be found between echoes. 

5 . Wake Depressions 

Since the pressure rise associated with thunderstorm activity over Germany was 

studied and presented in a synoptic map by Suckstorff (1938), a significant breakthrough 

was made by the Thunderstorm Project. The report of the project by Byers and Braham 

(1949) clarified the nature of pressure rises accompanied by both individual ~nd group 

thunderstorms. While the attention of other meteorologists was directed to the positive 

excess pressure of thunderstorm pressure disturbances, Brunk (1949) investigated the 

pressure pulsation which includes both excess and deficit pressure fields, leading to 

the finding of a significant low-pressure area behind a group of thunderstorm activities. 

Williams (1953) (1954) later called the lines of these pressure increase and decrease 

the "elevation-type" wave and "depression-type" wave. 

Fujita (1955) called the low behind a thunderstorm high the "wake depression. " 

The term came from the observational fact that it forms shortly after the thunderstorm 

high reaches its mature stage. It is also known that a wake depression accompanied 

by a fast moving squall line is far deeper than the one accompanied by a slow moving 

system. Schematic isobaric patterns of moving squall lines or thunderstorm systems 

appear in Fig. 19. The top row, Cl through C4, shows the case where a system is 

located in the cold sector; the middle row, Fl through F4, on a front; and the bottom 

row, Wl through W4, in the warm sector. In all cases, the pressure system originates 

as a small area of high pressure, then It increases both in excess pressure and in area. 

When the systems reach their mature stage, C3, F3, and W3, the pressure behind the 

pressure ridge starts decreasing to form an apparent wake low or trough. In the dis

sipation stage, the squall-line activities diminish considerably and the excess pressure 

decreases gradually. The wake depression during this stage intensifies instead. 

An excess-deficit pressure diagram (Fig. 20) introduced by Fujita (1963) repre

sents pressure characteristics of squall -line pressure systems. It will be seen that 

the Jo.ct of the points representing both excess and deficit pressures as a function of 

time during the entire life of a squall line is a triangle. The size of the triangle de

pends upon the intensity of the system; however, its shape changes mainly due to the 

traveling speed of the system. If the system is stationary, for instance, there will 

be little or no deficit pressure resulting in a very flat triangle or .·simply in a straight 
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line segment. For a fast moving system, the triangle is pointed downward to give signi

ficant deficit pressure during the dissipation stage. 

The vertical structure of squall lines has long been subject to investigation by many 

meteorologists. Newton (1950} made a cross section of a squall line which moved over 

the Thunderstorm Project area in Ohio. His model includes an intense updraft accompa

nied by a downdraft at its rear reaching from about 500-mb to the ground. The down -

slope dry winds immediately above the cold frontal surface push into sub-cloud layers 

behind the squall line where one would expect a wake depression. 

In defining a wake depression, Fujita (1955} constructed a similar model combining 

both vertical and plan view of a squall line observed from the coordinate system fixed to 

the earth's surface. In his model a wake depression was explained as a drop in the isen

tropic surfaces behind the thunderstorm high due to the wake effect produced by the mass 

of a cold air dome as it plows through the low-level atmosphere. 

William's (1963) model of the thunderstorm wake is reproduced in Fig. 21. He 

made analyses of Beta· network data to support his model, thus finding an appreciable 

warming and low relative humidity over the area of wake depressions. Such a warming 

extended to over 700-mb height, suggesting that the warming through a layer of about 300-

mb pressure difference could easily cause about 4-mb deficit pressure hydrostatically. 

The downward motion near the center of th:e wake depression is assumed to originate 

at about 500 mb,immediately behind the visible clouds. It is also assumed that the moist 

downdraft originating inside the clouds near their trailing edge mixes into the dry air 

forming the wake depression. 

In an attempt to study the meso-structure of high level disturbances, Fujita (1962} 

analyzed a series of 600-mb charts during the entire lifetime of an Oklahoma squall line 

(Fig. 22). It was found that a height deficit gradually developed over the area of a wake 

depression development, finally reaching about 110 ft of deficit 12 hours after the squall 

line initiation. This deficit height would correspond to about 4-mb deficit pressure at 

the sea level. Analysis of other pressure surfaces revealed that the deficit heights are 

less significant at either the 500-mb or 700-mb ,surfaces, obtaining a maximum deficit 

height at about the 550-mb surface. 

A schematical diagram of the temperature distribution along the vertical through the 

center of a wake depression is presented in Fig. 23. The fact that the deficit height, 

largest near the surface , gradually decreas.es until about 700 mb suggests that the drop 

in pressure inside a wake depression is caused by the low level warming through dry 

adiabatic descent. There should be a colder layer since the low or trough, which may 

be called the depression aloft, intensifies above 700 mb until 550 mb. Above this 
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depression aloft we will probably see a warmer air which may have been caused by the 

compensation current gradually sinking behind the squall line. 

An extraordinary warm area behind a squall line was analyzed by Pedersen and 

Fujita (1963) who mapped the TIROS infrared data for the 8-12 micron range (Fig. 24). 

The equivalent blackbody temperature just behind the line was very high, suggesting 

that it is a result of cloud dissipation and less precipitable water behind the line caused 

by the sinking motion inside the wake depression. 

These results combined indicate that the wake depressions seem to be very impor

tant in revealing the three-dimensional structure of squall lines and groups of thunder

storms. Yet, its vertical structure is not yet fully understood. It is proposed that 

several flights be made over the area of such wake depressions so that their dynamics and 

mechanisms can be solved, based upon aircraft data. 

6. Proposed Flight for Wake Depressions 

The development of a wake depression· usually takes place about three hours after 

the initiation of a squall line. It is, therefore, feasible for the airplanes to wait on the 

runways until ground based radar actually sees a developing squall line. After confirm -

ing the squall line development, a plane approaches the rear side of the line from a 

direction parallel to the line . 

If a wake depression of a mid-afternoon squall line is to be studied, the take-off 

time will be between 2 and 51'2'm. ,resulting in a nighttime operation which might have to 

be extended to midnight. 

Three basic flight patterns F, G, and,H will be discussed hereupon. In all pat

terns, flights are made r elative to the wal<e .depression center which is rather difficult 

to be fixed by an airplane. The only way of knowing the center positions is to plot, 

while in flight ,the Doppler winds at about . 3-minute intervals on a map . 

Pattern F (Radial sampling) 

This pattern is just like a radial sa.mpling flight through a hurricane center. As 

shown in Fig. 25, an airplane flies toward the expected position of a wake depression 

which is located to the rear of a well-developed line at a distance between 10 and 40 

miles from the trailing edge of the squall -line clouds. 

If the judgements are correct, a gradual wind shift associated with the wake de 

pression is s een in Doppler wind chart while flying over the depression center at t=O. 

ThP. pl~.n<>, th.on, continues to fly parallel to the-squall line until it r eaches near the 
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end of the line. After making two turns; the second approach is made toward the 

central position at t=l . In case the second approach is made one hour after the first 

approach, the center would move in a direction approximately perpendicular to that 

of the squall line and as much as 30 miles. The plane will keep flying until approach

ing close to the squall line and then fly out to the west. 

Whenever feasible, same pattern should be flown immediately after the completion 

of the initial sampling mission. The flight path is exactly the same with respect to the 

wake depression center. Relative to the ground, however. the whole path is shifted con

siderably. 

Pattern G (Parallel Sampling) 

In this pattern, the flight path consists of parallel lines and several loops which 

permit the calculation of divergence and vorticity, (Fig. 26). 

A plane first flies parallel to the squall line immediately behind the wall of clouds. 

After reaching near the end bi tl}e :line;.· the plane ·makes ·a left turn to change its hea,.ding 

by 180 qeg. : ::.Four parallel lines without loops can be flown ,taking about 2 hours . If we 

count the time required to add several loop flights. it would require about 3 hours for 

the completion of the four parallel line flight. 

During a 3-hour period the wake depression and the squall line as well would move 

about 100 miles. The repetition of the same pattern can be performed by bringing the 

plane again in a course very close to the rear of the squall line. 

The flight levels for this pattern and the previous one can be chosen at 3000 ft 

above the ground when the low level warming is to be investigated, 850 mb for the study 

near cloud base, 700 mb for least deficit height, and 600 for depression aloft whenever 

·air space becomes available. 

Pattern H (Multi - level Sampling) 

To date no vertical wind, temperature, and humidity cross s ections are available 

through a wake depression. It is proposed, therefore, to fly along a straight line at 

several heights through the depression center and parallel to the squall line. The first 

sampling is made at the 3000 ft above the ground. At each turn about 2000 ft altitude 

is added. 

When two DC-6Bs are available the upper one may start flying from about 10,000 ft 

upward to 20,000 ft. It is also hoped that the B57 cover much the higher altitude between 

30, 000 and 40, 000 ft to sample the r egion of suspected downward motion behind the line. 

In case the B57 is not usable for such a multi-level sampling, it will be used exclusively 
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for photographic and horizontal sampling missions . 

7. Conclusions 

Presented in this paper are the brief descriptions of dry fronts and wake depres

sions which it is planned to investigate in 1965 over the Midwest. Due to the improved 

capabilities espe:cially:·.·oj the Doppler wind systems on board the Weather Bureau air

craft, it is expected that the data to be collected while flying along designed paths will 

give us more solid groundfotfurther calculation. 
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Fig. 1. Vertical cross sections of a dry frontal surface of 

11June1956 (by Fujita, 1958). The traverses were made by the 

Weather Bureau's Tornado Research airplane piloted by Mr. Cook. 

An increase in the height of the moisture top is apparent as the 

dry frontal surface pushes the west end of the moist air. 

Showers forming near the dry front produced a mesoscale cold 

dome thereby preventing the dry frontal surface from reaching 

the ground. 
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Fig. 3. A square cloud appearing on a TIROS 

picture of 19 May 1960 (from Whittley and Fritz, 

1959). A faint line running from upper right to 

lower left through the square cloud corresponds 

to the dry front analyzed on a surface map. It is 

seen that the line separates a dark (clear) area 

from a gray (scattered cloud) area . 
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Fig. 2. Moisture cross section through a 

dry frontal surface over Texas of 26 May 1959 

(by McGuire, 1962). The small circles con

nected by a stair-step dotted line indicate the 

data points collected within a 52-minute pe

riod. Solid lines are the isopleths of mixing 

rationing/kg. Note an extremely tight 

moisture gradient near the surface. 
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Fig. 4. Isotherm analysis of the local area near the square cloud of 19 May 1960. Echoes shown by painted a reas are lo 

cated in a cold area caused by a combined effect of precipitation and reduced solar radiation. Rectified areas of clouds are shown 

by heavy and light stippling. 

10 0 MllH 
I 

Fig. 5. Isodrosotherm analysis of the local area near the square cloud of 19 May 1960. Note a line of moisture discontinuity 

on which the cloud initiated at about 1300 CST, one hour before this map time. 
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NO ___g._____ TIROS PICTURE, 1403C MAY 19, 1960 

Fig. 6. Rectified pattern of the square cloud (stippled) and the isochrones of a slight temperature drop at each surface station 

(by Fujita, 1963). These isochrones represent the boundary of expanding cirrus shield which cuts down the solar radiation reach

ing the ground. Black areas denote radar ·echo at the picture time and a line through each station represents the thermograph 

trace with time increasing right to l eft. 

HIGH 

SURFACE ISOBARS 

09C MAY 13 1956 

Fig. 7. Surface isobars and station dew-point temperatures (in °F) for 09C, 13 May 1956. The flight path of the TRAP air

craft between Dallas and Kansas City is placed in the map in a position relative to the surface front rather than along the actual 

track . The plane crossed the cold front around 12C and 13C . Stippled and painted areas represent elevation above the 800- and 

700-mb surfaces, respectively. 
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Fig. 8. Temperatur e and dew-point t emperature changes obtained by a TRAP flight of 13 May 1956. Note several sharp 

changes, som e of which have not yet been explained. 

VERTICAL DISTRIBUTION OF HUMIDITY 

0 9C MAY 13, 1956 
IOOW 

Fig. 9. Vertical distribution of temperature and dew-point temperature placed a t each radiosonde station over the a rea of 

analysis. The dew-point temperatur es were s moothed on this char t ; then the smoothed values were plotted on the constant pres

sure charts which follow. 
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Fig. 10. Surface isodrosotherms contoured for every SC. The lightly stippled area with dew-point temperature above ISC 

corresponds to the warm sector of a wave cyclone. In this case, however, the cold front bends back to the central Rocky 

Mountains, thus separating the moist air from the dry air to the south. The entire area west of the !SC isodrosotherm extend

ing from the low center would have been the cyclone's cold s ector had there been no Rocky Mountains . The dry air, in this case, 

should be regarded as the modified cold air. 

IOOW f 

Fig, 11. 900-mb isodrosotherms contoured for every SC. The area above !SC is stippled and the pressures with a short 

line above denote the pressure at the mois ture top. Moisture advection east of the dry front is a typical pattern often asso

ciated with a wave cyclone moving over the midwest. 



800-MB ISOOROSOTHERMS 
09C MAY 13, 1956 

IOOW 

24 

Fig. 12. 800-mb isodrosotherms. The region located below the top of the moisture advection from the Gulf of Mexico is 

surrounded by a dot-dash line. All fronts are indicated at their surface positions. 

30N 

- 8 v 
Fig. 13 . 700-mb isodrosotherms. At this level the dry air is s liding down over the cold frontal surface, thus resulting in 

motor boating dew-point temperature (indicated with M) over the surface dry and cold fronts . A moist tongue in the warm sector 

slopes up westward. 
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Fig. 14. 600-mb isodrosothenns. At this surface, the moist tongue is located over the surface dry front. The dry air 

from the west intrudes under the moist tongue. 

VERTICAL CROSS -SECTfON 
09C MAY 13, 1956 

Fig. 15. Vertical cross sections througjt northern, central, and southern parts of the upper-air chart are presented. Iso

drosotherms are contoured at lOC intervals. Note that a pre-existing bulge of moisture is being undercut due to the intrusion of 

dry air from the west. Slant lines are the schematic temperature profiles along the vertical. 



26 

PATTERN A PATTERN B 

DRY 

10 0 10 20 MILES 10 0 10 20 MILES 

Fig. 16. Flight patterns A and B. A is a simple traverse pattem which can be flown by one or two DC6Bs with a proper 

vertical separation. Included in the pattern Bare the loops with which the divergence and vorticity are calculated accurately. 

Each westbound flight is made without loops to assure that straight line data are always available in case of a failure in Doppler 

wind measurements during tums. 

PATTERN C PATTERN PATTERN 02 

857 DC6 857 DC6 857 

Fig. 17. Flight patterns C and O. The pattern C is fl.own around the area of small cumulus convection along a dry front. 

o1 and o2 are applicable to a developed line which does not permit penetrations by DC-6. 
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4000° -
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DRY AIR 

Fig. 18. Pattern E, the vertical cross section flight performed by spiralling upwards at the end of each traverse. 

INITIATION STAGE DEVELOPMENT STAGE MATURE STAGE STAGE 

HIGH 

Fig. 19. Four stages of mesohighs located in the cold sector, on the front, and in the warm sector (by Fujita., 1963). 

Broken lines designate the mesohigh boundaries. The portion of the boundary characterized by a pressure jump and cold air 

advection is identified by painted triangles pointing toward the direction of the front movement. 

27 



L&J 

a: 

0 

- I 

-2 

::::> - 3 
Ul 
Ul 

~ - 4 
CL 

~ - 5 
u 
IL 
L&J - 6 
0 

1-7 
- 8 

M8 

E XC E SS 

2 3 

PRESSURE 

4 5 6 
-

7 MB 

Fig. 21. Model of a wake depression (by Williams, 1963), 

This model represents a wake depression in its mature stage 

when the squall line that produced the wake is dissipating. 
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Fig. 20. Excess and deficit pressure diagram (by Fujita, 

1963). Three mesohighs moving at slow, normal, and fast 

rates are schematically presented In the diagram. Note 

that a fast-moving system produces significant deficit 

pressure compared with those moving at slower rates. 
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Fig. 22. Development of 600-mb depression 

over the area of surface wake depression. (by Fujita, 

1962) . No positive statements can be made as to 

the "chiclcen-and-egg" relationship between the 

squall line and the depression aloft. It is true, 

however, that the development of the depression 

aloft is closely related to that of the wake depres 

sion. 

TEMPERATURE --

Fig. 23. Schematic diagram showing the 

vertical distribution of deficit height and air tern -

perature inside wake depressions. 
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Fig. 24, A squall line and its wake depressions appearing on the radiation map of Medium Resolution Infrared data (8-12 microns) from TIROS Ill (by 

Pedersen and Fujita, 1963). These measurements took place shortly before the sunrise. Note that the equivalent blackbody temperatures of the squall line and 

the wake depressions are about - 2SC and IOC, respectively; also, the squall line is in its dissipating stage. 



Fig. 25. Pattern F: Radial Sampling. This 

pattern is very similar to the radial directions 

used in hurricane flights . 

PATTERN G 

PATTERN F 

WAKE DEPRESSION 

Fig. 26. Pattern G: Parallel Sampling. 

The pattern consists of several parallel lines 

and loops which permit the computation of 

wind fields both in large and small meso

scales. 

Fig. 27. Pattern H: Multi-level Sampling. 

In this sampling, the plane flies parallel to the 

rear edge of a squall line while increasing its 

flight altitude each time the next straight line is 

flown. 

PATTERN H 
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