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Abstract 
Certain intensive investigations into the nature of thunderstorms in the United Statcs 

have resulted in a new model of thunderstorm structure, life cycle and thermodyna- 
mics. Thunderstorms and their effects have been investigated by airplanes, radar, surface 
micronetworks and swarms of balloons. Some of the more significant aspects of these 
measurements are described. A comprehensive final report will be published soon by the 
U. S. Government. 

htroduction 

In 1945 the United States Weather Bureau, 
Air Force, Navy and National Advisory 
Committee for Aeronautics organized a pro- 
ject to investigate the structure and dynamics 
of the induvidual thunderstorm by means of 
a concentrated pro ram of observations and 
measurements. A escri tion of the observa- 
tion system has beenpu b !  fished in various ar- 
tides (WHITE, 1946, 1948; U. S. WEATHER 
BUREAU, 1946, 1947). It will suffice here to 
state that it has been the largest project ever 
directed at the study of a single atmospheric 

enomenon. Airplanes, balloons, radar, sur- fh  ace micronetworks and certain specialized 
equipment were used to investigate the 
structure and dynamics of thunderstorms 
during two summers of pronounced thun- 
derstorm activity. In the summer of 1946 
observations were carried out over the 
Florida Peninsula, and in 1947 south-western 
Ohio was the scene of operations. 

Analysis of the data has been completed to 
the point of making a general report of the 
scientific results. This report, prepared with 
the collaboration of ROSCOE R. BRAHAM, 
JR., LOUIS J. BATTAN, ~ R R Y  L. HAMILTON, 
JR.. HARRY M. MOSES and others of our 

Weather Bureau group, is expected to a pear 
in printed form early in 1950. It is ge,g 
printed by the U. S. Government Printmg 
Ofice under the direction of the U. S. Weather 
Bureau, which organization had charge of 
the scientific investigations. The re ort, un- 
der the title “The Thunderstorm’P will be 
available from the Superintendent of Docu- 
ments, Washington, D. C. 

At the suggestion of the Editor of TELLUS, 
a summary of the findings of the Project is 
presented on the followingfges in order to 
acquaint meteorologists an geophysicists in 
general with the more important new facts 
about thunderstorms without waiting for the 
full report. The difficulty of this task can be 
measured by considering that the printed 
report will consist of some 300 pages of a 
size somewhat larger than this journal and 
including 254 illustrations. This summary, 
therefore, can only state conclusions, so the 
reader is referred to the full report to ascertain 
the nature of the data and reasoning leading 
to these conclusions. The results will be 
summarized here @ conformance with and 
in the order of the ten chapters that form the 
report, with the exception that the last two, 
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covering thunderstorm conditions affecting 
flight operations, will be omitted. The preli- 
minary results of these two have already 
been ublished by the U. S. WEATHER BUREAU 
(19483 and the AIR WEATHER SERVICE (1949). 

I. Thunderstorm Structure and Circulation 
The BBNARD cell (BBNARD 1901) is rejected 

as a model of convective circulation in the 
cumulonimbus cloud partly because steady- 
state convection cells rarely, if ever, are 
duplicated in deep atmospheric layers. The 
atmos here with strong convection is in a 
very isturbed state. Radar scans over a large 
area having thunderstorms show either a 
random distribution of the storms or a con- 
centration in squall lines. Downflow spreads 
over areas man times greater than the areas 
of upflow. The r arge areas of return settling are 
cloudless or have only growth-arrested cumuli. 
The energy released by condensation exceeds 
the energy of the simple BENARD-ceU type 
convective motion. 

As indicated by previous investigators, it 
is found that the thunderstorm consists of 
several units of convection, called cells. Many 
of these units are initially detectable as separate 
echoes appearing on a radar ’scope, but even 
after they have formed a conglomerate 
thundercloud mass they can be distinguished 
through a study of the data measured in air- 
planes flying through them. The patterns of 
vertical motions serve to identify the cells. 
Between the cells is found “connective tissue” 
of inactive, i.e., nonturbulent, cloud. 

As described in a previous article (BYERS and 
BRAHAM, 1949, the life cycle of the thunder- 
storm cell is divided naturally into three stages 
depending upon the direction and magnitude 
of the predominating vertical flow. They are: 

I. Cumulus stage-characterized by updraft 
through the cell. 

2. Mature stage-characterized by the pre- 
sence of both updrafts and down- 
drafts, at least in the lower half of the cell. 

3. Dissipating stage-characterized by weak 
downdrafts prevailing throughout the 
cell. 

Cumulus Sta --Measurements made in cells 
in this stage s h ow that throughout the entire 

cell there is an updraft. The strongest updrafts 
are found at the higher altitudes and toward the 
end of this stage. The surface air converges to 
feed the updraft, but air also flows into the 
cloud from the unsaturated environment. This 
mixing of surrounding air or “entraining” is 
made possible through the evaporation of 
some of the liquid water carried in the updraft. 
The entraining is characteristic of all stages of 
the thunderstorm. 

Within the developing cloud the tempera- 
tures are everywhere higher than in the 
environment at corresponding heights. The 
greatest differences between the in-cloud and 
environment tem eraiures are found in areas 

reaching a maximum toward the end of the 
stage. 

A distinguishing feature of the cumulus 
stage as contrasted with the other stages is 
the absence of preci itation falling out of the 
bottom of the cloucf. The flight crews flying 
within the clouds reported rain or snow, 

articularly near the end of the stage, but these 
Rydrometeors appeared to be suspended, since 
no precipitation was observed at that time at 
the ground. The greatest concentrations of 
hydrometeors-liquid, solid, or both-occur 
at the freezing level and somewhat above it. 
The depth of the transition zone in which the 
water passes from a liquid to a solid state 
varies, depending upon the speed of the 

’ Mature Stage.-The initial occurrence of 
rain at the round has been chosen as the 
beginning o f  the mature stage. Apparently 
this hap ens when the size and concentration 
of the dp rops or ice particles becomes so great 
that they can no longer be sup orted by the 
existing updraft and begin to fd relative to 
the earth. The drag exerted by the precipita- 
tion upon the ascending air is an important 
factor in forming a downdraft and, as a matter 
of observed fact, the beginning of rain at 
the surface and the initial ap earance of a 

which at first is found only in the lowest 
15,000 feet, gradually increases in horizontal 
and vertical extent. (Fig. I.) 

Throughout the mature stage, an updraft 
still persists. Its magnitude is usually greatest 
at the highest levels flown (25,000 feet). It is 
also strongest in the early part of the mature 

of greatest updra P t speeds, at the upper levels, 

updraft. 

downdraft are coincidend. T K e downdraft, 
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Fig. I. Vertical cross section sketch of a thunderstorm 
cell in the mature stage with updrafts and downdrafts 
represented vectorially, typical hydrometeors and tem- 
perature distribution for summer thunderstorm condi- 

tions in the eastern United States. 

stage when speeds may locally exceed IOO 
ftlsec. The downdraft is usually weaker than 
the updraft and has its greatest speeds in the 
lower part of the cloud. At the ground it 
is forced to s read out. Thus areas of down- 

Low temperatures are associated with the 
downdraft, with the greatest negative tempe- 
rature anomalies in the lower levels. The 
updraft is still warmer than the clear air 
surrounding the cloud and, of course, has 
considerably higher temperatures than the 
downdraft at corresponding heights. The 
warmest regions at each level are found in the 
area of maximum updraft speed, and the 
coldest areas occur where the downdraft is 
the strongest. 

As discussed in the 1948 Journal article, the 
updraft air follows an adiabatic reduction in 
temperature with ascent which is modified 

draft, rain an B lateral divergence coincide. 

R. B Y E R S  

both by condensation and by mixing with 
entrained air, two processes which act in 
opposite senses. The result is that the updraft 
or “entraining-wet-adiabatic” rate , is greater 
than the simple wet adiabatic. Therefore the 
updraft air is permitted to become only 
slightly warmer than the environment air. In 
the downdraft, evaporation is the principal 
process besides com ression, and this appears 

adiabatically. At the low levels, then, the 
downdraft appears as a small cold-air mass. 
It forms the well-known pseudo-cold front 
as it advances along the surface of the earth. 

The greatest intensities in all aspects of the 
thunderstorm are reached in the mature stage. 
Heavy rain and strong winds are observed at 
the ground and severe turbulence, including 
short, intense gusts as well as updrafts and 
downdrafts are found in the clouds. It is during 
this stage that hail occurs, although this 
hydrometeor is not found in every storm. 
Above 26,000 feet no direct observations have 
been made of h drometeors, but from radar 

it is concluded that the size and number of 
articles are large to heights as great as 60,000 

Let in some cases. With extraordinarily 
strong updrafts (up to 100 ftlsec), it is possible 
for liquid water to be carried well above the 
freezing line. One case of heavy rain at 26,000 
feet, nearly 10,000 feet above the freezing 
level, was reported. 

Dissipating Stage.-The downdraft spreads 
over the entire area of the cell to start the 
dissi ating stage. As the updraft is cut 06 the 
totafamount of liquid water released becomes 
smaller, finally reducing the mass of water 
available to accelerate the descending air. 
Then com lete dissipation occurs or only 

remain. The entire cell is 
colder than the environment as long as down- 
drafts and rain persist. With decreasing down- 
draft speeds the temperature within tk cell 
rises to a value approximately equal to that 
of the environment at corres onding levels. 

also disappears. 

to occur essentia lf y reversibly and wet- 

echoes returned Y rom cells in the mature stage, 

stratifed couds f 

The disturbance of the wind fie f d at the ground 

If. Thermodynamics of Entrainiag 
Reference is made to the work of STOMMEL 

(1946) and AUSTIN (1948) in showing the 



thermodynamic results of entraining of en- 
vironment air in the u draft of a convective 

swarms of balloons sent aloft around thunder- 
stonns show that the cumulus cloud which 
develo s into a thunderstorm entrains at a 

mb of ascent, that is, it 
decrease of 500 mb. 
than the entrainment 

rates of tradewind cumuli found by STOMMBL 
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t h i  conventional considerationsL of parcel 
ascent. In general, it may be said that an u p  
draft undergoing entraining has less liquid 
water and a lapse rate steeper than the moist 
adiabatic. The rate of temperature decrease 
with ascent and entraining depends on the 
tem erature lapse rate and water-vapor content 

entraining. The drier the environment or the 
more rapid the entraining, the steeper will 
be the updraft entraining-moist-adiabatic lapse 
rate. With high rates of entraining the updraft 
might theoretically be colder than the environ- 
ment. This was not found to be the case 
except in isolated or transitory conditions in 
the Thunderstorm Project observations. 

The conditions of free convection based on 
temperatures hi her in the updraft than in the 

entraining that can exist. A series of charts, of 
which fig. 2 is an example, was constructed 
showing the difference in temperature between 
updraft and environment for a group of diffe- 
rent environments and different entraining 
rates. For each environment is shown the 
effective temperature difference between the 
updraft and the environment that would 
result from each of the several rates of entrain- 
ing. The effective temperature difference is 
the difference between updraft and environ- 
ment reduced by the amount which is requi- 
red to produce a buoyancy force equi- 
valent to the drag force exerted by the con- 
tained water. It is therefore the temperature 
diffetence available for overcoming other 
retarding forces and for accelerating the air. 
The examples show that entraining rates 

of t K e environment, as well as on the rate of 

surroundings, p P ace limitations on the rates of 

I .  I 
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Fig. 2 .  Plot of distribution with height of computed 
effective temperature difference between updraft air and 
environment air under the specified rates of entrain- 
ment. In this case the environment lapse rate is assu- 
med to be midway between the dry and saturated 
adiabatic rates with a convective condensation level at 
900 mb and 2j°C. Relative humidity in per cent in 
the environment is considered to be 1/10 of the pres- 
sure in mb., i. e., 90 yo at 900 mb., 8 0  yo at 800 mb., etc. 

lo001 . 
EfFECTIVE TLMPfRAlUIIC MffERENCC -0EG CEMTIWAOL 

greater than 100 per cent per zso mb are 
unfavorable for the growth of cumulus 
clouds to heights great enough to produce 
thunderstorms in American maritime tropical 
air. 

The lapse rate in a typical, welldeveloped, 
bulging cumulus cloud is represented by h e  
A' B' in fig. 3, and the lapse rate of the environ- 
ment by line AB. If a saturated parcel is 
displaced downward from point C, it warms 
at the moist-adiabatic rate CD, if no environ- 
ment air is entrained. If environment air is 
entrained, the parcel warms at some other rate, 
such as CE. If the parcel is displaced downward 
beyond D or E, it will be colder than the en- 
vironment and sink. The mass of liquid water 
provides the means whereby a parcel in a 
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Fig. 3 .  Graphihal representation on a section of an 
adiabatic chart of the thermodynamics of the downdraft. 
AB is the environment lapse rate, while A'B' is the 
updraft lapse rate. CD is a moist adiabat and CE repre- 
sents the downdraft lapse rate. If the downdraft reaches 
below E, it is colder than the environment. In U. S. 
thunderstorms, the pressure interval from C to E is 

usually less than IOO mb. 

thunderstorm can thus be forced below point 
D or point E, whence it continues as the 
thunderstorm downdraft. With sufficient liquid 
water available to maintain saturation, the 
parcel continues to the ground, reaching the 
surface with a temperature several degrees 
lower than the surface environment wet- 
bulb temperature. 

m. Thunderstorm Weather Near the Surface 

Rainfall.-It was found that the rainfall 
pattern follows closely the arrangement of 
the cells and reflects to a considerable extent 
their stages of development. A single, isolated 
thunderstorm cell is com aratively rare in 

it is generally weak and not representative of 
the average thunderstorms. Usually a thunder- 
storm consists of a group of three or more 
cells adjacent to each other, each manifesting 
itself in the rainfall pattern. The first rain 
reaching the ground from a newlydeveloped 

the regions studied and w g en it does occur, 

cell is limited in area to a few square miles. 
Later, as the cell develops further, the rain 
area expands along with the increase in 
horizontal extent of the downdraft with 
which the rain is associated. The cold air of 
the downdraft spreads out after reaching 
the surface, while the rain falls directly to 
the ground, so an ever-expanding outer area 
of cold air without rain develops. In the 
dissipating sta e of the cell, the rain area 

spread. 
As would be expected, under a moving cell 

the area of rain advances approximately at the 
speed of movement of the cell itself. If the 
rainfall is considered with respect to the moving 
cell, it is found that the duration of moderate 
or heavy rain from a single cell may vary 
from a few minutes in the case of weak, short- 
lived cells, to almost an hour in the large, 
active ones. However, the duration of the 
rain period at a surface station depends upon 
such factors as the number, size and longevity 
of the cells passing over the station, the posi- 
tion of the station with respect to each passin 
cell and the rate of translation of the cef. 
Without separating the above factors, one finds 
that the average duration of rainfall at Florida 
as well as Ohio stations is about zs minutes. 

The maximum rainfall rates occur at the 
location of a cell core within 2 or 3 min. 
after the first measurable rain from the cell 
reaches the ground and the rain usually remains 
very heavy for a eriod of 5 to IS min. There- 

more slowly than it increased. Lesser rates 
occur around the edges of a cell. 

Wind Field.-When a cell is in the early 
building stage there is a gentle inward turnin 
of the surface wind, forming an area of wea 
horizontal convergence under the updraft. 
Except for changes in the electric field, this 
change in wind is the first surface manifesta- 
tion of the usual type of thunderstorm. As 
the cell grows and a downdraft develops, the 
surface winds take on an entirely different 
character, becoming strong and gusty as they 
flow outward from the downdraft region. 

In the mature stage, the outward-flowing 
cold air underruns the warmer air w&ch it 
dis laces, and a discontinuity in the wind an1 temperature fields is established. This 
discontinuity or discontinuity zone moves 

contracts w h f  ' e  the cold air continues to 

after the rainf a l f  rate decreases, but much 

f 
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outward with the s reading cold air of the 
downdraft. Strong $rizontal divergence is 
measured in the surface winds of the down- 
draft outflow. Values as high as 29 hrI 
(8.06 - 10-3 set-I) have been evaluated from 
the surface micronetworks. 
In the slowest-moving storms, the outflow 

is almost radial, but in most cases the outflow 
field is as mmemcd, with wind speeds sub- 
stantially Liher on the downwind side. This 
is due to e reinforcement or cancellation, 
as the case may be, of the radial flow by the 
prevailing air movement in the lower layers. 
Thus the wind discontinuity in most cases is 
easily detected only in the forward portions 
of the storm, where it appears as a micro-cold 
front. 

The cold dome of outflowing downdraft 
air has a form illustrated schematically in 
fig. 4. In this sketch the thunderstorm cell is 
considered to be in the mature stage and is 
moving from left to right. The cold air is 
represented as having spread out considerabl 
farther on the downwind side of the ce 
than on the upwind side, as would be expected 
in a moving system. 

After the outflow has been spreading for 
15 to 20 minutes, the discontinuity zone will 
have traveled about 5 or 6 miIes from the cell 
center. The surface winds near the discon- 
tinuity surface are still stron 
farther behind, inside the cod-air dome, the 
surface wind s eeds have decreased so that the 

cell itself. This increase in the wind speed as 
one ap roaches the discontinuity zone from 

settling of the outflow air, bringing high 
horizontal momentum downward. 

The discontinuity zone, which everywhere 
marks the limit of the cold downdraft air, 
is one of the most interesting of all surface 
weather features associated with the thutider- 
storm passage. With the assage of this zone 
at a station directly un B erneath the center 
of a cell in the early mature stage, there is a 

increase in the wind speed, occasionally 
to sh’Ip estructive force, and a marked reduction 
in temperature. The shar increase in wind 
has been termed the “At gust”, since it 
often ap ears as the first major gust of a 
pacbd o P high, gusty winds. After the cold 
air Jpreads outward, Ebe wind speeds near 

E 

7 and gustyy, but 

strongest win B s are no longer underneath the 

the cod  P air side results from a continued 

i 

Fig. 4. Schematic vertical cross section through the 
lower part of a thunderstorm cell in the mature stage 
showing the spreading cold dome and typical pattern 

of air flow. 

the boundary of this air decrease. It is found 
that, at least during some stages of the storm, 
the discontinuity zone at the ground moves 
faster than the normal component of the 
winds immediately behind it. This may be 
explained b the fact that there is rapid down- 

the boundary zone which thrusts it forwarf 
In direction, the wind shows clockwise 

shifts in most cases. This was especially true 
in Ohio where the winds were usually south- 
west or south and shifted to west or north- 
west at the discontinuity. 

Temperuture.-The “first gust” and the 
“temperature break”, i.e., the point on the 
thermograph where the temperature suddenly 
starts its drop, are two of the most ronounced 

essentially together. At the time of formation 
of summer afternoon thunderstorms in the 
areas studied the temperature is usually above 
85”F, often in the go s. As a resdt of the rain 
and the downdraft, the tem erature may 

in air-mass. As the thunderstorm activity 
dies down after sunset, the temperature 
usually has recovered to an intermediate value 
representing a mixture of strongly cooled 
and less cooled or uncooled portions of the 
air-mass. 

The area affected by the cooling is many 
times greater than that over which rain falls, 
but the temperature change is, of course, most 
marked in the rain core (downdraft center). 

flow of coder P air toward the ground alon 

features observed at the surface, an Lf they occur 

reach a value as low as 65°F. wit K out a change 
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Cooling may be detected as much as 15 to 
20 mi. downstream. Near the center of a 
mature cell the temperature reaches a minimum 
within 10 to 15 minutes after the temperature 
break; farther from the cell the temperature 
drop is much slower. The amount of the 
temperature decrease observed in any given 
storm varies inversely with the distance of 
the observation point from a cell core. The 
temperature discontinuity is sharp and well 
defined under the core but is less pronounced 

i farther away. Since the downdraft is onl 
a few miles in diameter, the area over whic 
the first and most ra id temperature fall 
occurs is relatively smaf As a result, strong 
horizontal temperature gradients are created 
after the downdraft first reaches the ground. 
Gradients exceeding zo°F per mile have been 
observed. As the storm ages, the cold air 
spreads out and the magnitude of the horizon- 
tal temperature gradient decreases. Regardless 
of the spread of the cold air, the area of mini- 
mum tem erature remains in the general 

first appearance at the surface, except in those 
cases where a new cell with its own downdraft 
and rain core develops over another part of 
the cold dome. 

Presrure.-Early in the cumulus stage a fall 
in surface pressure almost invariably occurs. 
This fall is observed before the radar echo 
forms, and it is recorded over an area several 
times the maximum horizontal extent of 
the echo. When the radar echo appears, the 
pressure trace levels off in the region directly 
underneath it, but continues to fall and fre- 
quently at a more rapid rate in the surrounding 
areas. The pressure drops in the cumulus 
stage are usually small in magnitude -less 
than 0.02 in. (0.67 mb) below the diurnal 
trend - and take place over a period of 5 to 
15 minutes. Following the f d ,  the pressure 
trace remains steady for as long as 3 0  minutes. 

The pressure falls ap ear to be caused by 

air motions, the expansion of the air due to 
the release of the latent heat of condensation 
and the failure of the convergence near the 
surface to compensate fully the ex ansion or 
divergence aloft. Wind atterns in i e  vicinity 
of thunderstorms showe B velocity convergence 
in the developing stages with divergence 
above 20,ooo feet, suggesting a mass balance. 

location w K ere the cold downdraft made its 

the combined effects o P vertically accelerated 

In the mature stage, two features of the 
pressure trace-the “dome” and the “nose”- 
are recognized. The dome is registered at 
all stations to which the cold outflow air 
penetrates. The pressure nose, the abrupt, 
sensational rise that some meteorologists 
regard as typical of the thunderstorm, really 
occurs only at stations that happen to be 
passed by the main rain and downdraft just 
after they have first reached the earth in the 
beginning of the mature stage. It is superim- 
posed upon or may mark the start of the 
pressure dome. 

The displacement of the warmer air b 

results in the pressure rise initiating the pressure 
dome. A study of 206 thunderstorm pressure 
records from the surface micronetwork showed 
that in 182 of the traces there was a ressure 

outflowing air. Since the rate and total amount 
of ressure rise depend on the slope of the 
colB air mass, the temperature difference 
between the cold air and the displaced warm 
air, the depth of the cold air itself and the 
speed with which the system travels, the 
most marked pressure changes are found near 
the cell core and decrease with distance from 
it. The areal extent of the pressure dome is 
similar to that covered by the cold air. There- 
fore the pressure remains hi h for a period of 

on the amount of cold air involved. 
The distinction between the pressure nose 

and the pressure dome can be made only 
with difficulty on the conventional week-long 
barograph traces, but on the twelve-hour 
recording drums used on the Thunderstorm 
Project the distinction is clear. 

At any given time the pressure nose was 
usually detected by but one station per cell 
in Ohio, indicating that the maximum diame- 
ter of the area in which it occurred was less 
than 5 mi. It is thus apparent that it is caused 
by a transitory process which exists for only 
a brief period, namely the time of com- 
mencement of the mature stage when rain 
and downdraft reach the ground. Two 
effects which are thought to be important 
in creating the pressure nose are the weight 
of the suspended and falling water, and a lack 
of balance between convergence and di- 
vergence. Both of these effects are at a 

the cold outflowing air from the downdra r t 
rise associated with the arrival of t i? e cold 

from one-half hour to sever 9 hours, depending 
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maximum at t h i s  time. An accumulation of 
an average of I gm of liquid water per cubic 
meter from the cloud base to 35,000 feet, a 
conservative value, would increase the surface 
pressure by about I mb, other factors being 
equal. When the downdraft becomes 
established, it reverses at least part of the ver- 
tical circulation pattern and reduces the 
divergence above 20,000 feet, or perhaps 
even reverses it to convergence. Should this 
happen before the divergence (outflow) in 
the surface lavers becomes well established, 
a net increasd in mass convergence could 
result in a substantial surface pressure rise. 
For example, an uncompensated convergence 
of I hr-I (a conservative value for thunder- 
storm convergence) within a layer only 1,000 
feet thick at 20,000 feet would increase the 
surface pressure at a rate exceeding I mb in 
3 min. Relationships of pressure chan es to 

been a favorite subject for theoretical treat- 
ments by meteorolo ists could not be con- 
firmed by data of g e  Project. One of the 
difficulties is that a downdraft at the lower 
levels is under an updraft at a higher level, so 
that the vertical accelerations are op osed 

After the brief ressure nose, the pressure 

which prevails for the articular thunder- 

ing stage of the cell, after which the ressure 

passage of the storm. In the case of a thunder- 
storm associated with a cold front or a fast- 
moving squall line, the pressure remains high 
or even continues to rise as a result of cold-air 
advection or the passage of a wave in the 
pressure and wind field. 

Humidity.-An extraordinary phenomenon 
is noted in the hygrograph traces from the 
surface micronetworks in the form of a sharp 
decrease in the relative humidity in the midst 
of the heaviest down our of rain. With the 

approaches but usually does not quite reac 
IOO per cent, then, in many cases, drops 
suddenly to values as low as 60 or 70 per cent, 
returning to near saturation again in a few 
minutes. Such a fluctuation, termed the 
humidity dip, and illustrated in fig. 5, is 
associated wirh the rain area. In practically 

vertical motions in thunderstorms whic f have 

and tend toward compensating each ot R er. 

remains at the v a! ue of the pressure dome 

storm. The dome persists t R rough the dissipat- 

returns to the trend prevailing be P ore the 

E onset of rain, the re P ative humidity rapidl 

5- 

Fip. 5 .  Example of humidity $dip>) as shown on hygro- 
graph during heavy rain under thunderstorm of August 
14, 1947 near Wilmington. Ohio. The time divisions 
indicated on this hygrograph trace are for 5-minute 

intervals. 

all cases the humidity dip occurred in a region 
of divergence in the surface wind, therefore 
in the outflowing downdraft. The temperature 
was usually decreasing, but if it had already 
reached its lowest point, as was sometimes 
the case, a rise in temperature of 2 or 3°F 
would sometimes accompany the humidity 

The failure of surface air to become saturated 
durin the heavy rain, together with the fre- 

g a t  that the downdraft air fails to maintain 
saturation as it descends, even in the presence 
of large concentrations of liquid water. Two 
processes are suggested: first, dessication of 
the air by condensation on cold recipitation 
particles; second, a time lag in & e evapora- 
tion of the water drops so that there is in- 
sufficient accomodation to the increase in the 
saturation mixing ratio as the air descends 
to lower levels. 

The only measurements of raindrop tem- 
peratures were made by the Project at 3 feet 
above the ground. There it was found that in 
afternoon thunderstorms the rain temperature 
in the first few minutes of the rain period is 
several degrees lower than that of the ambient 
air. This would be sufficient to keep the rela- 
tive humidity from reaching 100 per cent. If 
the second process mentioned above is taking 
place, one wodd expect that the air of the 
thunderstorm downdraft would be heated at 
a rate between the moist- and dry-adiabatic 
and would reach the ground in an unsaturated 
state. 

dip. 

quen t f  y observed relative-humidity dip, sug- 
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Development of New Cells.-From a study 
of numerous cases of new cell development, 
the action of the cold outflowing air appears 
unmistakably as causing or contributing to 
the new growth. When two cells in the mature 
stage are within a few miles of each other, the 
cold outflows collide. The greatest frequency 
of new cell development was in the area 
between two existing cells whose edges were 
three or less miles apart. A three-mile band 
downwind was next in importance, then the 
lateral edges and least frequently the upwind 
or rear side. 

In some cases the time interval between the 
beginning of the outflow and the appearance 
of the new cell on the radar 'scope was too 
short to permit explanation of the new de- 
velopment as a result of the underrunning 
cold air or similar time-consuming process. 
There are cases in which one or a cluster of 
new cells came into existence, as indicated 
by the radar echoes, almost simultaneously 
with the initial or parent cell, which suggests 
that a preferred region of updrafts favors the 
development. 

R. B Y E R S  

IV. Electric Fields in Thunderstorms 

Owing to a lack of suitable e ui ment and 
qualified personnel, the electrica 9 B  ata of the 
Thunderstorm Project left much to be desired. 
However, by means of recording electric 
field meters mounted on top and bottom of 
the fuselage of the airplanes which operated 
satisfactorily on a few occasions, some data 
on the electrical configuration of thunder- 
storms were obtained and some crude ground 
measurements gave further information. 

The predominant charge distribution was 
that reported by previous investigators, namely 
a positive charge in the upper art of the cloud 

the field reversed under the cloud to indicate 
the ground as positive relative to the cloud 
base. In five low-level airplane traverses under 
a thunderstorm in Ohio, interesting changes 
in the electrical field were measured. The 
first traverse showed an almost neutral field. 
Only eight minutes later, with increased cell 
height and heavy rain, a strong positive 
gradient (directed earthward) was recorded 
in the rain area and a strong negative gradient 
outside the rain area. Then, with dissipation 

' 

and a negative charge in the f ower part, with 

of the cell and decreased rain intensity, the 
later traverses showed the positive field 
vanishing and being replaced by a negative 
one. The finding of the ositive charge in the 
rain core on the secon s and third traverses 
appears to bear out the findings of G. C .  
SIMPSON and his co-workers (1927, 1941) 
that a positive1 -charged region may occur 

commonly observed charge distribution with 
the cloud base ne ative with res ect to the 
ground, was foun t! under the up t; raft of the 
cell and under the entire cell after the time of 
maximum rain. The first result is in con- 
formance with well-known measurements by 
a number of investigators showing that rain- 
drops falling to the ground usually carry a net 
positive charge. 

In a stud of conditions in 7 areas of marked 

on three different days in Ohio, negative 
gradients were found in all except the two 
traverses mentioned above. These negative 
gradients were characteristic of both updrafts 
and downdrafts. The two traverses showing, 
positive gradients, noted above, recorded this 
sign only in the downdraft portion. 

From a stud of point collectors located on 
the ground an d a height-finding radar scanning 
the thunderclouds from a point about 20 miles 
away, the following conclusions concerning 
lightning were reached : 

I. The cloud tops (echo tops) reached a 
height where the environment tempera- 
ture was around -20° C before the first 
lightning occurred. 

2. The maximum lightning frequency 
occurs at the same time as the cell reaches 
its maximum height. 

3. As the height of the cell top decreases, 
the frequency of lightning also decreases. 

4. It appears that a greater cell height (or 
lower temperature of the cloud top) is 
necessary to initiate lightning than is 
required to maintain it once it has started. 

5 .  The maximum frequency of lightning 
precedes the time of the maximum 
5-minute rainfall. 

near the base o f? the thundercloud. The more 

vertical ve P ocities in thunderstorms occurring 

V. The Thunderstorm as Disclosed by Radar 

From the photographic records of the range- 
height-indicating (RHI) radar 'scope it was 
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possible to obtain data on the altitude of first 
formation of 66 radar echoes from convectivc 
clouds. A graph was made of the frequency 
distribution of the differences between alti- 
tudes of the tops of the initial echoes and the 
concurrent heights of the freezing level. 
The distribution showed a pronounced mode 
at 1,000 feet above the freezing level but the 
mean was at 4- 2,200 feet. In convective clouds 
the echoes a ear abru tly after the cloud 
has been visi gP e to fie1 c f  observers for some 
time, suggesting a sudden release of large 
quantities of large water dro s after penetra- 
tion above the freezing leveP, in accordance 
with the Bergeron theory. 

It was found that the rate of vertical growth 
of the top of a radar cloud echo agrees closely 
with the updraft velocity measured in that 
portion of the cloud if a correction factor of 
about 3 feet per second is added to the radar 
growth rate to account for the relative free 
fall of the attenuating snowflakes or other 
particles. The use of radar in this manner for 
measuring updrafts appeared to have a r- 
tical ap lication in detecting hail possib bes, 

strong updrafts. 
It was noted that the thunderstorm to s 

ascended in a series of steps, appearing as t % e 
rowth of new protuberances or ,turrets* 

from the cloud top. Large clouds usuall 
exhibited several turrets during their growt 
and, as a matter of fact, in 32 cases studied, 
the maximum height reached was correlated 
with the number of turrets formed by a 
coefficient of + 0.67 f 0.10. Each successive 
turret was higher than the preceding one and 
the mean lapse of time between successive 
turret eaks was 17.8 minutes. It is believed 

ones by increasing the moisture content in the 
cloud-to environment air which must be 

rowth. Less heat of 
condensation is robbe from the new turret 
by entraining than would be the case if it 
were standing alone in a dry environment. 
Each turret underwent a growth period 
followed by an interval of subsidence. The 
growth period averaged about 16 minutes in 
duration. The average vertical growth rate 
was about 18 feet per sec. and the subsidence 
rate about 12 feet per sec. 

The mean of the maximum heights reached 

since a1 P observed cases of hail accompanied 

i 

that eac K turret makes it easier for the following 

B entraine B in further 

by 199 Ohio storms as indicated from the 
radar was 37,500 feet. There was no significant 
difference in this respect between different 
types of thunderstorms, such as air-mass, 
squall-line or frontal. 

The boundaries of the radar cloud echoes 
were found to agree closely with the visible 
cloud limits except in the levels near the cloud 
base where non-echo-producing “outrider” 
clouds were common. Also the anvils and 
other layer-type lateral extensions usually 
did not return a radar echo. The horizontal 
and vertical extents of thunderstorms were 
found to be correlated, that is, the taller the 
cloud the broader it was. The greatest areal 
covera e was at an altitude around 10,000 

at the lower level and ta ered at the top, 
formin a total cloud ec fl o shaped like a 
rosebuf. 

From radar scans covering an area of over 
55,000 square miles, it was found that on 
average thunderstorm days in Ohio 10 per 
cent of the area would be covered by cloud 
echo and on a day of maximum thunderstorm 
activity, 40 per cent of the area would be 
covered. It is found from indirect comparison 
that at 20,000 feet the in-cloud areas would 
average 5 per cent, and have a maximum of 
22 per cent, indicating the better chance of 
avoiding thunderstorms by flying high. (Other 
measurements showed that these high levels 
are the worst for flights within thunderstorms). 

feet. T 8, e cross-sectional area was slightly less 

VI. Effect of Environment Wind Field 

The causes and effects of vertical shear, 
including effects of entraining and momentum 
transfer in the drafts, are investigated. Some 
of the results have already been published by 
BYBRS and BATTAN (1949) and MALKUS (1g4g), 
so it is not necessary to summarize them here, 
although much new material is contained in 
the final report. 

With the aid of lon -ran e radar and 
abundant upper-air wind k ta ,  tfe movements 
of thunderstorms are studied in relation to 
the wind fields in which they are embedded. 
A method was devised whereby the transla- 
tional com onent of the motion could be 
separated l o m  the growth or dissipative 
component. 

It was found that the motion of the storm 
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corresponded most closely to the mean vector 
wind between the gradient level and ~0,000 
feet. The correlations were better in Ohio 
than in Florida owing to a stronger, more 
consistent wind flow in the former region. 
In direction, the correlations were 0.9s or 
better in both regions. It was found that the 
speed of the cloud was less than that of the 
vector mean wind from gradient to zo,ooo 
feet. When the two speeds are plotted, a nearly 
straight line is formed, but the relationship is 
better represented as 

u, = 1.9 + 0.65 u, + 0.020 uc2 
where U, is the vector mean wind speed and 
U, is the cloud speed. 

VII. Preferred Areas of Thunderstrom 
Development 

Both areas studied were essentially flat, 
although the plain to the west and southeast 
of the Ohio network was shar ly dissected. 
The radar made it possible to 4 md out why 
thunderstorms formed where they did. 

In Florida the only topographical effects 
were the alternation of land, small lakes and 
swamps which are characteristic of the Central 
Florida landscape. By making proper allow- 
ance for displacement of a cumulus cloud 
downwind before it produced a radar echo, 
it was found that the number of new echoes 
per s uare mile of land was one-third more 

qualitative estimate of the effect of swampyareas 
was made by plotting a map showing isolines 
of number of new echoes, again allowing for 
an appropriate displacement. Although there 

of new echoes 

A study of the diurnal distribution of 
thunderstorms in the Florida area showed a 
distinct maximum of temperature and rate 
of thundercloud development from 1230 to 
1630, 7sth-meridian time. The effect of the 
sea breezes from the two sides of the peninsula 
in causing the thunderstorms has already been 
covered in an article bv BYERS and RODEBUSH 

than x t e number per square mile of water. A 

the map shows a defrnite 

(1949). 
In Ohio, a study of the initial appearance of 

584 radar clouds bn ZI days shoGed a larger 
number of echoes from day to day over the 

rougher parts of the terrain, especially to the 
northwest and southeast of the surface mi- 
cronetwork area. However, plenty of new 
echoes formed over the flat area of the network. 

Neither in Florida nor in Ohio was it 
possible to find a well-marked re ion from 
which the first thunderstorm o fg a series 
would develop. The thunderstorm hearth 
(Gewitterherde) so aptly described by VON 
FICKER (1932) was not readily apparent. 

VIII. SquallLines 

During the 127-day eriod from May 17 

thunBerstorm days on which extensive radar 
data were obtained. On 32 of these days lines 
of thunderstorms were observed. The lines on 
6 days occurred along surface fronts, on 19 
days were ahead of surface cold fronts and on 
the remaining 7 days apparently had no con- 
nection with the surface fronts. As is usual 
throughout the eastern United States, the 
pre-cold-front squall line was the predominat- 
ing scene of thunderstorm activity. 

It was found that the pre-cold-front s uall 

but have an orientation averaging 13 deg. 
clockwise from that of the front. Their 
orientation is somewhat counterclockwise 
from the orientation of the overlying 7 m m b  
contour lines. The movement of the squall 
line, as distinct from the movement of the 
individual storms composing the line, is 
not very closely related to the speed of the 
following cold front; in many cases it moves 
faster than the front. The individual elements 
of the line, or storms, move with the prevailing 
upper winds as described in the preceding 
section. 

The pre-cold-front squall line on the synop- 
tic chart is frequently observed to last for 
periods as long as 24 hours, during which it 
may travel several hundred miles. When 
viewed on the radar, it was found that there 
is usually a zone of convective activity com- 
prising several lines and, although the zone 
may persist for a considerable period of time, 
the lines within it are constantly undergoing 
change-new lines forming and older ones 
dissi ating. 

isolated echo I to z mi. in diameter to a large 

to Se tember 21, 1947 t fl ere were in Ohio 56 

lines are not quite parallel to the cold P ront 

T K e elements in a line range from a single 



INVESTIGATION OF THE STRUCTURE AND DYNAMICS OF THE THUNDERSTORM 17 

aggregate of storms a pearing on the ’sco c 

having a maximum dimension of over 30 mi. 
The number of separate elements in a line 
varied from 4 or 5 small echoes in the early 
stages to as many as 40 or 50 at the time 
of maximum echo intensity. For the most 
part, elements were found to form and dissipate 
on a given squall line, suggesting the existence 
of a preferred line formation. 

The squall line or, more properly, the squall 
line zone was found to be at an average distance 
of 170 mi. ahead of the cold front, with 
extreme values of 80 and 325 mi. Generally 
there was an area of relative inactivity between 
the cold front and the trailing edge of the 
squall zone; but on one or two occasions the 
convective activity finally extended back to 
the front itself. 

Generau the thunderstorms associated with 
the squall h e ,  were little different from any 
others except for a tendency for them to be 
more severe, especially in producing effects at 

as a single, more or P ess homogeneous ec R o 
the surface, such as strong, gusty winds. 
Since the storms come in a line, there is a 
more or less connected discontinuity line from 
the cold outflowing downdrafts which is 
often mistaken for a true front. The return 
to tropical air-mass conditions afterward 
shows the local character of the discontinuity. 
The pressure “dome” of the combined storms 
often results in the creation of a long pressure 
ridge along the squall line. Sometimes a 
squall line of this character may after a time 
produce a true frontal discontinuity involving 
more cold air than can be accounted for by 
the downdrafts. 

Of the seven squall lines that were not 
associated with fronts, three were related to 
some type of large-scale cyclonic disturbance, 
two were on the west side of a warm anti- 
cyclone and the other two were in rather 
flat, uniform pressure fields. These lines were 
usually short compared with the refrontal 
types and seemed to be less well d K med. 
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