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Structure and Dynamics of the Thunderstorm 

Horace R.Byersl 
University of Chicago 

MANY TEXTUOOK8 Obl 3IETEOKOL-
OGY AN11 PJIYSICS contain diagram- 
ruatie reprc.wntations of the structure and 
vertical circulation of a thunderstorm. 

Tlley arc  based m a d )  on theoretical deductions as 
to the kind of thermodyr~a~uic cnginv the authors, from 
1;1boratory cxpcrience, think thc thundcrstorrn should 
l~c. Until recently, no prcciw rllcans ol' probing the 
storlrls to verify or rnodify thc textbook picture was 
available. Nurnerous exploratory airplanc filghts into 
ltiorc o r  less violent conv~ctive clouds or s torn~s had 
bcen rnade, but until the dr<elop~nent of the uses of 
radar, i t  was impossible to tell where the aircraft werc 
wlth respect to the storrn a t  any givcn moment. Frce 
~~reteorologicalballoons also had ascended haphazardly 
into thunderstorms, but again it  was not possible to 
track them until the perfection of radio-direction 
finding. 

Mctcorologists knew there were things wrong with 
thc textbook interpr~tat ion of thc thunderstorm, so 
with the wartime developir~cnt of radar  and irnprove- 
~nentsin the a r t  of blind flying, plans wcre nlade for  
a concentrated research program to find out what goei 
on insidc the thunderstorlil. Cornrr~erei:rl and tuilita1.y 
aviation interests needed the knowledge for  flight 
safety and all-weather flying programs. With tbc 
qupport of all thc intercsted agcncics, the IT. 8. 
\\'eather Burcau organized an intensive c:llnpaign of 
observation and tueasurelrlenl. Thc undertaking, 
which camc to be known a i  thc Thundcrstorin Project, 
tlcveloped into the largest prograrn ever directcd a t  
:I single atmospheric phenorncnon and becan~c a joint 
project of the U. S. Air  Force, the U. S. Navy, the 
Sational Advisory Cornmittec for  Aeronautics, and 
the U. S. Weather Burcau. 

I n  the surnmer of 1946 thc obsi~rvations wcre carried 
out in Florida, then in the sulrlrrler of 1947 a similar 
program was complctcd in Ohio. Sincc that time the 
analysis of the largc amount of data collected has bern 
performed by a group of governrncnt and other metc- 
orologists a t  the University of Chicago, and a corn-
~~rehensive I treport of the findings is now in press. 
offers solutions of thc problems of thundcrstorrn struc- 
ture and dynarnies which have puzzlcd rnetcorologiits 

' Tlrc ni~tlior directed the #ove~~r~merit'sThunderstorni 
Project, which was completed this slimmer. 

fo r  ycars and cor~ttlins n~uch  information of use in  
flight operations. 

I n  the following paragraphs will be given a bricf 
description of thc project and a summary of some of 
the rcsults. A 

SYSTEMOR OBSERVATIONS 
Basically, thc obscrvation prograrn was designcd to 

obtaln a complete description of thc thund~rstorm and 
to Ineasure its intensity. Thc turbulence or burnpincss 
and the hroad up-and-down nlotions of the air were 
consider~d thc most ituportant items to be investigated, 
but great stress also was laid on all rneasurable yuan- 
tities that could give a cluc to the vertical and hori- 
zontal a i r  circulations and to the heat exchilnges that 
rlrive thcse circulations and produce the rain. Light-
nlng, which has bcen one of the main subjects of 
interest in many ycars of investig:rtion by physicists 
and meteorologists, was considcred to be of s~condary  
ilrlportance, althougll arrangements were rnadc for  
~neasuremcnts of the cloud electricity. 

In its main details the obscrvation systcrr~ cwnsistcad 
of the following : 

1. A~rplaneswcre used as  probes to IrlPasure turbu- 
lenc~e, updrafts and downdrafts, ternpcrature, and clec- 
trieiil field, and to obtain visual data such as  hydro- 
n~etcori,  cloud extent, etc. Northrup Black Widow 
night fighters (P-61's) were utilized, flown by some of 
the Air  Force's most expcrt instrurnent pilots, who 
volunteered for  the task. I n  a normal miision, five 
:iirplanei ~ n a d e  si~nilltancous traverses through thc 
thunderstorms a t  five different levels, namely, 5000 f t ,  
10,000 f t ,  15,000 f t ,  20,000 f t  and 25,000 f t .  

2. A surface rnicronetwork was established, eonsist- 
ing of 55 stations located onc mile apar t  In Florida 
and two rniles apar t  in Ohio. The stations were 
equipped with gust-recording anernoinekrs and wind 
vancs, hygl<othermog~.aph, weighing rain gage and 
barograph. Thc clork speeds on thcse instruments 
wcre fast  enough to permit a time resolution to nearly 
a minute in most cases. The stations wcrc attendcd 
daily by observers who travelcd through thc network 
in jeeps. 

3. I n  and around the surface micronetwork were sct 
u p  six radiosonde balloon stations with radio-dircc-
lion-finding equipment. Outside the network were 
four radar  wind-finding stations, using small 1,adnr- 
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target-bearing balloons. All these stations made ii- 
rilultaneous balloon releascs from which could be ob- 
tained, in adtiltion to te~nperature and humidity data, 
detailed information concerning the perturbed hori- 
zontal wind flow, especially the horizontal inflow and 
outflow, of the cu~nulonil~ibl~s cloud. 

4. Long range radar was used to detect thc develop- 
ment of thunt-lcrstnrms, to sclect the storrns fo r  study, 
and to guide the pilots and the balloon relcascs. The 
:lirpl;lncs carried transponder beacons by means of 
which they could be idcntiiied separately and traced 
on the radar '.copes even when inside the cloud echoes. 
The pilots were vectored through the storrris by the 
flight cor~troller who, stationed a t  the ground radar 
'scopes, could watch their n~overrrents in relation to 
the thunderclouds. Radar also was used to study the 
development, growth, moverrrent, distribution, and dis- 
alpation of thunderstorms. In  this connection, mnge- 
height-indicatlnq radar w:rs alio einl?loyed, giving a 
vertical crosssection through the clouds and affording 
an opportunity to study the rates of vertiml growth. 
A11 'scopes were photographed every few secondq. 

5.  Time synchronization afforded the rneans by 
which all observations frorrl airpl:rnes, surface, bxl- 
loon recordings, and radar  could be tied together to  
give the instant:~neons and progresshe picture of fhr 
atmospheric processes. 

STI~UCT~JREAND LIFECYCLE 

I n  the analysis of the airplane data i t  soon became 
apparent that in the usual Inrge thunderstorm the 
pilot was encountering areas of strong turbulence, 
each surrounded by a narrow belt of smooth but cloud- 
filled air. Roscoe E. Braharn, Jr., Thunderstorm 
Project analyst assigned to this problea~, recognized 
these as  distinct convection cells that had become Inore 
o r  less joincd together or developed as  appendages to 
a n  original iiillother" cell. F o r  example, a typic21 
Florida thunderstorm that was studied was found to 
be 20 rniles long and  about 5 to  8 miles wide, trnd to 
have six recognizable cells within it. These were 
roughly oblong areas measuring 3 to 7 miles across. 
Between each cell the airplane, although still in heavy 
cloud, rrcorded a smooth portion having a width of 
about a iriile or less. 

An exalninntion of the photographs of radar  rchoes 
returned by the thnndcrstornrs through their life his- 
tories verfied the cellular structure by showing the 
fusion or  growth of these cells occurring in much the 
same way as  the growth of masses of certain kinds of 
bacteria. Where the cells were present over the sur- 
face nticronetwork, they could also bc identified in  the 
rainfall pattern which, a t  any given rtloment, had a 
distribution corresponding to that of the (.ells. A 

separate rain ~lraxiluuril would appear undcr each celI. 
Other mcteorological clen~ents were found to fit the 
cellular pattern. 

The cells were not all alike in  s t ruc tur~ .  Some were 
found to consist of an updraf t  only; Tome had both 
updraft and downdraft, ~ ~ h i l e  others contamed only :I 

downdraft. Thcsc dii't'erences wcre found to be asso- 
ciated with tiiffercnt stages in thc development and 
dissipation of the cclls. Frorri these studies, thc life 
cycle of thc thunderstorm cell was worked out, and it 
was imrrrcdiately apparent that a thundcrstorrn usually 
contains cells in di8erent stages of the life cycale. 
While every storrll rl~ust be one-celled a t  the beginning, 
the s ja~ple unicellular type was found to be rare he- 
cause its period as a solitary cell lasts only a few 
minutes after it  bas reached rainy, thundery condi- 
tions. Thus the textbook diagra~n of a thunde'sto~t~r, 
illways unicellulm., is ~r~isleading. 

The life cycle of thc cell naturally divides itself into 
three stages: the clrvz~rlmsslage, the rnutlcr~stccge, nnil 
the dissiputing sttrge. 

The first stage of the thunderstorm cell is the cumu- 
lus cloud, although only :L few cumuli actually build 
into thunderstor~~r cell\. During this stage two or 
three cumulus clouds 1rr:ry grow together into one cell, 
whose diameter may be between one mile and five 
miles, and whoie top usually does not initially exceed 
15.000 feet. 

The most important structural feature of the cumu- 
lus stage is the updraft prevailing throughout the 
entire cell, balanceci by slow settling in the environ- 
ment. As niight be cxpected, the telnperatures in  ap-
preciable updrafts are  higher than in the environment 
a t  corresponding levels. The general updraf t  varies 
from only a few f e d  per second irl srl~all and weak 
cells and cells in earlier stages of development, to  al- 
most 100 feet per secaond in large well-developed cells. 

I n  accordance wit t i  well-known precipitation theo- 
ries, raindrop coalescence occurs when the cloud top  
has extended soure distance above the freezing level. 
When the accnnlulation of water exceeds i n  amount 
and in drop size that which can be supported by the 
updraft,  the drops begin to fall  through the weaker 
portions of the updraft and the cell passes into the 
mature stage of development. 

I n  the mature stage the cell contains in  the lower 
leve!s a pronounced downdraft adjacent to  the up- 
draft. The downdraft reaches downward from ap-
proximately 25,000 feet, and throughout the cell above 
that height the updraft continues. The rain a t  the 
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surface is associated mainly with tho downdraft por- 
tion of the cell. The structure is shown in Fig. 1. 

FEET . 

WIG. I .  Slit.tc.11 ol' ;L vertictll cross section tl~rouglr a 
tllunderstorn~ crll in t l ~ r  11r;ltore stage, sllo~irlg ~ e c t o r i i ~ l l y  
tllr air circul;ction. Tltr tcll~pcr;tlurc divlrilrutior~ al~o\\~ll  
i l:  txpicnl oP sulrllrler thunder~tor~nv in the ensterr1 Uuitetl 
St:~lea. 

Thc do\vlrdrart results pl- i~r~ari ly  the preserlve II.OIII 
of falling rail1 in a n  area of Por r~~er  Theupdraft.  
i~i~itidropsbecoirle so large and irurllerous that they 
cscrt a frictional drag on the air  suficient to change 
:III updraft into a clo~vndraft. 

At this point in the description of the thunderstor~r~ 
cell i t  is necessary to ilrsert a few relnarks concerning 
the thern~oclyn:tl~~ic Classicalprocesses. treatlr~ents 
consirlcr the ascrnding air fro111 thr: point of view of 
the so-called "parcel method." In this process thc 
risilrg :!il. is regardrd as  changing its temperature 
wil,ll the expansion anti ~x,:itrbr v:rpor rontlens:~tion rhir 
to pressure decrease in such tt way that it  neither 
;tffects nor is affected by tho environrrlent air. I n  
doing so, its t e ~ r q ~ r n t l i r edecrease follows thc so-
o d e d  wet-adiabatic rate. Laboratory experience and 
oc~ratn~osphcrie mcasure~rients show that the ascend- 
ing air of thc cumulus cloud bohaves in rrluoh the 

same way as  a vertical jet strear11 in the laboratory, 
in that it frictionally entrains part  of the surround- 
ing air. This nieans t h a t  a ir  of less than saturation 
hurilidity colrres into the cloud and mises with the 
cloud air. I n  the active cumulus, there is enough 
liquid water being carried in the updvaft to preserve 
saturation, in the face of intrusioll of relatively dry 
air, ~ ~ i t h o u tcon~pletely evapori~ting. That which 
evaporirtes in the 111ixing process 1osc.s part of the 
heat :~c.clnircd in the cloucl condensation process. A s  
a corlscbtiuerlcr, the ascending air  cools at a ratc fastcr 
than the wet-adiabatic and a t  any poirlt is very near 
the tcr~ll)erature of the environnient. 

\Vhm the frictional drag of the great illass of large 
raindrops finally changes the updraft to a downdraft, 
the descent involves increasing teruperat~ue at  the wet- 
adiabatic rate, so the rate of warming ill descent is 
less rapid than thc cooling in the ascent. 3lixing of 
outside air ~vould tend to rnake the do~vndraft  even 
coltlcr, bc~c~auseof evaporation of rainthops. Thus 
the ttowntlraft bec~oiuesa falling current of cold a i r  
which sprearls out laterally as it. strikes the ground. 

A11 of the striking phenomena obsc~rved a t  the 
xround in thunderstorn~s are directly associated with 
the downdraft. Arrrong theirr are the downpour of 
mill, the temperature discontinuity, the squall front 
or "firs1 g~ist," the barograph "jiimp," the humidity 
"ttip," trnd, to  tt considerable ext.erlt., the cloud-to-
groi~rlrf liglitnir~g rlisc:hn rgr. 

Hither fro111 tho first gust o f  the wi11tl 1lr:lt ~*etrvhes 
out I'rot~r the downdraft ai.eil, o r  fro111 : ~ i l .  Ir1:rss identi- 
fication in terms of tcmpcraturc:, tlit. oul.fio~v of the 
do \ \ ,~~druf lair  caan bc traced wil.11 l)~.ecaision tlrroilgh 
the Floricla t~lld Ohio rrricror~c~t~vorks. The data. show 
that t11c colt1 air  spreads out~~*n.~.tl  :rl~lrost c~lu;tlly in  
all tlirt~ctions ill c:tscs of gc:ntlc \vinds, but is carried 
tlown\vintl in :l strongly diverging flo\v uhrrr the prc- 
vailing uriperturbetl winds are  app~.cci:~hlc. A disron-
tinnily is l o r ~ ~ l e t l  between the outflo~v nir n ~ i r lthe, sur-
~ . o ~ i n t i i ~ ~ g  air. Eol.llrctl ill \ ~ : I ~ I I I  Although origirl:llly 
the rainy portion of the ot:!l, the tlo\vi~tlraft a i l  soon 
outruns tlrc rain area ant1 its srr iv:~lis felt a t  ylavrs 
scvcr:ll n~ilcs fro111 tlrc prc:cipit:tlil~g ct.11. The firs1 
b'ast of d o ~ v ~ r d m f t  >l:!tioii is the air cxpcricnct~tl :jt :I 

strongest, hut as lolrfi as the out,flom vontirlrles, strong, 
gusty winds are observed. Thc st,rcb~~glE~ lht: first of 
and si~ccerdin: gfnsts is less the farther the air  has 
spread, being stronyest near where the dowridralt first 
~,ercht,s111c. ground in the e:irly inatarc stage. There, 
and elscwhcre, the wind speed ancl gi~sti~ress tlecr~ease 
with tirue as the spreading continues, rsccyt in those 
cases where a new adjscei~t  cell r(l:~cll(,s tllr irrnture 
or min-prodncding stage. 

C'o~llputalions o l  the outflow mad(: f1 .01~  n study of 
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the wind field as nleasured i n  the surface niicronet- 
work show very pronounced patterns of horizontal 
divergence centers with the maxiniam values in the 
heaviest rain a t  the point where the downdraft ap-  
pears to be concentrated. 'The simultaneous release 
of balloons a t  several points around individual storms 
having mature cells indicated outflow from the ground 
u p  to heights between ZOO0 and 5000 feet, with inflow 
above. This measured inflow provides a verification 
of the idea of entririnnient of enviro~lrnent a ir  into 
the vert~cally moving air  of the cloud. 111 the later 
rrlature itage end ill the dissipatil~g stage, outflow was 
measured by the balloons a t  heights above 25,000 feet, 
corresponding to the anvil portion of the cloud. 

Tri general, one may say that, heretofore, ineteorolo- 
gists have emphasized too much the thunderstorru ny-
draft.  The downdraft is by f a r  the rrlost striking 
feature, at least in  the levels a t  or near the ground. 
The inflow winds that feed the updraf t  are rrlere 
zephyrs a t  the ground, while the outflow frorn the 
downdraft protluces winds occasionally of destructive 
force. Other strlking changcbs, such as  the ternpera- 
ture drop and the pressul-e jump, go with the dowri- 
draft.  Also i t  is evident that as a therniodynaniic 
englne the thunderstol-n~ does work both through the 
updraft, which is warmer than the environment, and 
through the downdraft, which is colder. Ternperaturrs 
measured frorn the airplanes amply derr~oristrated 
these temperature differences and, in  fact, showed that 
the stronger the draf t  the greater the temperature 
difference, in the sense indicated. 

When the downdraft has spread across the lower 
levels of the cell to such an exterit that the updraf t  
area becomes of secondary importance, the cell passes 
into the dissipating stage. As the process continues, 
the entire lower part  of the cell has downdrafts, while 
in the higher levels there are negligible vertical mo- 
tions. Slight downdrafts exist as long as light rain 
continues, although the entraining of environment air  
a t  this stage must be a contributing filetor in  drying 
u p  the cloud. 

By the time the rain has stopped, large sc. 1 e ver- 
tical motion has subsided and cell boundaries become 
very indistinct. The storm usually ends u p  as  a dis-
sipating layer of altostratus. 

One of the effects of the outflowing cold air which 
was irnrnediately 1.ecognixed arid which was also kno~vn 
to previous j~lvestigators, mas the action of the pseudo 
cold front in "triggering" the groa th  of new cells. 
I t  was found that the greatest probability f o r  new cell 
tleveloprr~ent is in the region bef weer1 two cells not 
nlore than three niileg apart,  nherc two cold outflows 
lliect to squeeze the warn1 air  upward. Down~vintl 
three miles o r  leis l'roin :in existing cell is anotl~er 
place of iniportalice fo r  cell devcloprnmt. 

Tri some cases the ne\v ( ~ l l h  developed before thcre 
had been tirrle f o r  tlie cold air  outflow to rnake its 
influerice felt. I t  seenle'd that frequeritly there was 
a tendency for cells to grow in clusters almost sirnul- 
taneously. Some more general features of the cly-
naniics of the air  in  the vicinity rnust be :I contl-ill-
uting cause in these cases. 

1)uring the two seasons of tl~easurernents, the Air 
Force pilots rnade a total of 1,363 penetrationi 
through thundcrstor~l~saf \ ;lrious altitudes without 
accident. An  effort n a s  u ~ a d e  to perl'orrn these flight. 
through the most vigorous thunderstorrr~s that coultl 
be found in the area of operations. The analysis of 
these flights furnishes valutible inf orrnation conrerillnq 
hazards in thunderstorms. 

Turbulence was fount1 to be greatest a t  the lr~itltlle 
anrl upper altitudes flown, that is, from 10,000 feet 
upward, m t h  the greatest values appearing betwren 
15,000 and 20,000 feet. The least turbulenrc w:ri 
found in the lower layers. lipdrafts were strongest 
in the higher levels, a i  were also, to some extent, the 
downdrafts. The lightning arid hail hazards were 
found to be greatest mound 15,000 feet. I n  gener:rl, 
the worst conditions were encountered ilt the altitude5 
a t  which modern airplanes with supercharged cabin, 
are  most frequently flown. The use of airborne radar 
to avoid thunderstorrl~ centers of turbulence, particu- 
larly a t  these upper levels, was indicated to be desi18- 
able. With 10-ern radar, i t  was found that the turbii- 
lerice outside the cloud echoes was negligible cornpared 
with that ins~de. The possibility of developing radar 
to the extent that the srrlooth areas between the cells 
can be followed should lead to a satisfactory solution 
of the thunderstorlli flying problerrl a t  a11 levels. 


