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Part I, Text‘

Xn footnote on pege 228, chan@e ‘vage 128" to ! page lhO" '

}?a.rb 2} Figures :

Flgure 1: . C’hange indicated value‘fcr T4 from 0.8° to -0.8%C.,

Figures 38-41, 42-L45, 52-55, 56-59, 60-63, 69-72, 80-82: The
red overprints on &ll these figures are the ilsoceraunics (or
lines of equal thunderstorm-day frequency) of figures 28-31.
Howsver, the overpxints are not accurate reproductions of the
original figures and should be considered for only qualitative

comparisons. {(In some cases, lines are missing or misnumbered.)
" For greater accuracy, consult the corresponding figure in the
‘original g"ou@ of £igures 28-31. :
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LETTER OF AUTHORIZATION
(cCoPY)

, - WAR DEPARTMENT
OFFICE OF THE CHIEF OF ENGINEERS
WASHINGION :

Septenmber L, 1942

Chief of Bureau, :
U, S. Weather Bureau,
Department of Commerce,
- Washington, D, C.

Dear Sir:

Because of the importance of thunderstorm or cloudburst type of
- precipitation in the design of meny flood control investigations being
conducted by this Department, it is considered desirable that the
 Hydrometeorological Section of your Bureau undertake a study and report
on thunderstorms. Such a study is believed to be feasible within the
limits of admittedly inadequete data, Papers have been prepared on the
subject lately by Professor J. Bjerkmes, Consulting Meteorologist,
Mr. George N. Brancato of the staff of the Hydrometeorological Sectionm, |
and Mr. J. A. Browne, Meteorologist for Transcontinental and Western Airways.
The Hydrometeorological Section has salso prepared a report for the Depart-
ment of Agriculture on the "Depth-Frequency Relations of Thunderstorm
Rainfall on the Sevier Basin, Utah." The above data could be used as the
nucleus for the study, subject to such expansion as available material '
should warrant. It is suggested that the report designate areas in which
the frequency of thunderstorms warrants the establishment of networks of
sufficient density to adequately sample thunderstorm areas of limited
extent. . -

It is accordingly requested that the Hydrometeoroclogical Section
undertake a study and report on thunderstorms as soon as the report on
meteorology of storms in the Panama Canal region has been completed.
It is desired that the study of maximum possible storms in the Pecos
River Basin be undertaken after completion of the report on thunder-
storms., :

For the Chief of Engineers:

Very truly yours,

- JAMES H. STRATTON,
: Colonel, Corps of Engineers,
Chief, Engineering Branch,
Construction Division.

R ot i i i i
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FREFACE

The Hydrometeorological Section of the Weather Bureau operates
under allotment of funds from the Corps of Engineers, War Department.
Late in 1942 the Section was asuthorized by the Chief of Engineers
(see page ii) to undertake a study of thunderstorms as soon as current
work permitted. Although the limitations of both theory and observe-
tional data were recognized, the importance of thunderstorm rainfall
to flood-control design made such sn undertaking advisable, Preliminary
investigation of the field of data and recomnmaissance of the literature
on the subject were begun early in 1943,

- Other eassignments were concurrent with the thunderstorm study.
The Section continued and increased its quota of routine hydrometeoro=-
logical analyses and reviews.of storm studies prepared by the Division
and District Offices of the U. S. Engineer Department. Other major
assignments in progress or completed during the period included esti-
mates of meximum precipitation over the Potomac and Rappshannock
Basins, the Pecos River Basin of New Mexico, the Osage River Basin,
the Los Angeles area, and the Columbia River Basin. Thus only a
small portion of the Section's time and personnel was at any one time
devoted to the thunderstorm study.

The report was prepared under the supervision of Merrill Bermard,
Hydrologic Director, and A. K. Showalter, Chief of Section. The
principal authors, responsible for the basic organization and presenta-
tion of the material, are H. K. Gold, P, Light, R. A, McCormick,

A, L. Shands, and A. K. Showalter. In the Table of Contents the authors!
initials follow the appropriate titles. However, every other member of
the Section staff also assisted in the preparation of the report. In
lieu of a listing of nemes in this preface, the Section roster of
Jenuvary 1, 19L5, is reproduced at the back of the report. The report
was edited by A, L. Shands, with the assistance of Mrs., H. C. Hamilton.
The graphic presentation of the material was designed and directed by

W, E, Kinnear. :

For permission to use data and charts, and for willing coopera-
tion in general, grateful acknowledgment 1s mede to thie following:
Soil Conservation Service, Department of Agriculture; Department of
Public Works, City of Chicago; Divisions of Statistics and Climate

.and Crop Weather, Weather Bureau; Weather Bureau Offices at San

Frencisco, Denver, Missoula, Helena, Detroit, and Portland (Maine);
The Marley Company, Kansas City, Kansas; L. P. Harrison, Weather
Bureau; L. L, Means, University of Chicago; and the University of

" Chicago Press. The continuing cooperation between the Hydrometeoro-

logical Section and the Corps of Bngineers, War Department, was, of
course, fundamental to the progress of this report, as it has been
to all other reports issued under their joint auspices,
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CHAPTER I

THUNDERS TORM FACT AND THEORY

Definition

rlfu A thunderst§rmAié &éfined a§ the occufreﬁce of’ﬁhuﬁder. For
synoptié purpoées o;jfcr'ai?ways'repérting,,the définition is further
réfineditd permit1ré§9r§ingfa thundérsto:m at:obseyvaticn time if thunder,
though,not durreﬁt;'has5beén~ﬁegrd witﬁiﬁ*a‘étipulatéd pefiod pfior to
observation time. For the ciiﬁétologidalijCOrd, the thunderstorm day
is'definéd asyfhé local ééléﬁdar'day dn whichifhundef has been ﬁeéfd‘
although before 189h 1t was Wéather Bureau practlce to record ﬁhunder— ‘
storms only 1f accompanled by raln“ Humphreys'(l)* has noted that the’
changa in regulatlons was respon51ble for a phehémenal 1norease in annual
number of thunderstorms reported in the United States after 189h, but
greater attentlon to thunderstorm act1v1ty was also an 1mportant faotor
in the 1ncrease.‘ Accepted tabulatlons of thunderstorm frequenc1es, such

()

s regect the earller perlod of record and even the decaﬁe
of tr&nsltlon prmor to 190h | o
' 2. The ocourrence of llghtnlng wmthout thunder 1s not 6831gnated
és é thunderstorm, The occurrenoe is reported, of course, but 1t is not '
1ﬂcludad in the usual summatlon of thunderstorm days or occurreﬁces;‘r

This practmce d1m1nlshes the area for which a slngle statlon can be con-

51dered representatlve of thunderstorm occurrences the radius of audl—

sbmllty‘of thunder belng much 1ess, ordlnarlly, than thé'radiué of

* - References listed numerically at end of chapter.




visibility of 1ightning; blt isialso true, however, that»ﬁhe visibilify
is much greater at nlght than in the dayllght, so that a diurnsal varia-
tion of frequencles based on 11ghtn1ng occurrences would not bc repro-
‘sentative. According to C. E. P. Brooks (3), the radius of audibility

is 10 or 12 mlles in favorable czrcumstances*

... but 1t is unllkely that all thunderstorms occurrlng w&thxn
. that distance of e station will be recorded, and probably we . .
shall be 1nterpret1ng the data in a sufficiently generous
- manner if we. conszder that the numbers . (cf occurrences) repre- .
sent the thunder occurring within a distmce of six miles, 1.9.,
- _in on area of 113 square miles surrounding the station. :

J_B%l Thcre is ‘no general;agreement‘onkthe;def;nltlonacf thugdcrg:
storm duration. The beglnnlng 1s con31stently deflned as flrst hhunder

‘heard whlch is adequate and leads to 11ttle confu31on slnca flrst
thunder heard usually precedes flrst ralnfall observed or recordcd.

- Official endxng tlme 1s the tlme of 1ast thundcr hcard whlch often
ﬁfollows last preelpltatlon, but not as cons1stcnt1y as flrst thunder”
‘precedes flrst raln.v Only a few statlstlcal studles of duratmon havc

, been made. B11y (b) made such a study for T&mpa 1n lQOh, u31ng thc
elapsed tlme between flrst and last thunder. In some cases only one

‘pecl was heard making first and last thunder 1dent1ca1 and durctlon
a second or so. Identlfled 1n any of these Wﬂys the duratlon is that’

: whlch is observed at a p01nt or stntlcn. It 1s not the duraﬁmon of the'

thundorsﬁorm as a ccll or cntlty, wzth orlgln at one pclnt and end at

another;‘ However, the two duratlans are 1dentlcal 1f the stcrm 1s\i'

"statlonary; In a study'by Brancato,(B)ymt was the 11fe cf the thnnder~
storm cell whlch wa.s con31dered and the’ba51s of estmmate was ramn- :
fall duratlcn. In some frcquency studles, such &s those made in .

the diurnal-variation section of this report, vhere time of .



occurrence is’imgortant, the hour of ocecurrence is defined as the hour
of begimming, and beginning is defined as. first thunder heard.

L. For the purpose of this report the duratlon of prxme 1nteresﬁ

is the duratlon of measurable raln, although both the duratlon and d1r@c~

tlon of the meximum w1nd are also of lmportance in flood control de81gn,
The thunderstorm is the subgect ef the report chlefly because it is often

characterlzed by 1ntense ralnfall of Short duratlon and llmlted ext@nt.

The assoclated phenomena such as llghtnlng, though of 1ntereet are thus
‘ onlyflncldental to a study'prlmarlly concerned w1th any ralnfall of the

"thunderstonm type° Furthermcre, it became clear as the study progressed

that the absence of lzghtnlng or thunder should’not necessarlly exclude
from”con81deretlon eny‘lntense ramnfall of llmlted extent and short duraw
tzono‘ However, exemlnatlonAof thunderstorm oecurfenees’yleids‘the gfeatest
number of examples of thls relnfall type Although there are geographlcal
and temporary varlatlons from such a oorrel&tlon, 1t is qualltatlvely true;

(1),

for 1nstanoe as 901nted aut by Humphreys that there is a marked
81m11ar1ty between the patterns of the annual varlatlons in number of
thunderstorms and in total precapltatlono Thls correlatlon is shown in

flgure 106 of "Pbys1es of the Air" <1) Where smoothed averages of annual

preclpltatlon for 127 statlons w1de1y soattered over the Un;ted States

Lare. compared Wlth smoothed averages of annual numbers of thunderstorm

days at these same statlons, Chapter II of ﬁhxs report w111 present

51m11ar data for seasons, months, and dlurnal perlodso The fact that

these more recent statlstzcs do not malntaln the correlatlon throughout
does not necessarlly destroy the value of u31ng thunderstorm ralnfall in

a study'of this type, but it does suggest that thzs ra1nfa11 class can,
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"with profit, be made more inclusive.

Surface-observed éhafacteristiés
’5. The thunderstorm WhOSG characterlstlcé are most often'dbserved

‘1n some detall is the "local" type. ThlS is so beoause Such’a storm’
‘occurs in a settlng in Whlch observétlons of its 1ncept10n, its growth
and ‘to a/more limited extent 1ts decay are poss:Lble° The storms are
called local becaﬁse they are so w1dely scattered ovar’an ares that in~
leldual occurrences are not merged 1nto a general“ thunderstorm 81tu-
katlon. The tlme of occurrence is usually the afternoon, the sky is clear '
’or‘practzcally so before the storm developﬁent beglns- and 1t is usually
clearlng'when the storm is over, Many of the characterlstlcs thus B
‘observed are no d§ubt‘true also of thunderstorms whose orlglns and -
Kdevelopménts are not in such favofable‘settlngs, thunderstorms, for :
ylnstance,‘occurrzng’éboée werm-front overcasts or at nlght. However,’
séme of the characﬁerlstlcs may be restricted to the local type.

.‘ ‘6; Before the 1ncept10n of the storm, cumulus clouds are seen |
’to form. The helghts of the bases of ﬁhese clouds, as will be shown |
1ater, can be computed from dbservatmons of surface data, 8 common'

hemght belng one to two kllometers, or approxlmately one mile., Both

- by growth and amalgamatlon of the cumulus elements, a cloud of greater

horlzontal and vertlcal extent then develops, the base helght being re-
talned, the whole oloud tapering upward. Thms is the pumulus congestus,
ofﬁen called the cauliflower cloud because of its bulbous stiucfurea

Both its structure and its growth wh1ch is by successive eruptlons of

small towers, chzefly from the top and center but also frqm other
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‘ poftions,,are inimical to any nbtion thet the cloud arises from a siﬁgle;
impulse or from a uniform ascendiné”current (6), As the vertical growth
‘continues, a thin, cirrus-like vell or scarf cloud may develop immediately
/abQQe,the latest and highest;protuberance,, It is generally acéepte&;that
this results from a 1lifting of the air above the protubérance‘by asceﬁd—
ing current8~below (7), the moisture contenf‘of‘the‘air»above having been
increased by turbulent fransport from the saturated air beloﬁ'(e), The
gréwing,oloud, however, breaks through the’veil and penetrates the freez-
ing level. Particularly in the upper levels the,bulbous cOnfigurétions’
now become less pronounced, the cauliflower appearance disappears, and a
~ bangled, fuzzy;.stratiform.web,of éloudu(s§metimes called false cirrus)
tops the struqture,~gffen spreading outward to complete the final anvil
;shépe, A&t this point the complete cloud structure is called oumulonimﬁu;.
Its shape,,sometimés also called hourglass, suggests the commoﬁly,accepted‘
model of the flow in a convective cell - upfiow currents conﬁerging toward
the waist of the hourglass and diverging at the top 0.

7o ;It,is‘atkthis stage of development - the,full;grownAcumulonimbus~
- .that the rain'fails, The first drops are usually few and 1arge;'smaller
drops apparentlybcannotvfall through the rising currents or are evaporated
in descent. Scud clouds and virgae (rain streamers) now beneath the mein
eloud baseyare the visible indicétions of the iatter effect; There is a
typical or average rain sequence which will be statistically demonstrated
in a later chapter but it Wduia be uhsafe to consider it inﬁariant, ‘Tﬁe
typical intensity pattern is what Horner has calléd the "advanced" (9),
consisting of a rapidly increasing1rate of prgcipitation,.with maiimum

intensity reached in the first ten minutes of the storm, followed by an




< hour or so ianhich intensities decrease to zero or become inappreciable.
Thunderstorm photographs and“motio§ pictu;es Show'thé heaviest rain‘failn
~“ing from the forward portion of the cloud with diminishing intensiﬁies
toﬁard the rear. In the paper by'Brancatof(B), the study‘of several *
“series of“halfahourly isohyetal maps ‘indicated that the maximum inten-
. -sity is achieved within one hour after - the beginning of ‘the rain.  This
is not inconsistent with the pattern of intensity as observed from a
. point, since the total life of the cell as it moved scross an area\Was
i‘being'conéidered;~ Some series actually showed .the méximum intensity oh
© the first map.
8. There are some, but‘cémparatively‘few; observations indicating
~thet hail also, when it oécurs;iis uéﬂa11y7concentrate&'near7the‘front
~"6r mear the edges of the cloud. Most of the lightning and thunder accom-
?-V‘pan{é5-theﬂrain,»anﬁ~the}variationsfin“severity of lightning,‘thundéf;
~‘andjfain*are»in'general'simultaneous,V~Itfhas often been observed that
“the rainfall is heaviestﬁaftef~the most violent thundefblapa; Howéver,
V-Hhmphreys*:lo) has'shown that a-simultaneityicf occurrence at the level
of formation (despite differences in time of observation) can be inferred
“if one considers the actual velocities of light, sound, and falling bodies -
" 'which are in that aescegding Qrdef of magnitude.
o S 9, Iﬁ“60§éiaer1ng the aveiagefwin&gseqﬁenge it"is'important‘to«
remember that the gbéér%&tions are based?oﬁ mgving storms, since~very few
’izstérms afe'entirélyAstaﬁioﬁary; In the local thunderstorm situation the
‘~/,§;evailiﬁg Sﬁrface Wiﬁd*is‘énly‘apyroxiﬁaﬁely'in therdirecfian of the
fisébrm}sVﬁovemeﬁt;‘fBefore/the~thundérsﬁorm,reachesiavparticﬁlar»locality '

~théwprevaiiihg;WindfslaCkens“almOSt tofa'éalm,‘changQSmdirectionmto blow



’toward the storm, a:c‘:fdkfreshe{ns,as,lthestorm,appro&ohese Just,béfore the
rain starﬁs, the wind shifts abruptly to blow in violent gusts outward
from the rain ares, reaching its maximum velocities duri%g‘or Just before
- the period of heavy rainﬁwh;ch<0Qcprs in the early portion of the storm.
Visible indications of the su&denfreversal of currents are sometimes the
. dust whirl at the surface and, mofe_often,,the'squall cloud*atkthe lead-
ing’edge of thefcumulonimbus baSeo This squall cloud is-a horizontal
cylinder of saturated air-formed between the rising inflow current and '
- the descending eutflow>qurrent, with the same direétion~of rotatéon,and
the same. general appeafénce'as the séuallAcloud at a cold front, where
. the\samé reversal of%curfent directions is‘knowh to cccur.  As the rain
subsides, the wiﬁd also;dimiﬁishes and resumes its preﬁailing‘directiona
- Although the foregoing,is the generai @ature of the wind sequence, many
storms‘aregaccompanied by winds ffom;all difections in the'course’of the
; complete‘life‘cyqle. The most'recurrént characteristic in the sequence
is the stfong»putflow~wind duringfof just»bef6re the heavy rain.

10. The témperature at ghe surface reaéhesfa maximum before the
- full development of the cumulonimbus, falls slightly as the ciéﬁd over—
spéeads‘tﬁé éky; and ﬁhén ﬁést fapidly during the héavyjféino The minimum .
teﬁpéféﬁﬁré réaéhed dﬁriﬁé'ﬁhé ﬁeévy rain ﬁaﬁ be 1owér thah<tﬁé weﬁéﬁﬁlb
tempeféfufe'bf thé’éif 5éfére Ehé rain;;indicéfihg thét evép;ra%ioh.ihtq
”éﬁfféée,éirkéannot be the SGié éa&éeHéf‘the’éooiingQ ’Within 15 to,BO\
minutes after thé’heavy‘rain aﬁafes, the températﬁférrises s little, and
méy reﬁﬁrﬁyfo iﬁé briginal vaiue»affér the rain éﬁdsf

11. fhé\ﬁaroﬁétrié pressure falls gradﬁally as‘the stbrm ép@foaches

or devéldpé but rises abrupﬁly’(about one or two millibars) with the




occurrence of the outflow wind and héavy rain, after whiCh‘it subsides
sloﬁly to its former level.
12, ' The average duration of the rain:period is about one hour. °

This is, of course, the duration as observed from a station in the path
of the storm. In the few instances where it has been possible to trace‘
a single thunderstorm from origin to~dissip&tion acrossi§ maﬁ;’thé dura-
tion was found to be two or three timeS’aé‘long‘(5). Ifs path as a
wholeican.often be idenfifiéd as para1le1‘to the direction of the wind
flow at'aﬁout 6000 feet above the surface and its rate of moveﬁent equal
to the speed of!the winds at that“level\(B), BbweVer; close examination
of the incremental isohye%alfpatterns'for smaller units of time, such as
15 minutes or less, indicates that the cdffélationvcan‘be sustained best
~f0r‘the?general'or over-all spéed»énd‘direction of mbvemeﬁt.j During the
“Smaller intervals, ﬁhefstorm7or; mbfé correctly,'the‘isohyetai pattern
by which it is’hdped té identify‘itS'path; moves or spreads up, down and

moross the wind which apparently controls its total movement.

Instabi 1.—-@
13. The upward vertlcal ourrents dzsplayea in the growth of the
' :fhﬁnderstorm cloud and experlenced 1n alrplane and balloon fllghts are
/'the primary features of the thunderstormo These currents\owe the;r’ ,
existence to atmoséheric instability; that is; to § thermoaynémic’condi_
“tion of the atﬁosphere‘suoh that verfical currents once indﬁoéd are
fafored end accele}ated. A parcel of air, forced by‘some initial pér—
,turbatlcn to ascend or descend from its orlglnal level 1n an unstable
atmosphere,yw1ll contlnué the vertlgal motion thus begun‘becguse ;t ﬁlll

be less dense than the air through which it ascends or denser than the



air through which it descends. The vertical gradient of density of the

environment, in other words, is less then the éhange of density of the

paroel’moving through the same height, Neglecting the effect of mois~
ture confént‘on density, thiéris equivaleﬁt to the statamenﬁ,that,theA
atmospherlc lapse rate of temperature is greater than the rate:of cool-
1ng of the parcel. | |

Ui, 8ir Napier Shaw defines Q "Lew of Convection" as follows

Convection in the abtmospheré is the descent of
colder air in oont;gulty with air relatlvely'warmer

The law is adv1sed1y stated in this form (although db-
- jections may be taken to it for want of strictness) because
the driving power of the convective circulation comes from
the excess of density of the descending portion, and the
excoss of density in atmospheric air is due in nearly all
cases to low temperature. Differences of density might be
caused by differences of pressure or by differences in- the
~amount of moisture contained in equal volumes. But finite
differences of pressurec cannot persist in contiguous masses
coft airs the amount of water wapour in air at the ordinary
temperatures with which a meteorologist has to deal is only
‘a small fraction of the whole mass, and the colder the air
is the less water vapour is required to saturate it. Con-~
sequently, although it would be possible in a physical
" laboratory to display a sample of air which, though warmer,
is yet denser. than another cooler sample on account of the
humidity of the latter, the conditions would not easily
oceur in nature, and the motive power for convection would
be exceedingly small. Such cases may therefore be left out
of account, and we may consider that, of two contiguous
messes of alr, the colder is the denser....

115. buring the piooess in which the inétébility is realized,
potential energy is'ooﬁvertéé'into kinetic'energy as the atmosphere
attains a~more stable‘Staté. The vertical currents, as well as in-

Qfeased horizontal wind spgeds; afoythe'manifestations of the kinetiec

11)

energy. Therﬁpward currents arebresponsible‘fqr the formation of cloud.

and precipitation and for the manufacture of hailstones by forcing

23

14
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‘rapeated excﬁrsions,of congealed raindrops into regions favorable to -
' théir growth. By bne theory, to bé discussed in~paragra§h l20, fﬁey~
'are also responsible for the generation of electrical charges by rupture
‘ofkraindrops and fheréfore,windirectly3 for the subsaquent-lightning
fdischarge:and thunder. It will also be indicated later (paragraphs -
104-7) that the vertical currents can produce, by concentration of
L raindrOps;Aa rainfall iﬁtensity in excess of any calculabls rate of
r&xnfall formctzon, 50 thah the formatlon and the fall of rain, in
certaln lnstances, should be con81dered separately. | |
16 The atmosphere con be descrlbed as havlng absoluts instability

Whan 1ts lapse rate exceeds the adlabatlo rate’ of ooollng of an unsatu-
ratgd olr pgrcel;: Itﬁls then unstable for»all vert;cal‘perturbatzans.
Similafly,,the lapse rate which'eicéeds fﬁe»adiabatic°faté;of cooling
'of a saturated air parcel is absoluﬁely\unstable for saturated air. Such
a" 1apse rate is qulte common but usually in an aﬁmosphere Whlch is atb
the same tlme unsaturated at least in the lower layers. For practlcal
purposes, then, two types of atmospherlo xnstablllty’are recognzzea-
condltlonal 1nstab111ty and convectlve 1nstab111tyu Both are potential
rather than actual; they must be reallzed. Both are usually found in
‘the atmospherlc 30und1ng precedxng the occurrence of a thunderstonm.

| ’17¢ The atmosphere, or a 1ayer w1thxn the atmosphere, is cond1~
/tlonally unstable when its lapse rata of temperature excecds the rate
of coollng of o rlslng, saturated paroel of alr ut tho some prcssures
and temporaturcs. Undor thesc condltlons, a parccl of air at lowor
lcvels, 1f forccd aloft by mcchanlcal or other mﬁans, oy bocome satu-

.ratod and thcroforo flnally warmor and lighter thon its cnvironmont,
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The colder, therefore heavier, enviromment will then force it to rise
at, theoretically, an aoceleratedArate until the temperatureslcf’péroei
and en&ironmént are<again equalized,

18. Allayer of air is convectively unstable, no matter what its
lapse féta of temperature, when its vertical distributibnfof'moisture‘

is such that, if the layer is lifted as a whole or cooled by evaporat-

ing rainfall into it, its temperature lapse rate will ultimately Eecome
absolutely unstableg ~When such a lapse rate is ééhié&ed thé tprof thé
layer 18 potentlally denser than the bottom and any vertlcal perturbatlon :
will thus oompel an overturn, i €, 1nterna1 free oonveotlon. If the )
layer is also between 1ayers of condztlonally unstable air, as 1t usually
18, the oonveétlon can penetrate the otherylayers;yymbre w1il be salﬁ on

thls p01nt 1ater. ’“

The pseude-adiabatic diagrem

- 19. Atmospheric instability can be evaluated on a pSéude-adiébatic
*7diagram.f Figure 1 shows a section of ﬁhis diagram. It is an adéptation
of the Clapeyron or p-v diagram ia which thé pressure in millibafé on an
eXponenfial scalé is the ordinate wﬁile temperature is thé“ébscissa;
Adzabats appear as stralght sloplng 11nes and represent the rabte of .

~ temperature change of- a particle of air raised or lowered w1thout 1oss
;or gazn of. heat 8.8 long as. condensatlon does not occur.’ Pseude-adlabats
(also called moist, Wet, or saturate&~a&iabats) are ourved;‘dashed 1iﬁés
Arepreseﬁting the,leéser rate éf temperatureflépse wiﬁh,héight resulting
from the difference between the léteﬂt heat of condensétion'releaéed and

the adiabatic cooling. There are also w or mixing-ratio lines (solid



and:élightly inclined from thé;vertical) representing ﬁhé number of
grams of water vapor necessary to saturate‘the space occupied by a
kilogram of dry air at the givéh pressures and temperatures, In
figure,l‘afe also shown, for reference purposes, the gra?hical methods
(with brief textual guide) fof %he,evaiuation of the various thermody=-

namic quantities later to be discussed.

Conditional instability

20. Lifting type. Figure 2 illustrates conditional instability

oh:a charﬁ showing the essen%iél parts'ofxé ééeudo—é&iébatio diagramcy
The temperafure curve AEFB représehts the temperatﬁréﬂénd pressﬁre of
vthé'atmbsphere at eaéh'éléﬁation and ﬁill heieinafter be callédrthe
soﬁnding. The pseudo~adiaba£ fépresenfing the.éﬁaﬁge in’the moisture

and thermal propertiésjof the sﬁrfaoe air saturated by‘liffing iéashbﬁn
as the éurved line C'CEFD.

21, If the surface air were iifted,dry»adiabaticélly?its“tempera-

ture changes could be followed on the dry adiabatréﬂ, C being the conden~
~sation point (usually called the lifting condensétion 1e#el,,LCL),and;
determined Ey the intersection of thé dry adisbat and the mixing—ratio,
1iné w of the surface air.  The mixing-ratio line repreéentS«also,‘as 
cen be seen from figure 1, the change of dew point of the rising particle
‘dﬁring the dry-adiabatic lifting procésé, just as the adiabat represents
the change df’temperature. Because the decreaseaof temperaturefwithv
vheight in the adiabatic process is aboﬁﬁ 5.5 F/ﬁOOO‘ft, whilslthe_decrease‘
" of dew point is about one-fifth as great, or 1 E/lOOO %, at normal air

density, the approximate height of the LCL in thousands of feet can be
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determined from the differemnce between the temperature and the dew
point at the surface divided by thé differencé in the rates,of~deorease,
which is L5 F. A more accurate method would sake into account a wider’
‘range of air density because the rate of decrease of vapor pressure in
the process is directly proportional to the‘ratetsf decrease of the air
pressure; and the dew point is a functioﬁ of fhe vapor pressure. How-
ever, the method outlined yields & close approximation in most thunder-
storm situations,

- 22, From C (figufefé) the surface air follows the ?seudo-a&iabat
untii it resdches E; where the pseudo-adiabat and the sounding intersect.
As demonstrated in figure 1, the pseudo-adiabat intersects the surface
isobar at the original wet«bulb temperature of the rising air, and it
thereforé represents the rate of decrease.of the wot-bulb temperature
in the dry-adisbatic process. After saturation, i.e., beyond LCL, the
changes of'temperature, dew point, and wet-bulb are all represeﬁted by
the pseudo-adiabat, |

23, Until it reaches E the particle of surfece air is everywhere
‘colder then its surroundings and tends to return to its former position.
At E the particle is in eQuilibrium with its surroundings, the tempera-
tures being equal., But gnée sufficient work has been done to 1lift fhe
surface air above E, the risingfpérticles will find themselves warmer
then their éurrpundings and thus forced té ascend furﬁher; The poiﬁt E
is called the levei of free coﬁvection, L¥C, Assuming that the air
asconds as a particle passing throuéh en environment cOntinuoﬁsly~pos~
sessing thermal properties different from its own, the air will conbtinue

to ascend freely to point F, after which it becomes colder than its
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-environment and is finally halted when it hés»lost its momentum. The
top of its ascent is thus the cloud top which is at H, the level of
which is theorétically determined when the area FH (incamplate in
figure 2) is equa{ to the area bounded by péeudo-adiabat and sounding -

Vbetween points E ond F,

- 2lj. The lotter area i; called the‘pdsitive‘area becouse it
represents wofk that is realized. FH con be ealled a negative‘aréa
5ecause it represents work expended in decelerating the,particle, ,wa»

ever, the areo ACE is the one usually referred to as the negative area

since it represents the work necessary to 1ift the surface air to the
level of frec convoction. 4 front, an orographiéfbarrior, Or CONVeYrw

gence may proviée the necessary lift. -

25. Icing level. Foroed 1lift to LCL, but short of LFC, will
produce a cloud whose top is the top offthe;forced‘lift; (The reali-
zation of conveotive instability by this 1ift is not considered ot
this point becouse the process being.discussed assumes the passage of -
particles of éir,througﬁ an unchanging environment:raxherijhan the mass
1ift;of‘an entire layer of air.) Then iifted beyond LFC, the cloud will
tower above the limits of the forced 1lift. How high it‘will~grow will
depend on the height at which the free 1ift ceaéeé,,point F. Clouds are
not rain, however, and ohservational‘experience has shown that,in
general, apprecioble rain will not fall nor will a thunderstorm develop
unless the saturated particles ascend +o ﬁ temperature zone wh@rOVWater
com coexist in all its three phases - a subfreezing zone. Even in
tropical PuerthRico, wherlereezing normally occurs'at higher levels

thon in middle latitudes, Choabe 12) hag observed fce-oloud Formations
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invariably topping the shower clouds prior to rain., There will be
further discussion of this item in a later section;’at this point two
underlying theoretical principles éan be stated: first, that before
drops\Iarge enough to fall as rain can form, the éloud top must be in
the ice-crystal stage and, second, before lightning will be discharged
tﬁe upward vertiocal vélécities must become strong enough to break up
the 1arger'raiﬁdr6ps before they become frozen. To achieve the first
conéiﬁion, the freezing level must be low enough; to achieve the
second, the distonce between LFC snd freezing level must be great
enough.

26, In so far as the ascension of the particle takes place
without enviroﬁmehtﬁl mixing; it is the'freeéing 1evé1 in the rising
air rother thon in its environment which nust be coﬁsidered. This is
called fhé liftihg or convective ice-CryStal level, LICL or CICL,
 ond in conditional instobility it i usually higher than the atmos-
pheric freezing level, ICL. The 1eveié are not specifically desig;4
nated in f;gure 2, but the fifst (LICL) is at the intersection of the
pseudo-adiabatic path and the freezing isotherm while‘the second (ICL)
is ab the intersection of the sounding and the froezing isothern.

The height of LICL is & function of the wet-bulb temperature of the
rising air, since that temperature fixes the pseudo-adiabat of ascent.
The higher the wet-bulb temperature, then, the higher the LICL, as
inSpeCtion of the diagram will confirm. And with LICL thus fixed,

the height of LFC ﬁill vary with the lapse rates the gréater the
lapse rate, the lower the LEC. Tho distanco botween LPC and LICL

will be large, then, when high tempcrature and ‘high moisture content
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combine to produce high wet-bulb temperature and when, in addition,
;theylapse rate is steep*.

27. Insolational type. In the instebility diagram drawn in

H

‘figﬁ;e 2, the potehtial,energy of ﬁhe sounding we.s realized by'lifting;
uin another‘typ§ oﬁkthunderstorm, varipusly called’the local, air-mass,
convective, or’heaé thunderstorm, insolational heating of fhe,surface
layers Qf alr provides the trigger éotionoh It can be designaﬁsd also
as the tharmal‘thunderstorm because it is thermal energy'which‘sets

of f the conditional instability. Figure 3 éhows how instability so
realized may be analyzed on the pseudo-adiabatic diagram.

28, Both theory and observabion have shown that the atmosphere
absorbs chparativelyklittle 501ar radiation éirectly (;5>f  That which
frsachgs the earﬁﬁ's surface 1s in part reflected or scattered, and the
rest abscrbed except fgr ﬁhe portion used in evaporation. Over the sesa
the’amounts 1§st,by\?eflection and by'evaporation;are(greater than over
land while the absorbed radiation penetrates_to greater‘depths, so,thaﬁ
- the resulting temperature chenges are less than over the land surface,
and may'even be negligible, Within the.earthfs sﬁrface the %emperature
changes willkvary with the conductivity, specific heat, and denéity of
" the soil, Whilé the sun is down or low, the loss of heat\by terregm .
trialyradiationris unoompensatei exoept by aﬁmospherip back radiatiﬁﬁ;
chiefly from water vapor, Thile the sun is_high,;the eéfth's surface

is continuously heated by the incoming solar radiation which exceeds

M s W e e Wm K e B e e e Sme ek M e W R e e e e e e e e e e we s e e

* In meteorological terminology, a lapse rate is "steepened" when
the rate of temperature fall withlheight is increased: thus, on
the pseudo-adiabatic diagram, the steeper the lapse-rate curve the
smaller the acute angle that it forms with the horizontal.

LI
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the outgoing terrestrial radiation if no dense clop& deck interveneé,,
Although the amount of solar radiation reaches its maximum at noon,

the rise in temperature of the earth's surface continues because the
loss by terrestrial radiation is not then sufficient to balance the in-
coming solar radiation. Some hours later, depending on the season and
Alatitu&e, the balance is reached and after that the’earth'é temperature
-falls,

- 29. .The air temperature fpllcws the course of the sdil-surfaoe
temperaturé with some lag in the ooéurrencevof the maximum and the
minimum, The transfer éf the heat upward from earth to air is by a
currently unsolved compléxity of conductive, rediational, turbuylen't,
and convective processes. The latter two are apparently the most
effective in trensferring heat to higher levels. The heating from the
surface upward forms unstable lapse rates upon which the efféct of
turbulence aﬁd‘éddy transfer ié to pfoducé a dry-adiabatic lapse rate
which builds up to moderate 1evelsk(varying with grouné‘roughnsss,
initial lapse rate, air mass, season, etc.) by the time the maximum
surface,tempefature of the day is reached. After tﬁét,{the terres-
trial loss of heat, which also beginé from the surface, serves to
stabilize the lapse rate,

%0. The effecﬁ of insolation is thus Yo produce a dry-adiabatic
lapse rate’ig the lower layers, above which the air may be conditionally
unsteble. The lower air, in this @aée, has been described as an
"isentropic pool" (lh)f It is all at one potential temperature, that
‘is, all its pa?ticles when reduced to a pressure of 1000 mb would

have the seme temperature. Additional heating at the surface will ~
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create bubbles of air which ha?euhigher,potential temperatures and
m}st, therefore, rise to ‘thek top af“thé‘pool.' If"t'hey become satu-
rated in the process, they can continue upward, warmer than the sur-
rounding, conditionally unstable etmosphere, their éwﬁ Poﬁentialz
temperature continuously increased hy the release of thé latent heat
‘of condensation of the contained water vapdr; Figure 3 illustrates
the pfooess°
31, The essential difference between figure 3 for the thermal

type and figure 2 for the 1ifﬁing‘type'of release is that the péiﬁ% c
in figure 3, called the convective c§ndensation level, CCL, is de-
termined by the intersection of the sounding and a ﬁ 1ine‘@hich is an
a%eraéé of the mixing ratios of several lower layers. Ordinarily the
average‘is obtained from the values of the significant poinﬁs in the
first 100 mb, or fijrst’ Xilometer, of the sounding., The assumpbtion is
that the conveotion and ”curbuylence which build up the final adisbatic
layer (at constant potential temperature) also result in a consbant
mixing raﬁiogyin.tpe seme way thet mixing of salt and fresh water would
result in a constant salinity. Bécause the mixing ratio usually de-
creases wiﬁh height; the effect of the vertical miﬁing is to redﬁce'the
dew-point temperature at the surface, an effect bornme out by the normal
sfternoon minimum in the diurnal variations of dew point illustrated
in figure li, from Albright (15)0 However, other diurnal effects are
kalgo suggested iﬁ‘ﬁhé'fiéureAgnd,‘in'praétice, some further adjﬁétm
ment of the moisture values of the sounding may be necessary to include

the modifications resulting from advection and evaporation.
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32, ,Aéter point C,Vor CCL, of figure‘B is detgrmined, a’dry
adiabat drawﬂ through the point on the diagram iﬁtersect3~thé surfacer
isobar et the critical temperature T,, the temperature which must be
reached at the surface before. a dry-adiabatic layerbié bullt up to &
sufficienﬁ height +to reéchfthe CCL. Any further heating, even local, -
will produce the bubbles in the isentropic pobl vhich will rise beyond
thevCCL.and then proceed exactiy as above the LFC of figure 2, In the
thermal type of diagram the CCL may be, és in figure 3, both LCL and-
IFC in one. - There is no final négative arse at the surface excépb, of
course, the area T,CA, represanting:the,amount of thermal energy to be
supplied before T,, and hence CCL, can be réaéhed.

33. Analysis by slice method. The method thus far employed in

theﬁaﬁalysis of soundings is called the parcel method. However, a
theoretical treatment, by J. Bjerkmes (16>, of the saturated-adiebatic
ascent of gir through a dry-adiabatically descending enviromment has
indicated fhat the atmospheré is always less uhstable with respect to
a system of real cloud btowers than with respect to\the infinitesimal
saturated particle which is cansidered,in the paréel method, It is

likely, therefore, that e method of stability analysis based on the

assumption of cloud towers father than particles would "be better

n (16)

suited for all applications to real nature Such a methed is
called the slice method,

3li. The thoory of the slice method is also extensively treated
(A7) ,pa

in Petterssen's "Contribution o the Theory of Convection" ; ‘
| -(18)

& recent practical appliéation of the method is given by Beers

Account is taeken of the;stability4of,the,sognding, layer by layer
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through the atmosphere at 1eést to the hOOdﬁb‘level,;especially beﬁond
thefLFC or CCL - the region of cumulus activity. The air colum is
divided into layers boundeé by the critical Ealues reporbed in the
usual radiosonde message and each layer tested separately fér insta~
bility. The layer is first of all conSidefad dry if a reasonsble
1ift will not saturate it, and wet othérwise. - In Beers' abplioation
a relative humidity of 70% is regarded‘gs en adequate dividing index.
The dry layer contributes to the total instability only if its lapse
rate is, steeper thanﬂthe éry-adiabatic’- which of course means that
its contribution is usually negative. AThe wet layer contributes to
the instebility in proportion to the difference between its actual
lapse raté'and’the mean pSeudb-adiabatic lafse rete in the lsyer.
rEach layer's contribution is weighted by a measure proportional fo
the layer's depth.

%5. The effect of such an analysis is to decreasé the number
of sOundings,that can be considered possible thunderstorm-producers, .
If the sounding shows no conditional instability by the parcel test,
the slice method is no€ even applied. It would oniy increase the
‘negetive character of the sounding. Although thefrelétive—humidity
factor, which is considered in fhe slice method, és‘neglected~in the
thecretical considération of the parcel method, in practice the
humidity distribution is always given weight. Willett (29) gtates
that "about 341/@ km seems to be the usual minimum depth of the T,
air mass required iﬁ cases of this type of stratification (8 air aloft)
in order for conveétive thunderstorms to develop during the day," a

commonly accepted criterion being relative humidities over 50% throughqut



Py

21

the 3~1/2-km depth.  The slice method, however, brings forward another

aspect of the situation which may be of practical interest. Because - .

individual layers are considered in this method, the contribution to

“instebility may be actually negative if the upper layers have a nearly

psaudoeadiabafic lapse rate. This may occur even though all layers are
moist enough to be called wet, and the sounding, by parcel«methéd ane ly-
sis, shows a large positive area. The large positive area may be almost

entirely en effect of a very steep, almost dry-adiabatic, lapse rate in

' the layer immediately above CCL or IFC, It is in such a case that the

widest disagreement between forecasts based on the two methods may,ocqur{
36, The;slicekmethod may be ag improvement -on the/parcel-méthéd.’
However, by either,method more thunderstorm activity than occurs isfik
usually foreCast unless'other considerations, none of them so diagram-
matiéally neat, are employed. On land and in the afternoon, ma;itime
tropical ailr almost always has the requisite thermodymamic étructure,

but the meteorologist will feel little certainty about the thunderstorm

prognosis unless a proper dynemic mechanism, such as a front, is also

expected, Even then, -of course, there is no positive assurance. But
the most positive assurance derivable from a thermodynamic enalysis is
of the‘non-occurrence of a thunderstorm - and then only if the sounding

can be considered representative both in time and in space.

Convective instability
37. Further consideration of the dry-adiabatic layer, the isen-

tropic pool, can serve as an introduction to the diagrammatic anelysis

- of convective instability, The distribution of propefﬁies in such a
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1ayer is represeﬁted:inffigure,l~by the triangle with apex at LCL,
base on the 930<mb ‘iscbar, and sides the 293 A’dfy adiabet on the
right and ‘the 3.8 g/kg mixing-ratio (w) line on the left. The w
1iﬁe iﬁterseéting‘the surface isdbarfat the”deﬁ;point'température
‘repreéenﬁs»thé‘VGrtica1'gradientlof the dew-point temperature, Jjust
as the dry adiabet interseé%ing the‘sﬁrface isobar at;the air tem-
- pérature represents the vertical gradient,‘or lapse rate, of the
f%emperature, . The pseudo-adiabat finally followed by any airspgrcels
escaping upward fram the pool, if extrapolated’frgm the condensation
”5ieve1~to the surface wet-bulb température as in figure 1, represents
the vertical gradient of fhe.wet~bulb température, This is the struc-
ture of thoroughly stirred, unsaturatsed air - not- always achieved but
often approached in nature. All parﬁichS‘within'it, if lifted until
saﬁﬁrated, will then follow the same pseudo-adiabat; all\§artioles? if
cooled to Saturation*byievaporation of rainfall into the: layer, Will
move to the same pseudo-adiabat. And the 1gyer'as a whole, when lifted
to saturation or beyond;‘or coéled tO'éaturationfby'evaporation, will
have a lapse ratefideﬁtic?l with the pseudo-adiabatio'slope at whatever
ﬁémperatures and pressures;aré re&@hed, that slope béing paft of the
7pseudo-adiabat extending from/theforiginal surface wetubuib femﬁeraﬁure.
Saturéted air with such a 1apse rate is in a state of neutral equiiibm
riUﬁ for saturafeé alr, Because its final 1apse rate‘was iﬁherent in
‘the moisbure structure of the original layer while it was stiil un-
saturaﬁed, the’originai iayéf can be idenﬁifiedkas conveétively neu-
fgélo I thé original layer were c&nﬁeétively;stable,,its final lapse

rate after saturation would be less than the pseudo-adisbatic, and if
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convechively unstable its{lapse,rate»after saturation would be greater
than the pseudo—-adiabafio° ‘The specific criterioh;‘then, of neutrg1 
convective;équilibriumkis,tﬁat‘tha,vertical,gradient,of wet~bulb tem-
perature isgexaétij'tﬁevpséudp;édiéﬁafic; of cénveétivé Stability,

that it is less thanfthe pseﬁdofadiabatio;~anavof convective insté—
bility;»that the vertiéal gfadiénﬁ bf Wét—bmiﬁ tempefaﬁure is gfeater
than:the pseudo—adiébétiéo\ Aftef'ooﬁvective ihstébilityiis realiée&k
the 1apse rate is conéltlonally unstable but since the alr is saturaéad
the flnal 1apse rate is also absolutely unstable.‘ Any'vertlcal pertur—
bation will start an overturn w1th1n the layero,

38, Roééby‘( 0) has aefine& the tesﬁ fofyconvecﬁife instability
as a decrease Wlth elevatlon of Ops the equlvalent potentlal tempera~
ture, The equlvalent potentlal temperature‘ls constant along any N
pseuaé—adiabat and; in facﬁ,‘defénés the Pséqdo—adiabat juét‘as‘thef\i
éotential teﬁpéréﬁure/(thé éir’temperatufe 5roﬁgh% adiabaticéliy,to a
?réssuré of 1000 mb) &efines the dry;adiébat.  QE is conservative for
the”éondensation or pseudo=-adiabatic proéess, just as the potentia1‘ 
témperature is for ﬁhe dryaadﬁabatic proceés, and 1is defiﬁed by Rossby
as the temperature of en éir parﬁibie liffeafdry; and‘péeudo-adiabafiéally
to the top7df the atmoéphefe and then Brought'badk dfy»aaiabaticaliy to
100G mb. This involveé the realizaﬁion of all‘the 1atéﬁt\heat of con-
densation. The values at the top ends of the pseudo-adlabats on the ﬁ
pseudo—adlabatlc dlagram are equlvalent poﬁentlal tempsratures in degrees

Absolute. 8 can be deflned dlfferently (21) but the practlcal dlfference

is negllglble, It can be shown that the propertles of @E are also the

properties of O which is the wetmbulb potential temperature, defined




as the wet-bulb- temperature brought pseudo-adiabatically to 1000 mb. -
As put by Bindén (22)3' | |
- The wet-bulb potential temperature (©_) appears to
have a certain conceptual advantage since it does not re-
~guire the air to be taken to zero pressure for extraction
of its precipitable water. Moreover, the wet-bulb poten-
tial temperature is closely related to the wet-bulb tempera-
ture, a quantlty whlch can be ea311y measured.
Ir the decrease of wet~bu1b temperature with helght, in other words,
+is greater than the pseudo-adiabatic, then there ;s alsoc a decrease
with height of both Op and €,. anﬁ the layerUSo characterized is
vcbnvectively unstable; Thus, by’plotfing the cﬁrvé of wet»bulb‘
Atemperature on the pseudo—édiabatic diégram.and éomparing’its slope
Wifﬁ the slopeé of the surrp&nding’or:adjoining’PSeudo-adiabats, the
fact of'oonveotive iﬁstabiiity’can be detefmined. In the Rossby
diagraﬁ, the same kind of cpmpérison is made befween thelslo?e‘of a
curve comnecting, eséenﬁiéily; sqcce%éive iiffing condghéation 1e§els
with the slopé of a curvé of constant QE’ which is of ooﬁrse a’pseudo;
adiabat.‘ | o
39, Imn flgure 5 the section marked A shows & temperature ourve
- (ABCD) which is condltlonally neutral throughout (curve parallel to
pseudo-adlabat), oonvectlvcly unstable between 900 and ?OO mb (BCD),
ond ‘convectively neutral below (4B). This temperature curve 1s’a1so
shown in sections B ond C of the figure. The slope of ﬁhe wet—bulb‘
curve in seotion‘A idéntifios the state éf conveqtive equiiibriuma
Thé two upper 1ayefé (BC andVCD), though both oonﬁectively uﬂstablé,
differ in that the uppor one is too dry to bc¢ome’saturated in a

100-mb lift. In section B of the figure, the lapse rate resulting

*
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from a 100-mb 1lift is shown by A'B'C'D' end the changes involved are
shown by the arrows. Both léwer~léyers have becbme saturated, buﬁr
the lowest one is still in neutral equilibrium while the upper is:
ncw;unstable for saturated'aif. Vertical motions, either upward or
downward, will be favored, and whether they penetrate beyond'the un- |
stoble layer depends on the conditions within %he adjocent layers. -
The topm&s% layer is still unsaturated snd shows a slightly steeper
lapse ratc which is the result of dry-adisbatic 1ift on‘any'lapse
rate originally less than the dry-adisbatic, To isoiaté the effects
pf‘lifting; the process has been carried on without divergence or
convergence within the layeré; i;e., the pressure diffefence botwoen-

top and bottom of each layer has been kept constant, The effeets of

" convergence are the same as the c¢ffocts of 1ift, and the effects of

divergonco the opposite.

Evoporation offects

h0.~ In section C of figure 5 the realization of convective in~
stability by evaporation of rain into the layer is considercd. The

wet-bulb temperaturc is, by definition,'tho temporature to‘which the .

~air will cool as o rosult of evaporating water into it at constant

pressure. Goomotriecally, the points on the temperature curvokwill
move aicng the isobars toward the wet-b@lb our&o (Brct), The final
lépse roto will be the wet-bulb curve, If fér somc reason tho‘cvapora—
tion is eoncentrétod within o particular layer, as in the iliqgtration;
the lessor evaporafion above and below mey result in an inversion

above and o steep lapsc rate boleow, alse as illustratod,
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L1, The amount of moisture ne¢essafy to achieve this instébility
“depletes the rainfall and,can\be,cthuted‘by the precipitable~water.
| method presented by Salot»(ea)b It is fﬁe‘differen¢e’between the
amount. of precipitable water in the air when saturated at the:W?t* )
bulb temperatures and the amount originally present which, at the‘
same»pressures; is;fixed by the dew-point temperatures.

L2, TWot only can evaporation set off the convective igétability
“but it also has an important effeet bn;the conditional1y’unstable
~medium, If the rainfall eveporates into the environment immedistely
surrounding the rising air of the conditionally,unstable sounding, it
.will;lower the témperature of the envifonment,‘i.e.,;it,wiilxincrease
the temperature span between the pseudo-adiabat of the risingfparficles
and the lapse-rate curve. This increases the positive area, the amount
of energy(availéble; and therefore the vertical accélerations,‘

L3. The layer3~adjoining the convectively unstable layer are.
usually conditionally unstable. Even when they are'on1y nearly'so;“
conditional instabiliby will probably be achieved by the same 1ifting
which‘realized ﬁhe cénvective instdbility.’ This condition will ﬁef
achieveé ﬁithout the formation of sn inversion st the tbp of the con-
vecti#éiy unstable léyEr, so that furtﬁér péﬁetfative‘convéction
upward is assured. However, no further\penétration downward (other
then turbulent or inertial) will occur unless the descending air is
kept:Satufatéd by continual addition of‘moisﬁuré;  If,it’descénds
Idryhadiabaticaliy, its downward pénetration Will be iimited unless
the lower layers are superadiabatic, il.e., exhibit an increass of

temperature toward the earth's surface greatef than the adiabatic



27

rate of heating of unsaturated‘air.
ﬁh- If the attainment of‘convective instability by evaporation

is considered, other factors become important. Since there is no f
1ifting of the adjoining lajers, their lapsé rates wili remain,con;
stant'unleés evaporation also gffectsytheﬁ; ,COmplete evaporation will
form a layer stable for saturated air above %he conVsétively uns%able
1ayer, whlle 1ncomplete evaporatlon w111 result in greater stablllty
(even anvlnverslon). Immedlately'below the oonvectlvely unstable 1ayer,
camplete evaporatlon will also result in stablllty but 1ncomplete evapo-
ratlon w&ll cause the formation of a steap (even superadlabatlc) 1apse
rate, kIf the stablllty above is sllght or the 1nver31on shalldw, 1t
‘may'berpenetrated and the air proceed upward as in the case of the |
1lifted Ilayer, dependlng on the oond1t10nal 1nstab111ty farther Up.

But in the speczal case cited there is no immediate barrler to down—l
ward motion - even to dfyhadlaﬁatlc downward motlén at txmes aﬁd for '
short dlst&nees. However, évaporatlon ffoﬁ heavy rain which saturates
the convectively unstable 1ayer may oontlnue below to malntaln thev |
saturated condltlon of the desoendlng alr, whmch W111 therefore eX— |
perience pseu&o-adlabatlc downward motlon. Once 1n1ﬁ1ated as by |
cooling of air parcels to greater den81ty‘than thelr nelghbors, a‘
downward current can thus be aocelerated by the achlevement of con-
vective instablllﬁy'by evaporatlon. The 1mportant downdraft of the
thunderstorm 1s such a current and 1ntr1n31ca11y part of the phenome««
non are its accompanylng features' the strong, outward gust the

sharp barometer r1se, the drop in temperature below the surface wet~ ‘

“bulb temperature. It should also be borne in mlnd that the necessary
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convectively unstable layer is alWays present in-any conditionally

unsteble scdunding which also shows an LFC or CCL (?h).

Comparison of mean soundings

5. Tt is not the intention of this report +o present thermo-
dynamic methods of analysisfas‘much more than approaches to the better
understanding of the thunderstorm phenomenon. From them a fairly
satisfactory but'ideelized pioture of the thunderstorm or cloud de-

velopment may be ohtained; but to forget the Simplifications‘involred

(25)

is,to court'the'nungently'accurate criticismyof Boyden who said,
concernlng a 51m11ar ana1y31s, that "the author describes the uses
of the tephlgram with a certalnty that glves the unlnltlated the im-
pression that nothlng short of carelessness could produce an inaccurate
forecast," |

| L6. Cthers have noted what became epparent during this“stndy:
that one reason‘for the.failnre to recognize the inadeQuacy ofkthe
thermodynamic analysis.of the sounding as a thunderstorm-forecast:
tool was the textbook practice’of'anaiyzing sonndinés associated with .
thunderstorm occurrenees end‘assuming that the concurrence of atmos-
pheric’instability and the thnnderstorm event proved instabilit& to
be the suffieient cause, In thls study, therefore soundings on
thunderstorm days were compared w1th soundlngs on non-thunderstorm
days in order to determine what differences, if any, existed.

7. The July 19b2 soundlngs at four stations (Oklahoma City,

Omaha, Phoenix, and Washlngton) were used in the,analys1s° Each

sounding was classified as thunderstorm or non-thunderstorm depending
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 on whethei or not thunderstorm activiiy,(as denoteénby'reports‘of
thunder or lightning) was'reported within;the next 12 hours within
g radius of sbout 150 miles of the station. Theéa wes no cohsidérag
fion of tﬁe causes of the thunderstorm activity other than the gen-
eralized causes involéed,in_any enalysis of conditional or convective
instability. |

Li8. Means at stendard elevations for the (approximately) 1100
and 2300 BST soundings, obtained separately for thunderstorm and non-.
thunderstorm days, are plotted for comparison on both pseudo-adiabatic
and Rossby diegrams in figures 6 to 17, inclusive. For Oklahoma City
and Cmaha the nonathunderstormwsoundiggs werersummarized‘oniy for déys
when the surface iéobaric pattern showed airflow from the south. In
addition to the temperature lapse rates (solid for thunderstorms and
dashed for non-thunderstorms), values of mixing ratio and relative
humidity at the standard elevations are shown on the pseudo-adiabatic
diagrams. ~ The npumber in parenthesés states the number of soundings
inclﬁded in the BVOrags . The-}e%els of LFC and CCL are indicated,
having~beén obtained by the methods discussedfpreviouslyf The top
of the positive area is also indiéated,,as 1ce (conVective ceiling)
when it tops the'positive'area sbove IFC and as CCC when it tops the
positive area above CCL; In all cases, the values or levels perti- V
| nent to the thunderstorm sounding are shown at fhe left of the curves,
the values or levels for the non-thunderstorm sounding at the righﬁ of
the curves., On the Rossby diagrams elevations in thousands of meters

‘a

are plotted as closely as possible to-the indicated points.
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L9. Oklehome City. The 2300 EST soundings at Oklahoma City are
shown'in;figures 6iand 7 (upper half). In figure 6, the pseudo- =~
édiabatié d&agram, the thunderstorm éounding is 1 to 3 C colder, the
temperature differencé graduaily decreasing with heiéht to about 330
‘mb. Above that level there is little températ&réxdifference to 155
mb, after which the thunderstorm sounding is warmer, giving a warmer
tropopause with a maximum'temperature difference of L C in the iso-
thermal layer.  Thef1apse'rafes in both“SOund;ngS~are abouf the same, -
greater thén the pseudo-adiabatic to about 500 mb, and after that
either cohditionélly'neutral or steble, although the non-thunderstorm
soﬁnding continﬁes slightly greater thanfpseudo-adiabafio‘to about
Css0mb. .

-50. © The relative humidities in the thunderstorm sounding are.
overf50%5t61550‘mb;‘then‘nc’lowethhan L6 to 300 mb, while in the
,nonethdnderétOrm‘sounding they are greater than 50 to only 800 mb, - -
' falling'tthO by 700 nb ‘and to 26 around hQO‘mba The actual w
Valﬁes'are greater in the thunderstorm sounding except from~950,t§ 850
mb,vbu% relative humidities are greater throughout. - The computed
“values which lend themselves to-tabulation are as follows:

Oklahome City - 2300 EST o

Mean w Ts Pat Pat P at P at
1st 100mb € - -F CCL LFG  ILCC CCC
Thunderstorm o 13. 35,0 95 760 735 200 195

Non-thunderstorm - 13.8  39.5 103 715 665 195 180
51. On the Rossby‘giagra& (upper half pf’figure,T) both

soundings are comvectively unsteble above the surface layer, the

thunderstorm sounding to 5000 m and the non-thunderstorm sounding
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to 4000 m, but the total deérease;of 8p 1s greater in the,non—thunder-
storm case (5&7 331 A against 3,5-332 A).

. 52. Figure 8 and the lower half of. flgure 7 compare the 1100 EST
soundings at Oklahoma City. On . the pseudo-adlabatlc‘dlagram,,flgura:B,A
the thunderstorm.sounding is‘again somewhat cooler in the lower layers,
the 2‘0 to li C temperabure difference decreasing to about 175 mb,vwhere;
ththemperatureS'beéame~equa1 and above which the thunderstorm sound-

ing becomes wormer, with the moximum temperature difference becoming

~about 3 C in the isothermal layer. There is little to choose between

the lapse rates, which are dry-adisbatic in the lowest. layer, greater
then pseudo~adiabatic to about 500 mb in the«thuﬁderstofm sounding
and to about 40O mb in the non-thunderstorm sounding, and conditionally
neutral or stable above‘those'leveléc |
53. Relatlve ‘humidities are above 50% from the surface past
300 mb in the thunderstorm soﬁndlng, while the non~-thunderstorm relative
humidities are over 50 to only 800 mb, falling below L5 at 700 mb and o~
30 at 300 mb. Mixing-ratio ?alues are higher in the thunderstorm‘souné-,
ing except in the first 100 mb, as shown in the followingrtabu;atioﬁ:
. Oklshoma City - 1100 EST
Meon w T, Pat Pat Pat P at
1st 100 mb C F CCL LFC --LCC CCC
Thunderstorm 13.3 = 35,5 96 760 775 "195 200
Non-thunderstorm  1L.0 40,5 105 715 690 196 o 180
5lie  On the Rossby dlagram (lower half of figure 7) +the 1100

EST thundorstorm.soundmng is convectively unstable to 5000 m and the

non-thunderstorm sounding to LOOO m, but the decrease in 8p is
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315-335 A against 350~333 A, respectively.

55. At Oklshome City, then, the value of TG in thé non-thunder-
storm case should ordiﬁarily be‘high‘énough?to preclude the forecast
of an insolational thunderstorm. This‘Value, it should be noted,
results largely from a temperature difference betweeni%he'soundihgs;‘
. thet is, from the comparatively'highe¥ temperatures of the non-
thunderstorm sounding. Thevcomparative coolness of the thunderstorm
sounding is likewise mainly reSponsible‘for»its lower elevations of
CCL and LFC, and'séch lower values are in agreement with the thec-
retical prefequisites fdr thundgrsﬁorm activity. The higher relative
hunidity of the thunderstorm sounding and the greater dépth through
‘which the moistness extends are.in‘aecofd'with empirical findingsg'f'
The greater lapse rate of g (and»therefora'the~greater‘conveéﬁivé‘
instability) in thé non-thunderstorm sounding, however, is somewhat
\!surprising; but it is a natural consequence of the more rapid decrease
. of moisture with height when the lapse ratés of temperature are about
athé‘sameu“\~‘ |

56.  Omaha. The averégg souﬁdingsfat Omaha show similar
characteristics. Figure 9 (for 2300 EST) shows the thunderstorm
sounding. to befaboutiE ¢ cooler than the\ﬁonrtﬁunderstorm sounding
to 550 mb. Between 380 and 310 -mb theyfare at the same temperatqre,
whi1e~above'tha% layer fhe‘thunderstorm sodnding is warmer, with
warmer tropopeuse and stratosphere about QVwaarmer. The lapse rates
differ Little, being greéter than;pseuéo-adiabatic to sbout bSvab,

then conditionallr neutral or less than pseudo-adiabatic.
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57. The thunderstorm sounding exhibits higher relative humid-
ities throughout except around 300 mb. Relative humidity exceeds 50%
to 550 mb in the thunderstorﬁ sounding but in the non-~thunderstorm
soundipg it exceeds 50% to only 900 mb and again around 300 mb, Mix~
ing ratios are higher inbthe thunderstorm sounding except.to 950 mb 3

and above 500 mb. - The comparative tabulation of computed values

" follows:
Omeha - 2300 EST , _
Mean w T, - Pat Pat Pat P at
1st 100 mb C F  ©CL IFC ICC ¢CCC -
- Thunderstorm - 13.0 37.0 99 7LO 700 210 200

Non-thunderstorm 119  L1.5 107 680 620 215 190

58, On the Rossby diagram (upper half of figure 10), both 2300*
EST . soundings are found to be convectively unstable to 5000 m, except
- for the first 500 or 1000 m. The decrease of QE is only slightly
greater in the non~thunderstorm Sounding,'3h55329 A against 312-329 A,

59. At 1100 EST the thunderstorm sounding at Omaha (figure 11)
is about half a degree warmer to- 700 mb, then’about.half a degree
colder to 280 mb. At 25@ mb’ﬁhe temperatures are the same and above
that the thunderstorm sounding is again warmef, with tropopause at
180 mb 2 to 3 ¢ warmer but thefsﬁratosphere colder above 100 mb.
Exoépt in the surface 1ayers,‘lapse*rates in both soundings are greater
than pseudenadiaﬁatio to about hSO mb, then conditionally neutral or
stable.

60. Except at a few levels, the relative humidities of the
thunderstorm sounding are greater. They exceed 50% to 850 mb, then

average L0 to 300 mb, while the non-thunderstorm humidities exceed 50%

Y
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to only‘900 mb,\averaging‘BB-hDV&bove that level. . The tebulated values

follow:
. Omaha - 1100 EST S
Mean w T, Pat Pat P at P at
lst 100mb ¢ = F CCL e LCG CCC
Thunderstorm 12.0 38,5 101 710 650 220 200
Non~thunderstorm  11.1 = 39,5 103 690 595 225 205

61, On the Rossby diagram (lower half of figure 10), the thunderé
storm sounding is convectivély‘unstable to 3000 m, the non-thunderstorm
soundihg,to L4000 m. The decrease of Of is, in this case, greater in the
thunderstorm sounding: 3L0-327 Aragainst 339.328 A,

'62. The differencesin the Omeaha. soundihgs, althoughwmostly'of
‘tﬁe same nature as in the Oklahoma City scundings,yére’offa 16886?(
magnitude, ocoasionallyuvgnishing,,;This may'be'related to a more
general ghenomenon,,dealt with in the following chapter on thunderstorm
climatology, namely, the 1es$er~frequencyfcf afternoon or insolational'
thnnderstérms in the area around Omaha; ‘The‘extremely high values of
T, Which appear even in the mean thunderstorm sounding indicate the
great'amount of surfaee heating that must be accomplished before fhe
purely insolétional thuﬂdefs%orm can develop. Also noteworthy, es a
condition unfavorable to'afternpon thunderstorm developﬁent, is the
low level at which relative humidity falls.bechVBO% even in the 1100
EST thunderstorm sounding.

63. FPhoenix. At Phoenix there are important modifications of
the differences noted at Oklshoma City and Omaha. At 2300 EST
(figu;e 12)rthérPhoenix‘soundings have almost the same temperature at

the 'surface but the thunderéform;soun&ing is about 1.5 C colder just.
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above. The temperatures are abouf equal again from 800 to 300 mb,
but at higher levels the thundsrstorm‘sounding is inereasingly colder
up to its tropopause. The non~thunderstorm tropopause is both higher -
and colder, however, so that thé thunderstorm sounéing‘ﬁecdmes~warm§r‘
in the stratosphere. There are only small differences in the 1apse‘
rates. =~ Except near the'surfacs,‘bo£h lapse rates exceed the pseudo-
édiabatic to aboub 500-L50 mb.

6li. Relative humidities are greater throughout in the thunder- .
storm sounding but the distribution is peculiar, end relative humid-
ities are' comparatively low. 1In fhe thunderstofm Sounding relative -
humidities are mostly 30-%35% to‘700'mb3 then from L0 to 60% sbove that
level., In the non-thunderstorm sounding, relétive humidities are
25-30% to 700 mb, 30-L40% above that. The com@uted'values are ‘compared

below:

, . . Phoenix - 2300 EST - ;
Mean w T,  Pat ‘Pat Pat Pat
1st 100 wb C- F CCL. IFC - ICC . CCC
Thunderstorm 9.8 L6.5 116 665 590 200 195

| Nonethunderétormg; 9.1 .- ;hj,O 117 585 575 215 . 200
65. On fhe‘Rossby diagram (upper half of figure 13), the 2300
EST thunderstorm soundiﬁg is convectively unstable in the first 1000 m
and also between 2000 and'5000 m, with total decrease in QE from
3L6 to 337 A, VThe,nonﬁthunderstorm/sounding‘is convectively unstable
between 500 end 1,000 m, the decrease of O ﬁeing from 34l to 335 A.
66, The 1100 EST radiosondes at Phoenix (figure 1l) show the -
thunderstorm,sounding to be slightly warmer (mostly by leas tho: 1 C).

to 700 mb, then at about the same temperature to 250 mb, then colder:
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to 180 mb, but warmer (as much as;b,c)-abovea At the trépbp&use
(about 100 mb in eachrcase)vtﬁe temperatures are equal again, but
tﬁe thunderstorm sounding is colder in‘thé stratosphere. Tﬁe lapse -
rates are simil&r,,greater than pseudo-adiabatio~to about L50 mb,
stable or conditionally,neutral.abcvee

67. There are no  importaent a;fferenéesvin relatiyﬁ humidity’
- although the non-thunderstorm sounding has slightly higher’values.
In -both cases the relative humiditiesAare under 30% to‘700 mb, and
30 to LO% above that level, Neither do the computed values show the -
usual differences: e B ’ ‘ S |

o Phoenix - 1100 EST N
Mean w Ts Pat Pat Pat P at

.. 1st 100mb € . F .¢CL ILFC LCCc  CCC
- Thunderstorm 8.8 9.0 120 580 54O 250 205
Non~-thunderstorm: 8.8 9.0 120 580 500 . 290 225

© 68. On the Rossby diagram (lower half of figure 13), ‘the 1100
BST thunderstom sounding is shown to be convectively unstable to |
6000 m, except in the layers 500-1500 m end 2000-2500 m, with o
decreasing from §h3itov33h.A. The non-thunderstorm sounding is
cohﬁectively'unétable to 5000 ﬁ, except in the layers 560-1500“m
and 3000—&000>m, with Op decreasing from 341 to 335 A. ‘
69. Although the negligible differences exhibited~above'igdi—'~
caté that the sounding is a poor guide to thunderstorm forecasting
at Phoenix, a*closeercrutiny‘of the data salvages some useful details.
Although the T, values are exceptionally high and too infrequeﬁtly

squaled by observed surface maximum temperatures at Phoenix, they are

effectively reached with sufficient frequency at nearbyrélevated
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stations to account for observed thunderstorm frequencies. A considera-
tion of the daiiy maximum temperatures attained at cooperative stations
in Arizona 5000 feeﬁ, or more, above the levél of Phoenix (1100 feet)
shows that they often exceed a I, of 117 F when reduced dryuadiabatically
to thé Phoenix level. With elevation a key to its‘interpretation, even
the apparenfly peculiar distribution of relative hgmidity in the 2300
EST thunderstorm sounding becomes significant because the distribution
provides relative humidities of over 50% abové 10,600 feet réther than
below. With reépect, then, to the elevations of the ground éurfaces
actually involved in thunderstorm formation in this region, the rela-
tive humidities near the surface are about as high as in thunderstorm -
soundings elsewhere. This ié(not shown, however, by the 1100 EST
'sounding at Phoenix - but the number of soundings averaged for that

time is only five. At Phoenix the 2300 EST sounding is also closer

to the time of pcéurrence of maximum temperature.

70. TWashington, [.C. The last of the stations for which the

compérison of soundings was made was Washington, D. C. Appreciable
differences bétween'the thunderstorm and non-thunderstorm values can
be found. Figure 15 shows the 2300 EST thunderstorm sounding slightly
‘cooler, as has usually been‘the case. The temperature difference~is‘
about 1 C t§ 300 mb, becoming 2 to %3 C at sbout 150 mb, which is the
pressure at the tropopause of the thunderstorm sounding. This moans

e colder tropopausevin the thunderstorm sounding, which differs from
the condition axhibiﬁed at the other stations studied.. However, the
nonéﬁhunderstorm séunding has alsc a soccond, higher fropopause with

a steep lapse rate below it, while the thunderstorm sounding is
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"prac%ically isothermal or even an inversion at the Qorrespondiﬁg'
levéls,,sq that fhe thunderstorm sounding is finally warmer above
105 mb and actually 5 to 6 C warmer at the pressure of the higher -
[tropopauss in the noﬁwthunderstorm sounding. No explanation of
these obsefvations at. the higher levels;can,be offered at this tiﬁe;
theyvare'reéorded‘here«to ocmblete the record of the comparisons.
It should also be noted that the number‘of observations included in
the average decreases rapidly at the higher levels, ?heflapsé'rates,x
as usual, are in general the same, greater than ?seudo~adiabatic
between 950 and»Tlo mb and conditionally neutral or stable elsewhere. .
71. At all buﬁ a few levels the relative humiditiesraré‘greafer
in the thunderstorm than in the non-thunderstorm sounding. In the
firstréase the relative humidities exceed 50% to 500 mb while in the
second they fall to 1i9% by 550 mb. Above these 1e§elsﬁ the thunder- -
storm sounding has humidities varying between L3 and 62% to 300 mb
while the non-thunderstorm sounding varies betwéen L5 and 54%. There
is not the sharp difference that is exhibited by the Oklahoma City :
soundings. However, the w values, mostly higher in the thunderstorm :
sounding, do not differ greafly'from;the_non«thunderstorm values. The
computed values comparc as followss

. Washington - 2300 EST o
Mean w T, - P at P at Pat P at

1st 100mb ¢ P cCL  IFC. ICC  CCC
Thunderstorm 3., 32,0 90 8% 855 205 235

Non~thunderstorm 12,4 35.0 95 790 760 655 315
72. " The Rcssby diegram {upper half of figurc 16) shows convec-

tive instability invthe thunderstorm sounding to»hDOO m, with a op
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decreasefrom 30 to 328 A. The non-thunderstorm sounding is convectively
unstable to only 3000 m, with a stable Iayer‘betweenllOCO and 2000 m,
and a total QE docrease from %336 to 328 A,
73. The pseudo-adiabatic diagram for 1100 EST (figure 17) shows
the thuﬁﬁerstonm‘soun&ing te be 1 %o 2C warmér up to 750 mb, then
about haelf a degree cooler to L20 wb, above which the temperatufes arc
egqual through an intervai of about 70 mb. The thunderstorm sounding
is again cocoler to 135 mb, with its tropopause at 155 mb, 3 to L C
cooler then the non~thunderstorm sounding at the seme pressure} The
‘non-thunderstorm tropopause is at 135 mb and above thét 1evei,then
thunderstorm sounding is as much as Iy t6 5 C warmer. The lapse ratos
-are much the seme, greater then pseudo-adiabatic to about 600 mb,
about pseudo-adiabatic to 350 mb,'and iess than pseudo4aaiabatic above.
7. Relative humidities in the thunderstorm sounding are higher
throughout, groater than‘EO% to 350 mb, &B% at 300, The non-thunderstorm
velues. fall below 50% at 700 mb and to aboutn§5% at 300 mb., The w
values in the thunderst§rm sounding are also greater. This fact makes
for the most striking differences yet observed in the com?uﬁed~values:

‘ ‘ Washington - 1100 EST :
Meen w To Pat Pat Pat P at

1st 100 mb ¢ F  CCL LFC LCC  cce
Thunderstorm - 15,1 3L.0 93 830 . 860 197 195

Non-thunderstorm  1l.4 =~ 39.0 102 730 ©None None 315
75. The Rossby diagrem (lower hélf of figure 16),. shows the
thundeistorm sounding to be convectively unstable to hDOOVm, with a
op decrease from 3L6 to 33l A. The nonmthunderstorm»sougding shows a

stable layér'between 1000 and 1500 m but is otherwise convectively
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unstable to,}OGQ m, with a 8 decrease from 336 to 329 A,

76. Of all ﬁhe~stations considered, it is Washingiton that ex-
hibits the widest gap between thunderstorm and nongthunderstbrm'values.
However, the comparisons made above are only a sampling of the total
field in which~comparisdns should bé made, and they are somewhab
weakened, in the cases of Washirngton and Phoenix, by the féct‘that;non~
thunderstcfm'soundings have»ﬁot been confined to a synoptic pattern
producing flow from the south. The naturéi expectation would be that
the omission of such a synoptic criterion would increase the differ-
ences between the two‘types of sounding. At Phoenix, where the
differences are not emphasized, it is probable that other factors,
such as orography, are impoftant, However, where the differences are
almost negligible despite the use of the synoptic criterion, as at
Cmaha, the importance of other factors is also indicated. . Such other
factors are baéieally dynamic, to be deduced‘from'further synoptid
considerétions to determiﬁe'thé existence of flow patterns effecting
a steepening of the lapse rate or a convergence of air that will result
in its mass ascent. It is the latter which results in the éustaiﬁed
1ift and the,%ertioal veloéity which characterize the widespread
thunderStorm sitvation, rather than the temperéture difference»betweenA
ascending air and environment which ié so neatly established by the
disgrammatic analysis of the sounding, The éssumptions upon which the
1at£er analyses are based are at times remote from reality, although

the conclusions reached deserve consideration.as qualitative guides.
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Thunderstorm updrafts

77. In his experiments with no-1lifd ballpons in England,
Dobson (26) found ubward currents of one to five meters per second in
the first 500 meters. Aviators eﬁgaged in gliding or soaring make use
of these ascending currents, which they call thermals. Birds soar on

(27)

these currents. According to Langq they are seldom chimneys or
continuﬁus columns but are father bubbles. repeating themselves at inter-
vals. Although practically always in existence, they dé not often
extend very high except on sunny afternoons or when cold air masses

move over & much warmer surface, with unstable lapse rates resulting..
If conderisation levels are reached, the cumulus formations*are begun
whose later growth into a thunderstorm depends upon the structure of the
air above}

78. Then there are upward currents there must also be downwérd
éurrehts, but it>is aeronautical experience that the latter are gene-
rally spread over larger areas and therefofe of 1e$ser megnitude.
Accepting the vertical motions as adiabatic and the gonnecﬁing héri—~
zontal motidns (of both inflow and outfléw) as practically iéothermal,A
the thunderstorm becomes analogous to a heat engine. Its working
substence is the atmosphere and its fuel is water vapor. Its heat
source is the 1aﬁent heat of candeﬁsatian’of’the water vapbr, its
cold source, or sink, the atmospheric environment. It requires aﬁ
impulse to start it - an impulse supplied by insolation, a fromt, an
orographic barrier; or convergence, |

79. The meximum efficiency of a heat engine can be expressed

in terms of temperature:



where Tl is the higher temperature and To the lower. In the thunder-
storm engine Ty is found on the pséudo~adiabat of ascent and Tp is
the dry-bulb temperature of the enviromment or its web-bulb témperaw
ture when sufficient moisture is evapérafed to cool the amesphére‘
to'its‘wetmbulb temperature. Since temperatures on the thermodyﬁamic
scale are in degrees Absolube and T, of the order of 300 A, while

Ty ~ Tp seldom exceeds 10 C, the efficiency of the thunderstorm as a
thermodynemic engine can seldom exceed 16/300, or sbout 3%..

.80, In the ideal cbndition,'whére the rising air is considered
as a particle surrounded by an atmosphere colder‘than itsélf, the
upward accelerations are a function of the buoyancy exerted bpon the
partgcle‘bécause of the diffe:snce in density between the particle and
its environment. This can be formulated as
| a = Kg
where & is the acceleration of the particle, g the acceleration of

gravity; and .

where P is the demsity of the pérticlé and Pp the demsity of the
environmeﬁtg‘ Sincé; by the equation éf state, the dénsiﬁies cen be
equatéd to py/RTy and pg/PTg,‘respéoti§ely, and since the particle
and its‘eﬂvironment can_bebconsidered to be at‘the same isobaric

level, so that py = po,
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and a change of sign to give a positive answer for upward acceleration

yields

T - T
} K - 1 2 ar AT

At any particuiér 1é§el the forﬁulé for thevaccelefétioﬁ can thus‘be;
Wfitten g AT/T. The factor K, it can be nobed, does not _differ by
much from %he maximum efflclency‘E of a thermodynamlc englnee

8i¢ The acceleratlon thus calculateé is greaﬁer than acbually
occcurs because %ﬁe baszc theory treats ‘the éloud as an 1nf1n1t651mal ;
particle rising through an infinite environment at rséto In reality
the cloud is not infinitesimal aﬁd the upward transport of the cloud
gir is nséeséarily'oonﬁeoted with fhe dcwnward~trénspdrﬁyof the en-
vironméntal air. The latter is dynamlcally heated until it reaches
the temperature of the cloud, That is, AT vanlshes° Although the
upward accelerations of the air inside the cloud walls may have been
ended by thls process, J, Bgerknes p01nts out (2 ), there is still
room for 1nterna1 convection within the cloud itself due to the 1nsta«"
bi llty at the’cloud top, where the env1ron@snta; gir has not had the
onportunlﬁy to warm by descent He notes that, v1sually,'the grcwth |
of the storm oloud takes place by regeated eruptions of cloud materlal
from the central core of the cloud,k This intermittent grcwth by

successive protuberances continues until the ¢ loud top’is'at the
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temperature of the environment at the top of the positive area.

82. Another qualifying consideration is that there must be
interaction between the rising air end its environment. As Shaw (29)
points out, the kinematic viscoéity of air, weight for weight, is so’
high as to be sﬁggestive of pitch. .The initial moving mass becomes
entangled with its enviromment. Experiments performed by the same |
author and described in "The Air and Its Ways" (50) showed that air
driven by mechanical pressure through an opening carried'ﬁith;it ten
times its own volume of air while its initial #élocity wes correspond-
inglj reduced.

83. Néglecting these effects, which all tend to decrease the
vertical velocity, the theoretical velocity can be compﬁted from the
formula | | |

V2 = 2Kgh
wherekh is the height to which acceleration is effective. For an
approximation a mean A T and T can be used., If reasonable values of
5 end 250 A-are given to those Quantities, h assumed to be 10 km and
g 1000 cﬁ/éece, the maximum vertical velocity becomes 63 mps or about
135 ﬁph. The théoretical level at which it occurs is at the intersec-
tion of the pseudo-~-adisbat and the SOundihg at the top éf the pcsitiﬁe
area (see figures 2 and 3) while the theoretical level of maximum
acceleration is where A T, the distance between pseudo-adiabat and.
sounding, is the greatest. The top of the positive area is also the
ceiling on the convective aqcelerafion, but the ascent, at the decele-
rated rate, can theoretically gd beyond that ceiling up to the level,

as shown on the diagrams, where the negative area becomes equal to the

q
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positive area below. The maeximum vertical velocity can also be found
‘by plaﬁimetering the positive area on & proper thermo&ynamic chart

such as the tephigr&m {which the pseudo-adiabatic diagram approximates)
end converting to kinetic energy in ergs per gram. By the usual form-
ula kinetic energy is then equal to 1/2 Vg.

84, Vertical veloci¥;es,qf the order computed above, and even
gréatér, have been reported in thunderstorms. That they are not at
all steadily mainteined is indicated in the XC-35 Gust Research Project
‘of’the Natioﬁal Advisory Committee for Aeronautics (31), In 134,000 ,
hours of flying time the gust recorders placed on transport planes by
the NACA recorded maximum vertical gusts of theioraer of 82 m@h (32).

85. A c&mmonly accepted proof of the existence of such high
velocities is the calculated value of the upward velocity of the air
current necessary to support a hailstone of'density and dieameter known
%o oceur in natura.» The meteoroiogical theory basic to‘the‘calculation
is that the hailstone grows by accretion of Iiﬁuid water freezing £0
its surface as the result of the hailstons's repeated upward flights
into regions of liquid, and generally supercooled, waﬁerﬁ The velocity
that will support the hailstone is relative and therefore equal to the
terminal velocity of the hailstone when the air is perfectly still,.
Bilham‘and Relf (83) ha&e,computed the upper limits of such velocities

for hailstones of specific gravity 0.915 and found the following:

Diameter (inches) ‘ Velocity

' fps  mph
1.0 - T3 50
2.0 105 72
3,0 130 89
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The authors indicate that even higher velocities, though not probable,
are possible, particularly in the diameter range sbove % inches, if

sufficient and prolonged turbulence is present to decrease the drag

(3L)

coefficient of the stone., Humphreys got similar results‘and

classified the three diameters in the order listed sbove as "very

n

common, " "often reported," and "not extremely rare," adding that di-

ameters of l inches and over were doubtful although they have been

(35) (36)

reported, and even measured and photographed

(37)

Griminger

and Koch also computed velocities of similar magnitude, the

latter obtaining "o, maiimum'asoensional air velocity of 200 fegt per
second and an optimum hailstone diemeter of approximately 3 inches.™
86.  The obvious question, whether it is valid to assume the

_necessary existence of an upward current equal to the éaiculated
terminal velocity of the haiistone, has been dealt with by*Schumann_(ESX
Assuming that the hailstone grows by collecting all the condensed
 superooo1§é water‘in;thé'volume of air which‘it‘sweeps through in its
dovmward path through the cloud, Schumann shows that, with ai?ertioal ”
air velocity of 8 mps, and during a fall from 9 to L km, "the concen=
tration Sf condensed waber need not be more than 15~gm/ﬁ5 to prbduce

a hailstone of density 0.6 and s radius of L cm" - which mesns a
diamstér greater thaﬁ 3 inches, Measufements of liquid-water content

in tﬁejupper air are few, but a recent publication of the NAGAV(Eg),
baséd on & limited number. of observations by the XC-35 airplane, shows
& maximum measured value of liquid-water content of/9;25 gm/hj below

cumulonimbus clouds, Indirect computations of the liguid-water content

cen be made from the rate of rainfall observed at the ground. The



reported l-minute rain of one inch at Opid's Cemp, California, on
-April 5, 1926,‘for;instance,-indicates a liquid-water concentration of
over 50 gmfh3, on the assumpﬁion of en 8-mps rate of fall of the rain-
drbps. It is obvious that such concentrations of watsr could not be
suspended in the atmosphere without as#ending currents to support them,
but the velocities necessary to support raindrops are comperatively
low, of the order of 8 mps. They will be discussed later in connection

with the formation of rain.

Convergence updrafts

87. The possible vertiocal velocltles theoretzcally deduced in
the first part of the last sectlon result from.the unstable character
of the atmosphers. mhﬁn they are approached in natures ﬁhey appear to
be phenomena of smell areal extent and short duratlon, occurrlng
spasmodically. However, large=-scale vertical mptxans are possible
which afe independent of the sta'bili‘by of fhe atmosphére s alﬁhoﬁgh |
they éauce o steeponing of the lapsorrate in the lifted air unless
the lapse rate is alraaéy'unstablce The more 1mportant vertlcal
motions of thls k¥ind arise from the prosence of orographlc or frontal
barriers to horizombal flow or from a dynamic ﬁlcw pattern produclng
CONVOrgeonceo of air which is goméensatsé by upwﬁfd‘motiﬁne In tho‘ |
. present state of mctécrﬁiogical knowledgeﬁand measuring teohniqﬁes
it is possible to make Oﬁiy approximnte estimaﬁes of fha mégﬁifudaé
involveds‘ B | |

88. The vertical velocity produced by om orographic barrior is

equal to the componont of the horizonmtal wind:spood normal to the

borrior multiplied by the sinme of the amgle of the orographic slopo.
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Neglaéting frictional losses, the result is strictly true only of the
air in contact with the barrier; In the layers above that, even at
the same horizontal wind speed, éhe vertical component mustvbe reduced,
but in & manner which is uncertain because of inadsquate kmowledge of
the streamlines of air crossing mountain barriers. J. Bjerknes (ko)
considers it a plausible assumpbion that the vertidal~cdmponent’de—
creases exponentially. For a computation of the effect of Mount Wilson
in the Sierra ¥adre he assumed a halving of the upward component for
every l000-m increase in ‘elevation. A SO-mph wind flowing over a 1:5
slofe would thus produce a vertical velocity of about iO mph* which
Would decfeaéé to 5 mph at 1000 m, and so forth. 'The‘lowest stream-
iines would foliow the siope of the mbuntain but,\hggher up, the
streémliﬁes would‘bécomé progféssively’mﬁre horizontal,

89»1‘The frontal surféée which is prssented by a barrier of
coldef, densér air acts 1iké the orographic barrier, but even approxi-
| maté édmpﬁtations are oomplicatéd by thé fact that the frontal surface
or barrier is in motion. The vertical component ofvthe velocity is
thus a functlon of the frontal slope, the wind speed and the frontal
speed both speeds measured norma‘ to the front. Austin (b2 )
discussed the practical difficulties of this type of computatlon. In
any case; the known magnitudes of front&l slopes, which are rarely
steeper than 1:25, indicate the smallvvertigal velocities possible:
from frontal effects sclely.

* For slopes of 1:5 or 1ess, the tangent of the angle of slope can
be used with negligible loss of accuracy.
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90. The measurement of convergence, which should be made through=-
out & substantial vertical depth, is beset with even more difficulties
than the measurement of frontal effects. However, it‘is possible, as
Brunt and Douglas (he)fhave done, to compute therapproximate magnitude
of the vertical velocities which can result,

91, The ideal convergent-flow model is one of radial inflow
toward a center. There is no atmospheric pressure distribution ‘which
permits its occurrence as a steady state,,ﬁut the pattern is apéroachad
in a rapidly deepening cyclonic center, at sctive wave crests on a

quasi-stationary front, and possibly in the local or inscolational thunder-

~storm. In the latter case, the convergent pattern may not bevreadily

observed because it is so small, because it is imbedded in a field of
translation, and because the Coriolis force acts upon it to meke it

(L3)

eyelonic . However, if V is the speed of radial inflow at all
points on a perimeter 2 mr through a cyiindfical depth H, the vertical
velocity at height H is equal to QHV/}. Figuré 18 is a‘diagram showing
the'relation of that vertical velocity to the speed of radial inflow
for various, comparatively small radii of a cylinder 1 km in depth.
Uniform density'was,assumed in the computation. (To correct for the

actual variation of density,. the vertical velocity obtained from the

figure should be multiplied by the ratio of the mesn alr density of the

~column to the air,density at height H.) For a constant value of radial

~inflow, the vertical velocity increases with a decrease in the radius

of the cylinder and also with an increase in the cylinder height, For
any heights h other than 1 km, the vertical velocities read off the

diagram should be multiplied by the ratio h/H. Retaining the 1l-km depth
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of convergence (which~is a common height for the CCL), it can be seen
that in the lé-mile dismeter (13-km radius) of the local thunderstorm
célls examined by Brancato (5), a 10-mps (22-mph) fadial inflow veloc-
ity would produce only & l.6-mps vertical velociﬁy &t the l-km level.
92. There sre more common types of convergence %han‘that;which
results, séhematically, when the winds from all points on a closed
curve blow inward.: This is, of courSe, the most~obvio€s example and
it is %he case of radial inflow discussed sbove., It is élso the first
type illustrated in figure 19, where the schematic patterns aré taken

wy .

from Shaﬁ and~Lempfért . The extent of the convergence is indicated
by'thefdiminution ofvthe aréa in time from ABCDE to A'B'C'D'E'. A more
commonffype of convergence is illustrated in theksecond exsmple of
ifigure 19. 1In this case air from one portion of an area is overtaking
the air in front of it while both are mofing in the same direction.

This type of flow iS‘usgally referred to . as & downwind decreaée of wind
snd often results from a changs of isqbaric curvabure from anticyclonic
to geostrophic, or from either to cyclonic without compensating chenge
of pressure gradient, air demsity, or Coriolis force. The extent of

the convergence is agein indicated by the diminution of afeapfrom that
outlined by the unprimed letters to that outlined by the primed letters.
A eommon.variation of the second type of éonvergence iS‘skeﬁched in %the
last exemple of figure 19, where the epprogéch of air toward a CTross=

" current results in the diminution of the area, Warm-sector rains south
of a guasi-stationary front often occur in such a condition. The crosse-
current may act as aabarrier~to be overrun, or there may be a downwind

decrease in the wind approaching the crosscurrent. Both kinds of
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activity ccgurred in the situation used to illustrdate this typeidf :
- convergence. The weather-map exemples in figure 19 are selected from
periods of heavy rain.

93. For completé accuracy the computation of convergence
gshould include the integration of the inflow around the entire per-
imeter of the area considered as well as throﬁgh the effective depth,
procedures of no little'pfactical difficulty,;~0ften, howevef, it is
possible to approximate thé real condition by essuming a simple doﬁn—
wind decrease of win& over a square or rectangle, since the inflow or.
outflow across the sides~paraliel to prevailing‘directioh of wind is
comparatively/negligible. In such a case, the meen vertical velocity
at the height through which the convergence of éownwind deéreasa of
wind is effective, is equal to & VH/T}‘wherekA V is the diffsrence
between the mean horizontal inflow and outflow velocities through
height H and across distance Y. As in the case of radial inflow, the
simplifying assumption of uniform density iS‘retained,Hsé that the
result Shouid be multiplied By the rétid of densities, as‘before,
Where H is unity in the units used, the vertical vélééiﬁy'beoemes
the decrease in‘wind divided by'the distance through Whidh the decreoase
isA&cﬁomplished; Figuré 20 shows the‘fglationship between vertical
velocity and the downwind/decrease'qf wind'for a height of‘i mile and v
%arious v&iues éf the distance Y. Foi bther heights h, the verficai
“velocity road off the disgram should be multiplied by the ratio h/H.
The vértical %eloéity5 for a cons%ant value of AV, increases with a
deérgase in Y or with én increaée in H, The maximum depth of convergence

(H) and the meximum possible A V in the minimum Y are thus manifestly
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problems of crueial importanéeo,

9lj, Figures 18 and 20, although based on certain simplifications,
offer another test of the credibility of the vértical velocities de-
duced from the instability of the sounding or ffom the terminal veloc~-
ities of hailstones, Tpe existence of an upward verticalAcurrgnt
demands the existence of-é field of horizoptal convergence to support
it, whefher the convergence be by radial inflow or downwind decrease
of wind. For specific vertical velocities gt certain heights and
above defined areas, the horiZOntalfvélocities that must chéractérize
the~coﬁvergenuepattern are indicated in the figures mentionsd, In
either floW’pattern; it can be seen, the horizontal velocities or |
velocity differences'perfﬁnit distance required for the production
of great vertical velocities appeér to be so large as to be extremely.

unlikely in nabure except for extremely short durations.

Thunderstorm downdrafts

95. Upward currénts have Been,stresséd ﬁhus far because the
primary conce%n of this'report is with rain formation, which results,
for all pra§tical purposes, from adigbétic éooling‘dué to ppward
motion. Beforé’prgeeeding to the subject of/rainkformation, however,
the most‘frquently observed ghunderstorm wind should also be coﬁ—i
sidered. Often called thé thunderétéfm équall wind, it is uéuélly
experiénced as a cold surface current proceeding oubtward from thé
stﬁrm in violeﬁt gusts and often accompanying tﬁe heavy rain. . It
can behave as a minor cold front, Acting both to genefate further
thunderstorm activity in advance of the parent cell and to inhibit

(15)

further activity in the rear by cutting off the supply of warm air
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%6. It is 6riginally a downwerd current that spfeads out hori-
zontally, and most actively in the direction of storm movement, when
it reaches the ground surface. It is a by-product of the héavy rain
rather then a part of the oeliular thunderstorm circulation, whose
. compensatory downward currents afe gentle and spread over a wide area.
The cooling of the air column by the heavy preéipitation is the most
important factor in its genesis. This cooling is accoﬁplished b&

(5)

conduction, by melting, and also by evaporation. Brancato has
demonstrated the importance of the evaporation effect by comparing
the wet-bulb potential témperaturGS’alof% with the minimum tempera-
tures finally reached at the sufface. Figuré 21, adapted from his
paper, shows the close agreement obtained. Similar relationships
were found in a study of Panama storms‘(bé) and in a study of the
Pernsylvania storm of July 17-18, 19142.()"’?)p Botﬁ by the Hydrometeoro-
logical Section. A

97. The accompanying downruéh of air is usually attributed to
. the increased air density'&ue to cooling and to the frictional drag
of the falling rain. However, it is of critical importance, théugh
a fact often overlooked,’that convective instability achieved by
evaporation févors a dﬁwnward pene%ration of convection if the pseudo:‘
adiabatic processkis maintained in the heavy rain, Néglecting
frictional effects and using tﬁe vertical-velocity expression "X/§E§E
for a typical situation where AT was 8 A, T 283 A, and h L4000 m,
Brancato (9) obtained a 37.l-mph mean velooity, to which was added an
assuméd 15~mph speed of the thunderstorm relative to the earth's
surfaée, giving a squali wind of 52 mph - not an unusual obsefved

velocity.
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98, One of the effects of the downdraft is the sh&rp pressure
rise which accompanies 1% - the "thunderstorm hump on the barograph.
Accepting Levine's (L8) suggestion that the pressurse rise.is less an
éffeot of_ increased hydrostafic pressure than an effect of the ver- -

ticalacceleration, Bue 1l (L9) has computed the possible vertical

- velocities based on the magnitude of the pressure rise, He obtained

velues varying from 29.l; mph for a 1.Qmﬁb rise to 58.8 mph for a

L. 0-mb rise. (Part of the pressure rise might also be accounted for
by convergence in the lower layers of the atmosphere, temporarily.
uncompensated by the divergence aloft which accompenies widespread

convergence situations.)

Rain formation
l99° For the cqmputatién of the pséudo«adiabatic curve it is
assumed bhat tl\levwe.ter is entirely vapor until 100% relative humidity
is reached, at which point it Qhanges Yo liguid (supercoolad, ratﬁér
then ice, at temperatures below freezing), and that all condensation
prodﬁéts fail to earth aftef formation. Some of these assﬁmptions
are contradicted by the fesultsiof'recent investigations and obsofﬁan
tiohs, but the thermodynemic éomputation is not greatly affected.

The latest findings, some still debated, are summarized by Byers {

Brunt (51) Slmpson (52 ), chghton (53), and Taylor (5h)
100. It has been shown that candensatlon to the 11qu1d phase
is possible only on specific hygroacopic nuclei, the process being a

continuous one beginning at relative humidities below 100% Eut‘be~

coming most rapid in the neighborhoéd of 100% end higher. Specific



55

sublimetion (or crystallization) nuclei are required for condensation
directly to the ice phase. As far as is known, more than a sufficient
number of condensation and sublimation nuclei are usually present, but
sublimation nuclei are less numerous and‘the existence of liqtid drop~
lets at temperatures below freezing is so ccmﬁon in the atmosphere that
it is regarded as the rule rather than the exception. The clouds and
fogs which form differ from precipitetion only in the size and rate of
fall of their constituent water droplets. The smallest cloud droplets
are apparently in a stable colloidal state, their position'in space
dependihg on moleculaf bombardment rather than gravity. Even when
larger, their rate of fall is excéedingly slow and they may evaporate
‘within a short distance. The raindrop cen Ee formed only by further
growth and goalescence of the oloud droplets;

101,‘ The growth arises laggély from the existence of differences
in vepor pressure on adjacent droplets. The droplet contaiﬁing salt
in solution (the dissol%ed hygroseépic nucleus) has‘its surface vapor
pressure reduced thqreby, so that its pre#ence in an ehvironmént of |
saturated vapor results in further condensatién upon it - but at a
decreasing rate because the concentration of its solute will decreaée,
in the pfocess. The surface vapor pressure of a droplet also varies
invérsely_as its radius of curvature, so that small &rops tend to
condense on larger. Furthermore, because saturation vapor pressﬁre
varies directly with the temperature,’warmer‘drops.tend to condense
on éolder. Most effective of all is the phenomenonvéf lower suffaée :
vapor pressure on en ice surface, so that in thektriple-phase state

the ice particle can grow at the expense of both the saturated water
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vépor and the supercooled water; Findeisen (55) gives the saturation
vapor'pressure over ioé as 91% of that over water at ~10 C, and 82%
at -20 C. All these processes, especially the last, produce drops
large encugh to overtake the smaller ones in falling; and the further
growth to the size of observed raindrops is probably by collision and
’coalesgence as the larger drops sweep by the smaller ones. Such a
probability is increased by.thler's (56) dbservation’that\drop sizes .
ocour in multiples of a unit size and that the chloride concentration
of rain water is practically the same as that of cloud water.

102, The cumulonimbus or thunderstorm cloud originates as an
- iceless Qater cloud in its cumulus or congestus phases and continues
as such to levels considerably ebove the zero isotherm. According to -

(55)

Findeisen » 1t is onlybat temperatures below -10 C that ice parti-
¢les ﬁredominate; supercooled dréps of water have been observed at
temperatures as low as ~L0 C.V At some critiqal stage, apparentiy the
temperafure range between -10 and ;20 C, the cloud containing the ice
énd water particles is saturated relative to water but so supersaturated
relative to ice that rapid condensation takes place on the ice particles.
These gro& rapidly to such e size and weight that they fall through the
ascending Curfents, colliding on their way with both supercooled and
other,droglets~which freeze to them. It is alleged that this process
occurs intermittently or repeatedly as indicated by the st?ucture of

the hallstone, which is often roughly spherical and composed of
successive layers of clear ice and white ice with a core of white iée,

The 1argér hailstones may eventually fall to the ground but the

~smaller ones melt as they fall below the level of the zero wet-bulb
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1so.thermV(°C), usually forming several drops ‘because the liquid drop.
has a limiting size above which it is broken up by its passage throughA
the resistant air.

103, The terminal velocities of i'aindrops are much smaller than
thése of hailstones. As in the case of the hailstone, the frictional
resistance offared by the air to the passage of the drop depends upon
the relative motion of the two. However, beyond a certain point the
torminal relative velocity of the raindrop, unlike that‘of the hoil- .
stone, does not increase with the size of the drop. The drop becomes
deformed, spreading out horizontally, so fha,t "c}ie air resistance is
increased, Drops'greater'thanVE,B mm in diameter break up before their.
theoretical terminal velocity is realized. There is no such limif to
"I;he size of frozen drops. The latest determinations by Laws (57) show
the limiting terminal wveloeity of the largest rgindrop to be 9 mps and,
of,éourse, léss for the smaller sizes. Prior +to his findings 8 mps was
considered the limiting velocity. 'It\is higher in the lower demnsity
range found in the upper air, the variation being inversely as the
square root of the ratio of ﬁhg air densities. At 3 km above the
surfage the limiting vel&city'wvuld thus be about 11,5 mps.

10L. It is proper to examine the implications of the terminal
velocity of the raindrop. It is a relative velocity and thefefore
absalutsly‘true only in a vertibglly still atmosphere. It is less in
an. atmosphere having en upward vertical velocity of its own, end
:greater in an atmosphere having a doﬁnward velocity. The heavy rain
concentrated in the downdraft of the thunderstorm is>apparent1y an

instance of the latter type of relative motion. This cdsts some doubt
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on the velidity of computations such as the one made in the discussion
of vertical velocities (paragraph 86), where the liguid-water concen-

tration aloft was derived from an observed rainfell rate and an assumed

“rate of raindrop fall of 8 mps. If the rate of fall of the raindrop

wefe greater, the necessary liquid-water eancentratioﬁ would be less.
Assuming a 9-mps raindrop velOcity‘Wi%ﬁ reépect to air also moving
downward at 9 mps, the Opidts Camp rainfall prsviouslﬁ,cited {paragraph
86) would indicate a'liquid-water concentration of 23a5 ggﬁn3 instead
of more than 50 gm/kﬁ a8 pfaviously éomputed. Howevér, the fact that
appreciable'condenSQtién can ogour only in upward currents, i.e., by
odisbatic cooling, and the numerous observations omd calculations indie-
coating thot vertical air currents much in excess of 9 mps do exish,
éignify‘thdt rain already formed will ot timeskremain suspended in
space because of its inability to fall through en sir current rising

faster than the raindrop's limiting terminal velocity. - These suspended

'drops finally reach the earth either by being carried along in the out-

flow of air above the region of most active convection or as a result
of a decrease in the strength of the vertienl curremt, It con be con~

cluded, then, that the so~-called terminal velocity of the reindrop is

not necessarily squivalent to the velocity involved in rain formabion

aloft or to the velocity of rainﬁrgp fall at the earthfs surface in
actual situations;‘

105. Ir valués of moisture content and upword VGlﬁcity of the -
oir are known, the rate of rain formation can be computed. Its
possible mognitude is of interest even though it doeé not necessarily

equal the rate of fall. The total volume of waber precipitated in
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the formation process, minus the amount left in the clouds and evapo-
rated, will eventually fall to the eafth, but at a rate which may
(58)

differ greatly from the rate of formation. Showalter " has proposed

the following simple formulae for the rate of forme.tion:
vz P {Wl - w2)
7

where I is intensity in inches per hdur, Vz upward air velocity in

I-=

mps, P density of air at the condensation level in kg/m5, Wy the |

| mixing ratio in‘: g/kg at the condenmsation level and Wiy the mixing ratio_
et the top of the lift. The last two values can be read off the pseudo-
adiabatic 'diagram, wy at the CCL or LCL, and Wy at the level of the clow
“top (figures 2 and 3). For 1lift to very high levels wp can be considered
effectively zero., Since a pseudo-adiabat of ascent with the 8, value of
26 ¢ is close to the moximum possible, a wy of 20 cen be assumed for
oonvection originating be’hweén soa. level and 3000 foet above sea: leval,
Air density in this layer would aversage about 1.1 in the units above.

In a rising current of 1 mps, then, I would equal

1.1 x 20
= = 3, 1l; inches.

With a ver‘l:lcal veloc::by of 9 mps, the rate of formation would be
greater than 28 inches per hour.

106. The first is nq‘b an uncommonly observed point rate of rain--
fall and has in fact been épproached for an hour's duration in the
United States over areas up to 1000 square milés.‘ The highergrate of
28 inches per hour has been exceeded, so far‘a.s is kmown, only over

"points," that is, over extremely small areas, and then Vonly'fofa
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duration of seconds or no more than a few minutes. It is obvious that
- the vertical velocities ne‘cessary to produce such high rates of rain-
fall, if they are considered to be 8lso rates of formebtion, would, in
fact, prevent the fall of any of the rain through the region of the
vertical current. The fall would occur elsewhere or when the vertic,;al
current subsided.

107, Bentley (59), in the early ysars of thispentury,inoted the
Pseemingly inexplicﬁble" descent :bo earth, simulbtaneously with wvastly
1arger d.rops,‘ of numerous minute drops so very iigh‘t thot they descended
slowly. This phenomenon, he concluded, furnished reasons for supposing
that the air directly beneath such showers does not move violontly '
upward, although such hoterogeneity of drop size can also be attributed,
in port, o the shattering of drops in fall, It can further be shown
that even the .existence of a gentle upward curront, constant over the
area considered and‘allfowing all but the most microscopic drops to fall,
does not necessarily imply a uniform distributioﬁ of drop sizes in the
rain reaching the ground. Drops of different sizes will ﬁave different
ra’cés of fall; though formed at the same upper level, more large drops
wili fall to the surface per unit time. A more effective conceﬁ‘bra%ion
of rainfall at the ground results from the fact thet, in the same
vertical distance, a horizdntal aif cui'rent transports "the slowly fall-
ing smoll _dréps horizontally farther than the rapidly falling large
dro'ps.a A s'he&ry of the hor/izontal wind with height would also affect
the surface distribution, even if the raindrops were homogeneous in

size, In a paper previously mentioned (Lo) s Js Bjerknes found it

necessary to moke the simplifying assumption of such "homogonized®
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raiﬁg since useful measurements of the ffequency of various drop
sizes in rain are no%lavailableo )

- 108. It is possible, under certain circumstences, to neglect
the gomplexitj of actual rainfall phenomena, as discussed above, and
yet arrive at & method for the comgutation of rainfall,'boﬁh maximum
possible and sctual, Suéh;a method has been described in previous
reports of the Hydrometeorological Section on the Ohic River above
Pittsburgh (60)and on the Sacramento Valley of California (61).

Both on empirical and theoretical grounds, it was assuméd that the
water vapor éntering & region is most efficiently proceésed in a
convectivé flow model 611ustra£ed in fiéuré 22 ,taken from the
Secramento report) which is dimensionless except for the height of
convection and for the rélationship Eetween the‘height,of the éénver—
gent layer and the heigh£ of convection, a ratio of 1:3. The heights
are a function of the dew poinbts in saturated asir at 1000 mb, For
the computation, then, it is necessary to consider only the horizon-
tal convergence of air (or its containéd moisture) into the region.
It can be shown that the results of such a computation are not sig-
nificantly different from the results oﬁtaine& by use of formulas
involving vertical velocities.k

109, In the oonveotzve«cell model shown in figure 22, the
difference between the precipitabledwater content of the convergent
layer and that of the outflow layer is called the effective precipi-
table water, e For a surface dew point of 75 F, with the air
saturated and in pseudo-adiabatio'equilibrium, W equals 1.65 inches.

The maximum averasge depth of rainfall over & rectangular area across
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which such air was kflowi’ng would be ngE/Y per unit time, whefe AV
is the net inflow welocity or the difference between inflow and out-
flpw velocities in the distance Y. If the area is ax10;000~square-
mile squere, Y is 100, Using a AV of 20 mph, then, the formula -
yieldss | |

20 x 1.65 = 0.33 in/hr
100

The formula fqr vertical velocity in such a case is  gVH/Ya The
height of the convergehce layer, as assuméd in the Hydrqmeteorological
Reports referred to, is gbout 2 miles. This becomés H in the eéuation
" and the vartical velocity at ﬁeighf H then becomes 20 X‘2/100, or 0.4
mph. However, the‘tctal height»of the cqnvective cell is‘6 miles,
Correpting the vertical velocity for dgnéify*variation end entering it.
in Showéltar's foimula for intensity (58), thékexprgssion becaﬁes

(AvE 7). (™ - V2)
e

The density at height'H (i.e.,p ) cancels out. Also, since layers

insteaé of particles of air are 5eing considered, mean mixing-ratio
‘values in the inflow and outflow layers of the cell are used. Sub-
stituting the appropriate numerical values from a pseudo-adiabatic

diagram, énd converting‘from mph to mps,,the intensity of rainfall

in inches per hour becomes

0’54 X 100 (1507 hnd 552)=0
2.2 x,?

«32
which is in close agreement with the value previously obtained.

110" By‘eitherﬂmsthod, then, a valid computation of the averégé

rainfall depth over 10,000 square miles is possible. The distribution
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of the rainfall within that area, however, cannot be determined so
easily. It is, in fact, the experience of the Hydrométeorological
Section, that thevwg method of computatidn is best adaptéd to areas

of approximately 10,000 square miles (with dimension Y prdbably not
less fhan 50 miles) and durations not much iess than Qthours, although
the shorter durations are not too great a handicap. The complications
of raindrop velocities, sizes,.and trajectories need not then be con-
sidered because for such areas and durations the complications are |
not reflected in the average depth. The area of the‘gainfall in &
local thunderstorm or the area of locally in%ense rainfall in a
general thunderstorm situation is, however, so small that the compli-
cations limit the applicability of any formula based on inflow or
%ertical/velpcities. Iﬁ discussing the margins of safety‘fo be used
in excess of computed rainfell values, J. Bjerkmes (Lo) has stated

the margin applicable to & "sloudburst of a few minutes" as "incal-
culable,” Because of the.inadequate kno&ledge of the complications,
the problem of the méximum possible rainfall for small areasAand :
short durations must at this time be approached staéiétically, that
is, by the collection, envelopmenf, énd reasonable adjustment of

known rainfall data. This is discussed in Chapter IV,

Thunderstorm-cell models

111, Many models of the cellular circulation in a thunderstorm
have been proposed. Though schematic, they all point %o complexities
that are unresolved. Besides furnishing the areal rainfall distribu-

tion which is the special concern of this report, the model should
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also fulfill other requirements. For al} ascending air there should
be a return flow of descending air., All accelerations upward should
be compensated by convergence of mass. from the surroundings. The
sha}p barometric rise in the thunderstorm should be accounted for.
Suff&cient moisture should be pro&ided to supply the rain., The model
shouistuit the synoptic conditions which relsase the ensrgy. These
are not all the requirements, but no proposéd model reconciles all of
them. |

112, Perhaps the best-known model is the so=called Bemard cell,
observed experimentally in the laboratory by Benard end brought to the

(62), Benard showed that when a2

attention of meteorologists by Brumt
shallpw layer of volatile fluid is cooled af the upper surface by -
evagoration; the liqﬁid forms a number of separate cells in each of
,whioﬁ‘there is upward motion at the center, divergence gt the top,

end descending motion in~the outer‘portions° The convegtive cell of
figure 22 approximates the ceﬁtral portion of the Benard cell, ‘The
diameter of the 1attervis about 3.5 times the depth of fluid but the
cell is non~eﬁistent bélow a critical depth of fluid. It is hexagonal
in shape in very‘steady conditions and becomes drawn oub into long

(5)

] strips when a motiqn of translation is imposeds Brancato suggested
that in the atmosphere the eqﬁivaient of the liquid depth is thé height
of the instability layer, that is, the height of the positiﬁe aret.

In the maximum'oasetthis’would also be the’height of the tropopause,
gbout 9 miless The cell diameter would then'be about 32 mileé and

the diameter of the cumulonimbus cloud, coinciding with the region

~ of upward currents, about 16 miles, Assuming that the rain falls
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from about twouﬁhirds*the ﬁidth of the cloud, the instanbaneous rain
pettern would then have a diameter of about 12 miles. The latter |
dimension was borne out approximately by the half-hourly 0.l-in.
isohyets of summer thunderstorms in the'Muskingum Basin,

| 113, I+ would be ﬁrong, however, to conclude thet this is
either the average or the limiting size of the individual thunder-
- storm cell or of its rain pattern. It is merely a commonly dbéerved‘
size in a frequently occurring type of thunderstorm cell. In the paper

(5)

referred to it was pointed out that the tendency for thunderstorms
to develop into groups or femilies complicated the investigation of the
‘areal extent of individual thﬁnderstormsg As a matter of fact, the in-
vestigation is complicated to the extent that the very existence of
individual cells in the wﬁdespreadtthunderstorm situation'cannqt be
proved. Furthermore, the local storm, which produces an isohyetai
pattern that cen be reasonably delineated as a unit, not oniy\doés

‘not equal the widespread storm as an arealmréinfall producer (which -
was naturally to be éxpeeted) but it alsovdoés not equal it .as =
point-rainfall producer;"Examination of all the published half—hourly
isohyetai maps of the MHSRingum area for the swmer months indicated
that the highest average and extreme half-hourly amounts at individual
stations ocecurred in situations where the rain was so general that

the delimeation of individqal sell pétterns was impossible, whéther ‘
%he assignable meteorological cause was frontal or otherwise. The
short rainfall period used seems to rule out the'possibility'that‘

the higher amounts are largely due to the chance succession of indi-

vidual cells over the seme point. Unfortunately, the Muskingum data
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do not include meny examples of excessive rates of rainfall, but the
observation that the highest point rainfall occurs in the widespread
rather than the local storm is also confirmed by the analyses ofvmajor
storms throughout the United States. While it is perhaps true, then,

that the "most conclusive results,®

as the Brancato paper puts it,
"could be obtained by considering only non-frontal thunderstorms and
using situations when only a few thunderstorms occurred within the

area, "

it is also true that any conclusions so reached are applicablé
only to a minor rainfall phenomenon,

11lj. The synoptic pattern most often characterizing-the g?oﬁp—
thunderstorm situation is one of convergent flow. The occurrence of
higher point rainfall in such situations may be taken as additional
evidence of the probability that the lesser, but more sustained;
~vertical velocities resulting from convergence are actually mofe im~
pbrtant,in.the,production of rainfall than the greater velocities
deduced from the instability of the soﬁnding or the terminal velocities
of hailstones. It:is true, as has been.indicated previously, thét a
convergence pattern is difficult bothbto locate and to evaluate but °
it is neverthelessvusually found in widespread-thunderstorm situations.
0f late it has become customary to belittle the use of convergence asr
a meteorological cause because it is too often employed merely as a
disguise for inadequate comprehension; end an Army Air Forces summary

(63)

of thunderstorms findings says, ironically, "A good explanation
" for any unknown weathér phenomenon is 'convergence' or tinstability'."
However, the possible abuse of the concept does not warrant its

exclusion from synoptic analysis/ or exposition. It is a fundamental
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dynamic phenomenon, basic even to the frontal causes which have become
more easily accépted. : |

- 115, Of particular interest to this ?éport are the models, con~-
structed by J. Bjerknes (28); of the streemlines of air and precipita-
tion in a thundefstorm cell, They are reproduced in figure 25, A
central core of upward velocities eiceéding 8Vmps (ise., exceeding the
limiting terminal velocity of raindrops) is assumed. Thus the central
portion of the storm area is deprived of the precipitation formed in
and above the.zone of meximum upward velocity, and in the’stationaryf"
storm the pfecipitation would finaelly come to earth iﬁ a ring-shaped
zone surroundiné the central cors of répi&ly rising air.‘ The central
region would not necessarily be completely devoid of rainfall, but itv
would have smeller amounts than its surroundings. From‘the edges of -
the anvil top, precipitation in the form of frozen pa?ticles would.
fail intq the clear ait,:probably to be evaporated. Transport pilots-
have at'timeé'observed heil in the clear air in advence of the thunder- -
storm cloud <63). ’ |

116, The reinfall records of the Muskingum and other dense net-

works were carefully searched for an example of ﬁhe ring-shaped rain
patfern, but withoﬁt success because of the difficulties involvgdu
In the first place, a stationary stofm is unlikely unless it is oro=-
graphie'in~origin~an&; secondly, the synchronization'of weighing-gage
clock mechanisms was so far from perfect that an instentaneous rain-
fall pattern could never be surely deiinéated- Another fac£~of‘equal'

importence is that there seems to be a natural tendency to avoid the-

ring-shaped pattern‘in¥draWing isohyetal maps. A test was made in the
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Hydrometeorological Section by plotting a reasonsble distribution of
rainfall amounts in such a way that they could have fallen as partz
of a true ring-shaped pattern.. Members of the‘Section were thenfaskedA
to draw isohyets, their-only other informstion being that the rain
fell from a local thunderstorm during a short perioed. ‘Thers were
several differing results but nbne we.s ring«shaped., The differing
‘paﬁterns are compared in figure 2. Although the test described is
not conclusive, it is doubtful that gn&one who is not told to look for
the ring shape will drew it unless the date force it as a unique solu-
tion. | |

117. Even in the sfationary storm, illustrated in the first half
of figure 235, it can be seen that the concentration of reinfall at the
ground will differ ffam its concentration as it is formed aleft. 1In
general, however, the storm is imbedded in a horizontal air stream
whiéh‘carries it aloﬁg and«whése velocity increases with height so-
- that the storm olqud becomes tilted inAthe direction of movement, as .
illustrated in the right half of figure 23. With a centfalfcore of
upward velocities exceeding the raindrop terminal veloclties, the
streamlznes of precipitation are further distorted to produce a con-
- centration at the forward edge of the storm area, a type of concentra-
) tion often observed in photographs of actlve cumulonimbus precipitatlon.
 Because the intense rainfall at the leading edge of the cloud results
from a concentration of drops formed in a large volume of cloud, any
"cloudburst" intensity can be accounted for by eonstructlng a theo-
retical fIOW'model capable of producing the entire volums Qf precipi~

tation and allowing the wind to concentrate it over a limlted ares.
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Such a model would not require extreme upward air velocities %o
produée‘extréme rates of rainfall. The difficulty is that the possibie
magnitude of the concentration is unknown except as indicated by known
reinfall rates, It should be noted,; %éo, that the effect of a vari-
ation in the sizes Qf the faindrops is ignored in these models,

118. The small arrow representing alir descending from the
moving storm and blowing outward is the cold‘dowﬁéraft, which runs”
ahead;of the storm beheath:the'warﬁ«air,ascending into the cloud from
the surface and the storm is apparently regenerate&’by‘tgis activity.
In the prolonged thunderstorm, then, the convection seems to be of'the'
open type, thé'rainfall itself, perpetuating the storm by ceusing the
outward-flowing  downdrafts, the air in the storm being cbhtinually
replaced as the storm advances. In the local storms selected by
Brancato (5) two hours was found to be the average duration from
‘origin to dissipafion, but the conclusion must be liﬁited to the data
used. The duration of station rainfall would, of course, be a frac-
tion of that time. Assumi g that the rain area is constant in length
in the direction of movemsit, the duration of station rainfall would
be thatf1ength\divideé!bgc;he,velacity of ﬁhe\stormﬁs movement, . There -
is an equally simple relation between the total areca of rainfall, the
| (5)

"rain-cell area", and the velocity of propagation , the limiting.

assumptions being the same..

Lightning
119, It has been suggested that the thunderstorm might more

(6L)

accurately be called the lightning storm because the thunder is
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an effect of air compression caused by the. tremendous and rapid heatlng
(henoeuexp1051ve expension) o? the air by the»llghtnlng stroke (‘5)
Mechanisms for the generation of the eiectrical charges induéing the - | .
lightning{stroke;are still debated and two oflthe most prominent
theories are presented briefly in this sectioﬁ, 'The,reéder should be
‘kremindéd,'howevéf,,that,such;electrical manifestatidns~arefusua1 but
not iﬁvériable '~accompaniménts of intense rainfall. Cameron (66) has -
noted their complete absences, for instance, in the storm'of=ﬁugust*31 -
September 1, 19&2,vwhigh produced many record 2li~hour rainfall amounts
at stétions invNeﬁ Mexico. |
120. -The Simpson "rupture theory" of the origin of thunderstorm
electricity . ( 7) cites as the essential cause\of lightning the breakup
of the raindrop by the force.of conveo%ion,»tﬁe water becoming;posi— V =
 tive1y and the air negatively charged in the process. An electrical
- separation. then t&kéé‘plaoe,;the positively~charged'dr§ps being con-
centrated in a region near the cloud base where ascending currents can
hold the raindrops in suspension whilc the negative charge becomes
Qttachedfto‘the'minute cloud particles which become distributed in
the middle and uppéraportions'of the cloud, The lightning discharges
are thus from the positively charged lower region of large raindrops
in the cloud to the negatively charged upper cloud and to the ground;
121, Wilson's hcapturc theory™ (68)ktakes into account the-
previously existing atmospheric gradient, which is positive toward
;earth’ In such a flcld the lower surface of tho drcp bcoomes . | -

- positively polarlzed tho upper surfacc negatlvely polarlzed ﬁhen

the veloozty of the drop excceds the veloclty of. thc ions drlven by
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the fiéld, the descending positive ions will not overtake the dropg
while the ions overtaken by the drop will be repelled by the positive -
charge on the 1owerfsﬁrface. ‘The upward-moving negative ions, however,
will be attraoted to the. lower surface, the drop finallbeecoming

" negatively charged. The final distribution of/charges,Within the cloud
ﬁill thus differ from Simpson's, being negative in ﬁhe~1awer'portiQns,f
?oéitike‘at the top, and neutral between.

122, Weaknesses have been pointed out in both theories. The
discharge from cloud to ground is inadequately'explained by Simpson.
Wilson does not explain the absence»of lightning whon dfo?s'large<t?, &
‘enough to fall rapidly are formed in other than~thunderstorm’situationé.
Further observations (69) have indicated, however, that Wilson's distri-
bution of charges.within the cloud is‘probably ﬁhé correct one.

Byers (70) empha31zes thet the later flndlngs also shOW'that the reglon
of the stfangest pos1t1ve gradlent Gnldway between %he centers of

' positive and negatlve charge) ocours at about the 1evel of the -10 C
isothern. Thls is the reg*an also characterlzed by the coex1stence of
the 11quld, solld and vapor phases of water, a reglon already can-\ |
smdered of crltzoal uuportancc 1n tho formatlon of rain., Any causal
relation be%ween the trzple—phase state and the electrlcal dlstrlbutlcn,
however, is unknown.’ ’ ’ ﬁ N ” ‘

123. It is 8 possablllty, though that the posztzon of the
icing level (LICL) wnth respect to the p051t1ve area of the unstable
soundmng bears some relatlon to the occurrence of hall llghtnlng,
and thwnder. In both Slmpson's and Wilsan's theorles, a shatterlng

of ﬁhe_raindrop is a factor in the distribution of electrlcal charges.
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Ir ﬁhevLICL is-near the top of the positive .arca, that is,'at’abéut
the height of the maximum vertical velocities, there will be plenty
of opportunity for=the~shat£ering,of'raindropS‘below the freezing
level but little opportunity for further freezing since the veloci-
ties will rapidly diminish above that level. The result will be
lightning (and thunder) but no hail. If the LICL is near the base
of the positive area, there will be little shattering of raindrops
Becéuse they will freeze carly and\be,borns aloft as frozen drops.
The rosult might then be hail withouﬁ thundcr, However, if the
vertical veloéity at the LICL is sufficient to suspend and rupture:
,drops”aﬁd the LICL is at the middle of thc positive area, then thére

is opportunity for both thunder end heil.

The tornado

| 12& Except in rarc casos the tornado is assoclatcd Wlth
thundorstorm aot1v1ty, Tho 1ndlcét10ns are that it is not. inm 1tsolftl
Can avent of hydrologlc 1mportance although 1t may be closcly asso-
ciated Wlth thundcrstorm condltlons produclng heavy ralnfall. itk
soemskﬁﬁat’inﬁé torﬁado tho lift ofkﬁoiSt air docs not éXﬁend far
onough above tho condensatlon lcvol to produce hoavy rain. A 31mplo
faan—éroduclng thundorstorm must oarry the moist air to heights
above the ico-crystal level in order to produce apprcciablé rain,

125. »Tﬁéftdfnadd éééurs in é variéty‘of synoptic situatiéns

but W1dc§proad tornado 31tuat10ns are found almost exclu31ve1y in
the v101n1ty of a front that is, near a Junctlon of air massos

oither ot the surfaoe or aloft. ThOre secms to be no "100&1" tornado
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comparable to or aséociated with a local thermal thunderstorm. One
theory assumes that its peculiar, funnel-like éloud formation is the
bending to earth of the squali'cloud - fhe rolling, oylipdrical’oloud
formation often seen at the leading edge of the active cgmulonimbus
or &t the cold front (71). The horizontally eloﬁgated struéture of
the cloud in many photogrephs seems to bear out this theoryi With
the rising motion in the forward portion of the squall'cloud, it can
be seen that the rotation will be anticyclonic when the squall cloud:
dips to earth on the right of the advancing current and cyclonic.ﬁhen‘
on the left, Very few instences of an anticyclonic~whir1 have‘been .
observed, however, and those observations are considered doubtful,
The importent fact may be that the tornado also occurs invariably in .
& field of motion inducing cyclonic vorticity.

126, Thermodynamicelly the tormado has usually been assumed to
result from very great atmospheric instability, gnd,‘in fact, obviously
resgltéé'from such & condition at San Iuis Obispo, Califcrnia, in 1926,
- when tornadoes,were,génerated above sn oil fire (72);‘and at Tokyo at-

73) (73)

the time‘of'%he~earth§uake and fire of September 1923 ( Brunt:
has computed the rotational velocities that might have resulted from
the oil-fire instability and hés found them to be of the same magnituds
as those estimated from evidence of destruction by tornadoes, i.e.,
veiocities of sbout 300 mph.

127,  Using‘data collected by the Hydrometeorological Section,
Showalter <7h)‘has recently advanced a theory of tornado genesié which

seeks to reconcile the three striking meteorological features which

have usually'been:noted in connection with, or in the vieinity of, a
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tornadé situation. - These are the pfeéence of a dry inversion or stable
layer above a layer of ﬁoist air at the surface; the presence of dry-
air above the inversion, and the oqcurreﬁce of hail in the vicinity of
the_%o?nado.

- 128, A échématic,version,of the typical'éounding in. a tornado
situation, showing the temperature ahd wet~bulb lapse rates, is given
in figure 25, reprodﬁoed-from Showalter's paper. In the figure, layer
- AB has a high moiéture~c§ntent aﬁd is convectively unstable, It must,
however, be lifted above point.D (IFC for point B) before free cénvec»
tion:oftallvparcels?Within the layer can teke plaoe; BC is tﬁe stablé
layer orrinversiogg/ It is also convectiVeiy,unstabie, and markedly so,
because of the rapid decrease of moisture with height. CD has low
“.moisture doﬁtent end is coﬁditionally unstaﬁle; its lapse rate approach-
ing fhe,dryaadiabatic. | ~

129, Comparison with the section of figure 5 111ustrating con~
vective'instabilitﬁ attained by evaporation shows that evaporaﬁion
concentratgd in~thé layer BC will result in a codling of € to C!' and
“a‘Superadiabatic lapse rate immediately below C'.  A‘n§W inversion,~as
shown in figure 5, may develop~ﬁmmedia£ely sbove point C'., Violent con-
vection or overturning will result butb oﬁ1y its:penetration downward
ﬁillVbe favored,  Ab6ve, there will be’the(inﬁersion 1id preventing
‘penetration., It is argued that thié cbndition forcés the potehtialz
energy. to be released over a small vertical extent and thefeforerin a
short time,and~over~an‘areavof small diameter; the vertiéalfconstraint

on the overturning results,in«ﬁhe tornadio whirl.
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130. The evaporation must be from precipitation falling through
the layer BG. The precipitation cén rssult anly from a foréed convec-
tion, that is, from the mechanical 1ift of air w1th1n layer AB past
point D by conyergence‘or~a front, It 1s‘not likely that 1nsolatlon_7
" could wipe out the inversion. But, at a front or in the convérgence

zone associated with a front, there can occur the forced convection
past point D, already at a temperature below freezing, producing the
thunderstorm and the hail., The hail is of importance because its
melting results in a sha}p discOﬁtinuity of ferminai‘velocities,lSince
‘raiﬁdrops fall at a much slower rate than hail, If this discontihuity
ocours in the region of layer BC, the evaporation méy’he concentrated’
in that layer, with the%cthGQuent release of cbhvective instability"
already mentioned. : o
131, The theory thus requires that the;thunderstbrm oceur before.

' the tofnado,'that the thunderstorm be the frontai or'convergeht rather
then the insolational type, and that'hail'accampany-the thunderstorm.
With feW'exceptions,'théSe are the conditions fepcfted in tornado

descriptions.
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CHAPTER II

THUNDERS TORM CLIMATOLOGY

Years of record

133, Befofe proéeedlng fo a descrlptlon of thunderstorm dlstr1*
bution in the Unlted States, 1t is prefztable to examine the type of
‘frequency value used and the perlod of record whlch may prov1de an
« aoceptable normal The record most avallable 1s that of the average
‘number of days w1th thunderstorms per month and per year, The 1engﬁhs
of reoord vary and suspicion has been cast on the record prlor o 190h
o ‘ by‘Humphreys (l)*. ‘The compafatlﬁe—daﬁa summaries issued perlodlcally ,
by the flrst»order stations of the Wéather Bureau are based on total
reoords sometimes beglnnlng as early as about 1870° The annual;dlstrl—

@),

bution map on page 729 of “Cllmaﬁe and Man is ostensibly based on

4the perzod of record 1809~1938 but examlnatlon of the basic data
,submitted by the stations contributing to this summary indicated thét
Hmany statlons used their total reoord rather than thezr 1899—1938
reoord, However, unless the record termlnated many years before 1958
‘>£hi§ did not make too mucﬁ practlcal dlfférenceo Con51deratlon Wa.s
glven to the weaknesswof the sarly record by‘Alexander, whose three
decennial papers’(a) én thunderstorm dlstributlon in the United. Stafes
1neluded no data prlor to 190h, His last paper broughﬁ the summarléa; ;
 ‘a\t1on up to 1953o For this report hlS tabulatlons are broughﬁ up to 19&3, ‘é

maklng a hﬂuyear record.

~* References listed numerically at end of chapter.
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15&, Because man& stations had been opened and ciosed during
this period, some crite:iqn‘was’needed to determine how short a record
should be included in the final summary. In'soms sections of the
country, however, the distribution of thun&erstormé‘may bewSo erratic
that any length of reoord would be more useful than none- at all -~ ot
1east as a gulde where otherw1se there Wbuld be no data. Because of
ths lmmltatlons of tlme, the test of the rellablllty of the mean was
: llmlted to the compactly summarmzed data for Kansas Clty ( ). Flgure
‘26 is a greaphical ana1y31s of the varlatlon.of thunderstorﬁ;day |
occurrences at Kansas Clty, the annual record and the maxlmumnmonth
(June) record belng 111ustrated The annual oceurrences éurlnm tﬁa
150 years dev1ate on the average 6. 9 days from the final meen of 56 l
the extreme dev1at10n belng eh.1. The 190b~h5 meaﬁ is 56 25 The %_‘
| verage June deviataon is 2. 5 from a mean of 9 9, the extreme deviatlon
belng 10 1. The graph of progress1ve annual averages shows & comparative
steadiness of the mean after about 10 years, while the mov1ng lowyear
averages glve some assuranee thet with such a 1ength of record particu~
larly 1n the EOth—century era‘of more accurate observatlons, there is
at least an even ch&noe of an acceptable mean. The 10~year annual mean
dev1at10n from the flnal meen is only'Q 9, the extrems Te5. The
dev1at10ns are equal to or less than the mean deviation in 56% of the
cases. The mean ‘deviation of the 1l0-year June averages is only 0.6,
 th§ extreme being 1;5. In 5L% of the cases tﬁe actual deviations ara»
less than the mean deviation. A 10-year recotd:ﬁas thus considered L

acceptable for this study.

R ‘



83

Distribution of thunderstorm days”

135. Figure 27 shows, by histograms, the monthly variatidn of the
frequency of'thnderstorm.days at some 200 stations in the United States.
Most of the data for the‘chart.were'obtaiﬁed from the periodical station
summaries (”comparativé datal), discussed in the previous:sectioﬁ,‘the :
first year of record varyiﬁg'wiﬁely andvthevfinai year of record varying
in most cases from 1938 to 1942. Some additional data were obtained -
from,thé 1930 Section Summeries of Climatological Data;,and~50me by
mail, for’stationé-noflanger operating. A féw California stations
were addéd from an unpublished compilation by L. G. Gray, on file at
the San Francisco Weather Bureau Office, -

13%. The chart shows a gradual confinement of thunderstorm
acfivity~toﬁarﬁ the midsummer maximum westward and northward from.the'~\
Gulf of Mexico. There are exceptions to the trend, hoWevgr. Pacific
Goastaltstatioﬁs have their maximumfthunderstorm’activity in the
winter although the actuai numbers of oceurrences per‘mnnth'are too
small to appear on the chart;' Texas statibns and some island or ex-
tramebcoastal stations on the Atlantic are characterized by rather flat
histograms, although’closevinspectioh'of'the'data reveals May as the
peak month characteristic of most of fexas. Another‘variati§n of the
trend is that in the regiaﬁ'diréctly‘north of the Gulf there is greater
winter thunderstorm activity on the west side of the Appalachions bhom

on the east at the same latitude. From the Rockies westward there is

“almost no winter activity except along the extreme Coast. In general,

however, the monthly variation in thunderstorm days corresponds to the

monthly varietion in the altitude of the sun.
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137u Co.E.P. Brooks (5) has shown that the latitudiﬁal decreasex,
northward of thunderétorm activity is characteristic of the global |
' distribution. - In the United Stateé such a decrease is meintained in
geherai, but $everal distorting influences are imposed on thevannual‘,
'patﬁefn, and especially on soﬁe of +the monthly pafterns. In the Far
Western States the annuél pattern shows a disfinct decrease of fre-
rquenqy toward the Coaétqf Suoh & gradieﬁtkafises from the fact that
- the thunderstorm activity in thet region,fwitﬁ‘fhe exception of fheﬂl
Viﬁmediate Coast, hiﬁges on the extent of westward displacement of the
Atlantic High or the summer midcontinental high-level anticyclone <6).
‘Even‘though tﬁe current dis?lacedkis from ths south , "and fherefore 8
diminishing‘source of moisture as it goes northward, its easf-west
dis?lacement}is the more important factof. The south~north gradient
of thﬁgderstorm aotiviﬁy is also-variéd;by é sharp secdndarytmaximnm
in aﬂnuél fréqﬁéﬁcy ove}‘the southern Rockiesﬁ“aﬁ~effget“of the oro-
‘graphic barrier intercepting a northwestward trajectory of air from
the Gulf of Mexico. There is also a longitudinal decrease ﬁéstward
across the Pla@ns;Statés and, associated»wi%h it, what might be
~called a‘sustained sctivity northward'tﬁrough ﬁhe Mississippi and
Missouri Valleys. It will be shown later in fhe‘analysis of the
diurnal variﬁtien of thunderstorm activity, that the Plains States
and the ﬁpper;Missouri‘and Mississippl falleys’are also_thefregion
of the maximum occﬁrrenoe of nocturnal thunderstorms. Means (?), in
an‘anélysis discussed in the diurnal-variafion section, has shown
thet a’regional sumer flow pattern, not opergtive on the same scale

elsewhere in the United States, is largely responsible for the
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nocturnal meximum and, nence, also for the apparently‘exce331ve or

sustalned” activity. Ths dlstortlons mentioned are more easily

visible,,both annually and monthly; in figures 28uthréugh 31, These‘f

-charts also make obv1ous what only a close sorutzﬂy of figure 27 oan f

ellclt the month of mean max1mum thunderstorm act1v1ty is not tne e

5same at;all,statlonsﬂ It w111 be demonstrated later that this varlawj

thon has a cons1stent geographlcal pattern,

13_8o For the charts in flgures 28 to 51 the most acceptabla

ﬂaverages were those obﬁalned from the reoord since 190&. i, e,, from R

(3)

8 tabulatlon, brought up to" date, of the da%a collected by.Alexander

‘Although Alexander’s maps were avallable through 1935, his totals for
;each statlop were avallable only through 1923, puollshed Wlth the
asecord of hls papers on- the subgect These totals were accepted aé
 pu011sh° d, except 1n'the ;ew’oases whe e other uses of the data e
?révealed dlscrepanclﬂs grﬂat enough to réqulre ohécklng. The next

f20 years of’record were obtazned from.the <eﬁeorologmca1 Yéarbooks
 {fOTW@er'RQpOTtS of'th : hlef of the Wéather Bureau) throuvgh 19&0 ‘ ?
 and from the manuscrlpt pages of the unpubllshed Yéarbooks for 19&1 hi
’One of the purnoses of taolo l 1s to make avallable the final totals
éfor‘fu+ure use., All ‘the. 917 statlons used 1n.f1gures 28-31, 1nolu31ve,
;are 11sted in the table‘;nd the total length of record in whole yeafsr
andlcated for each staﬁlonu: Table 2-1isks the max1mum andAminlmum"f;
;numbevb/of days w1th tnuﬁde;storms, fﬁr each month and for the yeag,yf

Vat each of th@ 217 staﬁlons'for the perlod of ‘record 1pdlcated¢

129, From the tabulation of total occcurrences, amnual and

monthly means were computed and plotted., The isocerauniecs, i.e.,
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Station

Abilene, Tex.
Albany, N. Y.
Albuquergue, N, Mex.
Alpena, MNich,
Amarillo, Tex.
Anniston, Ala.
Apalechicela, Fla.
Asheville, N, C,
Atlants, Gs.
Atlantie City, N, J.
Auguste, Ga.
Austin, Tex.
Baker, Oreg.
Baltimore, Md.
Bentonville, Ark.
Binghamton, N, Y.
Birmingham, Als.
Bismark, N, Dak,
Block Island, R. I..
Boise, Idaho
Boston, Mass,
Eroken Arrow, Okla,
- Browmsville, Tex.
.Buffale, N. Y.
Burlington, Vt.
Caire, I11,

Canton, ¥, ¥,

Cape Henry, Va.
Caps May, N, J.
Charles City, lowa
Charleston, 5. C.
Charlotts, N, C.-
Chattanoogs, Tenn.
Cheyeme, Wyo,
Chieago, Ill, .
Cincinnaeti, Chio
Cleveland, Ohic
Colunbia, Mo.
Columbia, S. C,
Columbus, Ohio
Concord, N. H.
Conaordisa, Kans,: -
Corpus Christi, Tex.
Dallns, Tex. i
Davenport, Iowa
Dayton, Chio

Del Rio, Tex.
Denver, Colo.

Des Hoines, lowa
Detroit, Wich.
Devils Lake, K, Dak.
Dodge City, Kans.
‘ Drexsl, Nebr.
Dubugue,; lowa

Dus West, S, C.
Duluth, Minn.
Bastport, Maine
Elkins, W, Va.
Ellendale, K. Dak.
‘El Paso, Tex.

Erie, Pa.
Escanaba, Mich.
Bureks, - Calif.-
Evansvills, Ind,
Flagataff, Ariz.
Ft, Smith, Ark.
‘F¢. Wayne, Ind.
“Ft. Worth, Tex.
Fresno, Calif.
‘Galveston, Tex.
Grand Haven, Mich.
Grand Junction, Colo.
Grand Rapids, Nioh,

EEREE

58

sgegggwgmEggggsgggz5sgwgsgggggggaggggsgggsg%xgﬁgagﬁsgsgsggssgssggg’

qwr&mgg%wggogwo@rmrwowowqwﬁﬁm%wmmsR&

TOTAL THUNDERSTORY DAYS, 190L-L3

o]

5@S§gﬁmwbw5

Hol

R E R R 2EBnS Bu R L BB e

11 .

BL5dsd B3 rb8unliFoBuullirocls B8

Table 1

A

PpEE e R ENES B RN BB el 8w B o Bno R FsBonuB

i1

<Eol

s

ERurBERw B uweBEEnu ol nultiurroSuwBuc88 88wl 8 neunald

awnBE8hoB o RuatvomoFuneroruebv

LN

T



2

Station

Green Bay, Wis.
Greensbero, N. C.
Greenville, S. C,
Groesbeck, Tex.,
Hannibal, MNo.
Harrisburg, Fa.
Hartford, Comn.
Hatteoras, N. C.
Hayre, ¥ont.
Helena, Mont.
Houghten, Mich.
Houston, Tex.
Huron, 3. Dak.
Independence, alif.
Indianapolis, Ind,
Tola, Kans.
Ithaca, N. Y.
Jackasonville, Flsa.
Jupiter, Fla,
Kallspell, Mont.
Kansas City, Mo.
Kookuk, Iowa

Key West, Fla,
Knoxville, Temm. -
Ia Crosse, Wis,
lander, Wyo.
Lansing, Mich.
Lewiston, Idaho
Lexington, Ky,
Lincoln, Rebr,
Littls Rock, Ark.
Los Angeles, Callf.
Louisvilie, Ky.
Ludington, lfich.
Lynchburg, Va.
Hacon, Ga.
Nadison, Wis,
Marquette, Mich.
Medford, Orez.
Memphis, Tenn,
Moridian, ¥iss,
Miami, Fla.

Miles City, Ment,
Milwaukee, Wis,
Hinneapolis, Minn.
¥issoula, Mont,
Hobile, Ala.
¥odena, Utah
Montgomery, Ala.
Moorhead, Minn.
Mt., Tamalpsis, Calif.
Wantucket, Hass,
Varragansett Pler, R. I.
Beshville, Tenn,
Kew Haven, Conn,
New Crleans, la.
New York, N. Y.
Horfollk, Va.
Northfield, Vt.
North Head, Wash.
North Platte, Nebr.
Oklshoma City, Okla,
Omaha, Nebr.
Oswego, N. Y.
Falestine, Tex.
Parkersburg, Va.
Pensgacola, Fla,
Paoria, Ill.
Philadelphia, Pa.
Phoenix, Ariz.
Pierre, S. Dak.
Pittsburgh, Pa.
Pooatsllo, Idaho
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Station

Point Reyes Light, Calif.
Port Angeles, Wash.
Port Arthur, Tex.
Port Crescent, Wash.
Port Huron, Mich.
Portland, Mains
Portlend, Oreg.:
Providencs, R.'T.
Pusble, Colos
Releigh, W. C.. B
Rapid City, 8. .Dak.
Reading, Pa.
Rad/Bluff, Calif.
Redding, Calif,
Reno, Nev. ;
Richmond, Va.
Rochester, N. Y.
Resaburg, Oreg.
Roswell, ¥. Mex.
Royal Center, Ind,
Sacramento, Calif,
Saginaw,. Mich..
St, Josaph, Mo,
St, ‘Louls, Ho.
St. Paul, Ninn.
Salt Lake City, Utsh -
San’éntonio, Tex.
San Diego, Calif.
Send Key, Fla. -
Sandusky, Chio
Sandy Hook, N. <.
Sen Francisco, Calif.
SanJose, Calif,
San luls Obispo, C&lif.
Sants Fs, N. Yex.
Saiilt Ste. Marie, Hich;
Sevanneh, Ua.
Seranton, Pa.
Seattls, Wash,
Sheridan, Wyo.:
Shreveport, la.
Sioux City, Iowa
Spokane, Wash.
Springfield, I1l,
Springfield, Mo,
Syracuse, N, Y.
Tagoma, -Waah. -
Tampa, Fla. ;
Tatoosh Island, W&sh.
Taylor, ‘Tex.
Terre Heute, Ind.
Thomesville, Ga.
Toledo, .Ohio
Tonopsh, Nev, -
Topeka, -Kans.
Trenton, No J.
Valentine, Nebr,
Vieksburg, wiss.
Wagon Whesal an, Coleo.
Wells Walle, Wash.
Wtshinyton, D, C.
Whusau, Wis. . .
Wichita, Kans, o
Williaston, M. Dak.l -
Wilmington, N. €,
Winnemueon, Nev.
Wytheville, Va.
Yakima, Wash.
Yankton, S. Dak.
Yollowstons Park, Wyo.
Yama, Ariz. .
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Table 2 (contd)
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Table 2 {contd)
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Table 2 (contd)
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(8)

lines of equal thunderstorm frequency ,/Were;then drewn and smoothed,
consideration being given both to length of record and to major topo-.
graphic differences, before reproduction in figures 28~51,:'I£ must be

pointed out, however, that in these charts, as in all similar ones,

neither the dats nor the knowledge of topographic effects is sufficient

to make the isoceraunics definite, particularly in the mountainous

areas of the~west,. The orientation of the lines which cross the
Canadian;border‘was determined, when necessary, by considering
Alexander's 19QAy55 date from Canadian stations, since no further
fecord was available. It should also be noted that the zero‘isccer%uw
nics have beén drawn to inclose or limit areas in ﬁhich,all stations A

have reported absolutely no thunderstorms during the period of record;

“these are, of course, smaller than the areas where the mean frequency

is so small a fraction of unity’that it would be plotted as zeroc.

140. The annual chart, figure 28, should be compared with
several otherksimilar charts which are available. It does not differ
much in pattern from the chart which could be developed from The data
used in figure 27, but most of the values are higher in figure 28,
This suppdrts Humphreys’ objection,té the record prior to 190,
although at Kansas City, as previoﬁsly demoﬁétrated; the difference
was ﬁegligible. The 190L-L3 pattern differé somewhat from Alexander's
190hr33,pattern -~ most sighificantly’in Arizona and Florida where data
from Plagstaff and Miaml have been added to the tabulation. The later
compilation extends the Rocky Mountain area of annual maximum occur-
rence westward and even shifts the maximum center on some monthly maps,

as will be seen; in the Southeast it decreases the annual iscoceraunic
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‘gradient througthouthern Flafi&a and aisbySdesxé migrafion‘of théAJ
kmaximﬂm'thunde?stbrm aétiviﬁy in that'state‘ﬁﬁ’the'moﬁthlyvﬁaps,
Another significant change is the‘emérgenbétcf’the‘Landér miﬁimum;on
the 190L-13 annual mép;/on Alexaﬁdér’é map‘Landeéégotuallxz5&& £ higher
‘value than Pocatello, Another chénge'is.thé’eliminétibﬁ';f¥the.aﬁomé;”
lous minimum area around St. Joseph, Nﬁssoufi; | |
11, The annual ﬁap shouid also be oompafed with the moét
recently'pubiished annual ohart‘on,page 729 9£ ﬁbyiméte'and Men," the
1941 Department of,Agriculture Yearbook., Since tﬁe perio&s‘éf réoord
are approximately the same, a close agreement'is:té be'exﬁectéd. How-
ever, thefe'afe some obvious differences which are ‘due chiefly to
errors in the basic data for the char£ in "Ciimate.and Man." Specifi-
cally, the most glaring discrepancy is in the crienﬁation of,vénd %hé
areas inclosed by, the isoceraunics over the'Roéky Mountain region.,
It was found that for the‘Yeérbook”ch&rt the average annual numbers
of thunderstorms at Lander,lwyoming,/and Pocatello,’ldaho, had been
erroneously reported as L9 and hi, respectivelysifigures which are-
inexplicably‘larger than the 20 and 29, respsctively, of the compara-
tive data, or the 22.9 and 31.) of the 190L-li3 data. The change in |
prientation iﬁ;the vieinity of Sanﬁa’Fé on the 190L-1i3% ohért was
caused by the addition of Flagstaff to the basio‘data; In'southérn
Texas & similar discrepancy arose from the fact that Ausﬁin was.
incorrectly reported to have an average of 27 for‘@he Yearbook chart
instead of the correct value of L0 (from either comparative or 190L-L3
data). The new chart shoﬁs a change in gradient betweén Miami aﬁd Key

West because Key West's value was reported as L8 for the Yearbook chart
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instead of 58 (comparative data) or 66.9 (1904~L3 data). A question-
able maximum of over 60 is iﬁdioated near Tulsa'(at Broken Arrow) on

the new chart,but the record is rather short. It is, however, supported

by another short record at Bentonville, Arkansas., These records were

not used for the Ysarbook chart. On that chart, the isolated maximum
et Birmingham was not drawn for, but it‘is"supportéd by data from
Anniston in the 190L-L3 chart. \Otﬁer differerices are minor end abtrib-
utable to differences in length of record and to the usuael variability
in isolines drawn by different persons.

1&2, The~Januarg’pattern‘(figure 29) differs little from

Alexander's except in a slight further contraction of the zero-vceurrence

" area, natural enough in a 1engthehe& record. The maximum of activity,

defined as the geographical center of the meximum isoceraunic or its
tongue~like protrusion, is st1ill in cenbral or northern Iouisiana,
ﬁhough greater welight is now given to the Gulf Coast of northern Florida.
The "rather significant isoceraunic over northern Utah," mentioned by
Alexander, is ﬁOW'éliminated; its significance was alreaéy diminishing
in 1933; An exaﬁinationkof the record at Salt Lakg City, on which the
"significant isoceraunic" depended, shows that although & total of ten
thunderstorm days was reported for January during the period 1904-13,
only one more day was added in each of the three following decades.
U3, AlthoUgh December seems to be the month: of minimum thunder--
storm activity by a small margin,'January shows little more and has
even less activity in a few pléces. ‘Chronologically and from the
Standpoint of activity it may therefore be dSed(as the beginning of &

meteorological discussion of the spread of thunderstorm activity.
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In any such meteorological exposition there are two difficulties.
One is that mean flow patterns or any other mean distributioﬁs of
meteorological factprs cannot eﬂtirely explain thunderstorm activity
when such activity is not the mean conéitionk Just as meen-pressure
charts fail to indicate migratorj tfoughs or Lows, DNevertheless,
it is possible to find some reasonable clués«to the thunderstérm‘
' disﬁribution; The other difficﬁlty'is that the available data usually
offer a better, more specific explanation of the distribution and
ocourrence of rainfall than of thunderstorms and 1t is only assumed
that thunderstorms will constitute a proportional part of the rainfall
activity in the proper Seasons. The assumption is often reasonable
but there are times end places, as will become apparenty,when the
conﬁection between the two phenomena ié,,at best, tenuoﬁs,,V

lhu,, The January isoceraunics indicate that at 1east‘two,impor— ‘
tant factors fundamental to thunderstorm activity at this time are
southerly latitude and source of moisture. Both factofs could be
included in the sﬁatement that the activity is proportiohdl to the
freguency of maritime tropical air at or near the surfgce. Showalter's

(9)

study of American air-mass properties shows the expected seasonal
variation in the ?roperties of maritime tropical air, The lapse rates
of Ttemperature aﬁd equivalent potential temperature and the moistﬁre
content are greatest in summer and least in Wiﬁter. 'Equally’important
is the fact that, in ﬁintér, maritime +tropical alr moving over land
surface is cooled from below and the lesser insoclation of the season
(10)

“does not destroy the stebilization of lapse rate thus achleved .

The insolational type of thunderstorm is therefore a rarity in winter.



99

Frontal or cohvergent action must be associated with the tripical mari-
time air in order to produce the thunderstorm in winter,

145. The mean posifion of the polar front ét this time is Jjust
off the Atlentic and Gulf Coasts (11), a position resulting from the
frequent incursions southward of the cold, polar, Canadian High formed
over the snow-covered northern continent. The thrusts of cold air

soutﬁward also induce a northward flow of warm moist air east of the

" cold current, and between the two a meximum of frontal and convergent -

activity is likely to occur. (It has been suggested that the sequence

‘of currents is exactly the opposite; however, the effect is the same for

the purposes of this discussion.) The mean position of the western =

wedge of the Abtlantic or Azores High‘at<i0,000 feet/Clg) is such that
thé intruéion northward of a deep layer of warm moist air is most likely
west of the 90th meridian - approximaﬁely the longitude of New Orleans.
Thus the northward extension of thé isoceraunics in this region is
probably sn effect of this juxbtaposition of opposing currents. In addi-

tion, Bigelow's (13) mean surface-pressure chart for the month shows

 some evidence of convergence in the region. In the vieinity of Vicksburg

the isobars changerfomwanticyclonic to geosirophic (end the wind from

southeast to south), an indication of a downwind décrease of wind.
‘146, In January both ?acific and Atlantic anticyclones have

reached approximately their~easternmoét and ‘southernmost positions for

the year. On the Atlantic side the effect is to confine practically all

‘of the thunderstorm activity east of the 100th meridien - with o tendency

for a decrease eastward toward the coast as the anticyclonic center, with

its subsidence, is approached. On the Pacific side the seasonal shift
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of the semipermenent centers of action has also brought the Aleutian
Low closer to the American continemt. While the High has been weakened,
the L§w-has been strengthened. DBetween the two systems the Pacific | A *
polar front is at Times displaced as far south as southern California.
Cyclonic systems on the front in mid-Pacifio occlude before they reach
the ﬁainland and each oceclusion, as it crosses the coastline, is pre;,
’céded by a movement northward of tropical Pacific air or of polar
Pacific air rapidly becoming tropical. Although there is actually litt]sv
thunderstorm activity at any time of year, these storm series make
- winter the peak thunderstorm season on the immeéiate cqasta - Becouse of
the~émall numerical values involved, table 1 shows this bebtter than the
chartsf,kThe thunderstorms occcur during thenoccludedsffont passages and
‘most often, experience indicates, With the final cold front which ends s
a sequence of occlusions, 'Although the topography is ofvextreme impor=-
tance as a rainfall-producer in;thiskregion, given the winter southwest-
,nflow péttern, it seems that a front is usually necessary to produce the
winber thunderstorm.

1y7. The meteorological anaiysis of January thunderstorm activity
mey scem more detailed than the magnitude of the activity warrants bub
the onalysis, modified by consideration of seasonal changes in factors
and the continuing migration of the semipermanent circulations, will
in goneral serve for other months as well. , : N

148. The Fobruary chart (figure 29),differs in no important
respect from Alcxander's, Frequencies have increased somewhat, egualing
almost threc days per month at Vieksburg, and the area within the 2-day

isoceraunic has spread, mostly eastward toward northern Florida, There
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is & greater spread northward on the west side of ﬁhe Aépalachiéﬁs than
on the eaét. This can be attributed to the prevailing eastward component
of the wind, which is up slope on the west side and down slope on the
east side of the ridge. On the Pacific Coast the limited but neverthe;
less extreme activity for the region chtinues. There has been an
appreciable increase of activity around Phoenix, which is shown by table 1
rather than by the isoceraunics. It may even be defined as a secondary
maximum, as Alexander defined it, but its connection withxths so-called
significant isoceraunic of the previous month over Utah isvdoubtful;« Thé
10,000=-foot mean-pressure chart for the month dff@rs some support for the
increase by indicating a trajectory of air from a more soufherly latitude -
off Lower Celifornia towafd Arizona. It also shows a,siight eastwér&,
displacement of the western wedgé of the Atlantic High which may account
for the extension of meximum activity toward Florida.

149. On the March chart (figure 29) the area of zero occurrence
in the United States is finally elimihated, although,Alexander still
retained a small zero area around Yellowstone Park, The only other
substantial change from Alekandef's pattern is over Arizona and New
Mexico, where the usse of'Flagstaff data altered the isoceraunic patterm.
On the Pacific Coast there is a general diminution of thunderstorm
activity associated with the northward and westward displacement Qf{the
Pacificfcenters‘of action. The similar dis@laoqmeﬁt of the‘Atlantic cells
accounts for the spread of activity in theveastern,half of the country,
the l-day line now having moved into the western Plains States. Thej,
l1-day isoceraunic passing fhrough Salt Lake,.Santa‘Fe,_anvahoenix may

be, in part, also due to the influence of the Atléntio anticyclone on
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the”spread‘of maritime tropical air westward from the Gulf end Atlantic,
'~éided by the‘mountainoustopography° However, increased activity along
~ the Mexican bordér ffom San Diego to El Paso, and affecting Los Angeles
‘also, suggests that the Pacific may be another source of tropécai mari=
/tiﬁe air for this region, as was indicated in the discgssion'of the "
1Februaryv0haftf- As in Februéry, the Mﬁrch'l0,000-fobf pressure chart
shows'a'trajectbry;frdm the sea off Lower dalifdrnia.

150, On the April chart (figure 29) the maximum area has progressed
‘farther northwestward and is now centered near Littie Rock. Bigelow's
w*'éea-level pressure chart for April shows the center to e in a region"
where there is & change from anticyclonic to ecyclonic curvature of;
isobars, also én indication of convergence. This convergence pattern,
'pérsisting in thefregign since January, is important in explaining the
anomalous location of the maximum thunderstorm area during these months -
& location which in March April, end May seems to be separated from the
isource of the troplcal maritime air by‘the isocersunic gradlent A
secoﬁdary“maxzmum, with reversal of 1soceraunlc'gradzentf1ndlcated,
appéars for the firét time near Miemi. It is pot shown on Alexénder?s
chart because he did not use Miami data. It is gossibie that this
increase in thunderstofm frequency is connected witﬁ 8 decrease of the
anfiéyclonic~curvature of the isobars over southern Florida as éhown on
Bigelow's chart, In eny case, it is the first-appearanée of a new and -
rapidly growing thunderstorg center. On the eastern slopes of thel
Rockies increased thunderstorm activity is now more definiteiy as5 0~
ciated wnth en-Atlantic or Gulf source of mo1sture, as the. Atlantlc

High conbtinues to strengthen and expand and to mlgrate westward. -There

-
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is a leeward deficiency on the westernmdst slopes of the Rockies, where:
‘an isoceraunic trough appears. The plateau increase of acfivityfstill~
farther west is'probably,linked to the Pacific source of moisture.

151, In May (figure 30) the meximum activity is in northwestern
Arkensas. Southward through Texas this is the month 6f~maximum thunder=-
storm activity, and it is possible to relate it to a mean 10,000-foot
pressure trough over this region. The growing activity over Florida, .
now centered neafér Tempa, is a close secondary and the eastern ranges. .
of the Rockies also show greatly increased values, . The appearanca_éf;~}
the 2-day isoceraunic in northeastennlCaliforniakindic&tes,th&t the
initial source of the tropical air for the;wesfward advence ‘is still
fhe Gulf and the Atlantic, although it is not wnlikely; cbnsidaring the.
10,000~foot pressure,pattefn, that the air moving westward‘across Méxiqgg\
is recharged with moisture over the Gulf of California and overtgi;;:’<
Pacific off Lower California, before it turns northward. 'Over Floridé
it seems more definite that the emerging mgximnm_results not only froﬁ}r
the higher moisture’values and greater imsolation in the section butifiv;
from the convergence indicated by the decreasing anticyclonic curvatﬁrgV

of the isobars over the regiou.  As a whole the May chart doés not‘ §,y4
differ much from Alexander's eﬁcept in an elongatioh of the isoceraunié,
over Florida.

152. By June (figure 30) the Arkansas meximum has moved to
Missouri but it is'sxceeded both on the eastern slopes,df“the‘Rockiés
and over Floride and the Gulf Coast, with a,countryQWide maximum of";
16.3 at Tampa. Over most of Texas, not including the Panhandle, there .

has been en actual decrease of activity. Over Texas there is now a
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small enticyclonic circulation at 10,000 feet, where there was & slight
trough»during fhe previous month of maximum actiﬁity. This is Reed's {6)
high-level antiéycloné, in part thermally induced by the increased heaf- ‘
ing of the land surface at this time of year, but also an intensified
uextension of the dﬁnamic Atlentic anticyclome of which it seems to be
part. Reed has already‘sﬁown how persisténce'of its center‘§§er é
region coincides with drought conditions while on its western side the
northward flow of tropical ﬁaritime“air from the Gulf and Atlanfic
gources may bring thunderstorms as far west as California. -On the
eastern slo?es'of the Rbckies the increased activity, basieally:dus to:
‘the flow of such air agaiﬁst the barrier, is also enhanced by the
summertime increase of valley-wind oCoUrrences <1h),’ This is an effect
of greater heating of the slopes fhan of the free air at the seme level
duringkthe hoﬁrs of insolation, resulting in the diurnal up-slope wind
which reaches maximum\stréngth in the afternoon. It is less liksly‘to'
oécur in the ﬁinter and spring when the frozen and snowacbveréd slopes

- respond less to the insolatiénal‘effects. ‘The seasonal change in the
‘diurnal variation’of thunderstorm frequencies, to be discussed in a
:later section, is conéistent with such an enalysis., Convergence, whicﬁ‘

seems at least paftially“responsible for the activity in Florida, would

(15)

also tend té decrease the diurnal varistion and Norton poigté out
that in Jﬁﬁe shéwers in Florida are equally likely night or da&; This
is not confirmed by‘the statistics used in the current report which
are, however, for very few stations. It is well to remember, fhough,

that the convective instebility of the air which the convergsence acts

ﬁpon does have a diurnal veristion with a meximum in the afternoon, the
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varistion being an insolational effect. The June chart as a who}e re-
sembles Alexander's closely.

= ‘ » 153. By dJduly (figure 30) the lessening of thunderstorm frequency
observable in Texas in June has sbread, mostly nbrthward aﬁd~nértheast~
ward to Yows, Tllinois, ana eastern Indiesna. The 10,000~f§ot aptie -
cyclone, centered in June over southern Texas, is now over Louisiana
with a much larger'expanse. Elsewhere frequencies are still increasing,
with maximum monthly valués étt&iﬁed from Florida northward ané o&er'the
eastern slope§ of the Rockies. It is significant that the position of
the high~level anticyclone now makes possible two main southerly currents

over the United States, one west of the high-level anticyclbge and the -

other east of it at the edge of the main body of the Atlantic anticycloﬁic‘
é'wﬂ ' ' cell, Withinkthesé two currents the maximum thunderstorm activity is now
concentrated, In the mountain area Flagstaff mow comes into secondary' |
prominence, resulting in an isoceraunic change from Alexander's‘chértq'
The approximate curveture of the exis of maximum activity in the

Rockies is about parallel to the orientation of the easternmost ridges

from New Mexico to Montena, emphasizing the importsnce of the orographic

&

lift. A‘slighﬁ inereasé in frequencies is still observable in Celifornia

except on the Coast, where zero values now appear. -There are no thunder-~

storms in the stabilized air flowing eastward out of the Pacific High;

those which do occur in California are generated’in the air flowing;>~
arouhd the AtlanticAHigh«or its companion, the high~level antioycione.”

- Also noﬁiceable in a comparison of the June and‘Jﬁly charts is the in-
hibiting effect of the Great Lakes. Cooled from below, the stabilized

air bloﬁing inlend off the Lakes makes its presence felt in the
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persistence of the 8-~day and 6-day iséceraunics in this region, which
show little northward progression between June and Jﬁly.

154, - Iﬁ'Augﬁst (figure 30) there is a general decline of thunder-
storm acfivity throughout the counﬁry, with some significant exceﬁtions,
There is a slight increase dver northern-MisSouri; norﬁheagtern Kansas;
and southwestern Iowa., This is about the center of the region where, as
Means has shown (7), there is in summer a type of advective wa?ming at
intermediate levels which is most effective in steepening the lapse rate
at night. It is probably the cause of the excessi#e'nocturnal thunder-
storm activity in this region, which Means' figures indicate is at its
maximﬁm in August. The other slight increases in Augﬁsf appear at Kéy
o Wést andriﬁ'fhe arsa from Flagstaff to the Mexican border.j.Both can -
‘be related to thefexﬁansion offthé anticyclone at 10,000 feét, which
pushéS’the northward current in the western part of the country farther
westiand forces the northward current around the Atlantic High farther
east. Beneath the center of the expanding high~level anticyclone, the
decline of thunderstormvactivity continues. .The August chart differs
from Ale#ander's chiefly in the extension of,the,Roékvabuntain;maxi-k
mum isoceraunic from Santa Fe to Flagstaff. fFlagstaff,’indeed, now
exceeds Sanég Fe, 19;7fto,16.h;

.;155. September (figure 31) shows the very decided contraction
Gulfward of the i§bceraunics;as both insolation and tropical-marifime
flow northward decrease, The southeastward recessioniof the oceanic
anticyclénic circulations begins at thié,time. While for practically

all 6f the country this means a decrease ih thunderstorm days, on the

Pacific Coast it means & slight increase which ié maintained into the
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spring. The secondary maximum which persists around Kansas Ci%y_on this
chart may be due to the persistence of thevnocturnallactivity. Bigelow!'s
sea-level pressure chart for the month also indicates convergent iso-
baric s%ructure over the region; | " | |

,156, It’is the«la%tef éhﬁnoménﬁn'wﬁich is the ﬁore’important;
because'anly ité §efsistence thfough the following months caﬁ adequately,
' explaln the per81stence of the meximum zone of act;vmty approx1mately in
the longltudlnal center of the country, and appreclably removed from the
Gulf. On the Octdber chart (flgure 31), for 1nstance, the meximum po;nt
within the 2~day 1soaeraunlc is about the geographlcal oanter of the -
four states' Kansas, Missourl, Oklahoma, and Ark&nsas. This 1s~a1so(
the approx1mate Iocatzon of the maximum decrease in curvﬁture”of the
anticyclonic 1sobars on‘Blgelow's OCctober chart, In genersal, of course;
the‘decréase in thvnderstorm activify aﬁd thekpattern of re#ession :
‘toward the Gulf 1s malntalned except along the Pacific Coast. Over
southern Florlda there is a change of isoceraunic gradlent Key Wbst
and Sand Key now having the max1mum values on the map., .

157. By November (flgure 31) the midwinter pattern is closely |
iapproached w1th iscceraunic gradment dzrected outward from Loulslana
~and Arkansas except in the Far Test where the actlvity is maxntaxned
" on the Coasﬁ. Blgelow's pressure ohart also shaws the southward
recession of the convergence zone. ’ | -

158. Between the December (fxgure 31) and January (flgure 29)
charts there is lz'b'ble dlfference. These are the months of mmnmm |
act1v1ty, the moderate concentratmoﬁ in Louisiana c01ncld1ng Wlth a

convergence gzone of isobaric curvature and also with the longitude at
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-~ which the intrusion of tropical maritime air is most likely.

Assgciated wet-bulb températures

159, It was §howﬁ in the previous chapter ﬁhat the ﬁet;bulb
temperétﬁre is a key to:the thermedynamio analysis Qf the thunderstorﬁ,
It 1?és on the pseudo~-adiabat which ﬁhe-risingvsurfacé air‘will fbllow
| and’thﬁé helps deterﬁine the magnitude‘of the conditicnai inétability
aé woll as the height of the condensation level., A decréaée‘of the wet~
Abﬁlb potentialrtemperatura with heigh£ signifies conﬁectivelihstabélity
‘and’the‘rate of the decrease also serves as an index of’the lowest
‘teﬁperature to be expectéd in the thunderstofm downdraft. Furthermofe,
it was'shown that the differenceyﬁetweéh the precipitﬁble-wﬁter contents
correéponﬁing t§ the déwapoint‘éurve»and thé wét—bulb curve’is equal to
the amounﬁ that muét be eva?orated to cool‘the‘atmoéphere to its wet-
bulb temperaturé, It is of interestitherefore fé determinékthe ﬁet-
bulb temperaturés thaﬁ ére commonly associated withrfhundefstorﬁs.

160. Figure 32, teken from Albright Qé), is & map of the dis-
tribution.of surfacé wet-bulb témperatﬁrés:which are excee&ed ﬁot more
 than S%VOf the total hours dﬁring Jﬁné to Sepﬁeﬁbef, inclusive, of a
rnormalysummer, Over the sastern haif‘of the country there is some
' resembléﬁce to thekannuai thundersﬁormxpattern (figure 28) and also;
therefore;th the summer thuﬁdefstérm pattefnsV(figure 30). In
particular, the Gulfward increase characterizes allvthreeiéhartso
However, the tempefatures in figufe 32 are sufface‘wet-bulb tempe ra~
tures and thereforé not direotiy comparable since, when air is‘liftéd, )

its wet-bulb temperature is lowered pseudo~adiabatically while the air .
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is cooled dry-adiabatically. The relation of wet-bulb temperature to
height can be obtained from figure 33, which also gives similar rela-
tions for the dew point and the dry-bulb temperature, the latter being
reduced along the dry adiabat aﬁd the former’alongvthe mixing-ratio
line., In all cases, ses level has been considered to be 1000 mb.,

161. Pertinent to figure 32 is the fact that, in the summer,
thunderstorms also occur on the average sbout 5% of the time. ‘Ailéwing
two clocg hours for the average summer thunderstorm occurrence, thunder-
storms may be said to oceur during the summer from 1 to 6% of the time”
throughout the éountry‘éxcept on the Pacific Coast. A check on this
stateménﬁ is provided by compilations of thunderstorm durations (tiﬁs
from first to last thunder heard) made by Fuller (17) for Peoria and by

-Bily (18) for Tampa.
Table 3
THUNDERSTORM DURATIONS AT PEORIA, ILL., 1905-31

| Jar Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Hrs per montk 0.4 0.5 5.3 10,2 18.5 21.5 20.1 16,5 14.7 43 1.9 0.1
% of total hrs ,05 .07 0,7 1l.Lh 2.5 3,0 2.7 2.2 2.0 0.6 0,3 ,01
Table in
THUNDERSTORM DURATIONS AT TAMPA, FLA., 1890-190
Jan Féb Mar Apr May ank Jul Aug Sép“ OoﬁnNov Déé
Hrs per month .3 3.1 5.8 Te h.B 2 25 h.25 6 2? 5 10.8 1.6 0.L O 9

% of total hrs 0.2 0. 5 0.8 1.0 1.1 3.2 3.1 3.7 1.5 0.2 .06 0.1
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The frequencies would pe slightly;higher’than'those,tabulated»if based
on c¢lock hours rather then actual durations in hours and minutes,

162, . It was thought that é closer approach to the values of the
wet~bulb temperaturesvassociated with thunderstorms could be obtained
from & matching of the numerical frequencies of each. The wet-bulb
frequencies were alscyqbtainqd:from Albright*s book which includes
tabulations,of,thé total hours of occurrence of we%ebuig_tampsraturesi
equaling or exceeding‘qertain values during June to Sgptamber,:ineluw‘}
sive, of a normal year. The occurrences tabulated are those within
B, 12w, and 2hphour\peripds each day. The 12mhour,tables were used
in this study, since tthleuhour periods wefe generglly\frcm 10 a.m.
to 10 pem., or from;l:pom? t§ i Boll,, anqﬂthéreforg mos#.clqsaly,
aasOCiated with the period in which the greatest nuﬁber of #hunderm‘
storms ocour. Because the higher wet-bulb temperaturés are of the
most interest, it was arbitrarily as&uﬁad, for the purposes of this
study, that the«duration of the wet-bulb ﬁemgeraﬁure‘range,asécoia%ed
with a thunderstorm day was egual to the normel duration of the wet-
bulb‘tempefatufés within 2.5 F of the normal daily meximum wet-bulb
temperaturé during the pefioé Juts to September.

| 163, The normal diurnal varistion of wet-bulb temperatures
\througﬂoﬁt the country is shown in figure 3L, also frém Albright.
At Molins, Illinois; for instanée; fﬁe averags dgration of the wet-
~ bulb temperatures within 2¢5 F of the normal meximum is 11 hours. In
this enalysis, then, 11 hours of wet-bulb duration were matched with
one thuﬁdérs%orm‘day at Molinei(éfsvin %his;ca383 Da§énp0rt, which

was the available station close by). The same practice was followed
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at all cher stations except those, such as~Miami,and;San‘Antonio,;where
the average wet-bulb duration indicated was more than 12 hours. In such
cases a 12-hour average duration was used. The seiectedxaverage’duraq,
tion was then multiplied by the average number of thunderstorm days
during the period June to September, obtained from the comparative- °
data summeriss, ~Witﬁfthis product used as a wet—bulb”freq;ency,
Albright's tabulations were entered to obtain the wet-bulb temperaturé
corresponding +to the'frequenoy? “Whenever the product did not closely :
meteh a tebulated frequency, the next larger frequency .was used -~ in - -
other words, the next lower temperature in whole degrees;FahrenhBit.!,ff
The wet-bulb temperatures thus obtained were reduced pseudo-adisbatically
(by means of figure 33) to sea level (1000 mb) and plotted on;a\map.
Figure 35 shows the distribution of these reducedlwet—bulb,temperatures
throughout the couﬂtry. - They are also wet—bulb)potential tamperatures,
by definition. The indicated gradient isfless‘than in figure 32. - It
is also less then it would have been if the temperaﬁpras;of,figur6q32 “
had Been‘rsduced to sea lavel.g‘lt,ogn bs seen‘that\about,two thirds .
of %he country experienceé wetmbulb‘potenti&l:temperatures;of‘Thwto
77nF,,§nclusive, with & frequency directly proportional to the fre- ...
quency of thunderstorm days. |

16l - A check on the vélidity of the relationship was made by
determining the wet-bulb temperatﬁre‘fraquensies &uriﬁg»the thgnd?xra-u
storms indicated on the'léBQ‘ESTwwééther maps - of Julyu19h2, a month ..

with considerable thunderstorm,aetivitysf The coincident surface wet- -

“bulb potential temperature was determined for each“indiéaﬁed thunder-g»

storm, There were 22l thunderstorm occurrences. fFigure036 shows the
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distribution;andscumnlative*curvas of percentage frequencies of surface .
6y observed at the time of these occurrences. The peak frequency is at
703 F which is within'the narrow range of associateﬁrgw va}ues previously
‘derived. VEightyhfive percent of the thunderstorms occurred with Qw 70 F
or higher, and all but one thunderstorm,'which occurred on the California
coast, were éssoeiate&!mﬁth & @, of 66 F or higher.

'165,; Since a decrease of QW with height signifies convective
instebility, it is of interest to note tho values of @ aloft. For
convenience in such ean analysis, the pseudo-adisbat assocciated with a
particular @, vaiue\may be identified by its Op value. AQ,of 75 F
“or 2l4 C equals a QE of 350.8 A. The pseudo-adiabat thus identified has o
a temperature of 12 C at 10,000 feet. In July 19L2 only three cases
were noted in which such a wet~bulb temperature wes eqﬁaled or exceeded
at that height - three cases, in other words, in which a Oy of 2l C
or & Op of 350.8 A was equaled or exceeded at 10,000 feet. In one of
the cases, with a og of 355, a thunderstorm was in progress during the
ascent. In another case, with a Qgﬁof'BBB;‘fhe surface wet-bulb at
the time was 82 F, giving a O of 371 and thus indicating exceptional
convective instability. In the .third case QE at 10,000 feet was equal
tb 250.8 A.

~166. Figure 37 shows distribution and cumulative curves of the
pefcentage frequencies éf QE occurrénces at 3 kilometers during the
months June through September, 1936 and 1937, at four widely scattered
stationss Omaha, Shreveport, Bostoﬁ, and Billings. . Tﬁe highest‘@E

was 350, and there was only one case of that.



167. The conciusionfcan be reached that 75 F is a eritical
surface wet-bulb potentisal teﬁperature énymhere in the United States,
and especially in;the northern portions. If exceeded, it almost always
indicates éonvectivevinstability as well as conditional instability.
However, experience indiéateskthat its occurrence does not guarantee
the occurrence of the thunderstorﬁ, A mechanism must‘be‘present to -
provide the‘trigger action. . The instability, whether convective or

conditional, is only potential and requires realization..

Comﬁafisonv with average precip‘_ﬁaﬁion distribution

168, Figuréi58*£s an°isohyétai may‘of évefage éﬁﬁualhpreéipifa-‘
tion b#er thé ﬁnitéd Sﬁates’ana thé 12'succeédiné'cha£ts in figﬁfas;39
to 41 afe‘iSOhyeta1 maps of a#efage monthiy precipiﬁaﬁi&n. Theifirst
chart is adapted from the annual preclpltatlon chart on page 711 of |
"Climate and Men." The monthly charts are based on flrst~order—statloﬁ‘
averageb obtained from the comparatlve—data summarles, plus avef&ges
selected from cooperatlve-statlon data publlshed in the state cllmatléy
summaries of "Climate and Yo, " The latter m&ps are therefore mot as"
accurate in &étaii as‘the*énnual map. They serve the purpose, ﬁowevéf,:
of their reproductlon here, whlch is & comparlson with the dlstrlbutlonv
of thunderstorm days a8 shown by the red overprint, ‘The cémparlson is
general rather than detailed. No abbempt is made to distinguish be-
tween snowfall éﬁ&*fﬁfﬂfall;'thé ﬁéfms‘"précipitafionﬁ,éﬁé gfainféllﬂ‘;
being ﬁéeé‘in%érchéngééﬁiy;" N i | o

‘:"169; The armual ‘map (flgure 58) furnlshes a few clues to the/kypes

of relatlonshlp whlch are best sustalned in the monthly maps° East of
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the 100th meridian both rainfall~énd‘thunderstorms déérease norfhWard
from the Gulf. - Over the Plains States, however, the wéstward*longitudiw
nal’gra&iént of rainfall is much steeper than the thunderstorm gradient
end on the Atlemtic Coast~thefe is‘a tendency toward reversal cff%hé
thunderstorm gradient in the rainfall pattern. Over the Rocky Mountain
Va;ea‘the reiafiohships,‘if any, ars not clear on'the‘énnuai‘may,'”en
the West Co&ét and in the Sierras the rainfall patterﬁ'isrin sharp con--
trasf to the thunderstorm pattern;

170. On the January'map (figure 39), as on‘all the winter maps,
an outstandlng dlfferenue between the two types of act1v1ty is 1mplled
rather th&n demonsﬁrated As will be shown 1ater, the number of days
wzth r&lnfall far exceedé the number of days w;th thunderstorms in thﬁ
wxnter munths, Neverthaless,/from.the eantral Gulf States to the Ohio
Rlver V&lley, 1sohyets and 1soceraunlcs have approx1mate?y the seme
shape, The aresa of 1mportan% rainfall xn ﬁhxs reglon} however, extends
‘farthar northward and eastward than the thunderstorm actlvztyu ,Whlle
the thunderstorms are conflned mostly to the warm sector and the fron al
' zonesy ﬁhere troplcal/marltxme air is deep and near the surxace, the
,raxn aree spreads northward whére the warm eir overruns and where
ocrluslon of the cyclone takes place. Alang the Atlentic Coast, too,

a naW'source of marltlme troplcal air is often drawn into the circule-
tlon, wath consequent spreaé of coastal ralnfall. On the Pacific Coast,
&1though the heavy ralnfall seems entirely excessive in proportlon to
%he thunderstorm act1v1ty; it must be remembered that the 1atter, though
rare at any tlma cf year, actually decreases in ths dry summer monthse

Also, as prev1ously'msnt10ned while the orographic effect is sufficient
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to cause heavy precipitation, it requires a particularly intense occluded
fﬁont to produce a thunderstorm in that region.

171. In February (figure 39) a slight eastward shift end spread
of the meximum isohyetsltoward the Atlantic Coast accompanies the.
slightveastwafdydisplacement,to_Mississippi of the maximum isoceraunic
center. The thunderstorm spread northwerd to the Lakes end along the
Atlantic Coast ;s not accompanied by any important increase in,rainfall; 
The L-inch isohyet, for example, has receded from northern to southern
Kentucky. - An incregse,ofmfainféll,in grigpna,yUtah,‘and,Col§radc is |
prdbably associated with the mild outbreak cf thundsrsﬁqrm‘activity‘&
indicated at Phoenix (table 1).. ,

172, By March (figure 39) the 2-day. isoceraunic has expended
moxre than thé 2~inch isohyet in the same region butwthgre,is,still a
strong resemblance between the rain~andvthﬁnéerstorm patterns from
the Gulf to the.lekes. The rainfall in the Plains States, thpugh‘%tigl
under -two inches,nhaégincreased somewhat with the movement of the l-day
isoceraunic into the area. -Again, at least in the regiﬁﬁs of the greatest

activity (outside the West Coast area), the thunderstorm end rain meximum

centers do not coincide, the;thunderstorm,center appearing south and west ‘

of the rain center. . | _

173, In April (figure 39) the rainms thougn sti11_heévy; have;‘,
diminished on the Pacific Coast while theLthﬁpﬁerstorm ac%ivityfhgs:;l
moved inl&n&.,_?he greatest increases in rainfall are in the Plains ;

States west of the Mississippi River as shown by the spread of‘éie 2-inch

-isohyet. The meximum thunderstorm activity, in Arkensas, is south snd

east of much of this spread, indicating a cyclonic flow.of the warm,
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“moist air from the vicinity of the month's maximum thunderstorm activity.
In Florida, the first appearance of~a;hriﬁch iSéhyéﬁfon the southeast
coast coincides with the first appearance of a,bpday’isoceraunié. The
numerical similarity is, however, a coincidence.

17h. In i&ay (figure uo) the fsifg’nificant increases V-:::n rainfall
are from Texas-Oklahoma northward and in Florida, where there are also
* the most signifiéant increaseéfiﬁ thunderstorn activity and where the
1éteét maximum;thunderStormAcente?s are located. Again there seems to
be a northward and northwestward spread of increasing rain from the
center of thunderstorm acti&ity except in Arkansas, where thunderstorn
and rainfall centers coincide. The rain spread is t@war& the Plains
States and toward the Rockies, where a'sec&ndary’thundersﬁorm‘maximum
now begins to appear.

“‘$75s’ The shift of fhe‘maximum thunderstorm cénter'westﬁard 7
across Florida by June (figure LO) has been accompanied by & shift of
the maximum reinfall center and the increase in thunderstorm activity
is also refleéted in the rainfall. In mostkof fexas there has been
‘a decrease of thunderstorm éctivitj;‘and'an accompanying isohyetal
 depression now extends across Louisiana and Mississippi to South -
Cardlina. However, east of Texas thunderétorm activity has inéreaSed,
and the isohyetal depresSion is ‘only com?arativeteast of Louisiana =
the rainfall has actually'iﬂcreaséd. Along the eastern slopes of the
Rockies the now visible thunderstorm centers are no lbgger reflected
in any increase in‘rainfall. Except around Roswell, there has been an
actual decrease in rainfall. The Missouri thunderstorm center, however,
is still accompenied by increasing rainfall which hes spread northward

and northwestward.
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176, ByJuly "(figﬁ’re Lo) the ‘shi‘ft of the Florida thunderstorm
' maﬁiﬁquhas finally bfoﬁghﬁ fhe.rainfail maximom to the Westjéoast of :
the peninsﬁia, Incre&éihgAraihfall'acéompanieé the increése in.
thunderstorm activity,aléﬁgitheiimmediate~Gulf7C0ast énd'also in the'
Rockies, where there has beén a significant éXﬁensibhrof‘the fainfall
zone westward into Arizonavalong with théiextensibn ﬁd,Flagstéff;of
the thunderstofmfmaximum, The high-levéi‘anticyclone'has nOW'erésedﬁﬁ
the Arkansas-Missouri thunderstgrm maxfmum and the flow of tropical
maritime air ‘toward the Rockies is entirely aroun&'the southern’and
 western peripheries of the high-level éiréula%icn, Under iﬁS'centrai
portion the Texas decrease in activity has spread northward'With rains
diminished to the Canadian border. Along the Atlantic Coast from
Georgia to Virginia theré‘has been an important increase in'rainfal1,
also accompanied by an incresse in thunderstorm activity. Bub while
the inerease in rainfall is greater, the thunderstorm increéée ig less
than on the Gulf Coast. This is probably“due”tb the hurricane or
tropical-storm frequency of'this‘season\(l9>;'the hurricane béing a
heaﬁyhrginfail producer, but causing 1ittle‘cr,ho'ﬁhunderstofm.actiﬁityo

177, ;Whilertherefis'got much chenge from July to August, the
latter map (figure LO) gi§es/the‘fifst evidence of the southward con~
traction of both ischyets and iséCeréunics which, in the following
months, beoomeé'the’genefal rule‘GXCept'anthe West Coast. There is a
slight dec:ease’in\most sections, the greatest decreases, both in
rainfall and thunderétorms, being ncrtﬂ of latitude L5.

178. 1In September (figure L1) the decrease in both activities

continues throughout'except in three locations. In the extreme northwest
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the increase in rainfall is,unaccompanied by;any,equivalent increase
in.thunderstorms; Over Missouri, Illinois, end Wisconsin rainfall |
“has increased (probably associated with increased frontal activity . =
in this region), the afea being approximately ooinﬁident,with a
diminished center of thunderstorm‘frequéncy° Rainfall‘has increaéed~
over eastern Florida also, where thunderstorm activity has decreased,
with the ceunter of - thunderstorm activity beginning to be displaced
southeastward. v

179; In October (figure Li1) the southern Florida isoceraunic
center corresponds to the isohyetal cenﬁer in that region. There hag
been no increase in thunderstorm activity on the Pacific Coast except
around Tatoosh (fable 1), but the rainfall inerease is important;
Along the northeast Atlantic Coast rainfall values are still practically -
unchanged but thunderstorm days have dropped sharélya Elsevhere the
decrease in both activities continues..

180. - On the November map (figure L1) the general thunderstorm
decrease is still aecompanied by a decrease in rainfall except in
Arkansas-Louisiana, in the Northeastern States, and on the West Coast.
From Eureka northward Pacific Cosst stations now show slightly in~ |
creased thunderstorm activity (table 1)’but the rainfall increase is
much greater., In fhe Northeastefn States, élthough thunderstorn
activity has practically ceased, rainfall values are not much changed.
The Arkansas-Louisiana rainfall oeﬁﬁef coincides with a diminlshed
@aximum.thunderstorm center. | » V E , @

181, In December (figure Li1) there is increased rainfall from

" Bast Texas to the Atlantic Coast, with the exception of southern Florida,
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The rainfall values are maintained in the Northeast and further‘increaseg
on the West Coast where the s1igh£'thunderst§rm increase has exbended
southward to Sen Diego (bable 1). Blsewhere in the country there is
still a decrease in precipitation ekcepttin‘norﬁhérﬁ’Louisiana, where a
neximum reinfall center isvlocéféd, cpinciding approximatelylwith the
thunderstorm center, |

182. The generally evzdent though not 1nvar1ant relatlonship be~
tween rainfall and thunderstérm,actlﬁlty is further demonstrated in )
tables 5; &, and 7. In téble’5‘the percentage of ndrmal rainfall fof a
state or section during‘thé Weﬁtésﬁ summer of recérd for the periodiy
190L-13 is compared Witﬁ the percentagesréf normal,ﬁhunderstofm~§ay ‘
frequency at all the first—order'statiéns~whioh Wefe available during:>
the same season within the state or”section° In table 6 & similar
comparison is made for the driestisummer éf the 190A~b5 period, The
area1~rainfali values were obtained from a published Weather Bureau
summary of normals and seasonal percentages of raihfall fofithe period
1885~l958 (20), ‘o Which have been addéﬁ ﬁhe seasonal percéﬁtages for
the last five years. With fewlexcepfions, thé tables show mostly |
above-norma.l thunderstorm~day‘freqaencies for the wettest sﬁmmer end
mostly below-normal freguencies for the drlest summer .

183, For table'T, L7 statlons were selected as geogfaﬁhlcally
representative. The peroentage of normal thunderstorm-day frequency
and fhe percentage of normal ralnféll are,compareé;for eaoh;st&tlon,
first, in the July with the maximum_nﬁmber of thunderstorm days
(190L4~43) and, second, in the July with the maﬁimum‘réinfall (same

period), On the whole the posi%ive'relationship indicated in tables 5
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Table 5

’ COMPARISON OF PERCENTAGES OF NORMAL RAINFALL
WITH PERCENYAGES OF NORMAL THUMDERSTORM-DAY FREQUENCY
DURING THE WETTEST SUMMERS - 1904-&3 N @

State Percentage Percentagea of Hormal Thunderstorm»ﬂay Frequency
or of Normel ‘ ‘at
- Section Year Rainfall All Available ?irst-Order Stations
Ala. 1916 165 110-101 93
Arigz, 1821 184 177=75
Ark. 1915 156 113-28-98
Calif, 1929 311 83-0-0=0=0=0-0
Colo, 1921 158  116-109-88
Fla. 1839 132 122-113~-112~ 110-99»93
Ga. 1928 145 '118-113-108-103-93
Idaho 1913 212 180-141-129
I11. 1915 168 121-102-91-87
Ind. 1915 150 133-105-104-81
Towa 1924 151 - 142-140-137-129-124-110
Xans, 1815 166 143-131-128- 123w108
Ky. ]928 “ - 161 131-107 7 N
La. =7 1940 174 105-92
Md-Del.* 1906 158 138-106
Mich. 1908 - 135 110-106-102-~99-96-82-79-T0
¥inn, 19805 142 171-135-123~ 120 .
Miss. 1540 - 151 . 93-76 - ‘ ‘
Mo, 1915 170 142-136-136~ 133 119 115
Mont, 1818 173 165-137-123-101
Kebr. 1815 173 151-136-129-104-101
New., 1913 297 255-253-129 o .
New Eng. 1922 151 139-139-133-127~110=109-108-108-95-81~78
N.d. 1928 183 124-105-94
H. Mex. 1821 175 144133
®.Y. 1928 i42 128-128-113-105-103-102~101-87-84
K.C. 19086 188 141-134-184-121-72
N. Dak. 1928 182 130-118-118-97
Ohic 1835 139 130-108-104-95-94
Okla. 1918 173 127
Oreg. 1941 238 263-244-165-125
Pa. 1928 . 142 128~1182112~106=103=91
S.C. 18086 148 139-138
8. Dak. 1915 - 167 134-118-109-96
Tenn, 1828 149 123-122-112-103
Tex, 1818 172 203-158-157~ 156»}45~143«135-133~126—118-115«10§~80~??
Utah 19386 211 189-153
Va. 1906 156 144-31356-122-112-100 &
Wash. 1987 184 240-281-206-168-145-125-0
W. Va. 1907 133 110-98
Wis. 1908 145 163-143~111-108
Wyo. 1941 168 206-117-97 , ; , ‘ &

# including Washington, D§ C.
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Table 6
-COMPARISON OF PERCENTAGES OF NORMAL RAINFALL
WITH PERCENTAGES OF NORMAL THUNDERSTORM-DAY FREQUENCY
DURING THE DRIEST SUMMERS - 1904 45

State ( Percentage Percentages cf Normal Thnnderstorm~Day Frequency

or : ' of ‘Normal ; Sat o
Section Year Reinfall A1l Av&ilable First-Order Stations
Ala, 1925 60 73-73-76-103
Ariz. 1924 59 -48-48
Ark. 1930 36 '64-82
Calif. 1940 20 - 0=0-0-0-0-0-32
Colo., 1924 42 “49-50-55
Fla, 11931 68 ‘71-82-82-88-95-104
Ga. 1925 52 -  66-83-86-93-104
Idaho 1919 24 - 50-75-89
111, 1936 53 '53-85-87-102
Ind. 1936 57 86-88-120-133
Iowa 1527 59 58-63-66-67-68-T0
Kans. 1936 31 38-45-64-67
Ky. 1230 44 - 45-1117
la. - 1924 43 48-100
Md-Del.* 1930 47 87-87 °
Mich. 1930 65 - 40-66-68- 84»8?-89-102 103~ 104-111 132
Minn. 1936 54 57-63-85
Miss. 1920 47 59-70
“Mo. 1936 32 43-48-49-65~ 78
Mont., 1919 39 36-86
Nebr. 1936 45 56-64-89-90"
Nev, 1919 27 12-84-85 - ‘ '
" New Png, 1913 63 '68-65-80-84-88-88-91- 93-96 100-101 101
Ned. 1929 58 T6«97-106 '
N. Mex. 1922 70° 72-106
N.Y. 1913 60 65-81-82-86-89-101- 101-102
N.C, 1925 60 75-86-92-109
N. Dak. 1936 4 55-97-106
' Chio 1930 56 - 65-76-76-83-86-108
Okla. 1936 30 - 42 :
Creg. 1919 33 49-83-105 -
Pa. 1930 62 51-66=69-69~78-59
S.C. 1925 50 73-79-79-96
S. Dak. 1938 44 85-113 -
Tenn. - 1830 50 43-61-81-100
Tex. 1934 50 21-39-43-49-58~65-67- 69~85 86~ 89 94-95~ 96
Utah 1540 55" 44-54
Va. 1920 52 44-51-51-52-T1-74
Wash. 1919 38 0-38-80-99~ 125 127- 133
W. Va. 1930 53 - 44-55
Wis. 1910 60 74-79-95
Wyo. 1924 49 ‘12 65-69-88

* 1nclud1ng Waahington, D‘ C.
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Table 7

COMPARISON CF MAXIMUM RAINFALL AND MAXIMUM THUNDERSTORM-DAY FREQUENCY
© -FOR JULY AT SELECTED STATIONS, 1904-43.

July with Max. Thdrstm Days - July with ¥aximum Rainfall
% Normal % Normal % Normel % Normel
Station Year Th.Days Rainfall  Year Reinfall Th.Days
Abilene 1911 245 336 - 1938 418 94
Amarillo 1941 232 121 1908 211 82
Asheville 1934 159 104 1905 270 136
Atlantax : 1916 149 238 1916 238 . 149
Baker - 1807 308 234 - 1908 442 128
Boston . 1938 200 . 271 . 1921 335 140
Buffalo 1921 242 48 ... 1827 188 136
Burlington 1933 152 is# 1932 226 114
Cairox 1810 173 248 1910 248 173
-Charles City 1942 183 188 1940 274 122
Charleston 1904 203 .. 92 . 1935 258 154
Chicago 1835 180 98 . 1918 - 176 153 -
Cincinnati’ 1917 157 114 . 1926 283 98
Columbia, Mo.* 1924 155 146 . 1924 1486 185
Del Rio 1938 218 118 1906 369 125
Denver ~1918 160 - 184 . 1819 328 56
Dodge City 1504 214 80 - 1811 258 90
Duluth 1913 © 176 170 1909 298 132
Eastport 1817 186 -~ 82 .. 1918 - 188 139
Elking 1913 177 158 1911 i8¢ 93 .
El Paso* 1914 163 ” 276 1914 276 183
Escanaba 1935 - 177 133 1922 221 51
Eureka - . 1935 1000 .80 11916 1340 -0
Fort Smith 1904 200 92 . 1805 251 133
Grand Junctiom* 1929 188 388 1929 288 188 -
Grand Rapids* 1912 176 = 286 o 1912 256 176
Havre 1935 228 94 - 1916 337 129
Huron 1939 170 59 1918 233 - 128
Los Angeles 1936 1000 100 - 1918 900 - 500
Modene, 1906 - 192 173 1916 355 121
Nashville 1838 163 146 1936 206 127
New Orleans 1942 146 1300 - 1940 179 134
New York 1938 193 151 - 1919 187 €0
Horth Plattex 1907 186 264 < -1907 . 284 186
Omeha 1943 209 110 1915 219 151
Phoenix . 1917 205 378 1911 616 141
Pittsburgh* 1943 167 187 . 1943 187 187
Pocatellox 1925 184 - 416 1928 418 184
Portland, Orsg. 1920 500 - 118 11916 418 0
Raleigh= 1931 143 220 .. 193Y 220 143
Reno* 1913 275 833 1913 833 275
Richmond 1913 155 &4 1923 230 124
Santa Fe 1908 162 ' 84 1811 218 118
Seattlex 1916 429 306 . 1916 306 429
Sheridan% 1923 149 522 1923 522 148
Tampa 1804 142 8l - 1906 " 175 124
Williston 1935 171 280 1928 311 158

#*July of maximum thunderstorm deys & maximum rainfall the same
#inimum July Rainfall
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and 6 is maintained. At 13 of the stations the July with the maximum‘

rumber of thunderstorm days is also the July with the meximum rainfall.

‘However, 13 stations had below-normal rainfall during the July of maxi-

mum thunderstorm-day frequency,_an& 10 had below-normal thunderstorm—
day frequency during‘the Julyiof maximum rainfall; Fureka and Dodge
City are the only stations in both categories., Other rather startling

exceptions may be noted. At Burlington,_?érmont, the July of maximum

Athunderstorm-day frequenéy»is actually the July of minimum rainfall,

At Bureka and Portland (Orégon}, the July of maximum rainfall is 8
month with no thunderstorms at all. At both Tampe and Sante Fe every
day was a thunderstorm day during the July of maximum thunderstorm-day

frequency but the associated monthiy rainfall was belcw normal.

Comparison with préoipiﬁation-day'&isfribution

18l It is apparent from the previous discussion that the exist-
ence of any relaﬁibhship between rainfall and thundersﬁdrm'aotivity"‘
varies with time and place. A comparison of the distribution of thunder-
storm days with the distribution of days with measurable precipitation

discloses furthér‘intefesting features of the variable relatidnShipo

'Figures 12-L5, based entirely on first-order-station records (primarily

.

from compafativemaata summaries) show the armual and monthly distribu-

tion of days with .0l inch or more of precipitation, the red overprints

showing the corresponding isoceraunic patterns. The extent to which

the 1ineé of egual frequency‘have been smoothed by using only first-ocrder-
station data can be judged by comparison of figure L2 with the annual

chart of.the same type on page 723 of "Climate and Men.," However, use -
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of first-order-stetion data makes the oharté‘directly:ccmparabie Wi%h,~
the thuhderstorm Chérts“which are based on the same data.

185, A dominant feature of»most'éf'%hese‘charﬁs,'firét observable
on the amual map (figure l2), is the sharp reversal of the’gradieht
of activity. “Except in Florida snd along -the »Guif\éoa"st, the number of
aayérwith measurable precipitaﬁiOﬂfdeCreaseé from north to south where-
as the cofresponding thunderétofm«day gradient is from south to north.
Immediaﬁeiy weSﬁ of the MiSSiSSippi;’hOWBVér, the wéétﬁard gradient of
raigfall* days is similar to the'thundefstcrm—&ay'gra&ient;' The
highést fain~day values are on the northwest ooast, where thunderstorm
days are at about & minimum. Throughout, the numerical values &f days
with rain are higher than thﬁndersta;m;aay values but the ratio of days
with rain to days with thqnderstqrmgkvaries from‘abqut unity,groﬁmd‘v
Tampa and Santa Fe %o a ﬁéiue §O tiﬁe§ as gfeat on the’§aoifiéié§és£;
Figqreskhé tQ h9, to be discussedylater, show the annual and,monthly”’
~ distribution of the ratios,plotted‘a§ reciprocal perpentageé, i,ef, as
percen%age ratios of thuﬁderstorm days to rainfall days.

186, There is liﬁtle variation from the ammual over-all pattern
in January, February, or March (figure L3) except thatkthekcompa?atively
’hi;h reinfall-day values in the Gulf and Florida are,not,yet visible.
The iatter maximuﬁ is‘a'summertime contribution whereas the‘annual map
is dominated by the winter contribution.

187. By April (figﬁre li3) rainfall days have diminished and
thunderstormvdays increaged to suéh an extent that the‘values,are
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% Used as synonymous with "precipitation" throughout this report.
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actually egqual af Roswell and fast approaching equality inAthat vicinity
end in the CGulf States. In May‘(figure Lly) the trend is continued, with
Albuquerque énd'El Paso now Joining Roswell in having more thunderstorm
than rainfall days in that regiona Anotherrtfend becoming discernible
aﬁythis tiﬁe is that stations in the Gulf region - Miami, in particular,
this month = are now approaching northern stations in number of days
with mesasurable rain, ‘The_gradieht throughout has been slowly decreag=
ing 81noe January, and most rapldly along the Wést Coast

188, By'June (figure LLt) contlnuatlon of the 1a%ter trend has ”
established a northward gradient of ra;nfall daeys along all the Gulf |
Coast eicept the Texas portion. Déys wi%h thunderétorms ﬁQW‘exceed -
days with measurable rain throughﬁut Arizona, NeW'Mex1co, the - e&stern
port1ons of Colorado and Wyomlng, and at most‘statlons along the Gulf
Coast apart from.Texas. Both trends are mdlntalned in July and August
(f’igure‘hh)c From the Gulf States to Wew England the gradient of rain
days has become almost entirely northward 1ike the thundeystgrmuday -
‘ gradieﬁt and +hunderstofm.days ndw either equai éf‘éxceed rain days‘
almost everywhere except in tne states bordering Cana&a.< : |

189. September (figure. h5) shcws & return to the Wlnter patteraif

‘Except at statzons 1n the Southwest rain days agaln @xceed thunder-’\

storm days throughout and the ralnvday gradlent from the: Canadlan j¢ 

. border southward shows smgns of reestablxshment Tha pattarn b@ mes |

steaatly more deflnlte in October, Nbvember, and December (flgure,AE)
190, . As pyev1ously mgntlongd, f;guresrhé through QQVShQW'th?‘“
annuel and monthly distribution of the percentage réﬁios of thunder- A

storm days to days with .01 inch'cr more of precipitation. These
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kfatiOs were obb alne& from‘the averages, to wholé numbers, for whlch the
1soceraﬁnlcs of flgvres 28 to 51 and the 1sofrequency lines of flgures
vh2 %o hB were drawn. | | |
"1910 Tbe annual chart flgure Lé, shows all ratlos but one (at'
;‘Alﬁﬁquérque) to be less than 100% and more thanrhalf to be unagr EO%q‘
‘Thé mqnth1y'char£s,‘hbwéver; demoﬁéﬁraté a‘Widexseaséﬁai‘variafian ofi
thé ratio, In January'(flgure b?) the fatios are'natﬁrally smail
‘mostly near zero except in the reglon of appr631able tbunderstorm
:occurrence where ﬁo fatios, however, are much over QOﬁa The ratlos
wmcrease in the follow1ng months until by Aprﬂl (fﬂgure b?) the near=
zerovvalues are:conflned‘to the Test Coastg ‘Tn the v101n1ty of Roswell
kﬁhundérstéfﬁ da&sﬁaféknOW'nﬂmericaiiy’eqﬁainto measurable;ralnfall days;
| 192, ThéyaregiofFeriosxeqﬁaling’lOG% or more grows ra?idiyxuhtil
July emd Augﬁst (figure L8) and tbéﬁ'aeglines rapidiy,. z,éntil by:Octobér
(flgure h9) it comprlses orly the Vlclnlty of Yuma° Theééﬁeé in which
the number of days with .01 inch or more épﬁrox1maceiy(eqﬁalsv%he number
of thunderstorm daysk;s thus at its maximumAfroﬁ.JUne:throﬁg- Augvst |
‘but it is only é fai% épproximatiéh to conclude that therefore nearlyr
éil féin is'associaﬁsd witthhuﬁaerstofmg during this psriod, especially
within %he ares éonsidéred. ’An analvsié of the record at Mbbiie iﬁ |
table 8 shows that evén in ﬁhé thwee mcnuhs, June tnrough Aagust mhen
’dayskw1th -01 and days W“th thunders*orms approach equallty, the number
of days thau can be c¢ass1fled as‘bOuh is only abouu 75% of elther

totals
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TOTAL THUNDERSTORM DAYS VS. TOTAL DAYS WITH .01 INCH OR MORE
- - AT MOBILE, AL&., 1914-3%6

. dan Feb Mar Apr May Jun Jul Aug Sep Oct  Nov Dec
Days with '

0l or more 229 219 198 181 191 237 331 301 191 155 15b  23
Days with

thdr stms 39 52 78 118 12 255 365 332 131 54 30 Ll
Days with both 38 50 75 111 113 186 265 243 85 LI 30 Lk
ﬁuring the o£h§r:m§nth§ the perceﬁtage of thun&erstofmrdays that are |
&180 days With’measurable rain af tﬁé sfafion is often 100 or néariy so,
but as few‘as 20% of thevdays wiﬁh‘moasuraﬁle rain,may'be’thundefstérﬁ
days, fn thé wintertimé; in éther words, there ére‘practidal;yvno
thuhaerstorm dayévwiﬁhout measurable rain at.the same station, A similar
agalysis, cénfined to the summer months; wa.s m&dé of 10myear«records at :

Omaha and Oklahoma City:

Table @

TOTAL THUNDERSTORM DAYS VS. TOTAL DAYS WITH .01 INCH OR MORE
AT OMAHA, NEBR., AND OKLAHOMA CITY, OKLA., 1933-L2

Omaha , - Oklahoma City
June July August June  July  August
Days with ‘ S :
.01 or more 96 71 93 83 Ly 71
Days with , ; ~
thunderstorms - 85 83 82 8l Ly 78
Days with both -~ 71 = 63 63 65 31 56
v At these two stations also, during the months when rain-day and thunder-

storm~day frequencies approach equality, the occurrences actually coln-
cide only about 75% of the time. While in the Gulf region the ratio of
- thunrderstorm days to rain days during this period seldom éxceeds 120%,

at sbations in the mountain’regions of the West it often goes to 150
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and 200% and even higher. This explains the 111-defined relationship = ' -
between increased~thunderétorm activity and inérea§ed average fainfail
in the latter regio:d° As the frequncyiof thundersﬁorms increasés
.during the summer, more of the thunderstorms occur without rain at the
reﬁortingfstationsu;~lt is not so well known that there is a similaf
.ﬁeffegt, théugh:less-pronounoed, in the Gulf States.

193, It does not foilsw from thé sbove that the?e are necessarily
‘a considerable numbér of‘thundérstof@\situations in which thefé is no
fainraﬁ ai1, E#eﬁ’When every thunderstorm‘éﬁent is accompanied by’rain
tﬁat does not évaporate before’it reaches the réin gage, There are twd
important possibilities Whichkwould influen#e the oompérative frequencies -
df ﬁhunder and of measuraﬁle ?recipitaﬁion as §Eserve& E&gindividuai
éﬁéﬁgﬁnsowyThe’first aﬁd mo?e obvigué péssibilify is £ha€ the’aréak’
experiencing rainfall during the %huﬁdefstorm event’may be smaller
than the area in which thunder can be heard. This seems to characterize
local or seattered thunderstorm occurrences. The resultris that the‘
station reports a number of thunderstorm days without measurable rain,
However, there is the‘éltefnate possibility that the %rea experieﬁcing
rainfallyduring'fhe thunderstorm even may be larger than the area in
which thunder can be heard. This does not seem so likely, but'ekamina-
tion of éynoptic charts indicates that. such circuﬁstaﬁcés are'espeqially
characteristic of the widespread or general thunderstorm situation. If ‘ “
the area of thunderstorm cccurrence is,defined solely on the bhasis of
stations reporbing thunder, the events often seem sporadie. . Bub if the
stations reporting only showers (or even only cumulonimbus clouds without

showers) are also included, a continuous area of occurrence can be oublined,
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an area which 1is homogeneoﬁsly related to the frontal or dynamic flow
pattern which appears to be the causal factor. An extreme case is the
winter thunderstorm situation in which there is widespread fain but;few
and scattered reports of thunder; this type of situation may also occur
in the summer. The result is that meny stations will report measurabie
precipitation without thunder althodgh'thektwe phenomena are actually
assoclated, |

‘19l;.  The data tabulated by Hamrick end Martin for Kansas City'(u>
make possible a comparison’of the frequencies of days With .01 inch
or more of preoipitation with the frequencies Qf days of precipitation
above a higher limiting maghitude. Figure 50 graphs the frequencies
of several classes of such days. The monthly variations of the fre-
quenoies are similar and resemble the thunderstdrm—day'variation, also
plotted in the figure. ‘The prinoiple'cannet, however, be extended ﬁo
other regions without a like ahalysisn A similar graph of frequehcies 
by hoursyrather than by days is shown for Peorie, Illinois, in figurek51;
based on de£a by‘Fﬁller (17)ok'Here, the precipitation eurves are’com~
pletely out of phase with the thundefstorm curve, ekeept in theyhighef

intensities.

Comparison with daily-intensity distribution

195,‘7The variable;effeotiveness,of a thunderstorm regime as a
rainfall-produeerkcan be further analyzed by a commrison Qf’the dis-
tribution ofvthundersterm days (figures 28 to 31) with the disbribution
of the 2li~hour rate of rainfall on calendar days having measurable rain.,

For convenience the latter value will be called the daily intensity.
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These intensity valués were obtgined by dividing average:annual or
 monthly rainfall (figures 38 to 41) by the average number of days with
kﬁeasurable rain for the period (figufés L2 to L5). The;isohﬁets of
average .daily intensity, for the year and for each month, are presente&‘

in figures B2 through 55, Vot avallable in any form in the published
(21) ’

literature until recently , the charts are of interest in thém~
selves as Wéll as for comparison with tﬁe thunderstorm distribution
shown as a red overprint. Although the usual reservatioﬁs‘cﬁnéerning
the accuracy of the ischyetal details should be made, the values can
serve as a guide’in the quantitaﬁive forecasting of rainfall, However,
the values are neoessarily compounded of a wide range of,intensities‘
of unequél frequencies. For the purposes of<the current report it
mpst be reﬁembered that the dailly intensity corresponds to the average
thunderstormnday‘intensity‘onlykwhen thunderstorn days and measurable-
rainfall days are the same., However, there are periods and places when
- this coincidence is approached; and at other times and»places the
direction, if notkthe magnitude, of the effect of increased thunder-
stérm activity on the daily intensity may be seen. The effect is not
always the expected one.

196, The snnual map (figure 52) is representative of the charts
which folléwﬁ East of the 100th meridian‘its‘resemﬁlance ih pattern
kto the thunderstorm#day pattern is striking. On both charts the value
7 at New Orleans is about three times the value at Houghton, Michigan,
and the relationship is roughly the same elsewhere in the vicinity of
these stations. The Florida peninsulé, particularly Tempa, has

anomalously low intensities. The highest intensity values are in
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northwestern Florida. WNeglecting the Tampa thunderstorm maximum, this

mesns that intensity and thunderstorm maxima are coincident in this

-region., The thunderstorm maximum over the eastern slopes of the

Rockiss, however, shows no apparent effect upon the in%ensity. O

ﬁhe“Wést:Coast, as usual, the intensities are in a class by themselves:

- high despite meagerness of thunderstorm activity and,high deépite the

large number of rainfall days.
197. Compared with the annual map, the January chart (figure 53)
displays lower intensity values almost everywhere except on the Wést‘»

Coast and on the Gulf Coast from New Orleans to Apalachicola. The 0,1~

~inch isohyet dipping southward over the Plains and Rocky,Mbunﬁain

‘States coincides approximately with the area of absolutely no thunder-

stborms. Most of the aréa within the 0,3-inch isohyet corresponds to
the area within the l~day isOcerauﬁie, In February (figufe 5%) the
intensi%y‘pattern.is practically unchanged. A slight northward dis-
placement of the 0.2-inch ischyet reflects the expansioﬁ of the l-day .
isoceraunic and an eastward exbtension of the 0.l and 0.5~inch isohyets
corresponds to the épread'of~thev2—day isoceraﬁnice' Eﬁoept on the West
Coast, intensities have increaéed° The same trend is continued <in
Merch and April (figure 53) but the percenﬁage increase in daily inten~
sity is only é small fraction of the percentage increase in thunderstorm
days.  The greatest increases are in the Gulf States, where 0.6- and
O,T;inch isohyets appear ip Lpril on the immediate coast, somewhat dis~
sociated from the maximum thunderstorm center which persists northm@st
of the meximim isohyets. The April deily intensity of 0.77 inch at New

Orleans, incidentally, is never exceeded in the months-falloﬁing,
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despite the continuous thunderstorm increase through July. This is
also true of many other stations in the same‘region,

198, In Mayi(figure 51) there are definite breaks in the con-
tinulty of‘thevintensity'patternq The high intensities of the Wést‘
Coast are disappearing. The region of maximum intensity has been dis-
placed to Fast Texas, the region Where Mey is the month of meximum
thunderstorm,activify. There is also & notable isohyetal extension
northﬁard from this region, its axis corresponding approximately to
the axis of the maximum thunderstorm centber for the month. A new in-
tensity maxiﬁum appears in southeastern Florida, lagging behind the
appearance of the isoceraunic maximum in the same regioh the previous
month. More or less symmétricai with the Appalachian Ridges, a sharﬁened
isohyetal trough Becomes evident, made more definite and elongated (as
compared to the previous month) by an actual decrease of intensities im
its southern portion, aithough throughout this area a seasonal increase
“in thunderstorm activity has dcourred,

19?. There is in June (figure 5L), as there was in May, an over-
all decrease in intensities except in the general region from Fast
Texas ndrfhward, in the states bordering Canada,'and in Florida. Even
oﬁ‘the eastern slopes of the Rockies, where a Secbndary thunderstorm
‘meximum emerges in June, there is a slight decrease in intensity.
‘One‘offfhe effects of this ﬁféna isvﬁq‘réduéé*tﬂejébﬁﬁhaﬁorthﬁgradien%
of intehsity in the eastern half Qf the»éountfj;‘ E%éréas the'decreaée
from Gulf ‘o Canadian border waéias higﬁ as‘C.B«ihChvin Apiil iﬁ*ié‘nOW"’
sbout 0.1-0.2 inch. The ratio between Culf am Canadian-border

intensity, which was about 3:1 on the.annual map and Ll in April, is
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now reduced to‘about 3:2, This is the begimning of the season when
thunderstorm days and»rain days approach nﬁmerical equality over much
of the country; thus the intensity pattern over the eastern half of
the country may be taken as evidence that in midsummer there is no
important variation in the intensity of thunderstorm(rainfall through-

out this region. Furthermore; even by strict interpretation, most of

the summer rainfall is thunderstorm rainfall, - The significant varia-

tion begins west of the 100th meridian. .

| 200. The only important changes by July (figure 5l) are =
sharp decrease in intensity over the Florida peninsula (although -
thunderstorm days are still Qn the increase) and'a substantial inten-.
sity increase along the Middle Atlantic Coast. The latter,'an\effect_
of thé4hurricane season, is continuved in August (figure BLJ‘and by
September (figureySB)(has also feaghéd the Florida east coast. During
these three months the isohjetal‘ridge from East Texas %o Minnesota
and Wisconsin is‘maintainedvand,,by’Sep%ember, even s%rengthéned. Only

in‘thg last month does‘it coincide with an isoceraunic ridge, and then

'only'partiéllyov Along the eastern slopes of the Rockies; during these

months, neither the growth‘nor‘therdecay of the thunderstorm,maximum
in the region shows any appreciabie effect on the daily intensity.‘n‘
201. During the last three months of the year (figure 55) there
is the usual recession Gulfward charaoterisﬁic:of the winter pattgrﬁ; 
while on the West Coast intensities increase. An appréciable afea~of 
intensity unde: O,lyinch appears again in November and’iﬁ‘is a?proxiQ

mately the seme as the area of zero occurrence of thunderstorms.
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202, One of’the weaknesses of-the CQmpariSOn between thun@er-r - .
stormﬂdayifrequency'and average’dailyfintensity'is that the latter is an
average for Both %he days with end the days without thunderstorms. it
seemed probable that the effect of thunderstorm freguency on daily in-
tensity would be made more obvious if the two types of data could ber
separated. A pilot study was therefore made of the record at Mobile,
Alabama,‘for th§ yeérs‘IQibﬁié. Even with simplifying‘assump%iOﬂs Sucﬂ
as thé gssociation with the thunderstorm day of all the rainfall within
the same'calenaaf day# time did not permit the eXteﬂsién’of the study
to othér~representatiVe étafioﬁs in order to determine regional differ-
ences, if any. T@e results for Mbbile3‘given in table 10;’are suf fi- : o .

ciently inberesting to make such an extension worth while.

Table 10

THUNDERSTORM AND WON-THUNDERSTORM DATLY TNTENSITTES
S - AT MOBILE, ALd., 1911-36

L  Daily Intensities (inches) on Days withs
01 inch Thunder~ Thdrstms and .0l or wmore and T or more and

.Month .-or more storms. L0l or more no thdrstms no thdrstms
’ (1) . (3) (L) (5)
January - .55 .91 o LG5 - Whb o .36
February 52 1,01 1.06 W36 W27
March W63 1,190 - 1.2l : .25 \ W16
April .57 LT LE82 .20 : 11
Moy W53 W5l 68 32 .18
June 6 39 L .53 .20 L11 o
- July L WB0 U39 L W53 38 .~ ' -
August Ly 036 Wbl R I's) o .20 ’
September .55 oo 62 e <30 .
Ocbober .59 790 96 b 230
“November .58 1.17 R SO A ST 351

December .50 .98 .98 | :39 .29
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205, A comparison of the first two colums ylelds a somewhat
unexpected result. While the daily intensities are abouﬁkdoubled on
fhunderstorm_days during the winter months; the difference between
the two classes of intenéity is decreased btoward. the summer‘mﬁnths and
finaliy reversed from\Jﬁne‘to September{‘inclusive; Ai first glance,
this séems té say that’more rain fallé on/individual thunderstorm days,
in winter than in summer and tﬁat, fﬁrthefmofé,'ﬁhiié;fhunaérstorm
days have more intense rainfall than non—thundersﬁorm days in winter,
they‘actﬁélly'héfe less intense rainfall in sUmmer; The latter state-
ment, in particular, isyébntrary ﬁo po?ular’éXperience and Eelief andﬁ |
is in fact not the truth, as furthér aﬁalysis will iﬁaacaee‘;

20, In the fifst'plaée, the aétual duf@tion7or'hour1y ffeguehcy
of the fainfall ié not considered in’this tabulatién. Someﬁﬁagérialyén'
that subgeot ig present°d in a later %ectlon on thé dlurnal varlatlon
of ralnfall, at this time it is sufficient to recall tha well known
fact that winter ramnfall is usually”of longer duratlon th&n summerbu
,rainfaii,kwAllmday réin is not uﬁiikeiy‘in ﬁintér;'wherééé the summer&\
hype’is mére 1ikély torhave’a’dufatioﬁ bf‘éﬁcufyoﬁé hoﬁ;.:yThevuse;of o
2b§hour intansities‘éfobably ohliﬁeratés ﬁﬁe iﬁpéﬁﬁéﬁé difference$~in.
actual or hourly 1nten31bles. It éflll‘remalns true, however, tﬁat
- the w1rter thunderstorm day is by far a heav1er ralﬁ-produoer than _
the winter non-thunderstcrm day,Viffb ;‘ V |

205. ~The other fact to be recalled ié thaﬁ fﬁundéfétofﬁ Aayé'
are: not necessarlly &ays wzﬁh appreclable rain or’ even days w1th any
rain ab all at ﬁhe seme staulon {paragraphs 190—95) Whlle this is popu- 

larly‘known to be true of thunderstorms in the western part of %he Un1ﬁed
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States, it is significantly true éﬁan-in'the Gulf States, as has been
shown (table 8). A4t Mobile the monthiy'varia%ién in the occurrence of
thunderstorm'&aYS'with 1e§s than .01 inch of rain (i.e., With/trace or
zefo)fisigiﬁeﬁ in the following table:

Taézé 11

TOTAL THUNDERSTORM D%YS WITHOUT MEASURABLE RAIN ,
: - AT MOBILE, ALAe, 191bp36 '

“; Jan Feb ﬁar Apr May - June July Aug Sept Oct Nov Dec_
Days 1 2 3 7 29 69 100 8 L6 10 0O 0
These occurrences are included in the thunderstcrm»&ayyihtepsities of
‘column 2 offtablg 10‘an§‘thsir chief effec% is t§ reduce’ﬁhe;daily
inteﬁsitiés fér the summer months, The intehsitieé of célumn 3 of
tabTe‘lO are’dergfed after’ellmlna;lng the ocourrences of table 1l.
The reéult is an increase over the values of columnVE in Summefibut
no change; or practlcallyynone,yln wxntergv For all moﬁﬁhss now; fhe
1ntenslt1es on days w1th thunder5uorms excesd the 1ntensztles on days
Wzth‘;o‘ 1mch or mcfe of precipit atlonv(w1th or w1thout thunder)

206 A more‘approprlate comparmson would be with the 1nten31tles
of column ha Whlch are dally 1nte381tles on days w1th .01 1nch or more
bub wzth no thunderstormse The 1nten51tles of column 3 are all greater
end by a greater mafgln then prevxouély, but the dlfference is stlll
greatest in winter months. |

QOT,k Aﬁotﬁefkcémpérison eaﬁ be‘maderbétween the inﬁensitiés of
column 2 and those of column 5, the 1attér conualnlng thervalues on

days with a trace or more but Wlbh no thunderstorms. Between these
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two;'the differences are the greatest and are all in favor of the
thunderstorm day.

208. From the data basic Lo the material in table 10, it is
also possible,ﬁo deiive’approximate values for the percentage of total
réinfall aSSOGiQted with thunderstorm activity'if,the;assﬁmptién is.
made that all the rain‘oﬁ a thunderstorm day is thunderstorm rain.

Table 12 lists the percentages:
| Tsble 12

PERCENTAGE OF RAINFALL ASSOCIATED WITH THUNDERSTORMS
AT MOBIIE, ALA,, 191u,36
Jan Feb Mar Apr May June July Aug Sept Oct Nov Deo :
Porcont 29 L6 75 8 76 91 8 8, 51 L7 39 37

The summertime maximum and the wintertime minimum are well defined.-

Comparison with distribution of selected intensities

209, A.recent study by Dyck and Mattice (22) G ontains tabulations
- of two classes of excessive rain occurrencess (1) rainms Withfat‘léasﬁv
one ﬁéur1y amountigrea%er then 0.99 inch, and (2) rains with at 1ea3t*”
one 2li=hour amount greater than 2.4,9 inches. Thirty'years of record,
1§08;37; were studied at 155 Pirst-order stations, only two of which’
‘(Nofthfield; Vermont, and Lynchburg, Virginia) had loss then the 30~
year récord, In this discussion, thé oécurrepces will be referred to

as 1.0%/hour and 2.5"/day ocourrences, respectively. Their annual snd.
monthly distributions are shown in figures 56-59 and 60-63, respectively,
with the usual red overprint of”theydérféSpbn&ing thunderstorm distribu-

tion. The charted values are all totals for the entire period of record.



v The lines of ecual frequency ‘have not been exoeéslvely sméothed theyf
1nd10ate the comparatlve nonwunlformlty of the data as well as ﬁhe: N
scattering of'statlons, The Qccﬁrrence of;suoh hlghylntenslt;es %t
a part§Qu1ar station (ovér-a parﬁiculaf.rain1gage,itb”ﬁe'exact) is'
relafively'SG infrequeh% that evenlEO yeafs'df record does'not‘give

& uniform distribution in what is, as far as known; a meteorologlcal v
homogenequs reglon.

210. Nevertheléss, the annual charts (figures 56 and 60) f§r
both in%ensiﬁies show clearly‘enoughuthe %elation hitherto’seen be—
tween dlstrlbutlon of 1nten81tles and dlstrlbutlon of thunderstorm
days. Bast of the 100th merzdlan there is the usual 81m11ar1ty of
battérn, with max1mumAva1ues on the Gulf Coast? The Florlda‘lsoceyauwy
aic maximum is not reflected in dué proportién butrit is\refiected'(
V@gre defiﬁi£e1y'bn‘the l;O“/hour ¢hart than on tﬁé 2,5”/Hay'oharta:.

The Rocky Mountain thunderstorm maximum‘finas ﬁo corresponding featqre'
on either of the charts. On the West Coast,'the scarcity.of 160"/hour
rains corresponds to the thuﬁderstorm.scarcity,rbutkthe,2,5"/aay'rains,
have a comparativeiy high frequeﬁeyu_ The highest frequency of 150"/
hour rainsyis;about 10% of the thunderétormwday frequency, such a
frequency occurring on the Gulf Coast. >Elsewhere thé‘ratio is betweeﬁ
5 and 10%, in generai-diminiShing with increasing distance from the
‘Gulf.w Apart from the West Coast, the 2,5§/bayﬂffequencykis, on the
‘average, about ome half of the 1,0"/hour fregquency.

21l. Alongkthe Apyalachian Ridge both annual intensity charts.

indicate an épparent inhibiting effect witthreater emphaéis than

the thunderstorm chart, They indicate a similar effect in the region
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- of the Oéarks althoagh there it is completely absent on the thunder-
storm ghért."The iaﬁter phenomenon is probably an exeample of the
'1ess¢r frequeﬂéy of rains of high inﬁensifyvat higher elevations, é
phenémeﬁon noted elsewhere,kspecifically‘in’the Hydfomsteorological
'Section’s repord oﬁ the Sévier Basin (23), Although ﬁha%krenoft
covers a reglon which shows scarcely any 51gn1flcant act1v1ty of the
1. O“/hour or 2. 5”/Hay'categor1es, the pertlnent flgurs from the
report is reproéuced here as flgure 6&, to 1nd10ate the nature of ﬁhe
elevatlon effects The oby;ogs explanatlon is that at h;ghér eleva-
t;oﬁs’the preclg;tablémwater content.of the aﬁmosphere’is gensraliy
less, ju%t’as the_ﬁéss of airuis‘alwayshless,; While tﬁis’serves’to
decrease ﬁhe fgequencies of higﬁyinﬁensities, if must be }émémbére@"j
thgt the‘numbefypf’occgrrences of ;ow§r iﬂteﬁéities is usually in- ‘
ereased by the ﬁiﬁﬁw&rdkor§gf§phicﬁeffect.{ | | .

212, A detéilaé discuésion of the monthly'charﬁs‘would bé
largely a repétitién of préyiqus diséuésiqns of the,rginfailéf ;
ﬁhun&efétofﬁ rélatioggﬁips,, ihgkcbarté ére re?roducéd’to ¢§ﬁplete
%he availaﬁle reoord,( Théy‘exﬁibié ﬁd radical changes»in thé basia
annual patﬁefn nér 1n the general resemblance oetween 1soceraun1c
and frequency patterns. They show; of course, the Wést Coast 2 5”/
day maximum to be entlrely 2 w1nter phenomenon. In.other revlons
also, 1tyls noticeable that in Jenuary, F@bruary; and March the
area covered by 2. 5"/aay'occurrences 1ncludes the area of 1 D"/hoﬁr
occurrenees and that even w1thin the area‘of 301nclden§e the 205?/aay
ocourrences elther equal or exceeé the 1 O“/Eour occurrences. :By"

Aprll the areal difference is diminished though stlll of the same



sign, bub the 1,0"/hour occurrences are begimming to exceed the 2.5"/Bay

~ occurrences, es?ecially iﬁ’the Gulf and Florida seétions, ’Ih the
following months'this trend is continued; so that by’midsummer PP
‘rences of 1 O“/hour intensities exceed by an averaga ratio of three
to one, the 2. 5"/Hay ocCUrrences. The latter4actually decrease in
pumber except albng the\&tlanfic Coast in the hurricane season, July
to Septémber,'and from East Texas to Iows in SeptembérQ By November
the returﬁ to the winter~type félatianship,again becomes viéiblee
213., It seeﬁéd probablé thatka more useful cbmparison could be
made EetWéen thundéfé%orm~day frequéncy“ané the frequency of éxcessivé
rainfall for shorb periods since ‘$hunderstom rainfall is bebber
defiﬁédAby such & class Cf‘intensifies'tﬁén by a class of séécificb
intensifiés of rather low fréquendy suéh es discussed above. The
Weather Bureau mekes an annual ﬁabuiatibn of the cécﬁfrenées'bf ex~
cossive ralnfall* 1nyﬁhe Mﬁteorologlcal Yearbook formerly the Report
kof the Chl@f of the Wéather Bureaua U31ng these tabulatlons, Yornell
has publlshed monthly charts of the freéuency‘di35ributién'ad ﬁages
62~67 df his pamphlet‘(eh).‘ A cdmpafiSon’betWGeﬁ thunderstorm-
&1str1butlon charts and Yarnellfs charts of ’éiéeséivé fainstormsﬁ,
however, is mlsleadlnge Although the latter freguencies shdw the'
ﬁsual’Gﬁlf maximﬁm; it is occasionally exceeded by'maxima much

* Defined by the formula: D = t + 20, where D is accumulated depth
in hundredths of inches and t is time in minutes, except in the
Southern States, including North Caroline, South Carolina, Georgia,
Florida, Alabama, Mississippi, Tennessee, Arkansas, Loulsiana, ‘
Texas, and Oklahoma. In these the formula is: D = 2t + 30,

s
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farther norﬁh, Thls wnuld be extremely 1nterest1ngs if real but uhe

fact i's that the tabulatlons in the. Néteorologzcal Yearbook (o? Report

of the Chlef} do ‘not list all excesszve~ra1n occurrences in the

‘,Southerﬁ States, as deflned 1n/the'footnote, ~In,ﬁhese reglons,

generally, only thoéekétorms.are listed in‘which'énekinoh;or more

fell in oné hour.: The efféct of this geographical discontinuity in

eriteria is not oniy‘to reduce, the frequency gradient frbm.the Gule
northward but also; apparently, to change the gradieht occasipnaliy

in the vicinity of thé discontinuity.

Comparison with aresl-rainfall frequency

21y, A compiletion of the average depth of WEekiy‘precipitaﬁion
oﬁer each climatic section of the United States made it péésible'to '
depaft from the usuél pointnrainfall invéstigation; The compilation‘ 
was made by a joinﬁ:WPA-Wéathér Bgfeau projecﬁ’in 1937-38 and'eovefed
30 yearé of record, 1906~55.f The‘ﬁeeks were numbered cchSecutively
beginnimg wifh Januafy 1 and the depths fof éaoh climatié section wefe
obtained fTom#én ariﬁhmeﬁical‘éverage of the point rainfall ffbm é .’
station ne%Work of one station for approiiméteiy 700 square miles,

215, TFor the présehﬁ pﬁfposé/thekstﬁdy was confined to the
afsa'éfyfhe United States east of the Rockies. This was necessary
beoaﬂsé of the’variability of rainfall with topography in the western
mountainous poftidn'of ﬁhs oéﬁnﬁry; An arithﬁetieal average computed
from stationsvhaviﬁg‘radically different ek?osﬁreskand‘elevations
ﬁdﬁid be of 5oubtful acCUracy as an average depth over a olimatioc

section. PFurther study is necessary before the western records can
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be used fof'thé‘détermination of‘areal”frequeﬁoiesa‘-Also, since the":‘ ~ “
interest of a report on tnund@rstorms is prlmarzly in summer . ralnfall

this study was restrlcted to. the Warm‘season, and the weeks numbered I - e
1h~39, Aprll 2 - September 30, 1nc1u31ve, Were selected for analy31s

216, TFor each sectlon a frequency tally was made for the S&=

1ected weeks, using class 1nter¢als of 0. 10 1noh for the lower values*

of reinfall., In order to obtazn;suff;clent pq1nts in the‘upper4

portion of the frequency curve, ﬁhe'ekﬁfame réinfall‘valgés Wére

groﬁped in descending order of magnitude With‘a éepérate’rank nuﬁb@r

assigned to each value. The second sﬁep was to complle a cumnlatlve

frequency array from the maximum. weeklj ra;nfa‘l for the sectlon down
to a lower limit of one 1nch. Slnqe the uota; number of years was 30,
the return or recurrenoeyintervalfWasrequaliﬁo BO/N Where;N’ié thélraﬁk N
number in weekS«‘ The reéurrenée inﬁerval wés ?iotﬁedrggéigs%~réinfa11<k
depth on a §~gycls semilogarithmic chaft on Whiphy it‘wasvfpuﬁdg'the'
frequency curves were fairly straight,‘ & smoothed éurvé ﬁas‘finally‘
drawn through the plotted points, with greaﬁer welight being’given‘té
the lower rainfall‘values because of %heir:greater;reliability,'
Figure 65 shows suéhba curve for southern Wisconsin.

. 217. Valqes of réinfall depth fo; selected recurrence inter?als
were taken from these ourves‘and'plotted at the centef bf’thercorrea
spondi ng climatic sect10n°A Maps drawn for recurrence*inﬁérvals of 1,
2, 3, ‘5, 10, 15,,20, 25, and 30 years ér,ééasons are reproduced in
figures 66 and 67, figure 66 incluéing”a map which gives the area in
- square miles for each of th@ysactiogs inrfh@ compilation. The

isohyets were drawn on the assumption that the wvalue for each section
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wa.s fepresehtative of the cénter of the area; Some inaccufacy was
probably'introducéd where the sections are long and narrow. The
southern Alsbama section, for exgmple, is elongated in an east-west
direction. Because its major axis thus tends to @arallel the ischyets
of greatest mean monthly raiﬁfall‘alqng the Gulf Coast (see figure LO),
it éxperiénceswgreater rainfall, For the longer.reeurrenoe4intérVals,
this produces a distortion of pattern in the isohyets that is probably
not nafural,, It must also bevremembered that the basig data for the
analysis consist of depthsfor standard or calendar weeks{‘nonsténdard,
7-day périods Would vield greater depths, Howéver, the generalyisbhyetal
patterns,of‘thesé charts furnish a useful guide to the probabilities of
speoific magnitudes of weekly areal precipita%ion for any locality in
the eastern United States in theksuﬁmer season.

218, The patterns show a consistent decrease in depth northwerd
and westward from the Gulf source of moistura With'some)reversal of the
gradient in mountalnous areas such as western North Carolina, The
greatest depth to be equaled or‘exceeded in any éf the given intervals
occurs along the Gulf Coast and varies froﬁ %.8 inches in 1 yeéf”td‘5'
.7 inches in 30 years. ’Thé patterns agréé, in génefal,VWitthhe
summe r iéoceraunic patﬁeras and with the isohyetal pattéfn’éf'ﬁarmé
season precipitation on pagé 712 of "Ciimate end Man." Two differences,
‘howevef,rcan be noteé.A‘As the recurrence intefﬁal incréaéesyabo?e 10
years, the depﬁhs to'be'eqﬁaled or éxceeded bécomé anomaioﬁsly low over
Florida and Miésis'sippio These differences‘ﬁay’be due in part to the

distortion in the southérn Alabame region discussed in the last paragraph.
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ngWeﬁér; thére;afé[élsc‘fewer pointé &éfiningxthe’curve for greéferj
fécuffénca iﬁﬁefvaig,‘7 _ -
V“219°vfThe«méps‘may.be;GOmgared;With“thépoint-raiﬁfallvisQQV
pluvial,charts‘p;eéaréd’byfthe Mia$i CénéervaﬁgykDisﬁfict'(25),«,The
genéraifpatﬁernérare«thé samé, except fot the Mﬁésissippi”ané‘Florida°
minima, which are miésinglinyﬁhé Wiami charts. Iﬁ'iéjalso not sur-
_pfiéing that the beday isépiaviaz.vaiues of point rainfall for the
Vsaméyfr@quenéytare much highér;thanlthe‘weekly areal values. Hdwe%ér;
the"aréal‘values.are'also exceeded‘b§ ﬁha"ﬁaday, and in some Seétions
even by the 2- and léday,Ai30pluVial values. In order to show a
‘geﬁéraliZedeersion‘of‘thé;relatiOQvbe%ween'fainfall frequency aﬁdi
: éréa; ﬁhrée'different freéﬁénéy’curvés were developed for the South~
west Missouri sections (1}'f§r the entire seotion of sbout 26,Q00
square milés;f(Q)'for_a SQOOcusquarGQmile'area‘qentrally located |
Within"ths secﬁibn;’andv(B) for & point (W&rsgw, Missouri) within

* the BQDOO-SQuare-milé area. Figure 68 shows the three curves.

Compérisqn,with hall distribution

220; ,Althqugh the occurrence of hail is genefally associated
ﬁith the occurrence of thundérstorms; it has long been known that the
~geographic distribution ié not‘ﬁbe ssme,. Lhe world;wide pattern of
hail ooéurrence seems to be charactefized by greater frequencies’
in the ”continental interiors‘of middle latitudes, diminishing sea-
ward, equatorward and poleward" (26 %v Locally and seasonally, as
for instance in the United States in May (figure 30), a simii&r

“

thunderstorm distribution is observed, but in the over=-all pattern
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anly'thenpoleward decrease of activity is also characteristic of the

thunderstorm distribution.

221,. To provide the material for a detailed comparison bf the

two distribution patterns in the United States, the hail-day data

were collected in the same way as the thun&erstofmyday data,vthatfis;:

from the L0 years of‘recbrd, 190l~13, published in~the‘annua1kvolumes'

’ydf the Meteorolégical Yearbook (formerly Reports of the Chief of~the:

‘Wéaﬁher Bureau). The total number of days with hail at each of the

stations andkthé length of station record within the @eriod are giVén

in table 13, which is thus comparable, statiOn.by‘sta%ioﬁ and month‘hy

month, with table 1. The lines of equal frequency based on the average

armual and monthly values are reproduced in figures 69-72, with’redbf‘

overprints for the corresponding thunderstorm distributions.

222, For the same stations thé maximum numbers of OCCUrTences

for each calendar month and for any year during the period of record

are listed in table 1. The minimum numbers of occurrences have not -

been tabulated;yﬁhey*are 2ll zero except the minimum annual numbers of

bccurrences”at the following 23 statiomst

Albuquerque, N, Mex.
Cheyenne, Wyo.*
Dallas, Tex.

Dodge City, Kans. |
Drexel, Nebr.
Dubugue, Iowa
Bllendale, N, Dak.
Eureka, Calif.
Flagstaff, Arig.*
Groesbeck, Tex.
Hannibal, Mo.
Helena, Mont.

Huron, S. Dak. .

Kansas City, Mo,
Lincoln, Nebr.
Missoula, Mont.*

Mt, Tamalpais, Calif,
W, Weather, Va.

Red Bluff, Calif,.*
Saenta Fe, N. Mex,
Tagon Wheel Gap, Colo.*
Wichita, Kans,
Yellowstone Park, Wyo.
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Station

Apilene, Tex, -
Alvany, N. Y.
Albuqusrque, N. Mex.
Alpena, Mich.
Amarilio, Tex,
Anniston, Ala,
Apalachicoln, Fls.
Asheville, M, C.
Atlants, Ga,
Atlantie City, E. J.
Augusts, Ga..
Austin, Tox.
Baker, Oreg.
Baltimore, Md,
Bentonville, Ark.:
Binghamton, N, ¥,
Birmingham, Als.
Bismark, ¥, Dak.
Block Island, R. I.
" Boise, Idahe
Boston, Muss,
Broken Arrow, Okla.
Browmnsvills, Tex.
Buffals, N. Y.
Burlington, Vt.
Ceiro, T11.
Canten, N. Y.

Cape Henry, Veo
Caps May, N. J.
Charles City, Iowa
Charlsaton, S. C.
Charlotte, ¥. C.
Chattancoga, Tenn.
Cheyenne, Wyo.
Chicago, 111,
Cincinnati, Ohio
Clevsland, Chie

. Columbin, Mo.
Columbia, S, C.
Columbus, Ohio
Concord, N, H.
Consordia, Kans,
Corpus Christi, Tex,
Dalles, Tex.
Davenport, Iowa
Dayton, Uhio

Lal Rio, Tex.
Denver, Colo.

Des ¥oines, Iowa
‘Detroit, Mich.
Devils lake, N. Dak.
Dodge City, Ksns.
Drexel, Nebr.
Dubugue, Towa

Dus West, 8. C.
Duluth, Mimn.
Eastport, Maine
Eikins, W. Va.
Ellendals, N. Dak.
El Psso, Tex.
Erie, Pa.
Egcanaba, Mich.
Eureka, Calif.
Evensville, Ind,
Flagstaff, Aric.
Ft. Smith, Ark,
Ft. Wayne, Ind.
Py, Worth, Tex.
Fresno, Calif.
Galveston, Tex.
Grand Haven, Mich.
Grand Junction, Colo.
Grand Rapids, Mlich.
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Table 13 (ocontd}

Station Yra. J F ¥ A ¥ AR | A s 0 N D Am.
Groen Bay, Wis. Lo [5} [+ 5 9 12 7 3 3 3 E3 [} é2
. Gresnsbors, W. C. 14 2 [} 1 2 3 2 .1 1 1 o o 1 Uy
: Groenville, S, C.. 21 1 2 1 5 5 L 4 1 1 [+} T 1. 2
Grossbeck, Tex, 2 1 2 s 5 & 2 2 s} o o 3 1 27
Homibsl, Ho. 29 2 L o 2 - 20 16 3 5 0 3 3. 0 %
Harrisburg, Pa. Lo [o} 1 1 11 . 1w 7. 8 L 2 3 [} [} 57
Hartford, Conn. 39 0 [ g . s 11 1215 7 .1 1 2 1857
Hstterae, ¥, C. 29 [+] ° 1 3 7 o 1 [+] o o .0 2 L
Havre, ¥omt, Lo o o 3 10 26 22 13 8 8 3 o 0o %3
Heolene, Hont. Lo [»] [ 1 10 35 &6 L2 20 12 I 2 L 197
Houghton, Mich. 29 0 o 2 Y 7 3 8 5 8 2 0 0 - k2
Houston, Tex. 3 - 4 5 T 8 8 z2 - 2 o ] 1 -1 z I
Hurca, Dak. ho o 0 3 8 28 29 19 20 ] 3 1 [ 13
Independence, Calif, 18 ] ] 1] 3 o] 2 o 0 o] 1 o - o0 b
Indianapolie, Ind. ho 2 L 12 18 21 11 bih 4L L 2 i 1 Sl
Iole, Kans. 26 0 L 15 18 18 12 2 [+ ‘2 3 3 2 . 7m
Ttheca, N. Y. 15 - 0 0 1 0 3 5 6 L 1 0 0 5} 20
Jacksonville, Fla. Lo 0 1 2 5 7 13 2 2 1 1 0 -1 - 35
Jupiter, Fla. 7. ] ¢} [e] 2 1 [} o] [« o] Q V] 0 3
¥alispell, Mont. Lo 0 0: 3 4 19 25 - 19 11 8 3 0 0., R
Rensas City, Mo. o 3 5 28 35 w2 2l 7 8 7 10 5 i s
Keokuk, Iowe 28 0 I 15 18 26 10 7 8 8 3 7 21
Key Weat, Fla. Lo 0 [+] 0 [} o 1 1 o] ¢ 0 Q 0 2
¥noxville, Tenn, Lo 2 L ) 19 12 16 7 8 3 3 1 1 82
La Crosss, Wis. [ 1 o 3 23 19 15 g 10 L 7 b o 98
Lender, ®Wyo., Lo (/I 4] 1 11 21 17 7 [ i 0 2 s} &6
Lensing, Mioh, 33 0. 5 11 18 13 [ 3 6 2 é 1 1 72
ia Selle, I11, 8 [ 1 1 L i i 1 0 3 1 1 o 17
Lowiston, ldsho 29 o 2 9 7 17 L oz N L o 3 53
Lexington, Ky. 29 3 Y 5 15 10 9 6 3 2 2 o} 3 &2
Lineoln, Nebr. Lo o - 1 15 29 28 30 13 8 10 L 3 T U
- Liztle Rock, Ark. Lo 2 13 16 2L 17 11 5 2 3 1 2 2 98
Los dngeles, Calif, Lo 8 10 17 2 2 o v Q [¢] 1 0 [+ 2 U3
Louisvills, Xy, Lo 3 3 16 16 18 9 7 5 2 o L L - 87
Ludington, Mioh, 20 1 1 6 2 2 3 L 1 7 10 2 b Lo
Lynchburg, Va. 36 1 1 1 6 5 10 1 1 1 o ‘1 ¢ 3
. : Mroen, Ga. Lo 2 3 5 8 7 N 7 L 2 o o] 2 - L
@ : Madison, Wis, 39 0. 1 7 17 23 0 16 11 N L 5 [ 98
¥arquetts, Uich, Lo 0 0 1 3 i1 13 7 15 5 ¢ 0 2]
Yedford, -Oreg. 16 o b b 17 11 131 1 2 1 1 0 L5

Memphie, Tenn. Lo 3 0. 1 23 10 10 1 o] 3 3 3 Lo 81 -
Meridisn, Miss. Lo 2 3 7 16 5 3 3 2 o 1 o 0 L5
Miami, Fla, 32 o 2 0 L L 11 [+} 1 0 o 1 i
¥iles City, Mont, 36 ¢} 0 3 8 20 18 13 1z 2 1 o [+] T
Milwaukes, Wis, Lo 0 3 7 %L 22 1y 8 9 7 5 L 0 93
MHinneapolis, Minn, Lo o <] 7 g 23 7 1¢ 12 0 L o o g2
Hesouls, Hont, &a 0 o 3 5 2 g 5 ¢ -1 1 1 i - 28
Mobile, Ala, Lo z. 2 & - 1 g é 1 1 0 0 3 % - L8
Hodena, Utah Lo 1 9 25 LT 39 % 2% 28 16 16 5 i 283
Montgomery, Ala. Lo 3 6 12 12 5 8 3 o 1 o 1 0 51
Moorhesd, Minn. 39 o o 5 5 16 13 8 10 é 1 3 o} &y
Mt, Temalpais, Calif. 17 15 & 17 2 2 o © ¢ K+l 1 6 [:] S7
e, Weather, Va. ] i- 1. 1 2 2 7 5 2 1 3. s] 0. 25
Heantucket, Mass. Lo [} 0 L 5 3 1 0 [o} 1 1 In 2 21
Narragansot? Pler, R, I. biNy 5 6 6 7 a4 1 1 [ 1 [} 1 .6 . %
Heshville, Tenn. Lo 1 7 1 9. 16 8 7 -2 1 3 3 L. . %
Naw Haven, Conn, o 1 1 3 L 10 L 5 3 1 2 1. 0o 2%
New Orleauns, la. Lo 2 5 7 iy 7 1 5 1 1 1 1 2 . I
New York, N, Y, Lo - 1 1 3 L 17 111 7 2 L 2 1 . &y
Norfolk, Va. o 0 2 5 10 12 6 7 2 1 1 0 0 e
Northfield, Vt. 35 1 ] 1 1 6 11 & 5 - 3 o . © 36
North Head, Wash. Lo w2 50 65 32 18 2 0 0 L 19 Lo o Lo 32
North Platte, Nebr, ] 0 2 i 22 32 28 2R 15 & 3 0 0 13l
Oklshoma Clty, Okle, Lo - 2 7 27 32 3l 1% 2 % I i I 3 138
Omshe, Nebr. Lo 1 2 13 30 30 3 13 9 12 9 L 3 160
Csmego, H. Y. 39 1 o 2 3 3 5 6 5 11 25 18 - g 75
Palestine, Tex. o 3 3 10 19 13 3 4] 2 2 1 i 2. - 59
Parkersburg, Va. Lo 2 g 10 o] 21 17 8 [+ i+ i 2 2 &=
Pensasola, Fla. Lo 1 6 7 .10 5 2 3 o] ] o 1 z 28
Psoria, I11, 28 o. 2 13 15 21 g 7 L & I o .81
Fniladelphia, Pa. Lo 0 2. 3 2 7 3 3 & .0 [> 1. o 27,
Phoenix, Ariz. [ 3 2. 7 7 L 0 2 3 3 3 A Isz
Plerre, S. Dak.- 26 0 o 1 5 13 13 9 .6 1 1 o . .0 g
Pittaburgh, Pa. - 2 3 9 Lz 12 g [ -1 1 1 2 72

ko - o 6 20 . 3% L2 25 25 18 15 7 2. . L 20

Focatallo, Idaho
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Table 13 {contd)

N

Station Yra. J F M A M
Pdint Reyes light, Caelif. 23 18 3 12 2 4]
Port Angeles, Wash, 14 1 o 8 5 1
Port Arthur, Tex. 26 1 3 3 9 5
‘Port Crescent, Wash. 12 [o} 1 1 1 1
Port Huron, Mich. C 29 1 3 b 7 [
Portlsnd, Maine ‘Lo 4} o 2 L L
Portland, Oreg. Lo 7 15 10 32 23
Providenoe, R. I. 3 o6 o0 2 3 3
Pusblo, Coloe 39 o <} 1 16 23
Raleigh, N, C. ) Lo [ L ] 7 13
Rapid City, S. Dak. ) o o 0 g 33
Reading, Pa. . 31 o 2 - 1 7 3
Red Bluff, Calif, %2 é -7 19 7 1o
Redding, Calil. 8 2 6 . 9 5 3
Reno, FNeov, 38 1 [+} 2 5 1
Richmond, Va, o 2 1 7 11 8
Rochester, N. Y, Lo o] 0 2 2 9
Roseburg, Oreg. 6 L 15 32 20"
Roswell, N. Mex. 39 1 2 6 21 2l
Royal Center, Ind. 13 1 1 7 11 7
Sacramento, Calif. Lo 7 g9 19 10 2
Saginaw, Mich. 12 ¢ 2 - 1 1 9
St, Joseph, Mo. 3 1 2 17 21 26
5t, Louis, Mo. Lo L I 19 . - 2% 2t
St, Paul, Mion, 29 o] 0 I 3 10
Salt Lake City, Utah Lo 2 3 g 20 26
Sen Antonio, Tex. Lo ] B - 23 30 23
8an Diego, Calif, Lo 1 g 12 8 1
Sand Key, Fla. 16 o3 ) 0 Ie] 0
Sandusky, Ohio Lo ¢ . 3 8 pn 15
Sandy Hook, N, J. 25 o o 2 L 3
San Francisco, Calif. Lo 30 2L 29 5 1
Sen Jose, Calif. ; 27 s 5 7 2 o
Ssn Luis Obispo, Calif, 23 & 5 10 ¢ 0
Sante Fe, N, Hex. 3 .2 1 13 19 L6
Sault Ste, Marie, Mich. Lo S0 0 L 3 é
Sevennsh, Ga. Lo 3 3 .1 L 13
Scranton, Pa.. Lo 3 [¢] 6 6 12
Seattls, Fash, o I 9 23 17 . 8
Sheridsn, Wyo, %6 s} 0 e hH 30
Shreveport, la. W 7 6 g 13 8
Sioux City, Towa Lo 0 2. I 18 27
Southeast Farallon, Calif, 9 T 10 5 5 s} 1
Spokene, Wash. Lo 1 2 26 25 12
Springfield, I11, Lo o 5 30 2, - 21
Springfield, Mo. Lo 6 8 2L 26 25
Syvacuse, No Y, Lo o 1. 1 B
Tacoms, Wash. 36 13 11 22 22 15
Tampa, Fla. Lo 0 1 2 3 8
Tatoosh Island, Wash. Lo 19 a3 27 23 12
Taylor, Tex. - ~ 29 2 I g 16 ih
Terre Hsute, Ind. 31 o 2 18 b1 1,
Thomssville, Ga. 27 4] 1 o L 3
Toledo, Ohio Lo 0 1 5 11 11
Tonopah, Kev, 17 [} b3 i 1 7
Topeks, Kans, Lo 2 1 17 26 21
Trenton, N. Je 30 0 1 5 5 g
Valentine, Nebr, b0 2 .2 3 9 25
Vicksburg, Miss, Lo 3 10 13 20 5
Wagon Wheel Gap, Colo. 3 0 o} Q o ¢}
Welle Walla, Wesh. 38 6 L 20 20 12
Washington, D. C. Lo 0 2 i 0w
¥ousau, Wis, 17 o] 1 [o} ] 9
Wichita, Kans. Lo 2 6 17 31 L3
Williiston, N. Daks 39 o} B 1 TR §
Wilmington, N C, Lo [v] 1 3 t5 8
Winnemuoca, Nev, Lo 3 8 1R ‘12 16
Wytheville, Va. C 27 1 1 & 10 11
Yakima, Wash, 15 o 1 1 2 L
Yankton, S. Dak. 29 o 0 3 11 . 20
Yellowstone Park, Wyo. 25 3} [} 1 é 27
Yume, Arit. Lo 2 2 3 0 o
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Table

MAXIMUM NUMBER OF DAYS WITH HAIL, 190heL3

Ann.

Yrs.
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At five of these stations (marked with an asterisk) the minimum annual
number of days with hail is two; at all the others in the list it is
one. - | | ’ | | »
;2255 Some of the différgnoes between the énnual chart of the -
éverage distribution of days with hail, figure 69, and t@é similar
| annualAchart on page 730 of "Climate and Men" (@) should be expléined
before4prdceeding to a comparison with the thunderstorm disﬁribution. 
fhe most obvious difference is on the Wést Coast, where the "Climate.
and Man" éhart shows hail occurrensé tapering off toward‘zero while
figuré‘69,éhows an increase ﬁo:an imPO?tant secondary maximum on the
Qoast; 'Tﬂe différence.arises from a disagreément in the interprete~
tion of the bésic date. Most of the Pacific‘Coast occur?énces are ij
ﬁhat is kﬂbwn;as "small hail", a hydrometeorﬁéharacteristic of ﬁhék
Qinteﬁ or cooier months but océurring, never%heless, With'surface
temperatures dbove freezinéland'falling.from cﬁmulonimbus olouds.
It is often, but not aiways, aécompanied by‘thunaer. It is smaller
than %he(o?diﬁarykhailsfons_and is éomp§sed of fewer, if -any, con-
centric shells’of clear and,opéque ice. Often‘it is a soft, snow-
like nucleus surrounded by a thin cfus%‘bf ice which gives it a
glazed appéaranoe (27);‘ In’climaﬁological sﬁmmaries:nO»distincticn
is made between hail and small hail. For the "Climate end "
charf;the‘supposition has béen‘that real hail oceurrences on the
Mest Cdast aré sffectively zero while eléewhere there are no small-
hail occurrences, so that the ffequenoy‘of hail occurrences, as

deduced from the climatological summaries, has been ignored for

the West Coast and fully accepted elsewhere, In figure 693
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however, and also in the following monthly charts, thevﬂydrometeOru;'
oclogical Section has used the data Sfriotly as tabuiated'without
Other‘céfreotions than smoothihg, since thse tabﬁlationsvfhemselves
meke no distinction gétween types of héél.

22l In other respects, the differences between the two charts
are mostly minor. Most differences in point values can be attributed
to differences in 1ehgth of record used and to the fact that tﬁé"
basic averages used in the "Climatefand Mén”‘chart were usually in
whole numbers rather than in tenths;’as“in the Hydrometeorological
Voharts. Oceasionally, also, the addition of another station affected
the pattern; Flagstaff &ata,»for'instanpe,‘Were,ﬁsed in thé‘Hydroé S
metedrolbgical chart and forced a notable change in the region of
northern Arizona by doubling the frequency‘iﬁ‘the viecinity of
Flagstaff, |

225, BEBxcepting the Pacific Coasf, the annual hail chart,
figurea69,;showé‘the characteristic continental concentration from
which there is a diminution of activity in all directions: poleward,
equatorward, and seaward. ;It~might be described as a - purely conti-.
nental concentration~(annual’frequenoies of three to fouf) in the
‘region from Iowa-Nebraska to Texas with an orographic enhancement
of activity in the mountains on the west. The midcountry maximum
corresponds toc the secondary isoceraunic maximum in that region seen. .
in figure 28 and the orographic maximum corresponds. roughly to the
Rocky Mountain thunderstormAmaxi@um, In the mountain region both
charts also show a comparative minimum in western Wyoming. ,Thé

thunderstorm maximum near the Gulf is not reflected in the hail . =
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pattern. Also, the West Coast thunderstorm minimum does not correspond
to the secondary hail (or smali»héil) maximum in tha% region,although
the adtual totals are not faf apart.

226. Inspection of the over-all hail pattern indicates at
least~two~influenceé that may be responsible fOrftherhigher fre=-
quencies. One is orographic and the other,frbnﬁalp They are con=
tributory rather than sufficient or iﬂvariaﬁlé‘factors. , |

227. - The orographic efféct is probably twofold. Although
the mechanical 1ift provides the stimulus to free convection, the
height of the station above sea level also contributes to the possim
bility of haill occurrence because of tha‘comparatively‘short distance
betwsen the zero-isothermal level (or, more accurately, the zero-web-
bulb level) and the surface. The extreme, cowntry-wide difference
 in the mean height of the zero-iscthermal surface above sea level
in July, for instance, is sbout 1500 m and, for most of the country,
’ahout 500 m.  Both aré less than the difference in elevation between,;
for example, Chéyenne and Tamps. The consequent lesser height
between the ground and the zero~isothermal level corresponds to a .
lesser opportunity for the melting of hail as it falls to the
ground. Tropical‘regicné, of which Key West is a good local example
and where the zero-isothermal sﬁrface is in»general high while the
lower air is warm, are notoriously deficient iﬁ hail occurrences at
or near sea level (26).

| 228, The extension of the non-orographic moximum ares from -
Oklahoma-Kansas east-northeastward toward Pemnsylvania coincides

roughly with a regién 6ffstrong frontal activity. The monthly
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Qistributionsg to be éiséussed‘laﬁer,,also favor thé plausibility

of frontal origins. This should not be taken to mean that tﬁe hail
oécurrence is associated strictly’with the frontalvpassage. Although
no reliable study has been made of the synoptic causes in a sufficient
number of cases, such evidence as has been noted strongly suggests
that hail'occurrences»aré~usua11y closely associated with frontal

situations and that the "local hailstorm,®

analqguefof the local
thunderstorm, iS‘prdbablyna’rarity.

© 229,  On sccount of the comparatively low number of océurrenqes
on the monthly charts it has been necessary to draw for occurrences
.of less than one per month in order to show the seasOnai change of
pattern. Intthis class, values of 0,2 and 0.5 were chosen, that is,
frequencies of one in five years and one in two years, respectively.
Except for a few isolated points, the line of zero frequency sebs
off an area of actually zero oceﬁrrence during the period of réeord-'!
just as in the thunderstorm-frequency charts,  There has, however,
been no attempt to adjust the area of zero hail occurrence to the
area of zerolthunderstorm,éccurrence, e problem of the winter months.
The zero lines were drawn independently of each other; this seemed -
the best solution sinee hail is known to occur without thunder. -
The phenomenon is mot limited to thse Uni?ed States. Tabulations
of climatological data for "the worldf§n0wn to the ancients" by
" Shaw (28) yieid a number of places where, on the average, hail‘dccur~ 
rences exceed thunderstorm occurrences in some months: specifically,
at Jerusalem, at Richmond in southeast England, and in particular

at Malte, where the January figures are actually 3.L to 0,8,
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(29)

Lendsberg's data * show similar relationships at some points in
Japan. ‘

230. The January hail pattern (figure 70) differs markedly
from.the~Jénuary thunderstorm pattern except in the approximate.
coincidence of the areas of zero occurrence in the northern sections
of'thescountry. -Qn;the,W§st Coast, during this month, hail agtually
exceedsrthunéerstorm.frequency¢ ‘On1y'in the region of the Jjuncture
of Arkansas, Louisiana, Oklahoma, and Texas does there seeﬁ to be a
direct relation between thunderstorm and hail activity. There the
hall occurrences are about one in five years and their ratio to
thunderstom occurrences is asbout one in ten. in February:(figure 70),
apart from the Wost Coast where maximum activibty is maintaiﬁed,_the
ares of appreciable occurrence of hail (ome in five years) has ex-
panded to include the states from Oklahoma and eastern Texas to
Alabama, ‘and again it is roughly coincident with an areé in which.
ten times as many thunderstorms occur. By March (figure 70) fhe
hail activity is more than doubled over the Great Basin Plateau -
and also in midcountry with a maximﬁm center, axclusive of the West.
Coast, -in Oklahoma—Missou%i. The general spread of the ageas of hail
and thunderstorm activity is now about the same but the continental
hail centers are displaced northwest of the isoceraunic centers.
However, average hail ffequeneies still do'not average one per month
except on the West Coast. By April (figure 70) a further general -
increase in hail activity except on the West Coast, where it has
diminished, has now produced one-per-month frequency lines in both

the midcontinental center over eastern Oklahoma and in the Nevada-Utah



157

plateau area. Both centers can be related to increases in thunder-
storm activity, but the latter increases are of much gfeater magni- - .
tude., * The emergent isoceraunic meximum in southeastern Florida is,
however, unaccompanied by an inerease in-hail asctivity.

231. May (figure 71) is, in gemeral, the momth of maximum;hailp
activity, although at & considerable nﬁ@ber.of,staticns April or.
March is locally the monbh of maximm activity. By May the l-dey
centers have expanded appreciably, small new centers ofﬁthe same-
magnitude~héve emerged, and e new center with a 2~day maximum now. & -
appears at Cheyenne, Both the increasss &n& centers in these regions:
roughly reflect the isoceraunic patterns and centers but, as before, .
the latter intensification is greater. In Floride there is no‘such
reflection at all., On the West Comst thefl—&ay line has newgdisappeéreae‘

232, TIn June (figure 71) only a few statioms, including Cheyemne
which now has 2 Q hail oceurrsnces per month;’éﬁéﬁ éﬁ& fﬁf%héfiiﬁére§Sése
Mostly %bere have bonn ma?kad decreases; and all but the Cheyenneu -
can%ered maximum arca have disappeared, Thls &oes not correspond to
the %hv@derstonm 81tuat10n, in whlch *here has been marked 1nbensif1;/M
bcation §f act*vzty excep? in southern Texasa It is interestlng %o sée 
tha kla<tha 1atter regzcﬂ +he thunderstorm decrease is accompanied by

the 1%f:uszon of an aresa of zero ha11 ocourrenco between Corpus Christi
and uaivostong The Cheyenne hall center seems fa;rly‘well correlated B
wit- qe easﬁern Rocky Mbuntaln thundevstorm maximum. Otharw1se; thei
pattﬂrns an& Qrequoncles of the two pnenomnna élverge m and eontlnue
to do so in J&ly, %hen the ha11 map (figure ?1} exhlbits an ares of B

significant increasc only around Flagstaff while the thunderstorm chart
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is a‘paﬁtern of increased activity generally. The Flagsteff region
howaver, shows increasedfactivity on both charts and, all in 8l1l, it
is still in the Rocky Mounteins that the hail pattern resembles the
thunderstorm pattern most closely. ,Thét is also true of the hail -
patferns1for'3ngust (figure 71) and September (figure 72).

233, By October (figure 72) the winter and spring hail pattern
is foreshadowed, West Coast activity is again on the increase and
the midcontinental center (now over Kansas-Missouri) is associated
with a secondary thunderstorm center. | A noteble item is the appre-
ciable but temporary‘increase,of hail activity at leeward stations
’in the region of the Great Lakes. Except,for the disappearance of |
the latter effect, the November and December hail pattérna‘(figure;72)

.. cen be similarly charecterized.

The heil-thunderstorn ratio

éﬁh. The ratlo of hail ta thﬁndersﬁﬁzm ocgurrences 15 1mpllc1£
in the foreg01ng dlscusslon9 but 1%3 varlation in time and place, |
| hough p0358531ng szgnxflcant featuresy 1s not eas;ly noted without |
special presentatlon, For this parpose the sta*lon values of table 13
were dxv;ded by'the station valuea of table 1 &nd mult&plzed by 100 ta
dbt&im the parcentage ratios of hail to thunderstorm daya annually ané
| monthlyo The 1sopercenta1 11nes ere shown in figu?es 75af6 Because of
the ehanglng gradient of values, the seme isoparcental lines were nos
necessarily used from chart to ch& t nor in dlfferent portlons of

the same chart, Partloularly for the low pereentage values, only
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‘such lines wererdravm;as would edequately indicate the gredient end
changes. The zero lines were drawm to coincide with the lines of ‘
zero hail ocourrence on the previous charts (figures 69-72), a‘l‘hhough
the true ratio at those places where there were also no thunderstorm
occurrences is really indeterminate rather then zero. No lines were
drawn for velues over 100%; however, there are meny such ’vglues,.
particulerly in the Far Weost, and some of these values are infinite -
that is, there are days with hail but no days with thunderstorms in
the record.  Tables 1 and 13 provide the basic data for those who
are interested in the exact numerical ratios of particular stationms. -
Oceasionalsefe‘rence to them is suggested, in any case, because the
smoothing involved in the construction of the isépe}rcental, patterns
had to be somewhat more drastic than usual in order to eliminate the
enomalous local variations. Only the large-scale patterns are of
interest here and only those patterns showed important systematic
variations. |

235, The anmual ratio chart (figure 73) ‘shows the ratios in- -
creasing northwestward from "belpw 2% within a Gulf“ ané Atlentic
Goastaiv strip in the Southeast. Hpre than half the country has an
ammusal hail—thundéfstormnra‘tio of less than 10% and more than a
third has a ratio under S5%. Percentages over 10 ocour only from the
Rocky Mountains westward. Ozi the eastern slopes of the Rockies
Cheyenne has a maximm velue of 18.2. The Great Basin area shows
a greater expanse of over 10% occurrence and some values over 207' bs
but close to the Pacific Coast the percenteges rise rapidly to as

high as 20@? at North Head, Weshingtom.
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236, The north-south grediemt of the ratio, east of the Rockies,
is emphasized on the winter charts, of which Jemuary (figure 7L) is
typical. The decrease toward the Atlantic and Gulf Coasts is also
noteble. Many of the Far West percentages are over 100 end some,
like Renﬁ"aﬁd*ﬂinnemncca, Nevada, infinite. The viblent”cbnrolutions
of the isbperéental lines in this region’and'alao~along‘the'Great
Lekes could not be well related to topogréphic features since they
7aried too much from month to ‘month, fﬁowéver, in the Bast there is -
& noticeable and fairly consistent correspondence between the location
of the Appalechien system and an ares of comparatively high ratios.

~237. In general, a similar pattern is preserved in the follow-
ing months ‘except that by June and July (figure 75) the West Coast
becomes mostly en area of zero ratios. There are similar changes
in thé‘co&ntryawide~valuestﬁ‘the retio. Considering the country'i*

- as a whole, the values are probebly highest in'FSBruary‘(figure’?hi\“
because of the high West Coast ratios during thet month. For the
rest of ﬁhe‘ocunﬁry,'GSPécially‘frcm the Rockies eastward, the east-
werd spread of the 10% line indicates that probebly March (figuré~7h)~
is the month of maximum retic. By May (figure 75), ‘the westward
retreat éf:the 10% line, the appearance dffa‘5%'1ine;*and'the‘lack L
ofWéﬁen'isolated126%‘vé1ues‘éastidf”the Rockies, indicate the
country-wide diminution of the ratic. This diminution contimes
through’Sépéémber‘(figu&6’76) exoept anG%he‘Wést“Ccast, where the:
Wiﬂtefﬁinéféasé7hés already begun. Elsewhere the zerc and the 2%
lines bound considerable ares. By Oéﬁbbéf (Pigure 76) the winter

pattern, with its greater northward and westward iﬁcréaéés;fié
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being reesteblished, and during the following mcﬁths‘££e~fi gradient
is intensified because of the comparative const;ncy of the ratio
in the southeastern coastal states.

238, From the above data the conclusion should be drawn that -
at most stations the hail-thunderstorm ratio is quite small. Except
in the Far West, it rarely exceeds 20% end in most places it is'a
mich 10Wer‘pércéntage. An exsmination of some of the mbnthly cli-
matic summaries for states and sections within this region indicated;
however, that the number of days on which hail occurred anywhere in
s state was usually much higher than 20% of the number of days with
thunderstorms in that state. Almost always the dates of occurrence
were the same. The state and section date are based on reports from -
cooperative stations, newspapers, and other sources, as well as from -
first-order stations.

239* To eﬁeck«this‘indiéation, * the number of days with hail -
and also the number of days with thunderstorms were counted for the '
25 years from 1916 to 1940, in Iows and in the Marylend-Delaware-
_District of Columbia climatic section. Iowa was chosen because it
,haa”bhe'of‘thb‘Bestvdoliectibné"éf climatic summaries and the other
section Wes chosen because a comparison of its hail-thunderstorm
ratio could be made with the detailed datae for Washington, D. C.

The data for Iowe were compared with the point date for Kansas City,
ﬁiééoﬁ?i;Vbéca&éé*a dombieﬁé;[iengﬁﬂy"fécdra/ffdm'thé”léfﬁer'waS‘
¥ The material contained in this and the following péragféphé of

. this section of the report has prev1ously been publlshed in the,’
Mdnthly Weather Review (30)., ' {1 o
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elso aveilable. (h) The 190L-l;3 Aummariés of both hail and thunder=
storm:frequencleg;had‘not\as'yet been compiled at the ﬁime{this portion
of the study was made but the differences do not affect the resulis in
any importent way. : |

2l0. Tables 15 and 16 show the frequency data for days with
thunderstorms,rhail, and tornadces in the two sections.j The tornado
data are from a report oﬁ tornadoes,(zl) in which thé Hydrometeoro-
logical Section cooperated., In figuré 77 the date for the stetion
and4foruthe area are compared. Howsver, although the tormado totals
aré\included in the tables they,are\ﬁct plotted in the figure because
thevtofnaﬁo\vaiues ere too small for adequate representation. It can

be,pointed}dut that where the tormado occurremces are appreciable, as

tn,Iowa,fthg;monthly‘variation in average number of occurrences forms

Va curve which is a flattened version of the hail-variatién curve, In
fhﬁ‘Ehryland-Delaware-Distrist of Columbie section the tornado ocour-
rences are too few to,maksicompafison worﬁh while. ‘ ‘

‘ th.“Both‘tabies'and figure show how the state-wide or section- |
wide days of;occt£renceVof thunderstorms or hail exceed fhe ocourrences
‘ag reported by the,single,étatiqg, That this should be so is obvious
ffdithe'consideration that if a large enough area - for instanoe, the
area of the earth were used, then every day would be a thunderstorm
day. and a hail day, parhaps even a tornado day. However, this fact
does not cancel the validity of the increase in ocourrences observed
in the state-wide data., The thunderstorm and, to argreatar,degree,v
the hailstorm are phenomsna of small areal extent. Thunderstorms are

officially reported only when‘thunder ia heard and the audibility of
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(5)

thunder, according to C.E.P., Brooks ’y is 10 or 12 miles under favor-
able circumstances and only about 6 miles under normal circumstances,

making the area within which thunder is normally heard about IOO square
-miles. An interesting corroboration of the lé%terffigure has been made

by R. L. Day (32)

» Hence, if only first-crder’stations,,widelykspaced,,
are used to study frequency of occurrence, many occurrences of thunder
will be missed. The observations made by a dense network of stations,
intended for forestffire proteétion in the State of Washington,
dincreased the_thunderstorm-day'values’of Alexsnder's isoceraunics for
the period 190,-2% (3) twofold to fourfold (33), - Fower would be missed
by & sparse network if lightning were the phenomenon that had to be
observed. Hail,kon the other hand, is neither seen nor‘heard,at any.
appreciablé distance, its total area of occurrence being often of the
order of 20 square mi}es. A sparse network will thus miss more hail-
storms thanffhunderstorms.‘ The use of ocecurrence over an area pather
’thaﬁ over a single station corrects these faults although the exact
area to be used for proper;cdrreotion is,problematical, and an
academic question in this case since the areal data’areflimited to
climatic sectiomns or states.

,2h2. In the two examples cited the frequencies of thundere-,k
storms, as observéd over the stéte or section, are about double the’:
frequencies as observed by a single station; the hail occurrences
are increased about tenfold. The result is an increase in the
hail—ﬁﬁundérstbrm ratios alfhough the pattern of the‘monthly‘variétion
of the raﬁib is rotained. At Kansas City the amual ratio is'8%,fbut for

‘the State of Iowa it is L2%. The peak monthly rotios at the station are
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22 and 2l in March and November; the peak state ratios are 63, 62, end
5y in February, April, and December,'respecti#ely. The minimum rafio 
is ¢hin‘Ju1yhAugust~ét the station, and 25 in Sepﬁember in the state.
At Weshington, D,(}.'the\a;nual ratio is % but for7thé"climatio
section it is 19%. = The monthly peaks at the s-tationvaré"la in February
and’hS'iﬁ‘Decémber‘(the latter being unusually out of line) snd the
section peaks are 29 in April and 22 in November. The stetion minims
range between O and 2 in January and‘fromrJUné through September; the
section minima are l; in December and 8 in both Jenuary and September.
243, The evidence pgiﬁts:ﬁc an error in the commonly held hction
that hail occurrences in fhunderstormS‘ére‘cOmparatively'infrequent; “
The notion is based on & comparison of point frequeéncies. Some indica- |
tion of the greatérnvaiidity of the areal count, when states of average
size are used, is the follbwing fact: while Iowa has an aréa‘of’BG,OOO
end Maryland-Delaware-District of Columbia an area of oﬁl& 12,700 square
miles, the areal ammual hail-thunderstorm ratio is in both cases aboutb
five times the péint’rétio. Further research in the matter is suggested,
but most of it would have to be done at climatic-section centers since
in most cases it would be neoéssary to use the original menuscript
records of cooperative stations for the basic data needed in & sumary

of areal frequencies. =~

Compariscon with tornado distribution

2L, Charts of the anmual and monthly‘distributioa of tornado

(31)

days per state are available in the”ﬁPreliminary Report on Tornadoes"

previously cited., They show the total mumber of bccurrenoes for the
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63 years from 1880 to 1942, the data héving been ccllecﬁed from various
published sources. In figure 78 the data are summarized in histograms
that show the monthly variation of fornaéq frequency per state or
section. ,The’New‘England States (exeeptrmaine),are combined iﬁto one
histogram as are Maryland,‘Délaware,,an& the Distriét of Columbia., .
These exceptions were made because bf the small areaé‘ofrthe individual -
members of these sectional units. It is obvious that‘the,totals of
figure 166 reflect n§t only tornado activity but alsc the size of £hef‘
area in which the acti%ity was observed. To correct forkthis,.the
frequencies were;divide@[by‘the state or sectional area and neW‘histoe B
grams constructed, in figure 79, showing the monthly variation of_the 
total number of tornado days per unit area of‘lo,OOO,squara mileé.

This unit is a fraction of the average state area. Only the ares of - -
New Jersey is excseded by the unit area,~where‘the‘tornado‘frequency
per unit area,theref§re exceeds the frequency per state. The seqfional
combinations were made to avoid this inconsistency. In the case of o
Weshington, Ds C., which has had three tornadoes in the 65~year periqd,
but has an area of only 70 square miles, the conversion to tornado
frequency per 10,200-square-mile area would have resulted in a terri-
fying value, indeed. Another important correction but one not easily .
applied, is for demnsity of population, The chances of a tofnado,being;
reported at all vary with the population density, which itself has
varied enormously during the period  of record. A population factor “
woulé increese the theoreticalftornadoVfreqﬁencias;in‘the—less'popu~ L
lous states, the factor itself éenerally inoréasing toward the wesﬁern,

part of the United States. The ammual end monthly tornado totals used
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in figures 78 and 79 are also given in tables 17 and 18. The monthly
tornado totals of table 18 are also charted in figures 80-82, with red
overprints for the corresponding thunderstorm distributions. -
21;5‘. Although the pattern of the monthly variation is naturelly

unchanged in figﬁre 79, the unit-area correction does rearrange the
" frequency ranking of the states. This is bestVdemonétr&ted by table 19
in which the states and sections are ranked in the order of ammual =
tornado~frequency, per'State or section in the first column and per:
16;000—square?mile area per state or section infﬁhe gscond column,

The latter frequency, which is the truer measure of activity, puts

Iowa rather than Kansas first,'drbps'Texas from 24 to 29th place, and
raises Méry1and«De1award-D.C.'from 29th to Lith - to cite é few examples.
Table 20 shows the monthly variations of the ranking by frequency per - '
ﬁnit‘area for each state or section.

2l6.  The annual'diStribution‘of the tornado frequencies per

unit area (figure 79) confines the totals over 10 to the area east of
the Rockies, not includihg Maine and North Dakota. The maximum values
extend northwestward from Alebams to Kensas and Iowa, with a center
over LO in Alabema and & center over 50 in Kanses and Iowa. There
are secondary centers of aboubt 35 over the New Jersey andgmafyland~~~
Delaware-D.C. areas and also over South Carolina, Thé‘pattern
resembles the thunderstorm distribution (figure 28) in the extension

of & zone of activity from Alabema toward ;,,Iow'a’, and the hail distribu-
tion (figure 69) in the appfoximate location of the midcontinental -

center.
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Table 17

TOTAL TORNADO DAYS PER STATE OR SECTION

(1880-19L2)
J F M A ¥ J J A S 0 ¥ D Anual
Alsbame, 20 29 63 L8 18 L 3 o0 1 6 9 11 212
" Arizona o 0 o . 0o o ©o O©0 1 1 o0 o0 O 2
Arkensas 6 10 38 L9 29 12 9 2. &6 9 18 15 20%:
' California 2 0 3 5 0o o0 1 o o0 1 2 1 15
Colorado 0o 0 o 6 13 1, 2 3 0o 0 1 O 39
Florida 5 8 7 1 6 5 5 5 7 5 3 3 Tl
Georgia 6 11 3% 31 6 8 7T 1 3 1 1 5 115
Idaho o 0 0 0 1 1 2 o 0 0 0 O L
Illinois - 1.2 23 .27 o 27 13 .9 12 3 6 0 163
- Indiena 1% 13 13 23 12 10 11 9 1 0 2 98
Towa 0 1 15 36 60 8 L3 17 24 13 5 1 295
Kansas 0 2 2068 96 97 L2 L6 29 8 5 0 L3
" Kentucky L 5 10 3.7 8 3 3 2 2 2 2 51
Louisiana 9 11 18 20 9 6 4 1. L4 9 12 12 115
. Maine - 0 0. 0 0 .1 1 50 1 0 0o o -8
" Md.-Del.-D.C. 0O 3 0 2 8 L 12 13 2 2 3 0 Lo
Michigen 1.1 2 1 28 19 7 3 @2 1 1 0 . 8
Minnesota 0O 0 2 L 24 3 20 17 9 2 1 0 11
Mississippi 7 15 %9 31 1% L 3 1 2 3 9 12 Ue
- Missouri L 8 20 39 31 27 11 L i 6 6 1 . 171
Montana 0o 1 0o 1 5 9 13 6 0 0 2 2 . 39
Nebraska 0 O 3 2 LL 53 20 8 9 2 1 0 = 160
- Neveda O 0 0 0 0 0 0 0 0 0 0 0. 0
New Eng. - : ; : ’ : '
(except Maine) 2 O O O 8 L 18 7 9 2 2 1 = 53
New Jersey -0 0 2 3% L 6 3 7 2 1 1 0 29
New Mexico o0 1 1 9 6 3.2 1 0 0 O 23
New York - 1 0 1 1 7 18 13 7 8 2 3 0 61l
North Carolina 2 L 10 1% ‘11 9 6 5 1. L. 1 3 69
"North Dakota 0o 0 0 1 7 18 2 -9 1 0 0 O 56
“Chio - : 3 3 8 1, 24, 25 18 10 11 2 1 o . 117,
Oklahoma 6 5 1 4y 53 26 L4 5 8 8 8 2 185
Oregon  ° -1 o =2 1 2 00 o 1 2 0 G
‘Pennsylvenia 1 1 1 '8 11 19 13 11 2 1 6 0 74
South Carolina 1 5 18 20 19 12 9 6 8. % 3 3 107
South Dakota 0O 0 0 7 19 L1 29 16 9 0 2 0© 123
Tennessee 8 L 2 16 10 9 5 L 2 3 7 2 96
Texas 15 11 34 77 74 35 2L 17 L 1 1 11 328
Utah o 0o o 0 1 o0 o0 1 0O 0 0 0 2
Virginia 1 3 2 6 12 6 10 13 9 1 2 0 65
Washingbon 6 0 0O 0 2 1 ¢ o 2 0 0 0 5
West Virginia o 0o o 1 L4 3 1 1 0 0 0 © 10
Tisconsin 0 0 2 12 19 29 20 1. 12 8 3 O 116
Tyoming 0o 0 o 1 1 1 3 L o 0o 0 O %3
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Table 18

' TOTAL TORNADO DAYS PER 10,000-SQUARE-MILE AREA

FER STATE OR SECTION
(1880-1942)

Annual
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Table 19

RANKING OF STATES OR SECTIONS

171

IN DESCENDING ORDER OF ANNUAL TORNADO FREQUENCY

(1880-1942)
Per State or Section Rank
- Kensas 1
Texas 2
Iowa 3
Alabama L
_Arkansas 5
Oklshoma. 6
Missouri 7
Illinois. 8
Nebraska 9
‘Mississippi 10
South Dakota 11
Chio , 12
Wisconsin 13
Georgie 1l
Louisiana 15
 Minnesota 16
South Carolina 17
Indiena ' 18
‘Tennessee 19
Michigen 20
Florida. 21
Pennsylvania 22
North Carolina 23
Virginia 2l
New York : 25
“North Dakota - 26
New England. (except Nhlne) 27
Kentucky 28
Md.-Del,-D.C. o9
Colorado 30
Montana 31
- Wyoming 32
New: Jersey 33
New Mexico 3l
California 35
West Virginia 36
Oregon ‘ 37
Maine 38
Washington 39
Tdeho Lo
Arizona L1
Utah ' L2
Nevada, L3

West Virginia

Per 10,000-8q.~Mi, Area

Towsa

Kansas

Alabama
Md,-Del,-D, C.
Arkenses

New Jersey
South Carollna .
Missxssappl
Illinois

Ohio

Indiana

Oklahoma

Missouri

Louisiana
Tennessee
Nebraska
Wisconsin
Georgia
Pennsylvania L
South Dakota = =
Virginia o
New England (except Malne)

 Michigan

Minnesota

 North Cérdliﬁd% i;

Florida
Kentucky "
New York
Texas

North Dakota

Colorado -
Wyoming . '
Montana
Maine -
New Mexico
California
Oregon
Weshingbon
Idaho '
Utah

Arizona
Nevada
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Table 20

MONTHLY VARIATION OF STATE OR SECTION RANK
BY TORFADO FREQUENCY FER 10,000~3CUARE~MILE ARTA

(1880-1912) " |

J F M A M J J A § 0 ¥ D Annual
Alebama 1 1 1 1 14 33 31 % 29 7 5 L 3
Arizona %k ok x % k% 36 33w k% L2
Arkensas 20005 6 3 2 10 19 1829 19 3 1 1 5
California 21 % 27 30 * x 38 x * 30 30 18 37
Colorado k ox ok 27 29 26 37 30 * ok 32 % 32
Florida 9 8 19 18 30 31 27 2 15 12 19 9 26
Georgia 6 5 5 9 %2 25 22 33 22 27 26 6 18
Idaho * % *x & 38 39 35 % ® Ok ok ok Lo
Illinois 19 18 7 10 L4 8 17 14 10 17 10 = 9
Indiens. 6 12 9 1, 5 15 12 5 3 22 % 8 11
Towa * 21 11 6 2 1 2 6 1 1 12 15 1
Kansas % 19 Wy 3 1 2 4 3 2 9 1 «x 2.
Kentucky 709 13 26 26 21 29 21 23 18 20 10 27
Louisiana % ), 8 11 25 29 28 32 21 2 2 3 1y
Maine S % ok x 36 36 20 % 27 x  x % 35
Mi.-Del.-D.C. % 3 % 23 6 17 1 1 1 L 3 = N
Michigan = 20 22 23 22 12 16 21 25 11 28 27 % 2%
 Minnesota k%' 2L 28 18 10 16 11 20 25 31 * 2l
Mississippi L 2 2 L 1 3 3 31 26 15 L4 2 8
Missouri 12 10 10 8 13 11 19 2 12 11 13 16 13
Montena Cox 24, x 36 35 3, 26 28 * % 28 17 3L
Nebraska * % 21 17 9 L 1 17 17 235 29 * 16
Nevada * % % % %k k% x  x & x 3
New Eng. o o o
~ (except Maine) 11 x * % 22 30 3 O L 16 16 13 22
New Jersey * % 12 12 11 3 6 2 7 6 8 =« 6
New Mexico * *x 28 35 3L 35 36 3L 3L * x x 36
New York % % 26 32 28 14 13 15 13 21 15 =x 28
North Carolina 1, 13 17 19 24 22 2, 18 30 13 25 7 25
North Dakota . % * % 33 33 18 11 16 32 * x % 30
Ohio ' 10 15 16 15 8 5 5 8 5 19 23 % 10
Oklahome. 8 16 15 7 3 13 32 22 18 8 9 1 12
Oregon % 23 % 31 Lo 37 x o+ % 29 24 = 28
Pennsylvania 18 20 25 21 21 9 10 7 25 26 7 =* 19
South Carolina 15 7 6 5 7 12 9 13 6 10 11 5 7
South Dakota x % *x 25 20 6 7 110 1B x 22 % 20
Tennessee 2 11 L4 13 23 20 23 19 24 U 6 11 15
Texas 13 17 18 16 19 27 25 23 31 20 18 12 29
Utah * ok %k 39 % % 35 % % ok k L1
Virginia 17 WUy, 20 2, 17 2L 15 L 8 2, 21 = 21
Weshington % & ok ox 37 38 % x 28 *  x % 29
West Virginia % % % 29 27 28 33 26 ¥ % % % 31
Wisconsin ok 22 20 1 7 8 12 9 5 17 = 17
Wyoming * % % 34 31 23 3l 27 * ok x % 33

* No occurrences, tied for last place with other states or sections.
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27, In January«(figure 80) the center of tormado occurrence is
Alabama, where there are about four occurrences (per unit,area) during
the period. The area of any occurrence at all slightly exceeds the

area included within the l-day isoceraunic on the west and north and

‘also includes all the Atlantic. States but Maine. Except in New Eﬁgland

and Wew York, where thers have—been,po occurrences in February, the
principal tornado oocurfence area is slightlyvexpanded,in,ngruary‘\
(figure 80). Alabama remains ‘the center, with a value of 5.6. In-
the region surrounding Alabame there is a resemblance to the hail

(figure 70) and thunderstorm centers but the tornado center is farther.

~east in both cases. The Alabama center grows to 12.2 in March (figure

80) with siﬁilar increases elsewhere, and its relation to both hail V
(figure 70) and thunderstorm centers is still about the same. By April
(figure 80) Alabama's frequency has failen to 9.3, which is now rivaled
by the 9.2 value in Arkansas and 8.% in Kansas. It is interesting to
note that Mississippi falls from 8.2 to 6.5 from March to April = an
indication of the passing of the meximum center through the state. In -
April Arkanseas is thé thunderstogm center, just_saét of the hail center
in Oklahoma (figure 70)°"‘— | |
2Li8. - By May (figure 81) there are decreases in the tornado fre-
quency in all the Gﬁlf‘States and also northward;tofﬁikansag, Uissouri,
and Tennessee, The new center then is Kansas, with.a,value of'll.7, -

and Iowa is next with 10.7. Separated from this region by a zone of .

two ocecurrences per unit area paralleling the Appslachian Ridges, is

a distinet secondary development with meximam values of 6.5win’Maryland-

Delaware-D.C. and 5.1 in New Jersey. In the region of the primary .



174

maximum there is én'overlapping of the thundérstOrm, hail (figuré'7l),
~and tornado centers. By'ﬁuﬂe'(figure 81) +the increases in tornado
’frequenCy arsvconfined~mostlyyﬁo the states north of'the Potomac, Ohio,
~end Missouri Valleys but also incluae the Plains and Mountain States
- from Kensas and Colorado northward. The June maximum center is Towa,
with a velue of 1.2, The easterﬁ center is 7.7 in New Jersey. There
ié 1iﬁﬁie resemblance now to the thunderstorm pattern, and the chief
resemblance to the hail pattern (figure 71) is a prbgressioﬁ of
activity ﬁbfthward with diminishing activiby behind, July (figure 81)
shows diﬁinution of tornado activityrthroughout except in North Dakota
and Montana irn the West and’in New England end MarylandADelaWareuD,CQ
in the Bast. Iowa is st11l the maximum in its region with a value of
7.6, but the MﬁrylandQDelawareuDaCo center is the highest with 9.l @
The latter center is also maintained in August (figuré‘Bl) with»é
value of 10.2 buteelséwhére therevis a/continuea'diminution”of activity,
the Towa center retreating ftemporarily to Kansas where its value becomes
5.6. Alabama shows no occurrences at all in August, the only month of
the year when this is true, ’

2Li9. It is only by September (figu?e 82) +that tornado frequencies
. begin to increase again in the region west of the Appalachians, at which
time Iowa is agaiﬁ“the maximum stabe with a‘valﬁ@ of .3, The Atlantic
Coast maximum is again eliminated except by contrést with the area of
minimum oceurrence paralleling the Appalachian Highlands. It is durimg
these months ~ June through September - that the most suggestive paral-
lelism between the hail (figures 71 and 72) and tornado patterns can be

found. Both have shown decreasing activity and their midcontinental



175
centers have both been located approximately over Kansas and Iowa.

The thunderstorm charts have also‘showﬁ a small secondary center in

the region of Missouri during the periocd bub, except for September,

the tendency has been toward an over-all increase ofVactivity.,’In
Octqbe? (figure 82) iowa continues to have the ﬁaximum térnadoivaiue‘
(2.3) but gfowing‘&ctivity near the Gulf mihimizes’it:'importance.”
By‘November,(figureV82)vArkansascis highest with a 3;& value. Arkansa§
is s%ill the leading state in December (figure 82) but with a value of
only 2.8 against 2.5 fof both Louisiana and Mississippi. By January

(figure 80) it is thus not strange to find Alebama again in the lead.

There is a roughly parallel retreat southward of both the hail

(figure 72) and thunderstorm activity during this period.

The maximum thunderstorm month

250, It has already been noted that July'is'thé month of maxi-
mam tﬁuﬁderéﬁérm aotgvity ovef thé'Unitéd'States;“ Howsver, even a
casual inspeétidn”of the figures ShOWing %hé’monthly'%ariatidn‘in'
freéuenoy of thunderstorm days indicates a variation of the maximum'
month., 'In:anvéfforﬁ tq'défine‘this variation; if poésible; fhe chart
showiﬁg the months of the maximum average number of thunderstorm days
(rigure 8%) was constructed. The‘patterﬁ‘is'définiteg‘nO'smoothihg'”
was needed to separate the different months of maximum occurrence.
When aﬁer?ées to whoié'days were used to determine the maximum month,
the extent of the area included seemed +o justify a delineation of =~
the region where June and Jﬁly are equally possible maxima;‘buﬁ use of

averages to tenths of days eliminated this area. It is possible that
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the August area near KéybWést‘sh@uid‘aiso‘hﬁg'ths Gulf Coést of Florida , .
since many‘of the coéstai stations had a séébndary maximum ih.August
or even an equal meximum when averages to whole days were considered, “
251, The result still shows July to be the dominant month,
oloéel&yfcliowed by June, in area covéfedea The &cﬁual;maximumkvalﬁes
in the Jﬁiy'and Aﬁgusﬁkfegions ére thé‘highést\khoWevef;iaS'can be:’
verified by consultzng the monthly ‘charts (flgures 29~51), or the 7
monthly varlatlon chart (flgure 27) |
252, There is the same evidence of thé’prOgréssiQn of thunder-"

,stofm.éctifiﬁy'pfeﬁiously‘indica%ed: "a movement Ffrom centfaleean"k
in May northward through thewmiésissippi’vé.ziey with a branching east- A
ward and weStwafd;kfolldwed'by a retﬁfh:ébu%hwa:d ébpfbximateiy'along |
. the Appalachian and Rocky Mountain DlVldeS.‘ Even a final return to
Texas might be deéuced from the small Septemfef %reé neéfwBroWﬁ$§1lleﬁw
and Corpuskﬁhrlst1.; The tran51tmcn‘frqm 1ow't0_h1gh’pressuremqti
10,000 feetkover”Texas,Vwithlthg‘gradual p;ogression nqrthward and
expansion of the high-level anticyclone in the following months,
has already been adduceﬁ as a possible exp1anation (pgragrgphs‘15lfg)°
On the West Coasf»thekmaximum.month;movggxsouthward with the Southf;,
ward;retregt,of thepPaoifio,High‘andkthe cyolonic_ag#ivity on its’_
north gide,

- .253. A comparison of this chart Witﬁ one showing the months o
of maximum rainfall (also figure 83} Waskan_pbvious next stép; All
months having average rainfall within O.EO‘inoh Qf the meximum value
were considered end where two or more were thus the"m&ximum mpnﬁhs”,

the dividing lines were drawn to favor contimuity of area, It was
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“not surprising to find important areas where the thunderstorm season

did not include the month of maximum rainfall. The widest departures. .
from the thunderstorm pattern are in the vicinity of the 1owér
Mississippi, the lower Ohlo, and the Tennessee Valleys, in the Lake
reglon, and along the NeW'England Coast " Otherwise, the Mathune
naximum-raln areas wers expanded mostly at the expense of the July
max1muﬁ~thunderstorm.area, Between tbe M1831881pp1 and the Rockles
the May‘and JQﬁé areas are ?artlcuiariy‘well deflned and the ohart o
shows that June is the month when the 1argest area’has 1ﬁs‘maX1mum
month Of ralnfall : Thefe is no clear saquenée of rélnféllhméxlmﬁkJ‘
compér§ble fo the séquénce of thunderstorm,max1ma;m o -

25&, A further comparlson was made Wlth a char% (not shown)

of the max1mum months of ralnfall chosen from %he season of max1mum

thunderstorm.act1v1ty, i. e,, May, June, July, and &agust Slmllarlty
to the thunderstorm ohart lS, of course, greater, The western sprlng
andﬁW1nter max1mum‘months are all replace& by May. In the oentral
region they‘are replaced by May and partly by July. May'also replaoeé
September 1n,thls reglon, On the New England Coast August replaces |
January, February, and Marcn. | V : N

) 255?‘ The dlstrlbuﬁloﬁ of éhé’max1mﬁm ha1l‘ﬁ§n£h isﬂaiso élveﬁﬂ‘
in flgure 85 k AS 1ndvcate& in prevzoué‘sectioné, 1tugenerally pré—
ce&es the max1mum\thunderstorm month but there is a slmilar‘progresglon
éutﬁa&d in tlﬁe - fram April in thé Gulkatatés in fhls case, rather 7
‘than from May 1ﬁ Texas, The ohart is most comparable %o the chart ef
the dlstrlbut1§n of the max1mum tornado months in the same flgure.

In the latter case, since the ocourrences are w1th1n a state rather
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than at a point, the dividing lines are simply;smoothed's%a%e‘boundariés.
In general, the close relation between tornado and hail occurrences is

apparent.

Dlurnal varlatlon of thunderstorm.frequency

’256;j From ba81c data gathered by'W} R, Gregg, former Chzef of
the Wéather Bureau, avallable only in manusorlpt farm and thoughtfully
suggested to the Hydromsteorologlcal Secﬁlon by L, P. Harrlson of the
Bureau, it was p0331b1e to make a more detalled study'of the dlurnal
v&rlatlons of thunderstorm ffequency in the Unlted States than had |
ever béfore been’ac‘compllshed° There had been many eafller observa—.
tlons of such a varlatlon but nbne Ead been areally deflned except
in the recent "Alrway Meteorologlcal Atlas for the United States" (3&)
whlch is baaed on a shorter perlod of record (though probably‘a better
one) and on & lesser number of statlons° Nevertheless, the 1atter
shows no appréclable confllot w1th the results of the analyszs of the
Gregg data.’ Other observatlons of the varlatlon have been mostly
qualltatlve or based on single~statlon recordse o

257.‘ The perlod of the Gregg data is from 1906 through 1925
The data were gathered fromA192 stations in the Unlted States, some
of Whloh have shorter perlods of reoordk varying from 7 to 19 je&rs,
The shortar‘perlods of reoord are 1ndlcated on the approprlata charté‘
and élso in table 21, whléh‘summazlzes’the data,‘ The hour of thunder-
storm occurrenoé in thesé déﬁa is the hour of beglnnlng, deflned as
the hour in whlch thunder is flrst heard Véregg méde sépér%te fabulaé

tlons of oceurrences recorded only as DNA (durlng Q.Te hours of
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Table 21
DIURNAL VARIATION OF THUXDERSTORK FREQUENCY
{PERIOD: 1906-1925)

Station
and Years 00-08 05-12 - 12-18 18-24
of Record Season N Z¥ &P N A3 FA7 X i3 N A N A ¢
Ablilene, - ¥ .1 26.8 0.6 10 24.4 0.8 9 22.0 . 0.5 1 26.8 0.6 41
Texas Sp 71 22.9 . 3.9 .61 16.4 2.8 99 31,9 . 5.4 90 . 28.0 4.9 311
{20) Su 61 i6.1 3.3 .39 10.3 2.1 188 49,1 10.1 93 24.8 5.0 379
A 31 120.1 1.7 23 8.8 . 1.6 59  38.3 3.2 38 - 22.7 1.9 154
- C 174 18.7 . S.4 129 14.6 1.8 353 39.9 4.8 229 25.9 3.1 . 885
Albany, ® 3 42.8 Q.2 - 1 14.3 0.1 2 28.6 0.1 1 14.3 0.1 T
Baw York . .8p < 21 15.7 1.1 12 8.9 0.6 . 81 - 48.5 . 8.3 40 29.8 2.2 134
(20) - 8u . 48 10.2 2.5 48 - 10.7 2.6 238 53.0 12.9 117 2640 6.4 449
. A 15 16.5 0.8 7 7.7 - D4 38 - 58.5 1.8 34 - 3.4 1,9 91
.- 85 12.5 1.2 &8 10,0 0.9 336 - 49.3 4.6 182 28.2 2.8 681
Alpens, . W 2 50,0 0,1 s 0 0 B+ .0 o 0 2 50.0 0.1
Michigan * Sp 32 20.5 1.7 . 32 20,5 . 1.7 50  32.0 - . 2.7 42 26.9 2.3 158
(20 Su . 45 11.6 2.4 193 24,0 . 5.0 . 172  44.4 9.3 77 19.9 - 4.2 387
. A 30 26.3 . 1.6 12 0.5 - 0.7 49 43.0 2.7 - 23 20.2 o 1.2 - 114
e - 109 16.5 ‘1.5 - 137 20.7 . 1.9 . 271 40.9 3.7 144 21.7 2.0 681
Amarillo, R - T | 12.5 0.1 -2 25.0 . Q.1 1 . i2.b 0.1 4 §0.0 0.2 "8
Texas: < 8p - 14 7.3 0,8 17 8.8 0.8 .78 40.4 - 4.2 84 43,5 4.6 193
(20) . Bu 40 9.7 2.2 18 4.4 1,0 . 180 48.2 10.3 164 39.9 8,9: 412
- A 23 16.5 1,3 11 7.9 0.6 . 64 46.0 3.5 - 41 - 29.8 2o <139
) 78 10.4 1.1 48 U 8.4 6.6 333 7 44.3 - - 4.8 293 39.0 4,0 752
Anniston, R 17 20,0 0.9 22 25.9 1.2 26 30,6 1.4 - 20 23.5 1.1 85
Alabams Sp 48 13,5 2.6 ~ 80 22,6 - 4.3 - 1857 44,3 - 8.5 69 - 19.5 3.7 354
(20) - Sa 47 - B.3 2.6 167 18.7 9.1 <551 8l.7 - 29.%9 128 | 14.3 7.0 893
‘ A 14 7.1 0.8 89 19,7 - 2.1 ils5 . 88.1 8.3 CR0 ¢ 15,20 1.60 0 198
. : 126 ‘8,2 - 1.7 ¢ 308 20.1 - 4.2 849 - 85.5 11.6 - 247 “16.2. 3.4 1530
Agheville, =~ W - 8 26.1 0.3 4 17.4 - 0.2 - 9 - 39.1 0.5 & 17.4 0.2 23
Horth = " 8p 32 13.2 1.7 30 i2.4 1.6 - 132 54.4 7.2 49 20.2 2.7 243
Carolina -~ Su - -31 4,4 1.7 55 7.8 3.0 539 76,0 29,3 8% ° 1l.8 4.5 708
(20} A 8 ~b.d C 0.4 € 4.1 0.3 110 T4.4 8,0 24 16.2 1.3 - 148
77 8.8 T 1.2 95 8.5 1.3 79¢ C70.3 ° 10,8 180 14.2 2.2 112
Atlanta, ~ W 7 15.2 0.4 - 17 37.0 0.9 1k 23.9 0.8 11 23.9 0.6 485
Gaorgla ‘Sp 80 17.1 2.7 45 15.4 2.4 141 48.2 7.7 56 19,2 3.0 292
(20} o Su 5 0.7 0.3 . 13,3 6.4 521 69.8 28.3 122 18.3 8.6 747
’ A [ 4.4 0.3 24 17.4 = 1.3 82 59.4 4,5 26 ' 18.8 1.4 138
- o . 68 5.8 “0.9  18b 15.1 2.5 755 C61.8 10.3 218 17.6 2.9 1223 -
Atlantic W & 31.2 0.3 2 12.5 0.1 2 - 1z.8 0.1 7 43.8° 0.4 18
Gity, . 8p 20 14.7 1.1 717 12,8 0,89 43 31.8 2.3 56 41,2 3.0 136
New Jersey Su 63 15,8 3.4 48 11.5 2.6 151 37.8° - 8.2 140 © 35,0 7,8 400
{20) A 13 ‘15,8 - 0.8 . 1% 17.0 0.8 22 26,0 - 1.2 37 42,0 2.0 B
. . 102 15.9 1.4 ~ 80 1z2.5 - 1.1 218 34,0 ° - 3.0 "© 240 " 37.8 3.3 640
Avgusta, w & T.7 0.2 10 019.1° 0.6 20 38.5 1.1 - 18 34.6 1,0 52
Georgia . Sp 26 12.4 1l - 37 7.7 2,0 0 80 " 43.0° © 4,8 | 58 26,8 3.0 209
(20) Su 18 . 2.5 0.9 44 6.8 2.4 429 B87.T ~ 23.3 144 22.7° 7.8 633
' & 11 8.5 0.6 . 6 4,6 ° 0.3 80 . 61,5 4.4 33  25.4 1.8 130
L L T BT CBL7 C 0.8 97 8.5 1,3 619  60.8 . 8.5 251 24.5° 3.4 1022
Beker, T w o . o . ¢ o o 0 o 0" ¢ "o .. 0 - ©o 0
Oregon o 8p 1 -2.7 201 3 -8 - 0.2 . 298 78.4 2.3 4 10.8 0.3 37
(15) . - 8u 12 - 6.2 0.9 31 8.1 2.2 114 59.1 8.3 . 3¢ . 18.6 2.8 193
. ;A 2 L7 0.2 .3 10.7 - 0.2 18 64.3 1.3 -8 17.¢ C.4 28
; o 15 . B.8 0.3 37 14.4 0.7 181 62.85 2.8 45 . 17.4 0.8 268
Baltimore, W . ;.6 31.8 0.3 2 10.5 = 0.1 -4 21.0 0.2 . 7 38.8 0.4 18
Maryland Sp 23 11.7 ., 1.2 - - 10 E.1 0.5 87 | 44.4 4.7 78  38.8 4.1 196
{z0) S Sw 47 8.6 2.6 21 5.7 1.7 81 3.4 15,8 176 32,3 9.8 545
B A 8 10.3 0.4 [ 7.7 . 0.3 . 31 39.7 Y 33 42.5 . 1.8 18
S ) 84 10,0 1.2 . 49 . 8.8 . 6.7 . 413 49.3 6.5 292 34.8 4.0 838
Binghamton, W . 0 -0 o] .0 [V 0 ) 62.5 0,3 . 3 375 0.2 8
New York sp . 14 8.3 0.8 14 - 8.3 0.8 80 47.6 4,4 _ 60  35.7 3.3, . 168
(20} .o Su 33 6.6 1.8 42 8,5 2.3 292 58.8 -18.9 . 130 . 26.%2 . 7.1 . 497
& 15 12,3 0.7 14 13.2 0.8 .. b& 51.0 3.0 - 25 | 23.6 ' 1.4 108
B 80 7.7 ¢.8 | 70 9.0 1.0 431 55.3 8.0  21l¢ - 28,0 3.0 778
Birminghem, . W 26 28.0 1.4 .18 19.4 : - 1.0 24 -25.8 1.3..: .88 26,9 1.4 93
Alabama Sp 66 17.8 3.6 . BB 23.0 £,8 - 140 7.8 Tob . 79 213 4,3 . 370
(20) . 8w o 44 5.l 2.4 151 17.4 8.2 566 . 64,1  30.2. 116 - 13.4 6.3 . 867
A 24 11,2 1.3 - &4 15.9 © 1.9 . 128 59.8 7.0 28 13.% 1.5 214
. : 160 10.4 2.2 288 18.7 2.9 . 848 55.0 . 11.5 - - 248 16.1 3,4 1B44
Bismnrek, w ‘o 0 . B .0 o - ] [¢] 4] [L o 0 [ 0
Horth . Bp .19 17.8 1.0 13 12.0 0.7 42 - 38,9 2.3 34 31,8 1.8 108
Dakota © Su ‘83 18.9 5.0, 84 7.1 4.6 157 31.9. 8.6 188 32.1 8.6 492
{20} - A 16 9.3 .9 19 22.9 1.0 3L 37.4 .. 1.7 17 - 20,5 Q.2 . 83
g 128 18.7 1.8 118 17.0 1.6 230 33,7 3.1 203- . 30.6 2.9 883
W = Winter (Dsec.,Jan.,Feb,) ‘ ' M - Y¥umber of thunderstorm beginnings.
- 8p = Spring (Mar.,Apr.,May) o %F = Frequency, % of B : )

 8u = Sumer (June, July,Aug.} %P = Probability,% of total periods.
A = Aubwmn (Sept.,Oct,,Nov.) I
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Station
and Years

of Record Season

Block w.
Island, - Sp
Rhode Su
Islend A
(20) '
Roise, w
Ideho Sp
{20) Su
. A
"Boston, « * w
Massschu-  Sp °
setts |- Su
- {20) CA
Broken ¥
‘Arrow, . Sp
Oklahoma Su
(7) : A
‘Buffele, W
“New York - Sp
(20) . SBu
A
‘Burlington, W
Vermont Sp
{20) su
o . A
.Cairo, ¢ w
‘Illinois Sp
(20} Su
. : A
Cagnton, W
~Hew York 5p
{zo)y Su
) . A
Cape Henry, W
- Virginia 8p -
(20) Su
. A
Charles W
City, Sp
cTowe . Su
-(20) A
Charlesbon, W
South - Sp)
Carolina, Su
20y &
Charlotte, W
“Herth Sp .
_Carolina’  Su

{20) 8

: (:hattariooga . W o

‘Tennessee  Sp

{20y 1 8w

5
&

Cheyenne, W

“Fyoming Sp
(20) - Bu’
’ A
Chicago, : w
Illinois Sp
(20) Su
o ) %

gunu

.8z

Table 21 (Conbd)

06-12

00-06
S - SRS SR A
‘1 8.4 0.1 5 41.7 0.3
C 26 28,7 7 1.4 18 18,8 . 1.0
40 19.0 2.2 40 18.0 2.2
16 26.2 0,9 -7 11.5 - 0ud -
- 83 21.6 - 1.1 ° 71 18,5 - 1.0
o +] o 1 10,0 -7 0.1
g 7.7 0.5 10 7 8.6 . 0.8
27 11,2 1.5 18 7.4 . 1.0
f12 17.9 0.7 8 11.8 0.4
48 11,0 0.7 37 . B.E 0.5
L2 25,0 0.1 2 28.0 0.1
14 17.5 0.8 ©. 10 12.5 ~ 0.5 -
28 11.0 1,8 © 2T Ul0.6 - 1.5
S 17 29.8 0.9 3 05,3+ 0.2
i 15.3 0.8 . 42 10.5 0.6 -
4 23.5 - - 0.8 - 5 20,4 - 0.8
46 25,3 . 7.1 . 40 :22.0 8.2
52 23,2 8ol B5 . 24.5 8.5
.22 23.9 B4 21 22,8 . 3.2 ¢
L1240 24.1 4.8 121 23.5 a7
3 17.6 0.2 2 11.8 0,1
33 . 17.8 1.8 27 14.5 1.5
83 8.1 . 4.5 74 . 16.1 - 4.0
o286 20.6 . 1.4 15 11.9 0.8
. 145 18,4 2.0 118 15.0 | 1.8
1 28.0 . 0.1 0 0.0 .0
10 8.7 . Q.5 17 14,8 0.9
3 10.4 2.8 82 16.7 4.5
112 1.9 0.7 - 23 22.8 S1.3
74 10,4 1.0 122 17.1 1,7
126 27.1 . o 1.4 18 1847 0.9
76 7.8 4.1 78 . 18.3 4,2
- 80 12.9 4.9 117 16,7 - 6.4
57 17.0 © , 2.0. 33 15.1 1.8,
229 15.9 3,1 244 17,0 3.3
4 86.7 0.2 1 16.7 0.1 -
.21 0 21.2 1.1 13 3.1 0.7
BB . 17.2 3.0 58 18,1 . B.2
C18 . 1643 0.8 ‘24 26,1 1,3
.95 18.3 1.3 96  18.5 1.3
6 - 27.3 0.3 "5 22.7 0.3
34 13.7 - 1.8 27 10,8 1.5
10,9 3.4 43 7.6 2.3 .
7 748 0.4 11 1l 0a8
108 11.7 1.5 . 86 9,2 1.2 .
T2 40.0 C.1 2 40.0 0.1
44 18.6 2.4 36 | 15.2 240
© 118 22.5 6.4 87 18.6 . 447
36 23.4 2.0 . 29 18.8 1.6
200 21.7 2.7 154 16.7 2.1 .
9 20.4 0.5 5 114 - 0.3
34 14.3 1,8 © 40 | 18.9 - 2.2
72 . 9.2 3.9 40 17.8 ¢ 7.6
26 ° 15.1 1.4 &1 215 2.0
141 11.4 1.8 2eR 17.$ 3.1 -
B 19.2 0.3 7 9 | 34.6 0 0,8
27 11,6 1.8 36  15.4. 2.2
Zo 4.0 1.5 28 - 4.5 1.7
T Bed 0.4 3 7.8 0.5
- 64 6.4 1.0 81 8.1 1.2
c24 0 40,7 - 1.3 6 10.2 0.3 °
66 20,0 - 3.8 40 348 2.7
S0 7.2 3.3 159 195 - B.6
M T 0.8 %8 1.9 0 2.0
164 1l.R - 2,2 250 18.1 3.4 -
] 0 o] -0 0 0 -
8 S44l 0k 19 9.8 - 1.0
14 1.7 0.8 81 . 9.7 4ol
3 2.0 0 0.2 g 8,2 0.5
25 2.1 - 0.8 109 9.4 1.8
5 . 22.7 0.3 4 18.2 0.2
47 1747 2.8 42 15.8 2.3
97 i 2044 5.3 73 16,3 4.0
41 R7.1 2.2 21 13.9 1.2
1% 20.8 2.6 140 1543 1.8
"imi:er (Dac.,J&n.,Feb )
Spring %b,ar.,hpr.,}ﬁay}
Surmer {Juns, July,iug.
Avtuma {Sept.,lct. ,Nov,

599
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¥ = Hunber oi‘ thunderstorn bemnnmgs.

GF = Frauuency, % of BN

7 =

) 18-24 .
X wo O wE
1 0.1 5 41,7 O
25 cled T BL 8047 1o
89 2.8 61 29.1 3.
21 1.2 17 27.8 ¢ 0.
116 1.8 0 114 287 . 1a
[+ 0.3 3 30.0 <50
86 3.6 32 27.4 1,
109 5,9 88  86.3 4.
.25 ‘le4 22 32.8 1.
208 2.8 145 33.2 2
C1 0.1 3 7.6 - 0.
25 1.4 31 38.8 1,
139 ‘7.5 80 23.6 3.
21 1.2 16 (28,1 0,
186 2.5 110 27.6 1.
.3 “0.5 .5 29.4 0.
.58 8.0 38 20.9 5.
.82 12,7 35 15.6 - 5.
25 3.9 ‘24 26.1 .0 3.
168 6.6 102 19,8 R
5 0.3 7 41.2 O
60 5.3 66 35.5 3.
159 8.6 42 31.0 7.
3¢ 1.8 46 3645 2.
263 3.6 281 33.1 3.
3 0.2 0 0.0 . 0.
. 83 3.4 25 21.7 . 1.
13.6 108 22,0 5,
49 2.7 17 16.8 - 0.
366 . 5.0 180 “2l.l 2.
25 1.4 29 30.2 1e
2150 8.1 - 122 28.7 6
339 S 1844 152 21.7 8.
85 47 - 63 28.5 3.
< 8.2 366 25.4 5.
1 0.1 0 0
42 243 23 28,2 . 1.
149 8.1 59 18.4 3.
34 .19 18 207 . 1,
226 3.1 101 19,5 1.
7 0.4 4 18.2 [V
98 5,3 89 35.9 4.
306 '18.6 159 27.% 8.
49 2.1 . 28 28.0 . 1.
459 6.3 278 29.8 3.
1 S0l 0 .0 :
78 4.3 78 32.9 4.
166 9.0 154  29.3 8.
41 242 48 31,2 2.
287 3.9 280 30.4 3.
13 0.7 ‘17 38.6 0,
102 5.5 - Bl 25.7 - 3.
420 22.8 153 19,5 8.
80 4.4 29 16.8 1.
615 B vzso 21.0 G
7 B e 5 192 0 0.
© 99 8.0 71 3045 4.
386 22.2 210 3%.4 iz,
52 3.2 4% 3941 z
524 &40 329 32.9
LA 0.8 15 25.4
137 7.4 - 78 23,6
452 24.5% 143 17.6
108 5.8 26 144
708 9.7 262 13,9
[+] o - 0 0
125 6.8 a1 21.2
585 31.8 151 18.1
- 96 5.3 39 25.5
806 11.0 229 19.7
8 0ut B 22.7
88 1.8 89 3345
175 © 945 131 27.8
45 2.5 44 29.1
316 4.3 269 - 29.4

Probebility, % of toi;al perlods.

oM~ O P0G -<ImOo 10010t -3
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- 32

101

210"

61 ¢
384

117
242

8T .
436

80,
254
57 -

398 o

17
82
224

g2 -

515

17
186
458

126 .

787

115
492
101
712,
96
428
698
218

1438

99
321
92

518 .

22

248

869
93

532

237

528
154
921

Cah

237
785
172

1258

26
233
629
110
998

Bg -

330
814
181

1384 -

183
831
145

1169

22,
268
476"
151
9186
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. Table 21 (contd)

Station

and Years 0006 06-12 12-18 182l

of Revord Season N & AP X 2P ] 3 -2 ) = =R
Cincinnati w 8 19.0 o.h & 1.3 0.3 15 35.7 0.8 13 31,0 0.7 2
Ohio Sp- 61 .7 3.3 71 17,1 3.9 170 L41.0 G2 115 27.2 6,1 K15
{20) Su 92 11,0 5.0 119 2% 6,5 L 5.9 23,0 200 240 0.9 85
4 s 22,5 2,5 38 18,% 2.1 76 37,2 Le? L 21.6 2. 204
207 15.8 2.8 234  15.6 3.2 . 685  h5.9 94 370 2.8 5.1 1%
Cleveland, W 6 37.5 o3 1 6.2 .1 L 25,0 0.2 5 31,2 0.3 16
thio Sp. 38 15.9 2.1 39 16.3 2.1 85 35.5 b6 77 32,2 L2 239
(20} Su 75 1.3 L.l 76 15.0 L1 200 39,6 10,9 154 30.5 8. 505
A 3 2h.8 1.9 U 10.2 0.9 33,6 2.5 13 314 2y 137
i L1853 17.1 2.1 150 14L.5 1.8 335 7.4 W6 279 311 3.9 897
Columbia, w 2 31,6 0.7 [ 15,8 0.3 13.2 0.3 15 39.5 . 38
Missouri Sp 71 17.9 3.9 80 20.2 L3 . Ub 36.8 7.9 100 25.2 5. 397
(z0) Su 133 2.8 7.2 32 216 7.2 215 35.3 11.7 129 21,2 7.0 09
A 22.7 2.9 49 21,0 2.7 7 33.0 L2 Bl 23,2 3.0 233
269 21,0 3.7 267 20.8 3.7 Ll .6 6.1 298 23,2 L 1277

Columbia, W 6 U3 0.3 9 21.4 0.5 13 30,9 0.7 Sy 33,3 0.8
South Sp 31 10,5 1.7 51 7.4 2,8 151 51.5 8.2 61 20,7 2.3 29l
Carolina Su 39 L6 2.1 75 8,7 L.l 530 61.8 28.8 213 24,9 11,6 857
{20) I - 8.2 0.8 12 7.1 0.7 102 £0.0 5.6 L2 2L 2.3 170
. 90 6.6 . 1,2 Wy 10.8 2.0 . 796 S8y 10,9 330 242 L5 1363
Columbus, " 7 21.2 .l 6 18.2 0.3 11 33,3 0.6 g 27.3 0.5 %3
Ohie Sp 50 16,5 2.7 58 19,1 3.2 98 . Se5 97 32.0 5.3 303

(20) Su, 9 13.9 1.9 9% 18 5.2 301 LbJy 16,3 162 2h.9 8.8
A 32 21.9 1.8 26 17.8 1.4 53 36.3 2.9 35 24,0 1.9 LU
179 15.8 2.5 186 16,4 2.5 163 0.9 6.3 303 26.8 L2 1131
Concord, W 0 43 4] ] 0 4] 1 26,0 0.1 3 75.0 0.2 L
New Hamp- Sp 8 11,3 0. 11 15.5 0.6 35 49.3 1.9 17 21,0 0.9 71
shire Su 32 10.5 1.7 28 8.9 1.5 175 5514 95 79 2%.2 L3 31l
(20} A 5 93 0.3 5 3.3 0.3 27 50.0 1.5 17 31.5 0.9 5l
) iS5 10.2 0.6 Lk 9.9 0.6 238 55,8 3.5 116 26,2 1.6 Lis3
Coneordia, # 1 111 0.1 1 11.1 0.1 . 1 11.1 0.1 6. b7 0.3 9
Kansas Sp - 39 20.6 2,1 21 11,1 1.1 51 27.0 2.8 78 L1.3 L2 189
{20) Su 115 24,0 6.2 50 10.4; 2.7 123 25.7 6.7 151 39.9 W 41y
A 3l 26,6 1.9 18 .1 1,0 30 23.4 1.6 b6 3%5.9 2.5 128
: 189 25.4 2.6 90 11,2 1.2 205  25.% 2,8 321 33.8 L.y 805
Corpus Ww 17 34,0 0.9 12 240 0.7 11 22,0 0.6 10 20.0 0,6 ‘50
Christi,” _ Sp 68 319 3.7 6 26 2.5 L6 216 2.5 53 2L.9 2,9 213
Texas Su 59 22,2 3,2 97 26,5 5.3 95 35,7 5.2 15 5.6 0.8 266
(20} A 55 28.9 3.0 53 27.9 2.9 63 35,1 3.5 19 10,0 * 1.0 190
199 27.7 2,7 208  28.9 2,8 215 © 29.9 2,9 97 . 13.5 1.3 719
Dallss, W 18 2.7 1.7 16 2L9 1.5 18 2.t 1,7 21 28,8 LS 73
Toxas Sp 60 243 S.ly 51 20.7 e 72 29,2 6.5 &y 25.9 5.8 - 247
(12} Su Lo 17,8 Laby 38 13.8 3.0 133 La.L 2.0 55 = 20.0 5.0 - 275
A 22 19,8 2,0 8 7.2 0.7 52 Le.g L.8 29 26.1 2.7 111
Ly 212 3.4 113 16,0 2,6 275 39.0 6.3 169 2.0 3.9 706
Davenport, ¥ L 22.2 0.2 22,2 0.2 L 22.2 0.2 6 33,3 0.3 18
Towa Sp 6 23.6 3.5 35 12,9 1.9 91 33.5 L9 &2 30,2 Ly 272
(20) Su - 121 2h.0 bub 79 15.6 L3 17% 3143 9.L 131 259 7.1 50l
A L3 25.8 2.4 29 17.4 1.6 L6 27.6 2.5 Lg 29.4 2.7 167
: 252 24.1 . 3.2 g 15.5 2.0 3l 3a.9 L.3 268 27,9 3eT 961
Dayton, W 3 13.0 0.2 5 21.7 Ouly 10 U43%.5 0.7 5 21,7 0.4 23
Ohio : Sp 36 15.9 2.6 37 16,3 2.7 85 37.5 6.2 &9 30.4 5.0 227
{15} ’ Su 61 14,8 Baly 2 15.0 4.5 202 . LB.9 Vb 89  2L.5 by LAl
: A 19 17.3 1L 22 20.0 1.6 L Lo.0 3.2 25 22,7 1.8 1o
119 15.4 2,2 126 16.% 2,3 341 L4 6,2 188 2L.3 34 774
Dsl Rio, W 6  31.6 0.3 3 15.8 0.2 6 31.6 0.3 L. 21 0.2 19
Texas Sp 1 27.5 2.2 9 6.0 0.5 39 26.2 2.1 . 60 40.3 3.3 19
{20) Su 30 21.0 1.6 n 3.8 0.8 61 k2.6 3,3 38 26.6 2.1 U3
A 19 26.4 1.0 8 1.1 0.l 19 26.h 1.0 26 36.1 4L 7
) %6 25,1 13 B11% 8.9 Lo 125 0 32,6 1,7 128 33.4 1.8 383
Denver, w 4] o 4] V] o] )] 1 100.0 0.1 [+] ] 0 1
Colorado sp 12 7.7 0.6 18 1.6 1.6 103 6b.h 5.6 22 12 L2 155
(20) Sy 0 2,7 1,1 L1 5.5 2,2  LgB  67.2 2.0 183  2h.7 9.9  7h2
A 2 1.6 0.1 7 5.5 Ul 87 6749 [:) 32 25,0 1.8 128
3l 3.3 0.5 &6 6.4 0.9 689 67.0 9L 237 23.1 3.2 1026

W = Winter {Dec,, Jan., Feb,)} K » ¥umbsr of thunderstorm beginnings,
Sp = Spring {Mar., Apr., May) . % = Frequency, & of 2N

Su = Summer {June, July, Aug.) © #P « Probability, % of total periocds.
& = Autumn (Sept., Oot., Nov.)
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Station
and Years

‘of Record Seasen

Dos Moinss,
 Towe
(2c)

Detroit,
Michizan
(20)

Devils
lake,
North
Dakote

(20)

Dodge City,
Kansas -
(1)

bxzb ugue,
Lowa

(e0)

Buluth,
Sinnesota
{20}

Euetpcrt,i
Haine

(20)

Elking,

West Virginia
{20}
. k4
Ellendale,
Horth

Drkota

(9)

El Faso,
Texes
(20)

Erie,
Pennsylvanis
(20)

Lscenshs,
Hichigen
(z0) .

Eurelm, ‘
Californla
(o)

Sp
Su
A

w

Sp
Su
A

W

Sp

Su

A

wo

Sp
Su
A&

W
Sp -

Su
A

W

3p
Su

Table 21 {contd}

00-06 . 0612 1218 162y
B & @ N, = N xR B 7 A
7 58.3 o.h 1 8.3 . 0.1 1 8.3 0.1 25.¢ 0.2
66 . 21.6 3.6 I 13,0 2,3 89 29,2  L.& W08 35.4 5.9
s 25.2 7.8 33 15,7 L8 16z “B.5 8.8 174 30.6 9.
4 22.3 2,7 s 20,5 2,5 56 25,5 3.1 70 1.8 3.8
265 24,0 3.6 177 0 16.D 2., 308 27.9 L2 255 32,1 U9
L o2 0,2 1 S.6 0.1, 7 58,9 0.k 5 3303 0.3
27 12,7 1.2 37 17.5 2,0 76 35,9 L.l 72 30 3.9
7h 15,3 5.0 &7 12,9 36 216 LL.7 . 137 126 26,1 6.8
27 221 1.5 21 17.2 1.2 11 33,6 22 45 27.1 1.8
132 15,8 1.8 1w 15,1 1.7 0 B0 u0.8 U7 237 28,1 3.2
0 © 0 0 s 0 [+38 0 b} 0 0 0 o
15 15,3 0.8 13 12,5 0.7 3l 3.7 1.8 34 36,7 2.0
91 © 18,2 hae ¢ 90 18,0 L9 1557 330 8.k 165 33.0 ERY]
18 . 22,2 1.0 12 4.8 0.7 26 32,1 Ly 25 30,9 Lokt
12 18.2 1.7 118 16,9 1.6 215 31,6 . 2.9 226 33,2 3.1
1 250 0.1 1 25.0 0.1 0 a o 2 60,0 0.2
26 2L.5 2.6 . 15 el 1.5 . 28 26.h 2.8 37 3.9 3.7
69 2008 6.8 23 8.3 2,3 95 34,2 9ot 93 32,8 3.0
17 19,8 1.7 1l 12,8 1.1 . 23 26,7 2.3 35 L0.7 305 -
113 25,8 2.8 50 10.6 1.2 s 30,8 5.6 . 165 L8 19
1 7.7 0.1 4 30,8 0,2 3 23.1 0,2 g 38,4 0.3
58 25.9 3.2 9 170 2,1 63 28.1 . 3.4 & 28,5 3.5
CxE2 2l 6.6 Y7 150 ) 169 33,8, 9.2 % 226 6.1
26 22, 2.0 %7 25,5 2.0 59 2L.% 2.3 i 29,6 2.6
217 24,2 2.0 .A77 %7 . B.h . 2T 30.6 3.8 229 255 21
0 [ o o 1 50,0 0,1% 1 50,0 0.1
24 19,3 1.2 . 9.7 .6 2 33,9 2.3 Lo 37.1 2.5
86 18,0 L7 . 79 16,58 1 170 3545 G2 1hdy 30,1 7.8
29 Rb6.é 1.6 19 . 17.4 1.0 31 @2B.y LT 30 27.5. 1.6
139 19,5 1.6 e 15.4 1.% . 2L 3lpe2 3.3 221 30.9 3.0
2 33,3 . 041 2 33,3 0.1 2 32,3 0,1 0 0 0
9 18.L 0.5 7 g [P 22 W9 1.2 11 22.4 0.6
38 154 2.1, 37 15.0 2.8 109 Lha3 5.9 &2 25,3 3.y
12 2L 0.7 10 20,0 0.6 13 26, 0.7 . 18 20,0 0.8
&1 17.3 0.8 56 16,0 0.8 s hLi.é 2.0 88 25,1 3.2
7 3%.0 Coly o 5] o - 7 4$5.0 Ouly & 30,0 0.3
28 1.7 1,5 3% . 13,8 1.8 113 7.1 6.2 66 27.5 3.6
67 11,0 3.6 8% U L.& 309 50.8 16,8 7 2L.2 ERY)
iU, 1.5 0.8 18 MY 1.0 5% L8. 3.2 32 26,0 L6
116 11.7. 1.6 136 15.7 .9 88 g 5 6.7 251 . 25.4 PRA
0 [} 0 0 o . v 0 . ¢ G, - o 0
L 7.0 0.5 8 .o 1.0 29 50. 9 3.5 16 23,31 1.9 .
35 13,5 L2 65 . 25,1 7.8 92 35,8 11,1 &7 25.9 8.1
33 21.7 1.6 16 26.7 1.9 19 31.7 2.3 . 12 20.0 1.5
52 13.8 1.6 89 23,7 2.7 U 37.8 L3 95 25,3 2.9
3 20,0 0.2 . 1 &.7 0.1 8 53,3 Ok 3 20,0 - 0,2
3 . Lé 0.2 8 12,3 Oauly 32 L9.2 1.7 22 35,8 1.2
3l 6.7 1.5 12 2.5 [ 266 52,1 b o 197 38,6 0.7
3 - 7.3 0.5 9 T3 0.5 &0 uB.E 0 3.3 L5 36.6 2.5
L9 6,9 0 0.7 30 4.2 25 366 Slely £.0 267 375 3.7
L 20.0 0.2 1 5.0 0.1 3 15.C 0. 32 0.0 0.7
29, 12,7 - b 34 9 1.8 86 37.8 L7 79 SheT Le3.
75 16.h Lol 7R 5.7 3.9 - 175 38.8 G5 36 5.6 ko
30 22,2 1.6 w2 16,4 .20 L3 319 0 24 Lo 294 2.2
138 16,0 1.9, 129 15.44 1.8 307 56,5 o2 . 267 41.8 3.7
0 0 0 1 25,0 o [4 0 0 2 75.0 0.2"
27, B20.5 1,5 ©b 19,9 1.y 43 32,6 . 2.3 36 27.5 2.0
T - 15.8 10 6l 1347 5,5 21k L45.2 11,5 118 25,2 baly
21 16,0 1.2 . 52 23.& 1.7 Wy 33 2.4 35 25,7 1.9
W2 16.6 1.7 ®E . 16,6 1.7 298 .5 L.l 12 26,2 2.6
9 22.5 0.5 . 6 15,0 0.3 8 U5 1.8 7 17.5 O.ly
2 22,2 0.1 0 0 0 H Jp 062 3. 32,3 0.2
2 . 33,3 0.1 0 0 0 2 35,3 0.1 2 34,3 0.1
& 24,0 . 0,3 2 B0 6.1 - 9 36,0 9.5 ) 32,0 Uuly
13 . 25.8 0.3 8 0.0 0.1 33 L1.2 0.5 <0 25,0 0.7
= Winter (Doc., Jan., Feb,) N » Fumber of thunderatorm ‘baginnings. .
= Spring (Mer., Apr., ¥ay) ‘fF = Freguency, % of TN :
= Summer (June, Julwr, Aug.) = Probability, % of totasl perioda.
= Autwan (Sept., Oct., Nov.)

m

12
205
568
220
1105
18
212

=



Station

Table 21 (contd)

and YToars 0006 08-12 1218 - 1824 .
of Reeord  ‘Semeon _H & 3 F &P 5 3 F X 3 A
Evansville, w 20 29.L4 1.3 9 13.2 0.5 23 33.8 1.3 16 25,5 0.9
Indiana Sp 75 23.0 L) 55 6.8 3.0 103 315 5.6 ol 28,8 5.1
(20} Su 76 12,5 L.l 98- 6.2 5.3 290 L7.8 15.8 1@ 23,0 7.7
& 39 - 2l.7 2,1 27 15,0 1.5 71 3945 3.9 L3 23,9 2.4

210  17.8 2.9 189 16,0 2.6 LBT 1.2 6.7 295 25,0 L0

Ft. Smith, W 21 - 25.9 .2 - 10 12,3 0.6 .24 29,6 1.3 26 32.1 Tl
Arkensas 8p 77 19.2 42 &5 %4 3.6 121 30.1, 6.6 137 3Ll Toly
Su 83 16.8 I 75 15,2 Lol 241 L8.7 13.1 - % 19als 5.2

4 L8 25.8 2.6 . 35 18.8 1.9 61 - 32.8 33 0 L2 22,6 2.3

o 225 19.7 3.1 136 16,00 2.5 L7 3840 &1 301 25,9 bl
F%. Tayns, W 3 2l.h 0.2 . 2 U3 0.1 5 35,7 0.3 L 28,6 0.2
Indisna Sp 38 19.5 2.1 33 16,9 1.8 76 39,0 hLel L8 2lab 2.6
{en) Su 60 17.5 3.3 47 13,7 2.6 163 7.0 87 . 75 21, o3
A 20 19,2 1.1 2l 23,1 1.3 . .20 28.9 ° 1.6 3G 28,9 1.6

21 18.4 1.7 W6 16,2 1,5 272 L1.5 3.7 157 23,9 2.1

7%, ®orth, w 20 27.0 1.1 RHY 8.9 0.8 21 284 1.2 i9 25,7 1.0
Toxas 8p 8l 22,6 bob 70 18,8 3.8 101 27.2 5.5 117 31.5 buly
(20} Su 71 15,9 3.9 & | 13.4 - 3.3 @23 50,0 ' 12.1 93 20,8 5.0
A 36 18,5 2.0 2L 12,3 1.3 88 U5.1 4.8 L7 24,1 2.6

211 19.L 2.8 168 15.5 2.3 L33 39.8 5.9 276 25.4 3.8

Fresno, . W 1 68,7 0.1 1 66.7 0.1 10 6,7 0.6 3 20,0 0.2
Californis Sp . 3 7.3 0.2 " 2 e 0.1 20 . 48,8 1.1 16 3940 0,9
{20} - 6 28.6 0.3 L 19.0 0.2 5 23.8 0,3 & 28,6 0.3
A 0 0 o 2 0.0 0.1 2 50.0 0.7 - é 30.0 0.3

. 10 30.3 0.1 2 9.3 0,1 L7 LB.5 | 0.6 21 32,0 Ok
Galveston, W 29 25,7 1.6 30 26.6 1.7 32 28,3 1.8 22 19.5 1.2
Texas gp 68 28.1 3,7 55 22,1 3.0 72 29.7 3.9 I 19.0 2.5
{20} Su o 22,1 5.1 U 32.9 7.6 138 3.4 7.5 53 12,5 2.9
& Bl - 27.2 305 79 33.5 5.3 55 23,3 340 38 16,1 2.1

255 25,1 3.5 305 30,0 42 29,2 Ll 159 15,6 2,2

Grand W 2  11.8 0.1 6 35,3 0.3 2 1.8 0.1 7 Li.2 Ous
Haven, Sp W 19.9 2,6 33 1.0 1.8 76 32,2 l.l 80 33,9 13
Kichigan, Sw 118 27.2 b.h 79 8.2 L3 o8 22.7. 5.3 139° 32,0 7.6
{20) A 3 204 1.9 37 22,2 2,0 51 30,5 2.8 L5 27.0 2.5
201 23,5 2.8 155 8.1 2.1 227 26,6 3.1 27} 31,7 347

Grand W o 0 0 2 0 0 L 80,0 0.2 1 20.0 0.1
Junetion, Sp 6 3.5 0.3 - 33 19,5 1.8 99 58.6  S.b 31 18.4 1.7
Colorado Su 28 - 3.8 1.5 161 21.6  B.7 .23 56,7 23,0 133 17.8 7.2
{z0} A B 7.8 0,9 50 2h.2 2.7 96 Lifse 5,3 L 21.5% 2,4
0 by 0.7 2l 21,7 3.3 622 - 55.L 8.5 209 18,6 2.6

Gramd w Lo 23.% Co2 3 7.6 0.2 L 23.5 0. 6 35,5 - Q.3
Begids, v 9 2.2 2.7 38 15.7 2.2 78 32,2 L2 7 31.8 L2
¥ishigsn 2a 101 23,5 55 8y . 19 3.5 1385 315 7.3, 9 30,1 760
{20} & 39 2hB8 - 2.1 2 15.3.. 1.3 39 . 2,1 55 35,0 3.0
193 22,8 2.6 129 15.3 1.8 25 . 30,3 3,5 267 31.6 3.7

Grosn Bay, w b I T ¢ 0.1 2 33,3 04l .. 2 23,3 0ol 1 16.T 0.l
W esongin 8p 35 21.6 1.9 23 U2 1.2 50 30,8 2.7 Sl 3363 2.9
(20) Su 87 19,1 b7 75 .l kel 180 39,4 9.8 . 11y 25,0 6,2
& 26,6 1.9 20 22,6 1.6 %5 27.3 - 1.9 30 23,4 1.6

17 20,9 2,1 19 7.2 1.8 = 247 35,5 3.7 199 26,5 2,7

Gresnville, W L 210 0.6 i 21.0 0.6 5 2655 0.7 6 31.6 0.8
South Sp 25 17.5 RN 3 7.7 L5 72 50.3 9.8 35 2.5 1.8
Carolina Su o Ay Tad 3% b 1.8 199 7.4 27.0 72 2l.7 9.8
(8} A h o 3.3 .5 7 9.2 1.0 12 . 553 5aT 23 30.3 3e1
v BB 8.3 1.5 35 6.6 - 1.2 318  5%.6 0.9 137 25,7 4.7

Grossback, . W U 3kl 2,% ] 22,0 - Lol 10 2Ll 1.6 8 19.5 1.3
Toxng $p © 2L 39.2 3.7 . 29, 23,2 L5 43 . 39.2 7.6 23 18.4 3.6
(73 Su 0 6.5 .6 0 3% 2,2 5.7 96 62,8°. .9 W 6.5 1.6
. A 1B 17.2 2% 2% 26, 3.6 39 Whe8 6.0 . 10 11,5 1.6
65 15,5 2.5 - 98 2Ll 3.8 g K7.7 Tl 51 12,5 2.0

Hezmibal, w 8 22.2 ody 0B 2.2 0.y 5 13,9 0.3 5 L1.7 0.8
Migsovrd sp 8 206 hed T3 8.2 3.9 17 30,1 &4 121 311 6.6
{20) Su 118 2.5 - 6.4 W00 18,2  S.h 208 37.3 -1l.1 125 22.8 2.6
A 53 23,9 2.8 38 7.8 © 2.1 76 . 35,6 L2 uB 22,5 2,6

25? 23n7 305 ’ 21? a 1803 300 }@3 3}400 ) 505 509 25,0 2&-2

W= Wakter (Deg., Jen., Fob./
Sp = Spring {¥ar., Apr., ¥oy)

83 = Suomer {June, July, Avz.)
A = Autumn {(Sept., Ooh., Nowv.}

¥ = Nugber of thunderstorm beginnings.
% » Progueney, % of EX )

%P o Probebdbility, % of total perisds.
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 Table 21 (eomtd)}

Station .

and Years . 00-0b ) . 0612 . 12-18 : 1824

of Resord  Sessan N~ & & X i3 ¥ ¥ O_F =z X
Harrisburg, W 2 16,7 ©.1 1 8.3 0.1 3 25,0 0.2 [ 50,0
Permsylvania Sp . 18 10.3 1.0 i 8.0 . 0,8 91 82,3 .9 51 29,3
{20) Su. 517 9,6 2,8 36 . 6.8 2.0 293 55,0 15,9 153 28,7
. A 8 9.0 Ol 5 5.6 0.3 5.1 2,2 35 39,3
79 6.8 1.1 56 . 6,9 0.8 zg 53.0 5.8 a5 30.
Hartford, W 1 7.7 0.1 '3 23,1 0.2 2. 155 0,1 7 53.8
Comnecticut Sp 27 20.3 1.5 6 1.0 0.9 L3 o3 2.3 W 3543
(20) Su 61 13,9 3,3 . LZ 9.8 2.3 220 50.1 12,0 115 26,2
A 15 15,0 0.8 17 17,0 0.9 33 33,0 1,8 35 35,0
. W0k 15.2 Ll 79 1l.5 1.1 U3.5 L1 20L N
Hatteras, w 16 28.6 0.9 8 .3 0.4 15 33.9 1.0 13 25,2
North Sp 62 33,5 3.4 28 20,6 2.1 w7 284, 26 28 20.6
Carolina Su 99 284 S.4 58 16,6 3.2 125 35,9 6,8 67 19.2
{20y . A LW L3.8 2,5 9 8.6 0.5 29 - 1.6 21 20.0
223 32,3 3.1 113 16,3 1.5 220 31,7 3,0 139 20,0
Havre, w 5} o 0 o o 0 ] 0 <} 0 o
Hontana Sp 1 1.7 0.1 5 8.3 0.3 30 50,0 1.6 2l L0.0
(20) Su 43 10,5 2.3 52 12,7 2.8 157 38,3  B.5' 157 38.3
. A 3 9,1 0.2 L 12,1 0.2 15 Lsl, 0.8 n 33,5
- . L7 9.4 0.6 61 12,1 0.8 202 L 2.8 1€ 8.2
Helena, W o [+ 0 1 33,3 0.1 1 333 0.l 1 33,3
Mom tansa Sp 2 1.5 0.1 16 11.8 0.9 21 el 5.1 =i 17.6
(20) Su 50 6.8 2.7 - 83 1.2 4.5 U39  59.3 23,8 167 22,5
A 6 . 7.6 0,3 7 8,9 0.4 o2 2,5 20 25,3
58 6.1 0.8 107 11,2 1.5 580 60.6 7.9 212 22,1
Houghton, W 1 50,0 0.1 o 0 o o 0 o 1 50,0
Michigan Sp 33 28.2 1.7 20 18,2 1.1 - 28 255 1.5 31 28.2
(20) - Su 87 28,0 4.7 Ly ol 2.4 83 26,7 k5 = 97 33,2
, A 33 30,6 1.8 16 1.8 0.9 37 3h3 2,0 22 2004
' 152 28,6 2.1 80 15,3 1.1 27.9 2,0 151 28,0
Houston, w 26 28,5 1.4 25 27.2 1.4 22 25,9 1,2 19 20.7
Texas Sp 37 15,8 2,0 67 28,5 3,6 7% 324 Lel 55 23,4
(20) Su 25 5.5 1.4 ® 20,3 5.0 285 63,0 15.5 50 11.0
o : A 21 11,5 1.2 55 30.6 . 3.1 a5 ol L7 21 11.5
, 199 13 1.5 2o 250 3.3 68 LB.T 6.h 15 15.1
Ruron, W o o o o 0 0 0 [ 2 100.0
South Sp 26 16,9 1.4 i 9.1 0.8 sy 35.0 2,9 & 38,9
Dakota Su 129 23,9 7.0 89 36,5 LB 152 28.1 8.2 171 31,6
(20) A- 26 23,6 1.4 17 5.4y 0,9 - 2 20.0 e 45 0.9
: 181 22.L 2.5 120 U9 16 228 - 28,3 3,1 278 34,5
‘Indisnspolis, W 8 26,7 O. 7 23,3 O.h 7 233 Ol 8 26,7
Indiena Sp 75  21.9 Lol 53 15,5 2,9 128 37.4 7.0 8 25,1
{20} Su 74 12,3  Ls0 93 15.4 5.0 319 53,0 173 115 19.1
' A 8 206 2.1 29 - 15.7 1,6 73 39.5 L0 s 2h.3
E 195 16,8 2.7 182 18.7 2.5 R7  L5.5 7.2 28l 21,9
Iola, W 0 27.8 0.6 8 22.2 0. 7 19.4 0. 11 30,6
Kansas Sp 101 27.3 - 5.5 60 16.2 3.3 117 31,6 MY 93 25.1
(20) i Su 157 28.L 8,5 92 116.7 5.0 77 32,0 9.6 126 22.8
i A 62 28,6 3.4 32 7 1.8 1.8 68 31.3 3,7 5B 25,4
330 - 28,0 L.5 152 1.3 2,6 368 3l.h4 5.1 285 2l.2
‘Ithaca, o o 0 o~ 2 50,0 0.1 0 0 0 2 50.0
Yew York Sp 10 6.5 0.5 15 9.7 0.8 80 519 Ll3 L9 31,8
(20} Su 39 8.3 2.1 70 L8 . 3.8 271 57.h 17 = 19.5
' 4 10 9.6 0.6 - 12 115 0.7 sh 519 3,0 - 28 26,9
' 59 8.0 0.8 99 13.5 1.3 105 552 5.5 171 23.3
Jacksonvills, W 15 17.2 0.8 17 19,6 0.9 - 56,8 1.8 23 h
Florida Sp i9 5.3 1,0 70 19,6 %.8 210 58.8 1.4 58 36.2
(20} Su 32 2.4 L7 268 20, 1.6 850 . Lb.2 164 12,8
A 22 8,3 1,2 L9 18.5 2.7 1By 58,1 8.5 Io 151
; 88 LB 1.2 Lols 20.0 . 5.5 12Ls 61.6 17.1 285 TS 3
‘Kalispsll, w 0 0 [ 0 0 ] 0 ° ¢ - 0 !
Yontana Sp 3 B 0.2 3 5.6 0.2 35 6B 1.9 13 2.1
{20) Su 33 10,3 1,8 i w8 2.2 163 0.9 4.8 83 25,9
. A 8 20.%5 0. 5 12,8 0.3 17 L3.6 0.9 9 23,1
W 10,6 0.6 Lg 1.9 0.7 215 52,0 2,9 105 25,1

W = Winter (Dec., Jan., Peb.) H » Humber of thwderstorm begimnings.
8p = Spring (Mar., Apr., ¥ay) % = Freguenoy, % of TH :

Su = Sumner {June, July, Aug.} £ = Probability, % of total periods.
A = Autwn {Sept., Oot., Hov,} )
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. Teble 21 (contd)
3
Station .
end Yoars 00-06. . 0612 12-18 1824
o of Reecord  Sesson N _ & %P N b2 7 N S =, XETTTE 2N
Kansas City, W 9 2h3 0.5 . 3. 8,1 0.2 6 16,2 0.3 19 5Lk 1.0 37
Missourl Sp i, 29.L 6.2 52 13,k 2.8 101 26.1 5:5 121 31.2 6.6 388
(20) Su 185 28,7 10.0 78 12,1 L2 i85 28,7 10,6 198 30,7 10.8  &Lb
A 69 28.8 3.8 L3 18,0 2.4 60 25.1 3,3 & 28,0 3.7 239
377 28,8 L5 176 By 24 352 26,9 = L.8 OB 30.9 5.5 1310
Keokuk, w 8 29,6 0.4 % 1.1 0.2 9 333 0.5 7 25.9 0. 27
Iows 8p . 77 253 L.2 61 20.0 3.3 95 31,2 5,2 72 23, 3.9- 305
(20) Su 127 2l 6.9 85 16.5 L6 82 35,3 9.9 122 237 6.6 516
' © A 0 27.8 2.7 26 5 LhL 62 3.5 3y 42 23.L 23 180
262 25,y 3.6 175 7.0 b 38 33,8 L8 243 23.6 3.3 1028
Rey West, W 6 9.7 0.3 15 2h.2 0,8 18 29,2 1.0 2% 37.1 1.2 62
Floride Sp 20 10,3 1.1 L3 22,1 2.3 65 33,5 3.5 66 3.0 3.6 194
(20) : Su 11, .l 6.2 2le 29,8 13,1 287  35.5 15,6 167 20,6 9.1 810
A 57 1.8 3.1 95 2h.7 502 158 41,2 8.7 7h 19.3 L.l 384
197 13,6 2.7 395 27.3 Sely 528  36.4 7.2 330 22,8 L.5 1450
Knoxville, - W 11 26.8 0.6 b 0.3 12 29,3 0.7 2 29,3 0.7 - L1
Tennessee Sp 59 18,8 3,2 L2 Budy 2.3 132 2.2 7.2 80 25.6 L3 313
(20) Su L1 6.2 2.2 95 U5 5.2 - Lolo 63,5 21,9 117 17.8 6.4 657
. A 11 8.8 0.6 15 12,0 0.8 73 58,4 Lo 26 20.8 1.h 125
122 16.7 1.7 158 13,5 2.2 621 . 5h.T 8.5 235 20,7 3.2 1136
La Crosse, W 2 33,3 0.1 2 3,3 0.1 o ¢} 0 - 2 33,3 0.1 - 6
Wisconsin Sp L9 23,3 2,7 Lo 19.0 2,2 60 28.6 3,3 61 29,1 3,3 210
2oy . Su 29,8 7.7 8% 18,0 L& . 128 27.1 7.0 119 85,2 6.5 k73
~ A 37 25,5 2.0 20 15,8 1.1 bl 28.3 2.2 47 22 2.6 15
- 229 27.h 3.1 7 7.6 2.0 29  27.h 3,1 2y 27.h 3.1 8L
Lander, w ¢ 0 o 0 o 0 0 [+ 0 9 o [ 0
Wyoming 8p 3 L7 0.2 6 9.t 0.3 L 68.8 2.4 11 17.2 0.6 &l
(20} Su 15 5.0 0.8 13 1hd 2.3 170 57.0 92 70 23,5 3.8 298
A 2 b 0,1 8 17.L  o.L 27 58.7 1.5 9 19,6 0.5 L6
- . 20 L9 0.3 57 . 10 0.8 241 59,0 3.3 90 22,0 .2  Los
Langing, w 1 12,5 0.1 0 0 0 3 37.5 0,2 L 50,0 0,3 8
Michigan Sp 25 15,8 2.0 38 20.7 2,6 75 0.8 501 L2 22.8 2,9 18l
(16) Su 65 16,3 L. g2 20.5 . 5.6 169 k2.h 115 - 83 20,8 5.6 399
A 32 27.8 2.2 18 15.7 1,2 39  33.9 2,7 26 22,6 1.8 115
127 18.0 2.2 138 19.5 2.4 286 LD,S L9 155 21,9 2.7 706
lewiston, w 1 33,3 0.l 0 0 3 1 3%.3 0,1 1 33,3 0.1 3
Idsho Sp L 6.1 0.2 L 6.1 0.2 18 72,7 2,6 10 15.2 0.5 66
(20} Su 20 12.9 L6 28 12,0 1,5 108 Li6e3 5.9 - 67 28,7 2.6 233
A 6 12,2 0.3 % 6.1 - 0.2 27 55,1 1,5 13 26.5 0.7 Lo
L1 1.7 0.6 35 10,0 0.5 8L s2.4 2.5 91 259 1.2 351
Lexington, ¥ i 25,0 0.8 13 23.2° 0.7 13 . 23,2 a7 16 28,6 0.9 56
Eentucky Sp 53 17.6 2.9 Lo 6.3 2.7 117 39,0 6.1 81 27.0 k.t 300
{20) Su 80 12.2 k.3 118 17.9 6y 332 50,5 18,0 129 19,6 7.0 659
A - 29  18.5 . 1.6 20 2.7 1,1 72 L5.9 L0 36 82,9 2.0 157
) 176 15.0 2.4 200 7.1 2.7 53 Lb5.6 7.3 262 22,3 3.6 1172
Liriealn, W 3 30,0 0.2 2 20,0 - 0.1 2 20,0 0.1 3 30,0 0.2 10
Nebrasks Sp 55, 23,2 2.9 31 13.4 1.7 70 30,2 . 3,8 77 33.2 Lo2 222
(20) 8u 157 26,9 ° 8.5 89 15.3  L.8 s 25,5 8.0 189 32,5 10.3 58%
A L7 232 - 2.6 2 - 11,8 1.3 63 31,1 2.5 69  3L,0 3,8 203
261 25,3 3.6 hb W2 2.0 28%  27.5 3,9 338 32,8 L.6 1028
Little W 2 22,8 1,3 18 17.2 1.0 2L . 22,8 1.3 33 37.2 2,2 105
Rook, sp 89 22,2 L.B 68 16,9 3.7 128 31.9 7.0 116 28,9 6.3 Lol
Arkensas su 65  10.6 3. 102 17,0 5.5 323 53,7 17.5 113 18,8 6.1 601
{20) A 37 18,5 2.0 25 17.5 1.9 93 6.5 5.1 25 17.6 1.9 200
213 16,3 2.9 2e3 17.1 3.1 568 L3.5 7.8 303 23.2 L2 1307
Ios Angeles, W 5 29,5 0.3 L 23,5 0,2 . 5 29,5 0o3 3 17.6 0.2 17
Californis  Sp 7 2h.1  C.lg 3 10,3 0.2 16 55,2 0.9 3 10,3 0.2 29
- (z0) Su L 28.6 0.2 L 28,6 0.2 5 35,7 0.3 1 7.1 0.1
A5 2L7 0.3 5 2L7 0.3 8 3.8 0. 5 21,7 0.3 23
; 21 25,3 0.3 16 19.3 0.2 3 41,0 0,5 12 145 0.2 8%
Lounigville, W 16 25,8 0.9 iz 19.4 0.7 13 21.0 .7 21 33,9 1.2 62
Kentueky . . Sp 7L 20.1 LWO 63 . 17.1 3ot 126 2.5 6.8 oL 28,3 5.6 367
" {eo) Su 79 12,7 13 76 2.2 Ll 293 472 15,9 172 - 27.7 S5 620
i : A 38 2%.2 21 30 18.3 1.6 67 Lo.9 3T 29 . 17.7 1.6 L

207  17.1 2.8 181 $9 2.5 499 L1 6.8 326 26,9 L.5 1213

W = Winter {(Dec., Jun., Feb.) ‘ ¥ = Number of thunderstorm beginnings.
8p = Spring (Mar., Apr., May) % = Frequenay, % of I¥
Su = Summer (Jume, July, Aug.) %P = Probability, % of total periods.

A = Autumm (Sept., Octs, Nov.)
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Teble 21 {contd)

W » Winter (Dec., Jan., Feb.)
Sp = Spring {Mer., Apr., ¥ay)

Su = Sumner {Jfume, fuly, Bug.)
A = hutwsn {Sept,, Oct., Wov.)

187

K » Humber of thunderstorm beginnings.
F = Frequeney, % of I
%P = Probability, % of total periocde.

Station )
and Years 00-0b Qb-12 12418 1824
of Record Season K& AR 3 w®_§ s W ¥ E
Ludington, R 111,11 0.3 2 2z2.2 0,2 3 33.3 0.3 3 33,3 0.3
Michigan Sp 31 27.7 26 10 8.9 0,8 3% 29,5 2,8 38 33,9 %2
(13) - Su 7T 2T bul Rive 5.1 3.9 89 28.5 Tobe 99 3.7 83
. A 29 25.0 2.4 21 18,1 1.8 26 31.0 3.0 30 25.8 2.5
. 138 25,2 2.9 80 Ueb | 1.7 161 o3 3.4 Y70 31,0 %6
Lynchburg, W i3 0.1 1 U3 0.1 L o57.1 0.2 1 U - 0.1
Virginia Sp 17 11,1 0.9 iy 9,2 0,8 68 Lhol 3.7 s 353 2.9
{20} Su Cah o né o 1.3 23 L0 1.1 319 6l.E 17.3 186 50,0 8.5
. A T 5 7. 0.3 2 2. 0.1 LE 52 2,5 36 . 36,1 1.6
L8 6,3 0.7 38 5.0 0.5 136 57.2 6.0- 241 31,6 303
Macon, w- 15 21,1 0.8 . 15 21.%1 0.8 27 38.0 1.5 h 19,7 0,8
Georgia . Sp 26 9.1 1.8 Lk W3 2.4 s 7.3 7.8 91 29,6 L9
{20} Su - 24 2.8 1.3 L5 Be2 2,k 866 £5,7 30,7 . 287 26,3 12,3
: & 10 6,5 O.b 8 5.2 ° Qo 95 62,1 5.2 Lo 26,2 2,2
: 77 5.5 1.1 112 8.0 1.8 833 59.7 1l 372 26,7 5.1
Medison, W -1 10.00 Gll 2. 20,0 - 0.1 ] 60,0 0.3 1 10,0 0.1
Wisconsin Sp T 6B 21,1 3.7 57 1747 3,1 95 29,1 5.2 103 31.9 5.&
(20} Su 118 18.3 6.l 138 2l 7.5 221 343 12,0 168 26,0 9.1
. A 39 22,9 2,1 35 20,8 1.9 51 30,0 2.8 L5 26,5 2,5
226 19,7 3.1 232 202 %.2 373 32.5 5.1 317 27.6 L3
Margquette, * o .0 0 0 <] s} o 0 o] 0 . 0 [
Michigan Sp 2 23,1 1.2 2y 22,1 .2 . 3L 3247 1.8 2% 22.1 1.2
{20} Su 101 26,8 5.5 59 15.6 3.2 135 558 7.3 82 2.8 L.l
A 29 30,9 ¢ 17 18.1 C,9 29 30.9 1.6 19 20.2 1.0
5l 26,8 . 2.1 9 17.2 Lads 198 3Ll 2,7 12k 21,6 1.7
Momphis, w 17 17.5 0.9 23 23,7 1.3 27 27.8 1.5 . 50 0.9 1.7
Tennossee Sp 53 16,3 2,9 67 20,5 3.6 110 33,7 6.0 9% 29.L 5.2
(20} i Su 51 9.0 2,8 97 17,1 5.5 208 slely .7 110 19,k 6.0
A 27 1.6 1.5 28 17.2 LE .7 Lbae Lol 33 20,2 1.6
. LB 12.8 2.0 215 18,7 2,9 520 45,1 7.1 269 23,3 3.7
Meridian, W 35 26,5 1.9 19 1. 1,0 13 2.6 2. 35 26,8 1.5
Mississippi  Sp 83 22,2 L5 &7 18.0 3.6 w2 38,1 7.7 81 21,7 Lsly
(20} : Su 25 P WA 89 11.8 L6 52% 69.L 28,5, 116 15.L 6.3
i A 1% 8.6 0.% 15 B.1 0,8 114 61,2 6.3 Li 22,0 2.2
159 11,0 2.2 180 %8 2.6 820 57,0 112 273 8.5 3.7
Migmi, | W & 16,2 0.5 5 13.5 - Csk 1 29.7 0.9 15 L0.S 1.2
Fioride Sp 18 7.6 l.b 5L 22.8 L2 123 52,3 3,6 L) 17.0L 5.2
{1} Su L 7.1 Rk 205 33,0 15,9 262 Le.1 20 111 17.6 8.6
A B 7.0 b LS - 19,2 3,8 12% 18,2 9.7 65  B5.5 5.1
86 7.5 1.7 313 7.2 6.1 519 LB.2 10,1 232 20,2 LB
Milss City W 1-100.0 0.1 0 0 ) 0 0 0 [ 0 0
Meontans Sp i 18.2 0.8 17 22,3 0,9 31 0.3 1.7 5 15,5 0.8
(20) Su - 66 18,6 3.6 L7 . 13.2 - 2.6 136 31,0 8.0 132 37.2 7.2
i _ A L7 25,0 0.y 11 39,3 0.6 5 17.9 0.3 5 17.9 0.3
. 88 19.1 1.2 75 16.3 L0 - Wb 21,7 2,0 152 33,0 2,1
Wilwaukes, w 3 33,3 0,2 2 22,2 0.1 3 3%,5 0.2 1 11,1 0,1
¥igsoonsin Sp 55 27.k 3.0 2l 12.0 13 & ALS 3.5 58 28,9 3.2
(20) Su 82 21.0 Lo &7 17.2 3,6 Li 56a 1 7.7 101 - 25,9 5.5
: A 36 25,1 .0 26 UseB lel 2 0.4 2.3 Lo 29,0 2.2
: 176 24,8 2.4 113 15.3 1.5. 2% 33,8 3.l 200 27.0 2.7
Minneapolig, W ¢ 0 o [ a 0 i 50.0 0.1 i 50.0  Oul
Minnesoha Sp U5 2%.8 2.4 2l 12,7 - 1.3 51 27.0 2l &5 3.5 3,8
{20) Su 139 25,1 7.6 85 5. L. 188 6.0 8.6 - 171 2049 9.3
A 38 25,7 2.1 28 - 189 1,5 3l 25,0 1.9 . L8 32,4 2.6
- 22 24,9 3.0 137 .4 1.9 . @l 27.4 3.5 286 32,5k L0
¥sbile, ¥ 28 25.3 1.6 29 26,9 1.6 29 26,9 1,6 22 20,43 1.2
flubama Sp 68 21.L 3.7 81 255 Luly 109 ol 5.9 60 1809 3.3
{z0) Su & 7.1 3.6 239 25,7 15,0 53 57s 28,9 95 1060 5e0
. & 25 11,2 1.4 Lo 17.9 2.2 135 b0l T4 23 10,3 1.3
L 187 11,8 2.6 389 2hnb 5e3 80& 51,0 1l.o 198 12,5 2.7
Hudene, W 2 22,0 0.1 i 11.0 0,1 & 55,3 0.5 1 11.0 0.1
Utah 8p Lo 3,0 0.2 25 18.5 Lok 8 65,2 b8 28 133 1.0
(20} Su %6 5.2 2,0 132 19,1 Te8 Lk 62,8 23,6 90 13,0 149
A 18 12,2 1.0 29 19.7 - 1L.6 8% 56.5 Lol 17 11,6 0.9
60 6.1 0.8 19,0 256 610 62,0 8. 126 12,8 1.7
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" Table 21 {contd)

Station

and Years 00-C6 06-12 12-18 18-24 -
of Record Seasen - ¥ _& ® 3 & g . & A 31
Hontgomery, w 36 30,5 2.0 21 17.8 1.2 23 28,0 1.8 28 23.7 L6 118
- Alsbema. Sp 6 18,1 3.5 75 21,3 L1 13 0.6 7.8 0 19,9 3.8 3%
. {20) - Su 30 3.8 1.6 98 12,5 5.3 50 66,2 28.2 137 1L 7.k 785
A 17 8.8 Q.9 20 0.4 L1 1316 60,0 6.kt Lo 20,7 2.2 193
. . 7 10,1 2.0 21 1,8 2.9 812 56,0 - 11, 215 19.0 3.8 1B,
Rantucket, w 8 38.1 Ouly 8 38.1 C.ly 4] 0 0 5 23.8 0.3. . 21
Hassachusebtts Sp. 32 30.8 1.7 22 21.2 1.2 27 26,0 1.5 23 22,1 L2 0k
(20) Su I8 22.8 2.6 3% 17.1 2,0 71 33.6 %9 5% 26,5 3.0 211
A 8.2 0.8 16 20,8 0.9 23 29,9 1.3 31,2 1.3
w2 2L.7 b &  19.8 1.1 121 29,3 1,7 108 2562 1,5 L3
. Nashville, B 1 2, 28,6 1.3 17 20,2 0.9 20 23,8 L.l 23 27.L 1.3
Tennogaes 8p 70 18.6 3.8 51 13,5 2,83 166 L0 - 9.0 90 23,9 L9 377
(20) - 8u 7h W5 0 103 b 55 375 53.8 20,6 19 212 8.1 705
A 30 16,4 16 28 1563 1.5 95 56,8 5.1 32 17.5 LB 18%
98 W7 2.7 199 L7 2.7 658 Ig.7 9.6 29 21,8 1o BL9
Hew Haven, w 2 18,2 6.1 82 6.1 3 27.3 0.2 L 364 0.2 11
Commestiout  Sp 2, 20,2 1.3 17 S 0.9 Lo 33,6 2.2 38 3.9 2.1 119
{20} Su B 33.1 . 2.6 32 8.7 L7 - 173 7.3 9.4 113 30.9 6,1 366
- A g 112 0.5 2,5 0.é 32 .0 . 1.8 29 3 L.b 80
. : B 8% 13 . 1.1 61 10.6 0.8 28 b3.1 3.4 a8y 2.0 2.5 576
. Few Orleans, W 27 22,7 1.5 27 22,7 1.5 32 9 1.8 33 27.7 1.8 119
. Louisiann 3p 57 . 17.5 3.1 73 22, heo 132 Loos | 7.7 & 16 3.5 326
- {20) Su 36 Ll 2,0 250 28,2 1546 R0 58,6 28,2 81 9.1 Lt 887
i 19 7.6 1.0 & 25,5 3.5 17} 56,1 7.7 27 0.7 1.5 251
- : 139 8.8 1,9 L 26,1 5.7 85 52, 11,3 205 12,9 2,8 1583
Hew York, " 26,7 0.2 5 3.3 0.3 1 6a7 0.1 ~ 5 333 0.3 15
Hew York Sp 31 19.1 L7 1 Tk 0.6 6%  38.9  3.h 56 3h.6 3.0 162
{eo) Su L1 8.9 2.2 36 7.8 2,0 2% 50.6 12,6 150  32.7 8.2 L59
‘ . A 1 5.6 0.8 9 9.7 0.5 35 37,6 L9 3% 37.6 1.9 93
o %0 12,3 1.2 62 8.5 0.8 331 hs.L LS5 26 33.8 3.4 729
Forfolk, - W & 23.1 0.3 3 1.5 0.2 10 38,5 - 0.6 7 26,9 G.b 26
. Virginia Sp 29 12,6 16 23 10,0 1,2 97 g.0 5.3 82 35,5  Lh 221
(20) . 8w L5 83 oz k2 7.7 23 315 57.9  17.1 U 26,1 7.7 O shh -
A 7.5 0.3 30 12,5 0.6 39 8.8 2,1 25 31,2 Lk 80
o 8 9.8 L2 78 8.6 1.1 . kb1 52,3, 6.3 256 29,1 3.5 881
Northfiedd, . ¥ 1 33,3 0.1 0 0.0 0.0 1 33,3 0.1 1 335 0.1 3
" Vermont §p 0 0. 0.5 6 6.3 0.3 51 53,1 . 2.8 29 30,2 L6 - %
{20} Su 37 8.k 2.0 55 12,6 3.0 241 55,0 13.1 105 20 5.7 138
A 10 1tk 0.5 7 8.0  Ouk hs 51,2 2,5 26 29.5 L.k 88
58 9.3 0.8 68 10,9 0,9 338 g0 lé 361 258 2.2 625
North Head, w 1 9.1 0.1 o 0 0 5 BBy 0.3 5. bS.4 0.3 i1
Fashington Sp 0 ¢ o i) 0 0 0 0 0 0 o 0
{20} Su i 12,5 0.1 [ o ¢ 2 25,0 0.1 5 62,5 0.3
) A S 25,0 0.3 2 10.0 0.1 9 45,0  G.5 L ec0 0.3 20
‘ ) o 7 18.0 0,1 2 5.1 0.0 16 Li.o 0.2 I 359 0.2 39
Horth Platte, W 0 9 o} 0 0 [+ 1 100.0 0.1 0 0 0 1
¥ebraske Sp 25 13,6 1l 18 10,3 1.0 70 38,0 3.8 70 38.0 3.8 8l
(20} Su 98 16l 5.3 62 10k 3 b 29,1 Sk 265 M3 g 599
A 2, 27.6 1.3 .8 9.2 O 23 260y 1.3 32 36,8 1.8 87
) W7 %.9 2.0 .89 10,2 1.2 268 30.8 3.7 367 k2.2 5.0 871
Oklaheme W 7 1%h 0L 5 13,9 0.3 8 22,2 0. 3% Mk 0.9 36
City, .  Sp 88 2,6 | .8 58 16 3.2 110 3.0 6.0 98 27.6 5,3 354
Oklahoma, Su 112 22.% 6.1 105 RL1 5.7 175 35,2 9.5 106 21,3 5.8 Loa
. {20) A 26,7 . 2.9 6 8.1 2.0 61 30,7 ° 2L L9 alé 2.7 159
B 260 23,9 3.6 2oL 18.8 2.8 354 32,6 L8 269 247 3.7 1087
Omshe, © w 2 18.2 0,1 - 1 9.1 0.1 . L 364 0.2 L o360y 0,2 11
Hobraska Sp 61  21.1 3.3 e 15,2 ek 82 284 Lukk 302 35,3 5.5 289
(20} “Su 177 29,6 . 9.6 9 1Sk G0  1h3 23,9 7.8 186 31,1 10,1 5398
e A 2.5 2,2 27 1h.2 1.5 61 32.0 3.3 62 32,5  3.h 191
281 25,8 3.8 164 15,1 2.2 2% 26,6 L0 35k 32.5 L8 1089
. Dgwego, w 5 35,7 0.3 1. 7.1 0.} 1 22 S5 7. 50,0 0.k i
New York Sp i ek 0.8 28 20,9 LS 53 39,5 2.9 - 39 29.1 2.1 13h
(20} . Su 65 18,2 3.5 52 b 2.8 7 L1.2 8.0 93 26.0 5.0 357
A 15 16.5 - 0.8 17 .18,7 0.9 32 35,2 1,8 27 23,7 L5 91
99 16.6  l.h 98. 16,5 1.3 233 39,1 3.2 166 27,9 2.3 5%
W« Wintsr {Dec., Jan., Feb.} ¥ = Number of thunderstorm beginn.mgs,
‘Sp = Spring (Har., Apr., My} 9F = Fregqusndy, % of TN
Bu » Smemer (June, July, dug.) %P = Probebilxty, % of total pemoc}s

A= Aubum (Sept., Oct., Nov.)
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W = Winter (Dec., Jan., Feb.)
Sp = Spring {(Mar., Apr., M¥ay)
Su = Summer (Jume, July, Aug.)
" A = Autum (Sept., Ost., Nov.)

N = Number of thunderstorm begimninga.
% « Frequency, % of =X ‘
%P = Probability, % of total periods-

Station
end Years . CO=06 0b-12 12-18 1824
of Record Season W b Z& N b23 T T F23 " T ;23 b
Palestine, w 35 29.7 L9 2y 20.3 1.3 31 26,3 1.7 28 23,7 1.6
Texas Sp 73 20,2 L0 8% 22,9 l,5 105 29,0 5.7 101 27.9 5.5
(20) Su - 39 DI 2,1 L5 10,8 2.1 25 0 61,2 13.9 78 18,7 L.2
v A 26 ULl b C 29 15,8 1.6 93 50,5 5.1 36 19.6 2.0
N 173 16,0 2.4 181 16,7 2.5 485 .8 6.6 23 22,5 3.3
Parkersburg, W 6 20,0 0.3 6 20,0 0.3 6 20,0 0.3 12 480 0.7
West Virginia Sp . 35 12,0 1% L5 B 2.3 133 5.8 - 7.2 80  27.5 L3
(e0) Su - 81 12,1 Lok 90 .h b9 345 5Lhy  18.7 L 229
A 15 10.9 0.8 22 16,0 1,2 6l Iy 3.5 37 26.8 2,
B7 121 1.9 161 143 2.2 shs b 7.5 283 25,1 3,
Pensacolsa, w 37 2L.3 2.0 L5 29.6. 2.5 3, 22, 1.9 36 23,7 2.
Floride Sp 85 18 3.5 ®2 26,0 5.0 131 37.0 7.1 & 18.6 3,
(20} Su 136 12,1 7.4 266 26,3 16,1 554 g2 30.1  uUp  wmL 7.
i & 55 18.3 3,0 8% 27,6 .6 115 38.3 6.3 L7 15.6 2,
293 15,2 5.0 516 26,7 7.1 83 12,2 11 289 15,0 L.
Peoria, . w 3 10,0 0.2 7 23.3 0.4 9 30,0 0.5 11 36,7 0.
Illinois Sp 81 2Ll L.h 59 15,3 3,2 131 3Ll 7.1 113 - 29L&,
{20) Su 32 2lh 7.2 93 15,1 5.0 22 39,2 13,1 151 2L.5 &
A 2 20,7 2.3 36 17.7 2.0 72 - 355 LaO 53 26,1 2,
258 20,9 3,5 195 15,8 2.7  L5h 36,8 6.2 328 266 s
Philadelphis, W 3 18,8 0.2 2 12,5 0,1 3 18.8 0.2 8 50,0 O,
Pennsylvania  Sp 20 2,8 1,1 16 10.3 0.9 6% Lo Bols 57 36,5 3,
{20) ‘ Su 39 8.6 2,1 i 9.0 2.2 20 W0 1LY 166 36 9.
A 11 15.5 0.6 7 9.9 0.4 28 39,4 1.5 25 35,2 1.
. 73 10.Lk 1.0 66 9.y 0.9 304 I3.5 L2 2% 36,6 3.
Fhoenix, W 3 16,7 0.2 2 1L,1 0.l 7 38,9 0L - 6 23,3 O,
Arizone - Sp & 10,9 0 0.3 5 .9,1 0.3 28 50.9 | 1.5 16 29,1 0O,
20) Su 68 154 3.7 . 15 10.2 2, 117 26,5 6.y 211 L7.8 1l.
. A 20 17,1 L1 21 17.9 1.2 ‘37 31,6 2,0 39 23,3 2,
97 - 15k 1.3 73 1.6 1.0 189, 30,0 2.6 272 L3.1 3,
Pittsburgh, W 5 20,0 . 0.3 L 16,0 0.2 8 32,0 Oely 8 32,0 0
Pennsylvenia Sp 3L 11,8 1.8 ‘W 15.9 2.5 121 4.9 6.6 88  30.Lh L
(20} Su - 60 9.3 .2 70 10,8 3,8 333 51,6 18.1 18  28.5 10,
A 29 18,6 1.6 16 10.3 0.9 60 38,5 3.3 51 32,7 2.
128 1l.h 1.8 136 12,2 L9 52 L6.7 7.2 331 20.6 L.
Poeatello, w 1 16,7 Q.1 1 16,7 0.1 2 33,3 0.1 2 333 0,
Ideho Sp 10 6.5y 0.5 22 U2 1.2 105 67.7 5.7 18 - 116 1.
(20} Su 3l 6,8 1.8 70 13,9 3.8 2 $8.5 - 16,0 105 20,9 5.
A g 11,1 0.8 B -3 9.5 0.7 65 51,6 - 3.6 35 27.8 1,
59 7.5 0.8 105 13,3 1L g6 59,0 6.y 160 20.2 2.
Point W 3 15.0 0.2 3 15,0 C.2 7 35,0 Ouly 7 350 0.
Reyes, Sp 1 25,0 0,1 [ 4] +] 1 25,0 0.1 2 50.0 0O,
California Su i 20,0 0.1 3 60,0 0.2 0 0 0 1 20.0 O,
(20} A 2 20,0 0.1 2 20,0 0.1 2 20.0 0.1 L oo 0.
' 7 7.9 0.1 8 20,5 0.1 ki 25.6 0.1 i 359 0.
Port w 1 250 0,1 1 250 0.1 o 0 o 2 50,0 O
Angeles, Sp s} o 0. o 0 0 2 - 100.0 0.1 o 0
Washington Su 2 8.0 0.1 3 12,0 0.2 - 10 0.0 0.6 10 .0 0.
(20) A 0 0 ) 1 250 0.1 1 25,0 0.1 2 50,0 0.
: ; 3 8.6 0.0 5 13 0.1 13 7.1 0.2 U .o 0.
Port . - w 9 15,1 Ll 8 17.0 1.0 1% 3.0 . 2.0 I 29,8 1,
Arthur, Sp 27 19.7 - 3.3 30 21,9 3.6 Lo 35.8 5.9 31 22,6 3
 Texss Su S 31 8.L 3.7 116 31.5 140 184 50.0 22.2 37 10.0 ke
) A .17 12y 2,0 L5 32,8  5uy %6 Lo,9 6,8 19 13,9 2.
. gy 12.2 2.6 159 28,9 6.1 305 L3 9.3 101 U7 3.
Port w 3 . 20.0 0.2 2 13,3 0.1 L 26,7 0.2 -6 Lo 0.
Huron, : Sp e 23,8 | 2,3 22 12,2 1.2 56 30,9 3.0 60 3362 3a
Michigan Su 57 12,6 - 3.1 7h o 16,3 Lo 224 oy 12,2 98  21.6 5.
(20) 4 19 18,2 1,0 17 16,3 0,9 35 33.6 1.9 3% 3.7 1.
) 122 6.2 1,7 115 15,3 1.6 319 L.l Ly 107 26.2 2.
Portland, W 1 26,0 0.1 1 250 0.1 2 50,0 Gl 0 0.0 0.
Maine Sp 7 17,1 O.h 6 b 0.3 19 ey 1.0 9 22,0 0.
(20) Su 30 13,0 L6 26 11.% 1l 130 56.3 7.1 L5 19,5 2.
A 10 19.2 0.5 2. 3.8 0,1 15 28,9 0.8 25  hB.1 1.
B 1é 0.7 35 0.5 166 50.6 2.3 79 2hl 1.
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o Tahle 21 {eontd)
Station '
and Yeers . - ) 0006 o 06-12 12-18 18.24
1 of Racord Season X P Fd N 3 7E - N AP X 2
- . Portlend, w 0 o .0 0 0 0 2 50.0 0.1 2 50,0 0.1
. Oregon sp o o [ 1 50 0.1 17 85,6 0.9 2 10,0 0.1
(20} Su 10 213 0.5 6 128 0.3 17 3642 0.9 i 29,8 0.8
A 2 6.7 0.1 1 33 0.1 20 66,7 1.1 . 7  23.3 oJs
S 12 1.9 0.2 8 7.9 0.1 56 55. 0.8 26  2h.8 0.3
Providence," W 2 28,6 0.1 .2 286 0.1 o o 0 3 lR.8 0.2
Rhode - . Sp 21 21,0 L.l 12 12,0 0.7 22 22,6 1.2 L5  U5.0 2.8
Island . Su 30 10,5 1.6 35 12,2 1,9 U 8.9 7.6 Bl  2B8.3 Lab
(eo) A S 207 0.7 B 7.2 06 13 22, 0.7 23 39,7 L3
: . : 65 b 0.9 59 13.1. 0.8 176 39.0 2. 12 3E.7 2.1
Pueblo, w L0 "0 0 ¢ 0 0 3 75.0 0.2 1 250 0.l
Colorade ~  Sp 9 5.3 0.5 i3 7.6 0.7 i20 T0.6 6.5 28 16,5 1.5
{20) Su 9 15 0,5 11 1.8 0.6 L2 72,5 20  1UH 23,9 7.9
A 2 2,1 0.1 2 2,1 0.1 586 - 59,8 - 3.2 35 36,1 1.9
- . 20 2,3 0.3 2 3.0 O 623 71.0 8.5 210 23,9 2.9
Raleigh, W 5 27 0.3 0 0 o 8 28 0.4 10 L3.5 0.6
North Sp 22 1,0 1,2 25 12,4 Ik 86 12,8 7 .68 33,9 3.7
Caroline Su 32 56 1.7 37 6.5 2,0 33L 58.8 18.1 165  29.0 9.0
{20) A 8 7.7 O.bt 6 5.8 0.3 55 52,9 3.0 35 33,7 L9
B : 67 . 0.9 68 1.6 0.9 L83 53,9 &6 2718 31,0 3.8
Repid o 0 0 0 0 0 <0 0 0 0 0 0 -0
City, Sp .. S 10 6.k 0.5 22 U2 1.2 7l L7.7 - O 9 316 2.7
South : Su &2 8.7 3.4 113 158 6.1 347 8.6 18,8  IS1 26,7 10.h
Dakota A L L8 0.2 9 10,8 0.5 36 3.6 2.0 3L L1200 1.9
) (20) . 76 80 1.0 Uy 35.1 2.0  Lyy 8.0 6.3 27, 28.8 3.8
? Reading, . w 2 15,4 0.1 2 154 0.1 "3 22,1 0.2 -6 62 Cas
Pennsylvenia Sp 25 15,8 1L 20 12,6 L1 72 5.6 . 3.9 L1 26,0 2.2
(20) Su = 1n6 2,7 0 16 2,7 209 KBk 11,3 123 28.5 6.7
: A © 15 17.4 0.8 8 9.5 Oy L3 50,0 . 24 20 23,3 1,1
82 134 1.3 80 1.6 1.1 327 L7k LS 190 27.6 2,6
. Red W 5 38,5 0.3 9 o. -0 & 6.2 0.3 2 154 0.1
) Bluff, Sp 7 194 o.b L 111 0.2 21 58,3 . L1 L 1l 0.2
California Su L 22,2 0.2 L 222 0.2 3 16.7 0.2 7 38.9 G4
(20) A 2 16,7 0,1 2 167 0.1 L 33.3  0a2 333 0.
. 18 22,8 0.2 10 12,7 0.1 Bl L3.0 0.5 17 21,5 0.
Reno, W o 0 0 -0 o o} 1 100.0 0.1 0 -0
Nevada sSp - 1 1.8 0.1 8 U0 04 L2 3.7 2.3 6 10,5 0.
(20) o 8w L 1.8 0.2 19 8.3 1.0 i7h 75.9 el 32 ° 140 1,
A e 0 0 8 16.0° 0.k 38 760 241 L 8,0 Oa
: .- -5 1,5 0.1 35  10.4 0.5 255 75T 3.5 12 2.4 o
Richmond, w 7 77.8  O.b 0 0 o 0 ¢} 0 2 222 0,
Virginia sp © - 24 12,0 1.3 12 6,0 0.6 86 13,0 7 78 39,0 Lo
(20) Su I 7.7 2oby- 23 Lo 1.2 331 5T.7 18,0 176 30.7 S
A 8 9.1 0.k 9 10,2 0.5 28 L3. 2.1 33 37,5 1,
- 83 9.5 Ll i 5.0 0.6 55 52,2 6,2 289  33.2 L.
Rochester, W 1 167 0.l 1 16,7 0.1 2 33,3 C.l 2 33.3 0,
New York Sp 30 20,3 1.6 2 1.9 1.2 36,5 2.9 La 28.l 2.3
(2o} . Su 68 16,2 3.7 60 13 3.3 195 By 10.6 98 233 5.3
. A - 2 ULl 0.7, 16 18,8 0.9 35.3 1.6 27 31,8 1.5
111 16.8 1.5 99 15.0 Lk 281 H2.7 3.8 169 25.7 2.3
Boseburg, w 0 0 0 ¢ 0. o 0 o o o 0 o
Oregon Sp 0 0 0 e} [ 0 23 88,5 1.2 3 115 0.2
(20) Su 10 21,3 0,5 7 Uy G 15 31,9 . 0.8 15 31,9 0.8
A L 21.1 G.2 -0 0 0 b3 1 5.9 0.6 L 2L1 0.2
U 15.2 0.2 7 7.6 [+ 1%} Lo 53,3 0,7 - 22 23,9 0.3
Roswell, W 0 o .0 1 1.3 0,1 3 42,9 0.2 3 LR, 0.2
Fow Mexico Sp - 17 8.6 0.9 22 1l.)l 1.2 108 5he3 5.9 52 1 26,2 2.8
{20) .. $u oI 7.8 2.4 20 3.6 - L1 32 573 175 175 312 Q5
) A 2 12,6 1,2 9 5.1 0.5 89 50.8 L9 5% 3l 3.0
X 85 -8.8 1,1 52 5,5. 0.7 522 5543 . Tel 285  30.2 3,9
Royal ) W 1 1L.1 6.1 L Lt 0. 3 3%.3  o.b 1 1,1 0.1
Center, - Sp 19 s 2,6 32 2hl Luh 57 L3.5 7+8 23 17.5 F.1
Indiana © Bu 32 115 13 63 22,6 8.6 Ug 50.8 19,3 2 158 57
(8) , 4 S11 159 1.5 28  Lp.6  %.8 21 30,4, 2.8 9 13.0 1.2
. c 63 12,9 2,2 127 26,0 L3 223 b5.7 7.6 75 5.4 2.6
W = Winter {Dec., Jan., Feb,) . ¥ = Number of thunderstorm beginnings.
Sp = Spring (Mar., Apr., May) %P = Frequeney, % of =N

Su = Summer (June, July, Aug,) ) 7P - Probability, % of total periods.
A = Autum {Sept., Oct., Nov,) )
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Station
and Years
of Record Seaaon
Saoramentio, W
California Sp..
{20) - Su
A
84, Joseph, W
‘Migsouwri  ~  Sp
: > Su
e
St, Louis, w
Missouri Sp
(20) Su
St. Paul, w
Minnesote Sp
(20) Su
A
Salt Lake ' w
‘Gity, Utah Sp
(20) { Su
A
San Antonio, W
Texas ‘ Sp
{20) Su
S
‘San Diego, w
California Sp
(20) R
A
Sandusky, - W
Chio Sp
{20) Su
A
Sandy Hook, W
Now Jersey Sp
{11) Su
A
Ban - W
PFrancisca, Sp
California Su
- {20) A
San Jose, w
Californis Sp .
(20) Su’
A
Sen Luls w
Obispo, Sp
Califorpnis Su
(20} 4
Sante Fe, W
Yew Mexico Sp
(20} Su
) A

W = Winter (Dec., Jen., Feb,)
Sp = Spring (Mar., Apr., May)
Su.= Summer (Jme, July, Aug.)

Table 21 (contd)

A = Autum (Sept., Oct., Nov.)

19.7

00-06 - 06-12 12-18

o F R X &’ #E X O ESOE
3 15,0 0.2 3 15,0 0.2 1% 65.0 0.7
0 0 ° 7 25.9 0. 1B 66,7 1.0

2 28,6 0.1 .0 s} ) L 57.1 0.2

1 5.9 ° 0.1 L 23,5 0.2 9 B9 0.5

C 6 8, 0.1 1y 19,7 0.8 Ly 62.0 0.6
5 294 O 5 29.44 0.3 L @35 0.5
60 23,8 k.l 51 20.2 3. 77 30.6 5,2
B6 29,9 92 80 17.6 5. 5 31,9 9,8
L W8 26,5 3.5 36 19.9 2,5 30,9 . 3.8
2hg  27.5 L3 172 19,0 2.9 282 312 L.8
6 16.2 0.3 5 13.5 0.3 0 27.0 0.6
73 B1.5 L0 65 19,1 3.5 106 312 5.8
0L 194 5.6 87 1.3 L7 225 L2,1 12,2
31 166 LT Lo 21 2.2 60 . 32,1 %43
21 19,5 2.9 197  17.0 2.7 Lol 364 5.5
1 23,3 0,1 "1 33,3 0Ol 0 0 0
L1 22,5 2.2 29 15,9 1.6 53 29,1 2,9
133 20 - 7.2 8 15.2 L6 6L 29.6 8.9
3 2r.7 24 35 22,6 1.9 36 23,2 2,0
218 2l 3.0 g 1.7 2.0 25% 28,5 3.5
3 16,7 0.2 o 0 ¢ -8 Wl Oy

© 21 12,3 1.1 29  17.0 1.6 80  Lf.8 (o3
b3 92 2.3 80 17.1 L3 25 5246 13
-~ 86 8.3 - LL - 32 22,5 1.8 68 L7.8 - 3.7
93 11,6 1.3 i1 176 1.9 o2 50,3 5.5
15 312 0,8 B 16,7 G.hy 6 12,5 0.3
80 29,8  le3 ‘o 9 2.2 &2 23,1 Fali
20 7.5 L1 28 106 1.5 U0 . 52.8 7.5
719 12,3 L0 17 1LO 0.9 69 Ly 3.8
1BL 1B.2 1.8 93 12,6 1.3 277 376 3.8
2 L3 0.1 L 28,6 0.2 2 1.3 0.1
3 27,3 0.2 2 18.2 0.1 Lo 3L 0.2
8 33,3 0. 8 33,5 o 6 250 0.3
2 135 0.1 3 20,0 0.2 6 .0 0.3
1B 234 0.2 17 26,6 0.2 18 28,1 - 0.2
o8 7.1 o o 0 s} -3 17.6 0,2
45 16 2ol 52 19,2 2,8 9h 35,5 B2
Th 13,1 4O 89 15,8 LB 251 ks 3e6
‘33 22,8 1.8 18 2L 1.0 - 55 38,0 3.0
B0 B0 2.2 159 15.9 2.2 Los o5 - 5.5
T2 28,6 0,2 1 13 0.1 0 € 0.0
10 122 Lo 6 73 0.6 Bl 53.7 Lisls
39 U5 3.8 32 11,9 3.2 139 53,7 13.7
7 13,7 0.7 0 19.6 1.0 19 37.3 1.9

© 58 114-2 ‘1'014- 3-}9 12,0 1.2 202 149014 | 500
6 37.5 0.3 3 18,8 0.2 3 18.8 0.2
T2 0.0 0.1 1 20,0 0.1 1 20,0 0.1
o 0 ¢ 3 750 0.2 0 o 0
3 37,5 0.2 1 12,5 0.1 3 37,5 0.2
11 33,3 0.2 8 2.2 0.1 7 21,2 0,1
3 33,3 0.2 1 1L,1 0.1 1 11,1 C.1

1 50,0 0.1 o 0 0 1 50.0 0,1
) o 0 2 50,0 0.1 o} 0 0
1 12,5 0.1 1 .12.5 0,1 5 62.5 0.3

5 2L7 0.1 .k 17.L 0 7 30.4 0.1

R TR P+ 00 N I8 2 20,0 0.1 L hoso 0.2
S 3 150 0.2 & 30,0 0.3 8 0.0 0.l
L 286 0.2 3 2Lk o2 1 7.1 0.1

6  2luo 0.3 6 240 0.3 5§ 20,0 C.3

- 17 2l 7 0.2 17 2h7 0.2 . 18 26,1 0.2
] 0 0 I %1 0.1 - 6 S5hS 0.3

8 2,9 0.l 56 204 3.0 172 62,8 - 9.3
9 0.8 0,5 238 20,9 12,9 735 b 39.9
10 L3 0.6 22 13.6 1,8 - 152 Glué 8
27 ) 1.6 oo!-i» 327 1%5 1065 6]‘4u2 ‘113-06

ogpmmm%gﬂ@$§g$

. ”; ( -
B et 0 000 02 1 10 O o 1t 4 b I
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¥ = Humber of thwunderstornm Eaginnings.

%F = Frequeney, % of TN

%P = Probability, % of total pericds.
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Station
and Years
of Record

Sault

Ste. Marie,
Michigan
(20}

' Sevenneh,
Georgia
(20}

Scfanton, .
Pemnsylmia
(20) :

Seattla, .
Washingtun
(20)

Sherrids.u "
Wyoning
(15)

Shrevepafii »
Louisimna -
(20}

Sioux City,
- Tows
(20)

Spokane,
Viashington -
(20) ,

Springfield,
Illinois
(20}

Springfield,
Misgouri
(20)

Zyracuse, )
Bew York
(20}

T&O Ome,
Washington
(o)

- Tempa,
s Florida
(20}

191

Table 21 {contd}

W.o Winter (Deo., Jan., Feb,)

Sp = Spring (Mar,, Apr., ¥ay) ..

Su = Suwmer (June, July, Aug.)
4 w Autumn (Sept,, Oet., Nov,)

: 0008 0612 12-8. - 18-2l .
Beasm W & m® X & @ ¥ & ® X & & =N
w o] o] 4] 2  100.0 0.1 0 e ., 0 0 o] 4] 2
Sp 15 19.2 0.8 15 19.2 0.8 29 37,2 16 9 ek 1,0 78
Su h9 217 2.7 2 23,0 2,8 70 31,0 3.8 55 @un3 3.0 226
A 19 22,4 1.0 B 17.6 0.8 26 30.6 b 25 29. 1l 85
83 21.2 1.l 8 21,5 1,2 125 32,0 1.7 9  25.3  lok 391

. 12 22,2 0.7 8 W8 o 12 22,2 0.7 22 Lo.y 1.2 - B4
8p 21 83 1,1 39 15,5 2,1 133 52,7 7.2 59 23.L 3.2 252
Su 29 3.6 1.6 95 134 5.0 525 &b 28,5 - 165 20,3 9.0 a1
A& 15 7.8 0.7 18 10,8 LoO 95 56,9 5.2 41 25 2,% 167
. 75 5.8 L0 158 123 2.2 765 59.5  10.5 ¢ 887 223 3.9 1285
W 0 .8 -0 o1 3%.3 0.l 1 33.3 0.1 1 33%.3 0.1 3
Sp 10 6.6 0.5 11 7.3 0.6 8  57.0 | L7 Lk 29,1 2. 151
Su 31 643 1.7 L3 ‘8.7 2,3 281 56.8 15.3 WD 28.3 7.6 195
A 6 6.8 0,3 13 .8 0.7 37 k2.0 2,0 32 26,0 1,8 88
i—ﬂ 60h 0-6 E 68 992 0‘9 }405 5§0° 505 N 217 29»4 500 737

W ¢ 0 0 o 0 0 0 0 0 - 2 100.0 0.1 z
Sp. 1 3.6 0.1 1 3,6 0.1 20 Tl .1 6 2ilL 0.3 . 28
Su 6 9,1 0.3 9 13,6 0.5 22 3L.8 1,2 . 88 LRl 1.5 66
A 2 6.5 0.1 L 12,9 0.2 19 613 1.0 6 19 0.3 31
. 9 T.1 0.1 i 13,0 0.2 42 18,8 0.8 2 33.1 0.6 27
W c .0 .0 0 o .0 o ) o 0 0 o 0
Sp 38 0.2 11 10,5 0.6 65 619 3.7 25 23,3 LL 105
Su L 9.6 2,8 5 11,6 3. 209 586 - 17.1 103 20,2 59 510
A LB 1.0 0.5 8 17.0 . 0.5 .20 426 L2 11 23,4 0.6 L7
61 9,2 0.9 78 118 1.1 384 58,0 5,5 - 139 21.0 2.0 662

w 2, 19.0 1.3 25 19,8 1.4 34 27.0 1.9 13 31 2.4 126
Sp 82 234 L.k 85 18,6 3.6 115 32,9 %1 88 25,1 L8 . 3%
Su L7 104 2.5 69 15,3 3,7 2hh  shoO @ 13.2 92 20 5.0 L
A 25 17,0 L 16 10,9 0.9 67T 456 N 3¢ 26,5 2,1 uz
178 166 2L 175 16,3 2.4 WSO L2.8 0 6,3 262 2u.h 3.6 1075

W 1 20,0 0.1 0o .0 0 o o . 0 L 80,0 0.2 5
Sp s 20.2 2.4 3L 15.2 1,8 76 3.0 La 48 30,5  3.7-. 283
Su 176 30,3 9.6 89 15,3 .8 o 2lll 746 177 30.L 96 582
4 59 26,2 2,1 2 W8 12 3% 22,1 1.8 55 36,9 3,1 U9
261 27.2 3.6 15 15.1 2.0 29 26,0 3 3ok 317 Ll2 959

W [+ o o 0 ¢ -0 2 100.,0 0.1 s 0 0. .2
Sp 1 2.5 Tl - 3 7.5 0.2 e 60.0 1.3 12 30,0 0.6 o
Su 3l 22,7 1.8 B 12,0 1.0 50 33,3 2,7 8 32,0 ab 150
A L 1.4 0.2 Loy 0.2 8 38 0.4 7 304 0 23
39 18,1 0.5 25 1.6 0.3 8 39.1 1.2 67 31,2 0.9 215

w 8 R2Lé6 Gt 7 18.9 0.4 2 3L .7 I 27.0 0.6, 37
Sp 81  20.3 Lokt 78 19.6 L.2 121 30.4 6,6 118 29,6 6.4 .- 398
Su 130 . 20.2 Tul 88 13.6 L8 268 Ll.5  lubé 160 248 8,7 éib
4 I 20.5 2. b9 29 27 L9 229 2.7 72 33,6 Lo 214
: 263 20,3 3.6 222 17,1 B0 LS50 3L 6.2 360 27.8 L9 1295
W 20 35,1 1,1 8 Lo ok 11 19.3 0.6 18 356 1,0 57
Sp 75 224 L.l 70 20,9 3.8 99 29.6 5.4 90 26.9 L9 33l
Su | 128 23,3 740 8 15,3 L6 22 L. 122 1 20,7 6.2 550
A - Wb 25,9 2.5 26 b 1y 70 393 3.8 2% 20,2 2.0 178
. 269 24,0 3.7 188 16,8 26 Lok 36.1 55 258 23,1 3,5 1119
W 1 10.0 0.1 2 200 0.1 2 20,0 0.1 5 50,0 0.3 . 10
Sp 20 1.2 i.1 28 15.7 1.5 8y 7.2 k6 U 259 25 178

Su 66 1.7 3.6 77 137 L2 27h o W8 M9 ML 254 7.8 %61 -
A 19 13,6 1.0 17 2.1 0.9 6 L57 . 3.5 LD 28,6 2.2 o
o 2106 119 L5 1B Lo 17 k4 7.7 5.8 235 26, .. 3,2 889
w 1 16,7 041 1 1B 0.1 L 867 .2 0 o 4] b
Sp o 0 0 2 1.5 0.1 15 78.9 0.8 2 105 0.1, .. 19
Su 6 97 0.3 8 12,9 0k 3B .8 1,8 U 26 0.8 68
A 0 0 Q0 . 8 33,3 Osht 9 37.5 ‘05 7 29.2 Ooly 2k
L 7 6.3 0.1 19 17.1 0.3 62 55,9 0.8 25 20,7 0.3 i+
" 23 26,6 1.2 Uy 17.7 0.8 27 32 L5 I 2L5 09 - 79
Sp, 224 ‘8.2 1.3 : ,45 150'-1 2.4 ]65 566}4» EAY 58 13.8 2.2 2%
Su- 52 3.7 2,8 . 235 16,6 12,8 890 63,5 U8.3 226 16,1 12,3  LH3
A g 2.5 0.5 36 10,0 2.0 2l 67.2 13.2 75 20.5 Lo 352
S 166 5.0 G, 3% 15.5 L5 1323 62,1 18,1 L 17.5 Ly 2133

N = Number of thwunderstorm begszmgs.
¥ = Proquency, % of LH
%P u Probaointy, % of to‘bal periods. -
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Table 21 (contd)

Station

and Years L — 0= —nQfel2 1218 . ) 1824
‘of Record:  Season N b % ¥ E ™ A2 N M AP ZN
Tatoosh w 6 25,0 0.3 5 20,8 0.3 6 25,0 063 7 29,2 0. 2l
" Island, Sp 0 o 0 1 20,0 0.2 2 Lo.o 0.1 2 0.0 G105
mshmgton Su- 5 250 0.3 h 20,0 0.2 7 35,0 0.k L 20,0 0.2 20
(20) A 5 i3 0.3 20,0 0.k 6 17.1 0,3 7 8.6 0.9 gg
S 6 19,0 0.2 17 20,2 0.2 21 2540 0.3 30 35,7. Ouby
Taylor, — W 27 3.0 1,5 Y20 23,0 L1 15 7.2 0,8 25 28,7 l.b -+ 87
Texas sp C 83 23,9 LS. 8k a2 L6 202 29,4 5.5 78 22,8 [,? 307
“{20) Su 22 6.2 1.2 35 9,8 1,9 231 6h.o 12,5 C 48 19,1 3.7 3%
: ‘ A 26 13,0 b 39 19,5 2.1 98  L9.0 Se 37 18,5 2.0 200
: : 158 0 2.2 78 18.0 2.4 L5.0 6.1 208 210 2.8
Texre : - w 7 23,3 1,0 19,0 0.6 6 28,6 0.8 19,0 0.6 21
Haute, 8p © 50 2h.o 6.8 39 19k 5.3 57 28.Lh Te8 55 27,4 7.5 201
Indiana - . Su 55 L 17.1 7.5 g 15.2 6.7 155 Lg.2 21,1 63 19,6 8,6 322
(8} A 18 15,7 R i 122 1,9 58 50,5 749 25 21.6 3.4 115
, 30 19.8 L. 06 16,1 3. 276 2.0 %uly W7 22,2 5.0 659
‘Thomasville, w 26 2L.% 1. 23 21,7 1.3 © 39 36.8 2,2 18 7.0 1.0 106
‘Georglas - Sp. . W R3 2.5 70 18,8 3.8 200 53.6  10.9 57T 153 3.1 . 373
(20} : Su- 28 2i 1.5 98 16,9 10.8 765 65,3 1.5 180 15 9.8 1171
. A 8 3.2 0.4 2 9.6 1.3 180 7L.é 9 39 15,5 2.1 251
: 108 5.7 1.5 315 6.6 L2 118, 2.2 16.2 29L 15,5 Lo 1901
Toledo, w 7 33,3 0. 3 WE 0.2 5 23,8 043 6 28,6 0.3 . 21
Onio Sp 59 2.5 3,2 - 39 b 24 8 315 L7 8 315  L.7 270
[z Su 93 16,5 5,0 72 12,7 3.9 252 L6 13,7 49 . 26. 8.1 566
A 32 21,3 L8 22 1.7 L2 . .= 3Ly 2.9 L 29,3 2. 150
. ’ 91 19,0 2.6 136 13,5 1.9 395 39,2 Beli 285 28,2 3.5 1007
Topeka, w & 26,1 0,3 2 B.7 0.1 9 39,1 0.5 < 6 26,1 0.3 23
Eensas Sp 85 25,9 L6 o 2 2.6 87 26.E L7 - 109 33,2 5.9 328
(20) ) Su 171 29,8 9.3 72 1,5 3.8 ¥lh 28,5 8.9 168 20,2 9,1 575
- A 53 23,3 29 37 162 2.8 69 3043 %,8 69 30,3 3.8 228
’ 315 27.2 L3 158 13,7 22 329 28,% Lo 352 30,5 L.t 118,
Trenton, w T2 Lo 0.2 1 20.¢ 0.1 S0 0 0 2 L0.L0  0.2° 5
New Jorsey Sp 2 11,1 - 1,0 2 11l 1.0 47 L3.5 3,9 37 3,3 3.1 108
(13) Su 25 B.1 24 32 8.8 27 8L 51,3 15k 11, 318 G5 359
o . A 9 152 C.B L 6.8 0.3 28 L7.5 2.4 18 30,5 1.5 59
oo o 52 9.8 L1 L9 9.2 L0 259  LB.8 BB 171 2 3.8 531
‘Valentine, w 0 s o 0 o 0 4 0 S0 o 0 0 - o
‘Nebraske Sp 22 15,3 1.2 20 13,5 1,1 L2 29,1 2.% 60 L1.6 3,3 1L
{20 - Su o8 19,1 5.3 58 11,3 3.2 186 36,3 10,1 170 33,2 G.2 512
i . A 19 - 21,1 L0 10 1.1 .ub 30 33,% 1.6 21 3l 1.7 90
: 139 18.6 1.9 88 11,8 1.2 258 3.6 3,5 261 35,0 3.6 U6
Vicksturg, w L1 29.1 3.0 21 WG L6 L5 31,9 %e3 2l L1 2.5 va
“Mispissippi Sp 62 19.9 LS ks 15 3.5 121 38,9 8.8 80 25,7 5.8 311
sy Su L3 7.7 3.l ©65 11,3 Lb 352 63.1 25,5 100 17.9 7.2 558
A 22 136 L6 20 12,3 L% Sk 57.9 6.9 26 0 162
S ‘ 168 .3 3.1 152 13,0 2.8 612 52,2 11,2 20 20.5 Lk 1172
Walle W 0 0 0 e 0 0 0 -0 0 S 1 1000 0.1 1
Talls, Sp 1 2.0 043 0 5 10,0 0.3 33 66,0 1.8 11 22,0 0.6
Washington Su 33 21,2 1B 22 1l L2 50 32,0 27 51 32,7 2.8 156
(20} . A 6 19 0.3 3 9,7 0.2 11 35,5 0.6 i1 35,5 0.6 31
: Lo 16.8 0.5 0 12,6  O.ly o 39.5 1.3 7h 311 1.0 238
Washington, w 9 Lo.9 0.5 1 L% 0.1 18,2 0.2 8 2.5 0. 22
D, €. - Sp © .23 13.2 1.5 17 8.0 0.9 oh L3 Sel Zhaly L0 212
(e0) - Su L6 B 25 35 65 L9 285 533 155 189 3Lb 92 535
: : A 17 15.2 0.9 6 5-&- 0.2 Lﬁ Lo.2 2.5 25.3% 2.1 12
¢ : 00 1Lk L 058 67 0.8 128 8.6 5.9 2L 3%L Lo 881
Yeusau, ¥ s} s} o] o o} [+] 1 100.0 0,1 0 4] ¢ b
‘Wisconsin Sp X 16,2 L0 15 22,1 1.4 22 3.4 2.0 20 294 1.8 48
{2y - Su L2 - 18,1 3,8 50 216 .5 89 38.4 8,1 51 22,0 L6 232
: - A 11 19,0 1.0 13 22,5 1.2 18 31.0 1.6 27.6 1.5 58
6y 17.8 15 78 21,7 1.3 130 3642 340 87 22 2.0 359
Wichits, ® & 18.8 0.3 9 28.1 0.5 7 219 Ouly 10 31,2 0.6 32
‘Kansas Sp 90 28.5 L9 47 U9 2.6 91  28.8 L9 27,6 L7 315
{20) Su 6 291 9.0 - 9% 17,0 5.2 Ub™ 25,8 7.9 156 276 8.5
5 : A B0 23,2 2.7 26 16,7 2.0 68 31.5 2.7 62 28,7 3.4 216
312 27,7 L3 188 15,7 246 312 - 27.7 b3 215 28,0 Le3 1127
W = Winter (Dog., Jam., Feb) ¥ = Number of thmderstom beg:irmings.
Sp = Spring (Yer., Apr., Yey) : “5!*‘ =« Frequency, % of = SN )

Su = Swmmer {Hme, July, Aug.) = Probability, % of total periods.
A= Autumn (Sept., Oct., Nov.) L L
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Teble 21 (contd)

Station -
and Years 0006 0612 12-18 28-2)y
of Record Season T RN S T S A %P X %P N
Williston, w 0 0 0 0 0 0 0 o 0 0 0 0 0
North Sp 6 111 Ol 5 9.3 0.y 26 }8.2 1.9 17 31.5 1..2. . 5L
Dakota Su 55 15.8 Lo 55 15,8 L0 120 3Ll 8,7 118 33,9 8.6 348
(15) A 6 17.6 0.y ho11.8 0.3 10 29, 047 L Li1.2 1.0 3L
« T 67 153 1.2 . &4 U7 1.2 156 35,7 C 2.8 U9 3h.aao 270 L3
Wilmingten, W 12 26,1 0.7 & 13.0 0.3 2 26.1 0.7 6 34.8 0.9 Lb
North Sp Lé 19.2 25 36 15.0 2.0 86 35,9 bt 71 BT 3.9 239
Carolina ° ° Su . 78 . 10,8 L2 106 1.6 5.8 shg k8.2 19,0 . 192 26,5 10.L 725
(20} A 2k 16,6 1,3 27 18,6 1.5 66 155 346 28 19,3 1.5 145
160 13,9 2.2 175 15.2 2.4y 513 bl 7.0 307 26,6 h.2 1155
Winnemuoca, w o] o .0 o] 0] (e} 0. o . L ] 0 o} 0
Nevade, Sp L 5.9 0.2 10 17 0.5 L5 6642 2.4 9 13.2 0.5 68
(20) Su 6 3.6 0.3 25 14,8 L 1l 67.L 6,2 2 1h.2 1.3 169
A 2 Lo 0,1 9.8 « 0.2 31 5.4 1.7 L. 9.8 -0.2°7
12 b3 0.2 39 1.0 0.5 190 68.2 2.6 37 13.3 0.5 278
Wytheville, W 2 20,0 0,1 1 10,0 0.1 L Wo.0 0.2 3 30,0 0.2 1o
Virginia 8p 6 . .G6,0° G.9 33 18,5 1.8 5L - 5.0 37 20.8 2.0 178
(20) . Su 21 L L1 55 1.7 3.0 296 83,0 6,1 97 20,7 5.3 69
A 49 0.2 7 8.5 0Ou Sl 65,9 3.0 17 20,7 0.9 &
o L3 5.8 - Db 96 13.0 1.5 - Llis 60,2 641 15L 20,8 2.1 739
Yankton, W 0 0 o] o 0 0 3} o 0 1 100.0 0.1 1
South Sp 41 20,0 2,2 27 15.2 L5 61  29.8 3.3 76 37.1 L.1 205
Dakota Su Wb 27.7 - 7.9 87 . 16,5 La7 107 20.3 a8 e 35,3 10,1 526
(20} A 35 294 1.9 10 8.4 0.6 36 30.2 2,0 38 31,9 2,1 ‘119
222 26,1 3.0 Bl .6 1,7 ol 2h.o 2,8 301 35 L.1 851
Yellowstone = W o] . -0 - Q0 0 0 0 0 0 Y 0 Q. 0
Park, Sp L L1 0.1 15 13.8 0.7 68 724 3.7 2 12,8 0.6 9L
Wyoming Su 26 3.8 1.t 101 U6 5.5 L30 6B 23,3 . 134 19.4 7.3 691
(20) i A 6 5.7 0.3 17 6.2 0,9 66 62,8 C 3.6 16 15.2 0.9 105
33 3.7 045 130 lyat LB 5L 6%l 77 162 18,2 2,2 890
Yuma,, w 0 0 0 0 0 0 2 10040 0.1 0 0 0 2
Arizona Sp o o} 0 1 7.7 0.1 5 3844 0e3 7 Shei 04 13
(20) sSu 28 257 1.5 17 15,6 0,9 33 358 2,1 35 32,1 1.9 L
A 11 U9 0.6 8 10.8 0. L1 554 2,2 1 18,9 0.8 7h
39 18,7 0.5 26 12,5 0. 87  Ll.8 1.2 56 26,9 0.3 208
W = Winter {Dec., Jan., Feb.) ) ¥ = Nunber of thunderstorm beginnings.
Sp = Spring {Mar., Apr., May) T @F « Frequency, % of IN
Su = Summer (June, July, Aug.) = “%P = Probability, % of btotal perioeds, -

A = Autumm (Sept., Oot., Nov.)
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darkness) or DNP (during p.m. hours of darkness), In the breakdown
of the data for ths anaiysis ﬁhat follows, DHA ocourrehces were
placed in the first quarter of the day and DNP ocourrences in the
last quafée:, The hours were, of ocﬁrsé, local stenderd time.
hlthough’thercccurfenQSS‘wefe‘tabulétéd;‘in thé original dafa, for
éaéh of the 2L hours of the day, the enalysis was.madeibn the basis
of four 6-hour periods;'marked 00=06, 06;12, 12-18, and 18-2l on the
Eughéur clock and usua}ly aesigﬁated»in the diScuSsion:as periods 1,
2, 3, snd h;[respectiﬁely. This division was decided upon after &
preliminary inSpection;of the nature of the diﬁrnal variations and
also favored because it‘agfées ﬁith‘¢ommon practicéf As the work
?fogressed, it bedéme apparént that a bréakdown on a 3~hourly basis
wOula have'added signifiéanﬁ results; such & refinément is left to
‘qthef investigatiéns, The,&ata‘are'too few to justify an hourly
5reakdowng | | -

258;, Iﬁ addition;,the’qﬁarter~day data ﬁefe enalyzed on &
seasonal basis, December, January, and February constitﬁtiﬁg’the‘
winter, etc.-’This enalysis might profitably be refined on a monthly
basis. |

259. Table 21 lists in alphabetical order the 192 stations
used in the analysis and contaihs all the date used in the charts
following. The %eble also contains probability figures, in percent,
pertaining to the various periods and seésons, in the column headed
%P, For any quarter day and season the probability percentage was
obtained by dividing the number of thunderstorm begimmings (i,e.,

occurrences) by the total number of such guarter days in the period
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of record. At Abilene, Texas, for instance, there were 186 - thunder-
storm oécurrences in the quarter day 12-18 in the summer during the
period of record. There are 92 such quarﬁér'days each summer (June,
July, end August) and in 20 years there are 1840. Dividing 186 by
18L40 gives 10.1% as‘%P,,v\rhich is thus the probability of the occur-
rence of é thunderstorm in Abilene in summer between the hours 12
end 18. The chance\of,ocgurrencé.isfabout 1 out of 10. The %P
value on the fifth line of the tabulation for each station is the
probability of an occurrence during the parti§u1ar‘quarter day through-
out the year = not as useful a probability as the seasonal probabilities.
| 260. The frequency percentage (%F) of the tabulatioﬁs,is‘dbtainea
by dividing the total number of occurrences for one quarter day of any
k§ne season by the total number of occurrences during. the same season.
In the same Abilene quarter-day period, 12-18, the total number of
occurrences ( Z N) for the summer is 379. VTheApefcentage frequency
for the quarter day 12-18, summer séason, ﬁhus becomes 186 divided
by'379, or 49.1 (#F). This simply mesns that of all the thunderstorms
thet occur at Abilene during the summer months, AQ,M% occur during the
guarter day 12-18, period 3. The %F values in the fifth line of the :
station data give the same;relatign betweanrthe‘qéarternday,occu:rences(
end the total number of occurrences for the;whclé’year’(EN, fifth line).
261. Annual, Figure 8L, "Annual Diurnal Variétion'of Thunder-
 storm Frequency,” shows the distribution of-the,lastanamsd values of
%F. . The dominance sf the 3d period is clearly evident. A large area
in which its dominance is greetly modified, however, or even completely

suppressed, begins in Kansas and Missouri,‘spreaés northward and,
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fanwise, northwestward and northeastward. A similar suppression can
be observed in the Great Lakes region, particula?ly 6n the egstern‘or
southern shores/(chicago,~Grand'Haveﬁ, Ludington, Buffalo); in extreme
southern Texas (Del~Rio,‘Cﬁrpus Christi, GaIVeston); and at Atlantic
Coastal stations from Hatteras to Nantucket. Phoenix alSO-falls'into
this class, Variations from the dominant 3d period are also appérent
at West Coast stations bﬁf cannot be considered too significant because
~of the small number of total occurrences.

262, A better view of the distribution of the diurnal veriation
(of all smnual occurrences) can be obtained from the four subsidiary
meps which are all included in figure 85. In this chart a map was used
for each quarter-day period and on‘eaCh'were~plbtted the values of % F
obtained from the fifth line of station date in tablev21,~the same values
Vshown in the histograms of the chart of the annual diurnal variation,
figure 8L4. If the variation were purcly random, an equal number of
thunderstorms would occur each quarter day, that is, each would show a
25% percentage'frequéncy. In constructing %he‘maps of figure 85 o
percen&age‘frOm 20 to 30 was considered to be one showing a random or
"ormal" distribution and areas containing these percentages have the
lighteét shading. No shadipg'at all denotes an area of frequency below
20%, i.e., below normal., Two subdivisions are denoted of areas above
normal, moderate shading being used for areas of frequency .31 to 50% and
heavy'shadihg fbrkéreas of frequency over 50%.

26%, The mapyfor'the Ist period shows most of the country with
subnormal frequency. The significant normal ares is the Middle West

from Texas to Minnesota and Wisconsin, with extensions eacross lLekes
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Svuperior‘ and Michigan, Slight areas of mnormal frequ‘eyncyjal:sok appear
along the coasts but only two extreme coastal points, Hatteras and Sen
Francisco, show above-normal frequencies.
26ly. The 06-12 mep shows that this is the period of least thunder-
storm activity, with a few scattered, small areas of normal frequency. .
The most noteble increase from below-normal to normal ,kfreqx‘lency oceurs o
along the Gulf Coast and the eastern and southern portions of Florlda, ;
The Middle West still preserves a Asca.ttered? ‘tendency toward normal, and =
an out‘oreak‘approaching normal is noticeable 'in the region of Santa Fe
and Grand  Junction.  However, most of the so-called normal perc‘entages |
on this map ere actually below 25%.
265, The 12-18 map shows the frequency predominently above
normal snd much of it even above 50%. - In the Midwest ‘region, however, -
which showed normal freguencies in the 13t period while most of the =
rest of the country showed ‘beldw—‘-normal, & normal frequency is maintained
except for a small area of below-normel centered at Lincoln, Nebraska.
266. On the 18-2l, map it is this area again which is outstanding. -
It shows an increase to above-normal frequencies while the rest of the
‘country shows a rapid subsidence to normal and even below. The most -
rapid decrease from the 12-18 maximum.fz"equenciésr is in the predomi-
nantly mountainous ‘sections and in the Gulf region.
26T, Thef§ are only a few small areas, practiqally,:poin’bs,*:‘that S
show up as normal throughout the four periods:: & small area around
Sen Iuis Obispo, Califormia; & point between La Crosse and Madison, =~

Wisconsin; amd a p’oi‘nt on the Texas border a little west of Brownsville., @ -
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268. Winter. Figure 86 shows the histograms of the winter thunder-
storm occurrences. No chart of the type of figure 85 is offered for this
season although the basic data for such en enalysis are contained in teble
21. From an inspection of figure 86, if only stations with at least 20
oécurrénces~(i;e.,,cne per season) are considered, the importent fact
emerges that there is no predominating quarter day in the winfter season,
The one-ﬁer«season line would run from Cape Henry to Charlotte, then to
Piftéburgh/andVErie, and finally westwafd to include thefsoutheranortions
of Ohio, Indiana, Illinois, and Iowa. . It includes an area of three or
V,more~occurrencesAper‘seasoﬁ;(60 or more for the period of record) which
extends from the Gulf Coast to the.Ohio River. The northern boundary of
the latter region is an arc from Ft. Worth to Evansville and Louisville
V and then to Jacksohvilie,, The ma#imum numbef is at Pensacolas but
Jacksonville exceeds all other Florida statioms. There -is & probable
maximum et Vicksburg if the iatter's 15-year record is extrapolated to
20 years. On the West Coast, Tatoosh Island, Point Reyes, snd Sacramento
show 20 or slightly more while Eureks shows LO. .

269, Very few of the stations with’at lsast 20 occurrences show
any of the four periocds with a frequency appréciably in excess of 30%.
Among the few that do are Washington, D. C., with over LO% in the 1st .
period,‘Parkersburg with over L0% in the Lith period, Savermsh with over
L0% in the Lth period, Kensas City with over 50% in the Lth period, end
- Sacramento with over 50% in the 3d period. However, even within a
limited region, there is no consistent maximum period. The characteristic
minimum period of the annual chart, the 2d period, seems to be a fair1y :

common minimum on the winter chart - more common, &t any rate, than any
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maximum.period? but with meny exceptions, even its appearance as the
meximum period at Pehsacola, Charlotte, and Atlanta, for example.

The tendency throughout is toward what has previously been called a
random or normal distribution, that is, toward the equalization of
the frequencies in all the four periods ofAthe day, although the
distribution is most nearly even aiong the Gulf Coastrand in Texas.

| 270, The;highest‘peréentage probability of thunderstorm occur-
rence\for_tﬁe winter;season,is 3.3 at Vicksburg for the 3d period |
(see table 21), approximately a one-in-thirty chence of occurrence.. .
There are a number of zero probabilities - for all four periods at

- some western and Rocky Mountein statvions (also at Houghton, Michigan),
and for scattered periods, e#en the 3d (at Nantucket), in the Eést.
In only two of the latter cases does the total number of OGQurrenQes
exceed 20 - at Nantucket and Raleigh; in all other cases showing any
zero probability the total number of occurrences is less than 20.

. 271, It is evident that winter thunderstorms in ﬁhe United
States are mainly frontal in origin although convergentVaction not .
associaied_with fronts is also a cause. These phenomena have some -
diurnal variation, but the magnitude of the variation is not usually -
great enough to dominate the thunderstorm distribution, which remains
‘ fairly uniform or random throughoﬁt,the four periods éf the winter
day. Since the thunderstorm is caused by frontal or convergent
action upon unstable air, the diurnal variation of atmospheric in-
stability must also be considered. Both conditional and convective
instebility have such a variation. It is largely a duplicate of the

diurnal surface~temperature variation: =a meximum in the 3d period
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| and ‘& minimum in the 2d. However, in winter the temperature variation -
is less than in the other seasons and often, as prévioﬁsly'citéd (lo);
insufficient to produce inétabiliﬁy‘in'the'lqwér layers, even strength~
‘ening the atmosphere's natural stebility by formation of the surface
inversion, The latter ié~steépes€ ot the time of the minimum tempera-
ture, usually early in the 24 périod;'

272, §E£i§5° “On the spring diurnal-variation chért7(figure 87)
en actual maximum of L26 occurrences appears at Cairo and there ere
also c&er‘ 100 at Ft. Smith, Little Rock, and Cincinneti, but extraps-
lation of & 12-year record at Dallas gives 412 and extrapolation of a
7—year recérd‘at‘Broken*Arroé'gives-5200“ Only West Coast stations and
Yume now show- 20 occurrences or less and et practically all the stations
on the immediate West Cosst there has been & decresse of ocourrences
since the winter geason. North Heed iz the only station with zero
occourrences for the spring ‘season.

273, The general 3d-periocd meximum mow becomes definitely visible.
Tts percentage frequency climbs toward 50, end occasionally higher, at'
most East Gulf and inland Atlantic stations while in é:he Rocky Mounteains
it‘élimﬁs to 60 and even 75, Its dominance is less in the states =
between the lakes and the lower (hio River Valley and diseppears entirely
within the Leke region and also in the region thet fans out fr¢m Bagt and
Central Texas to Mimmesote and North Dekota.

27k En:the'regioﬁs\6har§cteri2&&'by the dominent 38 period there
is some variation in the order of the frequency megnitudes iﬁ the other
three periods. If the periods, numbered 1 to li as previcusly explained,

are arraﬁgedjin the descending order of the megnitudes of their percentage

-3
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frequencies, then the type of variation in the Northeastern States
(disregard;ng coastal stations), for inmstance, can be described as
3ol 1-2, meaning that the highest frequency occurs in the 3d period,
the next highest in the lith period, ete. Farther South,<in‘ﬁhe;"“\
Carolinas, the variation is 3-l~2~1 and, when the Gulf is reached, it -
may be 3=lj=2=1, 3«2.L-1, or 3-[=1-2. The characteristic Rocky Mountain.
sequence varies from 3-[-2-1 to 3-8-L-1.
275. The most even distribution ocours now in- the Lake to Ohio

River region, in Texas, at the éilaﬁtic Coastal stations, and:in«ihE;,%
ragionjreaghly:between the 90th and 100th meridians. The most consist-
ent distribution in these‘aréaé can be described as b»5m192,~withfthe -
maximum value seldom exceedingv§§%a More consistent here is the
appearance of théVQ& period as the minimum. It is because.of this .
fact that the combined occurrences of periods 2 and 3 (rough1y &ay-
1ight,periods) are always exceeded by the combined occurrences of
periods: 1 and L (roughly nighttime periods), prpducing‘theynpcﬁurn%lf,i4
meximum of thunderstorm éctivity‘in this area. Period 3 is often .
second in magnitude and even when third inkmggﬁitude it is not much. .
exceeded by period 1 or L; ocoasionally it mey be first in megnitude -
but not by much.

_;276¢ _E9we§e;,‘this enelysis does not verify the observation
sometimegjmadshthgt‘the\maximum_activityiigjthe’Midwésﬁ‘is durigg
the first.qg&rtsrmday}‘ The maxiﬁnm,aypiyity%seems_tokbé genera11y  
in the lagt qu@rter‘day‘and the third‘quarter i$_n9t far‘behind,H
It islpossibis)that an analysis”on;a,ﬁ—hpuyly pasis‘wégldcalﬁerﬁthesg,i‘

conclusions.
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277. An odd’distribution, hr3—2~1, is found at both Key West
and Yuma. AAt Key West the same sequence was observed in the winter.
278, The maximum probability of occurrence in the spring is
st Jacksonville - 11,1 in the 3d period (see table 21); the chences
are thus aboub one in ten that Jacksonville will experience‘aﬁ after-

" noon  (12-18) thﬁnderstorm‘in the spring. A few zero probabilities
| oceur in the Far West. ’ |

~ 279, It is eﬁident that during the spring the insolational
thunderstorm, or at least the thunderstorm in which insolation is an
important factof, is coming into dominance, Its influence seems to
be most effective in the mountain areas wherse the 5& period is
definitely the most outstanding. In mountain areas insolation
actually produces an added effect. By heating the mountain slopes
more then the free air it produces an up-slope valley wind which
aids }n the production of the afternoon thunderstorm; at night the
absence of insolation causes the mountain slope to cool more rapidly
by radiation than the free air, thus producing the down-slope
mountein wind which inhibits thunderstorm genesis., The up-slope
valley'wind*usually begins during the 2d period and it may‘be‘this
fact which is responsible for the displacemenﬁ of the minimm fre-
quency to the lst period in the mountain area. In the eastern part
of the cowmtry the only stations comparable to the mounﬁaiﬁ stations
of the West are Asheville and Wytheville; it is noteworthy that at
these stations the 3d-period frequency is in éxcess of 50%, even
exceeding 75% at Asheville in the sumer. The 3-L-2-1 variation cen,

*in fact, be called the mountain or orographic type.

o
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280, At Atlantic Coastal and Gulf stations the insolational effect
is complicated and usually dampened by the sea bresze, itsélf a result of
the unequal insolational heating of lend and water surfaces. The sea
breeze puts a stop to the rise of temperature of the land-surface air and
also produces an inversion at a low level. In most cases this eliminates

the thunderstorm possibility unless active dynemic features compel it.

In some places like the Gulf Coast, however, where condensation levels and

levels of free convection are low, the sea breeze mey: act as a Qoid front
to set off an early thunderstorm, as early as the 2d period. The fric-
tional retardation ofwthe lendward current (a downwind decrease of vélocity)
has also been adduced as a ceuse of coastal thunderstorms (55). These are
possible explanations of the occasionally high frequency velue of the 2d
period in this region.. However, comparably high<frequenqies also charac-
terize the lst and Lth periods at such stations, these periods qonstitutf
ing the land-breesze poftion of the day. 1In part, the frequencies may ﬁé’
augmented by thunderstorms at sea which are observed from the iand, since
both theory and observations indicate maximum convective activity over

sea surfaces at night, The diurnal variation in the Greatb Lekes region

also represents a complexity of such effects, The so-called nocturnal

meximum of thundersborm activity over the Middle West, hardly explicable

by either orographic or maritime influences, will be discussed in

paragraphs 301-9,

281, Summer. On the sum@er chart (figure 88) the greatest number
of occurrences is 1403 at Tampa, with Jacksonville, Tho@asville,'Santa Fe,
and Pensacola, in that order, following. Each has over 1100 occurrences.

There are no zero botals at all‘infsﬁmmer and all stations with totals
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under 20 are cOnfiﬁed to California and the Pacific Coast. At some of
“the latteéer points there has been & further decrease since the spring.
282, The chief feature:offthe diurnal variation in the summer is
the further emergence of the 3d-period maximum, Ité percentage fre-
quangy has now;climbed to over 60 in the Southeast, to 75 in the Rockies
and at ‘topographically comp&rable?stations;in'the East such as Asheville,
.In the Northeast, its percentage frequency is between 50 and 60 and it
has definitely emerged as the dominant period for the first timse in

Texas," Arkanses, eastern Missouri, and in the region between the Lakes

“and the Ohio River. It has gained dominence even at places like Boston,-
“Nantueket, H@téeras, Key West, and BUffalo;'aﬁ thesexplaces, however,
the Ad-period frequéncy~is still mostly under 5@%9
283, In the regioris mentioned above there is thus overwhelming
evidence of the importance of the insolational effect, whether direct
orééontrihutinga;llts effeet is still somehow counteracted, however,l'j
in a region spreading northward and fanwise from Oklahoma, ‘Hefe the
- comparative frequencies, i.e., the seguerces of the magnitudes, are
still as they were in the spring. 4s before, the 3d period is 0CCaS~
sionaiiy'highest but the lst period seldom, and the differences between -
lSt,33d;%and‘bth*periods'are not great., But the 24 period is always
lowest. The result, to repeat, is that ths combined,nuﬁber of occurrences
in periodé 1 and L always sxceeds the combined number in 2 end 3, pro-
ducing the so-called nocturnel maximum.
- 28li. Along the Gulf Coast, a tendency that could be seen emerging
in the spring becomes more evident. The 2d period now ranks second in
freguency. At Galveston it is actually first by a narrow margin - 32.9%

ageinst 32.l for the 3d period.
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- 285.. The highest probability of occurrence in the summer is at
Tempa - 4B8.3% for the 3d period (see table 21), Thus, on any summer
afternoon at Tampa there is practically a 50-50 chance of a thunder-

storm occurrence. . A few zero probabilities still show on the West - .

Coast, some even for the 3d period.

286, In figure 89 the swmmer variations have been grephicelly
enalyzed in the menner of\figure_85,;ﬁhigh was for the annual varia-
tions. . The main features of the two chartSz&rQ\mpéh the same, as they
should,befsincgfthe,gnnual_totals are/m@de’ﬁpybf summer occurrences. ..
predominently. In the lst period somse ébove—normgl areas appear in
the,Middle,Wbst'on the summer chart whigh did not appear on the annual
chart, indic&ting,an@inteﬁsification in the suﬁmerkseason‘of whatever .
phenomenon is responsible for‘the,peculiar;distribution.,VGreat?rlerev
quencies appear on the Gulf Coast in the 2d period on,the;summer:charts.

The small area of below-normal frequency at Lincoln on the winter. chart

‘has moved to Yankton on the summer chart. ' In the Lth period, an above-

normal area in Texas,isveliminated\on the summer chart. In that region,
as has been,seen; the diurnai variation changes from spring 1o summer,.
and spring conteins the month of meximum occurrence, May. .

 287. Autumn. . The autumn season (figure 90) shows, in general,
e diminution of the strength,of~t5315d~p§iiqd,maximu&.i It is par- . .
ticularly evident in ths Northeastern States wh§re‘what”is last,td,the\
3d period is transferred mostly to the Lth - possibly the maritime . .
effect again coming to the fore as insolation décreases.‘ At some
stations like Portland (Maine), Eastport,,Nanﬁucket; and Atlantic City

this change results in a definite ljth-period maximum. Also apparent,
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partiéulafly ot the latter stations, is en increase in the percentage
frequency for the lst period. Similar changes are evident in Texas,
end to & lesser extent, in the Southeast. Thé "nocturnal region is
still about the same as in the summer and shows about the same diétri;
bution of percentage frequencies.
288, The maximum number df‘odcurrances for the autumm is 38l at
Key West. There are no z!ero, totals, and totals of 20 or less are still
confined to California andithe‘Pacific Coast., Most of the extreme
coastal stations in the latter region show an increase of occurrences
' since the summer. |
289. The highest probebility of ccourrence is 13.2% in thé‘Bd -
period at Tampe and the few zero probabilities are confined to the 1st
and Qﬁ'périods‘at some Far West stations (see table 21).

290,  Numerical relations. - All the charts of diurnal variation

disGUésed*thuS»far'cbntainfsuffioienf"data?tc'maka possible the evalu-
ation of the magnitudes involved in the diurnal variation. Teble 21
lists the'numéridal'#alués;fas‘ﬁell as the percentage frequencies and
probebilities. Hoﬁe?er;kthe numgrical’relations are not easily seen.
In order to make them clear, the summer thunderstorm distribution
(ﬂumerical) is repeated on & set of five charts. The first, figure 91,
shows both the numéridal'averageéland‘tﬁe isoceraunics for the entire
day for the summer season of dJune, July, and'Aﬁgusta The following
four charts, figures 92-95, show the average numbers of occurrences
end the isoceraunics for each of the quarter#day‘periods. It should
be remembered thet these charts are'for'thunderstorm‘ccéurrencés and

ané not thunderstorm days. They are also only roughly representative
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of the annual distribution because the May maximém’in Texas is excluded
and also because more winter thunderstorms occur in the Gulf States
then elséwhere.' o ’
291. -However, on the total chart, figﬁre,91,uwhich‘includes the

'ocpur:ences‘for gll four periods, thers appear the expected maxime
over Florida and New Mexico, with & col or saddle over the Céntralu

, Statqs where the values increase from Daluﬁio‘ta Kansas‘gity an@

~ then dgpréase again toward Canada. Isoceraunics have beggﬁdgawn £or .
every eight occurrences on this chart. On the meps showing the
‘numsrical\distributions_foryeach qua:ter day the isoce:aunics are

’. drawn for every two occurrences so that, if exggtly;one-fourth'th$ ’,
total ngmber of occurrences occurred in = quarter period, the 5rgdient

.~over such a regipn'wou1d4remain’the_same on the quarter~day'map as on .
the total map., A steapened gra@ient‘wouldgappeag over a region>@h§re

the quarter-day occurrences were in excess of 25% of the total end &
weakened gredient where they were less., ‘ :n 7

292, The 00~06 map (figure 92) shows & étartlingrohange_from*ﬂ_

the over-all pettern. . The gradient has wegkened thrqugﬁout;except i#,
the Middle West, where it has strengthened. The area of meximum
occurrence.for the whole United States is now around Kensas C;ty.
Southeast of the Lakes region, alqngytheJGulf Cpast, andwalcng thgy |
Atlantic Coast from New York to Georgia, the nqqturnal maritiﬁe‘effggt/’
shows up in an increase of oécurrences éasﬁward, i.e.,_seawardﬁ-‘ayhA
tendency not observable‘on the over-all chart. The Sante Fe,mgximu@’
has been replaced by a distinct minimum, one reason beingathaﬁ ?his ‘

is the period of the down-slope mountain wind. Away from thewﬁést” ’
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Cyo'ast'; the actual minimum pdin‘t is at Atlanta - & total of only 5 ocour-
rence‘syv in 20 years. : In this connection it may be mentioned that, in :
an analys‘is.of the ostensible causes of thunderstorms at S’b,"Lbﬁis,"
Oklehoms City, Brownsville, and Atlenta, & cooperative project of the
Weather Bureau and the "ﬁniver'siﬁy of Chicago (36) found the insoletional
type of thunderstorm mést‘prédoﬁinant at Atlante.

29%, ‘I‘he 06-12 map (f’igtife 93) restorses the over-all mexime, with
some displacement, The Florida maximum is now over Pensacola and on the
peninsula itself Miemi is the highest. A trough appears from Texas
northv#ard.' Except for the Wost Coa’s*’f;, this trough conteins the minimum
velues of the map in its southern half from West Texas to Eastern
Colorado. It might be considered an eastward displacement of the Rocky
Mdimjbéin trough of the preévious period. The Appalachians appear as &
divide between & secondary maximum on the west side end & ‘secondary
minimun on the east side - & condition attributable, in theory at least,
to the windward and leeward effects of this ridge on the prevailing
westerlies, In‘g‘éné\ral,‘ the gvré;dieﬁjt; ‘has S‘Baepened since the last map
except in the Mississippi and Missouri Valleys, where it has weakened.
That region has a "o‘ompaﬁrativély moderate numerical frequency. -

29l The 12-18 map (figure 9L) shows an extraordinary steepen-
ing of gradient fhroughéu’t;; Neglecting the West 'C'éast, ‘the morthern™
‘Léké’regf%n; end the Long Island Sound eres, the aress of minimm
ocourrence sre eastern Nebreské and éxtreme southern Texas - whioh -
could bs interpreted as a displecement farther easfwé.rd”of ‘the Plains-
Rockies t:&ouéh of the prévi‘oﬁs map. The meximum value is now at Tempa

with & very steep gradient toward Key West and Miemi, The Sauta Pe
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meximum is ret&ine&, now definitely including other stations on the
eastern slopes of the Rockies, 4 secondary maximum also aépears at
Helena, separated from the Santa Fe-Cheyenne;isocéraunio ridge by
low values at Lander and Salt Lake City. This trough, also seen on
the previous map; is intensified by contrast with the adjoining .
mexima. -

295, "~ It is.noteworthy, also, that the maximum$value at Kansas:
City on the 00-06 map (9.2) is now equaled at the,same¢stahi§n;oﬁ this . -
map. - Kensas City, during this period, is on a line oriented SSW-NNE -
from southern Kersas to southern Minnesota, east of which there has
besn an increase of ocourrences since the first period and west of

which, up to:the Nebraska trough, there has been & decrease of oeccur-

‘rences.

296, An interesting convolution of isoceraunics is evident over
the Great‘Lakes; It cen be described as a‘trough'southeastvof Leke
Superior, a ridge west of Lake Michigan, a trough east of Lake Michigan,
snother ridge west of Lakes Huron and Erie, and then a trough east of
the latter followed by a ridge: which seems t01pérallel +the Appelachian
Highlands. The east-shore troﬁghs are no doubt the effect of the ,
stabilization of air in its eastward passage over- the Lakes,lwhosa-sur¢A~

face temperatures are consistently 1ower~§han'landaSurface;temperatures

~on summer afternoons. =~ In Pennsylvania, Maryland, end Virginie, & trough

appears ‘again on the east or leeward side of the Appalachians. . .. .~
|2 297,07 On the 18-2l map (figure 95) the actual maximum, exceeding -
even values in the Southeast, 'is at North Platte, with reinforcement - .

gt Phoenix and Bl Paso. ' 4&t.Phoenix. end North Platte the occurrences. in -
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the -jth period exceed the occurrences in the 3d, A curved line from
Dodge City to Kansas City to La Crosse now separates & region on the
east where occurrences have decreased since the last map,ffrom 8.
region on the ﬁest where occurrences have increased since the last
, map; The Midwest trough hes moved farther east, its éxisfnaw approxi-
mately from Corpus Christi to Dubuque. Part of the area formerly in
the trbugh'is,“as pggviously indicated, under the influence of the:
North Platte maximum. Looked at differently, it is possible to say
that the North Platte isoceraunic ridge moves eastward to Kamsas City
by OO—Oé'(the'next‘period)»and disappesars, or merges with adjoining
ridges, on the following two maps. |
298, 5Alongfthe Great Lekes during the lth period there appear
to be troughs on the west side and ridges on the east side of each
Lake aréa, " In the eastern part of the country the high points are.
Charlotte, Macon, and Tampa. A trough:tendency still appears along,
or'slightly east of, the Appalachian Divide in‘Tennessee-NOrfh Carolina.
An east-west ridge extends from Washington to Pittsburgh to Cincinnati. .
299. A further expression of the megnitude. of the activiﬁy in
the nocturnal-thunderstorm belt can be obtained by ploﬁtingfa chart of
thunderstorm occurrences in the summer but excluding the'occurrences
auring the hours 12-18, the 3d period.. Om such & chert (not feproduced)
the area of, roughly, Kensas, Iowa, and Nebraska, which is & comparatively
low area on the over-all summer chart, becomes the area of the secondary
maximum. Its'values,are exceeded only by those in Florida. The Santa Fe
maximum is lower. Additional maxima. of the secondary orderv(QQ,plus)

ocour also at Wichita, Terre Haute, and Cincinnati.

.
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%00, Maximum hour. Although no snalysis of the diurnal variation

by hours has been made for this report, the hours of maximum thunderstorm
occurrence have been investigated during each of the summar;months, June,
July, and August. The date showed too much seatter to allow the construc-
tion of isochrones connecting points with the same maximum hour. However,
& predominance of early afternoon and even fogenoon hours (11-1, inclusive)
was found in the Gulf,anortherﬁiLake and Southeast Coastal region, a large
. number of 13%-1lj maximum h;ur8>inaboth the:3outhern,Appalaohian*and,Rocky

’ Ebunﬁain;regions,,and 8. scattering of maximum hours between 18 end Ol in
the nocturnal-thunderstorm region of the Middle West as well as the

lower Leke region and the southern New England Coast. Elsewhere the
maximum hour is predaminanﬁly 17 .or 18. There are no meximum hours
betwéén 07-10,‘inclusive, while 15, 16, and 18 are close behind the

apparently predominant meximum hour of 17.

The nooturnal thunderst§nm

301. The ex09331ve:occﬁrreﬁcé of nccturnal thunderstorms is not o
peculnar to the United States. It is generally agreed for 1nstance,
'that n1ghtt1me thunderstorms are more common than daytlme thunderstorms
over oceans. C. E, P, Brooks (5) quotes Melnardus as stablng that the |
periéd of maximﬁm.oécurrence ovef’the ocean 1s OO-O& The report of
the ﬁ. M. s, Challenger quoted by Shaw BT shows that of 235 oceur-
rences of thunder ana lzghtnlng over the open sea hh.67 were. durlng

(38)

the hours OO~06 and hB 57 durlng tha hours 18—2A Shaw also
‘gives flgures 1nd1cat1ng nocturnal mexima of thunderstorm act1v1ty in

the Garmbbean and the open ccean near the We st Indles, and the absenoe
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of & nocturnal minimum in the Gulf of Mexico. The explanation usually »
accéptedﬁfor this widespread~phenqmenon'is'thé special mnature of the
diurnal‘variafion of atmospheric instability over oceanic areas. ' Over
“lend the time of meximum insolation and therefore meximum surface heat-
ing is ‘also the time of meximum instability. The open sea surface,
hoWéver, hes & diurnael temperature range of only about 1 F while that -
“of the atmosphere at a height of 500 to 1000 meters is several bimes

(5).

as great 77, so %bgéfvertical‘temperaturevgradients favoring convection
oc¢ur'most frequently in the early morning hours when the atmosphere as
& whole is cooling by radiation.

302, Coastal stationéfhave*alsé been found to have apparently = . s
anomalous periods of maximum thunderstorm activity. = Over coastal SR
Germany, ffbrfifnééanoe, there is s tenaencytoward a 06-09 maximum (5)-. - R
This can be attributed to the instability”ofwmaritimsAair~at‘that‘tiﬁef‘«
and to the fact that it is aiso the time of the greatest temperature
incregse from land to sea, the resulting land bféeze‘péfhéﬁs_aéfing as
a mlnor cold‘front.k"~ - - | | o -

305 No w1des§¥ead contmnental aréa of ﬁaxmmum nooturnal thunder—'
storm &ctmvrty is well known out81de of the Unlted States, although o
1solated statlon averagss that may represent 81gn1floant areas have been
noted. One‘such case is that of Cordoba 1n the Argentzne 1nter1¢r whefe
ﬁhe 1st and hth permoas each account for 29% of the total thunderstorm .
occurrencés 2 . Many'eiplanatlons of the phenomsnon have been offered°
;It is obv1ous that any facﬁor tendlng to steepen the lapse rate or to

reallze potentlal 1nstab111ty can be the cause, and the only factor

automatlcally ruled out in the con31deratlon of the causes of nocturnal



213

thunderstorm activity is insolational heating. Fronts, tovographic
barriers,»convergent-flow patterné, heating from below due to the
higher temperatures of the surface traversed, cooling aloft due to
radiational losses from moist to dry layers, convective instability
attained by evaporation of rainfall, advection of warmer air in the
lower layers or colder airrin the upper,layers -~ any of thesg may
céuse‘the nocturnglxthunﬁerstorm. However,ipropgrly‘t6 e$p1ain the_‘u‘:
nocturnal maximum, & causative feetor must be found‘which’has a geo-
graﬁhical distribuﬁion similar to that of the region of the nocturnal
thunderstgrm»maximum andrwhich alsp has 8 cqrresponding diurngl‘vari-‘
ation. Not until recently has an explanation fulfilling these require-
meﬁts been found, This was done by'Mbans'in & paper previouslyvcihgd (7).
The author gemerously permitted the Hyﬂromefeofologicgl‘Section‘the use
~ of his material while still unpublished, In the published ﬁersion ﬁheré
have,been}some/changes infcharts and data’that dg not, however, affect
their use in this report.

30L. Means chose Omaha as & representative étatiop because it
was well located with reference to fhevgeneral‘area of gocﬁu:ng} t@un§§r~
storm occurrences and bgqgusejfﬁdiogpn@g end upper-air wind deta were
available. /Qfﬁ69_thunderstonm1pccurr§nces7in%l9ul,_hefselthed 5lza§’
classifiable with respect to tﬁe\prinQipa; fagtcr,ccntributing to the -
instability prior to the formation of the thunderstormf ‘ihgsanactbrs T
and the‘nnmber.ofkocgasiqns each was considered tque tha‘principgl one

;are:;isted‘belows
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 Evaporation from precipitatioN.es.... 6 cases

- Frontal liftingeevecsesoseccsssssessooy % -
Surface heating or turbulence..eesss 8 "
ﬁv'AdvectivE‘cooling 810F e cenoncionones 5
n

~:Advective warmihg in lower laygrs..;.QS -

of the"iasé”fype;“moét of the oGeurrénces were st night, defined by
Means as 8 p.m. to 8 m.m. Apparently this type contributed most to
the néétufu&i'méﬁimumay - | “

kBCS; In addition to the evidence of consecutive ra&iosdnées;‘
the fact of advective warming cen also be indicated, as Means does,
by the pattern of the isobars end isotherms on & Pixed-level chart.
On the és$ﬁmpfibn‘£haﬁ”the fiéw‘isdéppfoxiﬁaﬁély horizontal and
,gfédiéﬁ%,faﬁ§ instance of isobars crossing isotherms means advective
éooiing Sr/Warﬁiﬁg”éﬂa'a conéition‘6f5élcsély ﬁacked isobars perpen~
dicular o closely packed igeeherﬁs indionies the greatest advedtive -
effect. If the flow indicated by the isobars is from warm o cold,
$he advection is of warm air. In figure 96, taken from the Monthly
Weather Review fbri%he'monﬁhsrindicated, the mean mbhthly‘iscbaré"
end isotherms &t the 5,000- and 10,000-foot levels for July end =

August 19l1 are shown. They indicate, first, & maximum werming effect

over the main aree of nocturnal thunderstorm activity. Second, they =

show the warming to be more rapid at the 5,000- than at the 10,000~
foot lé%éi;vﬁhich méans anefinitékavérage éteepeﬁing of ﬁhé;lapse'
rate due to that effect. These conditions are typical of mean summer

cherts.

&
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%206, The type of advection can also be demonstrated from the
variation of the wind with height. It can be shown (59)‘that the wind.
turns with height within a layer in such a way as to become more neariy
parallel to the orientation of the mean isotherms of that particular
layer.‘ T&e vectorial difference between the wind at the bottom bf the
layer -end the wind-at the top of the layer iskoailed the thermal wind,
which is a vector that parallels the mean isotherms, directed so that
the colder air is on the left, and with its magnitude directly propor-
tional to the mean—temperatufe:gradienﬁ in %he~vicinity. For the
simplest illustration, e wind speed consﬁan% with height can be assumed.
If, in such a case, there is a kv,eering of wind direction with height
(evge, from south to west), the thermal wind, or vectorial difference,
ié directed from northwest to southeast. The warmer air is therefore
southwest of the station (to the right of the thermal wind vector),
southwest also being the mean win&,direction,of-fhe layer., Thus a
veering of wind with height indicates advecfive Warmihg aﬁd,fsiﬁilarly,,
a backing with height indicates advective cooling.

%207. A hodograph of the winds aloft (a plot of the wind vectors
et various levels from & common origin) will therefore poftray the
variation of the advective effect wi%h height:“Fdf any givén léyér":$
the advectivé éffecﬁ'is_éropoftioﬁél to “ﬁhe'areaAéwéétVoﬁf by the
wind Vec%or;ﬂ thaf is,‘ﬁhe'afea ofA%hé'tfiangie‘madé by‘thé‘lowéf
Wina vécﬁbr, theiuppér wind véctéf; énd the fhermalywiﬁd vectbr;'ﬁhiéh
is’eqﬁéi tcxl/é %lVé sin A wﬁere'A isifhé éngié Eétween ﬁhéqidﬁéf aﬁd
upper wiﬁﬁyvéctﬁrs; Vi and Vé;: Twice the area of the triangle,'of |

ViVo gin A, can also be used for comparative purposes. In terms of
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the area (or twice the area) & veering of wind with height is considered
negative, a'béckiﬁg poéitivee

- 308. In figures 97 and 98, reproduced from his;paper, Means has”
evaluated the quantity Vi¥s sin A from wind-resultant data for stations:
in the United States found in the Alrway Meteorological AtlaS’(3h).,,@
The negative areas indicate advective wafming. - Its meximum occurrence-
can be noted over the Midwestern area of interest. mAiso; comparison
of the two figures shows that the warming is greater in the layer froi‘
the surface to 3 lm (Pigure 97) than in the layer from 3 km to 5 km
(figure 98), which is a type of variation of the sdvective effect with.
height favoring the production of instability.

' 309. Finally, in figure 99, also taken from Means, the same velues
for the Midwestérn.regiOn are plotted separately for the four pilot- o
balloon observations of each day in order to demonstrate the diurnal
variétion of the advective factor in the layer, surface to % km.. ﬁ‘
sharp diurnal variation is evident, with the mexima at the 2300 and .
0500 EST observations, which sgrees with he diurmal thunderstorm vari-

ation in the region.

Days with more than one thunderstorm

310. The asvailability of two pracﬁicail§‘concurrent regords;
one of thunderstorm aays and the ofherraf thundsfétofm.bégiﬁnings;
suggested the possibility §f discovering the distribution of areas in
whiéh more‘than éna thundefsﬁorm per day was likely and an exgmigation
of the 1ikelihood'of such multipie occurreﬁcaé Withiﬁ those arégs;

The period of record for the thunderstorm oceurrences (or beginnings)
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is the 20 years, 1906 to 1925 (Gregg's deta), while the périod’of record
for the tﬁunderstorm days is 1904~2%, from Alexander's second paper on
the distribution of thunderstorms in the United States (3). Only the
averages (to whole numbers), rather than the totals, were compsared, |
making it unnecessary to extrapolate to 20 years any data that were for
8 shorter period. Considering the nature of the date and the finél
‘results, this method was sufficiently accurate.

311, It was surprising to find & number of stations which, in
this comparison, had actually fewer thunderstorms than thundersﬁcrm
days. This cemmot be attributed entirely to differences in periods of
record, either. The day’is5 naturglly, the éalendar day and, therefore,
& thunderstorm lasting through midnight makes one occurrence, but two
thunderstorm days. However, no such negative differences were used;
in such cases the difference was always called zero.

- 312, On such a basis, then, the annual number of thunderstorm
occurreﬁces in excess of thunderstorm days for each station was plotted
on the map shown in figure 100 and lines of equal excess occurrence
drawn, Assuming thelodcurrence7of more than two thundersbtorms -per day
to be ﬂnlikely-aﬁoughwto be negligible,:the values indicated can be
inﬁerpréted to mean the aversge annual number of days .on which more than
one thunderstom ocours at the particuler station. Actually each
numbsr is the excess of thunderstorm beginnings or occurrences over the
number of calendar days with thunderstorms. aPercenfages,«representing -
this excess as a percentage of the average numbér of calendar days. on-
which«thundersfarms occur, were also computed and plotted but the chart

“is not reproduced because it did not makeAthe over-all pettern eny more
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comprehensible. The method resulted, in fact, in what seemed to be
false emphasis when, as in the Pacific States, an excess of only one
occurrence produced & percentage of 25 because of the low frequency
of thunderstofm days. ©Such a percentage was exceeded at only a few
other stations.

313, ‘'The Section had an opportunity %o test the validiéy of the
method used by exemining the detailed record of thunderstorm occurrences-
gt Detroit during”the years 1906-1925, In these 20 years the excess of
thundsrstorm occourrences over fhunderstorm days appeared to be L3
(835 = 792). The detailed record showed, however, that there were 109
occaSions,during‘fhe 20 yeafs When:a thunderstorm oceurred on +the same
calendar day as another, This means that 66 (i.e., 109 - }3) of these
occurrences ﬁere mesked by the practice of designating two days with.
thunderstorms when one occurrence straddles midnight. Actually, though;
there were more than 66 occurrences through midnight;'thefe'were 82, but
16 of them did‘not affect the record in the same way because anocther
ﬁhunderstorm occurred - later in the second day. The cccurrence‘waég
counted énfextra one only on the day that it began. By this'anal§sis;
of the detailed-data, then, the averaée annual exceés of thunderstorm
pccurrences over thunderstorm days abt Detroit is L. By the method
used in developing figure 100 it was 2, )

31L.  There is alsé a distinet possibility that @oét of the 1906~
25 records underestimatefthe number»of'thunderstormfocqurrences.’
Observers will naturally differ in deciding whether pfolonged thunder-
stofm activity consists of Onévor moreVdistinct~thunderstorms since

the decision is often, abt best, an uncertain one. The less conscientious
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may decide that only one thunderstorm occurred because such a decision.
simplifieé the written record. More importent, howsver, is the fact -
thaet a station making‘oontinuaus»obserﬁations 2b,hoﬁrs:a day will be.
<more distin§t1y aware of multiple,qccurrences. There were mno such .
stations in 1906-25, = Means (7)umade a count of thunderstbrmsogcurrences
et Omaha Airport for the period 1937-Ll. Comparison with the tbunéer—
storm-day count for the same years shows an«average»éxoess occurrence - of
13 while the value used in figure 10C is only 5. The data reported by
theaqooperative,thunderstarm.project of the Weather Bureau and the

6)

University of Chicago includes.a“tabﬁlation of thunderstorm days -
and -thunderstorm occurrences at. Atlante Airport for the years 1939-L3,
There were LO5 thunderstorm occurrences against 299 thunderstorm days.

,duringxthisfperiod,,which~gives;an~average‘axcess;oecurrenoe of 23, ..
while the value of figure 100 for Atlente is Just l.. On the other hand,
through the courtesy of W. A. Mattice, a thunderstormgoccurrehseucount
ig gvailable for the,years:1905+Q3,forwwashington,;D.VC.‘ .The count is,
1623 compared with a thunderstorm-day total for the seme period folh59-
The average-excéss occurrence - thus becomes L, which~i$,exactlygthé
value used in figure 100. - Nevertheless,: the fact that;the,recent A
Atiéntagand Omehe. records are from airports is. of extreme importanceﬁ;;
in evaluating these'éqmparisQnSa‘pOnly»continuous obsgrvations~can;%
providéffhe true thunderstorm-occurrence record.

315, /An'examination~of;figuré 100 does not readily reveal any.

“important patterns, although itvméy,be'remarkable that isolines  can be:
drawn “to eircumscribe any appreciable‘areaSawhatsQevér; - The lerger -

numbers, except in Florida, are not confined:to the regions of greatest
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frequency of thunderstorms nor are the smaller numbers, except on the
' Wbst'CbaSt, confined to the regions of least frequency. The percentagé
pattern, as‘previously mentioned, changes all but the zero- areas but
does not offer a more comprehensible distribution. The comparatively
“large excess in Floride is, however, probably significaﬁt;i Bi1y~(18)
has mentioned the likelihood of recurrence in the normal or local
thunderstorm situation at Témpa end the extreme unlikelihood of recur-
rence when the storm is fromtal. A priori, it was also considered
possible that a region in which quasi-stationary frontal activity was
frequent would also be revéaled as a region of,ﬁaximnm‘recurrenée'of
thundéfstorms;A This seems to be confirmed by the patterm in the Lower
Lekes and Chio Valley region, & common location for quasi-stationary
fronts, There is also an excess pattern~whi§h'béars an approximately’
parallel relation to the Continental Divide, another characteristic
location for a guesi-stationary front. But here the excess is chiefly
8 summertime phenomenon, while the front is & phenomenon of the cooler
months.

316, The chart and the discussion are offered chiefly as &
rough though inadequate guide to the distribution of the recurrence
phenomenon'andfto avoid the waste of anyone's repetitioﬁ of this
' particularftechniqua. The proper approach must befthrough individﬁal :
~end detailed station data, preferably from airport stations keeping

& 2l-hour observational watch. 'In such en investigation the days with
thunderstormsfshould bé defined as days in which thunderstorms begin.
This will avoid the midnight pfoblem“gnd also reduce the number of days.

Thether any pattern will emerge from such & studyfis problematical. . .
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Diurnal variation of rainfall .

317. In previous sections it has been\shown~thatrthe relation
between thunderstorm ectivity and rainfall is not always direct and
theat thé relatioﬁ varie# bofh geographically end temporally. A com-
parison of the diurnal variations of rginfailvand,of thunderstorm
activity might also be made. Rssults of such a éomparison are suggested
in'available,t&bulations of the diurnal variation of rainfall at various
stations. Most of thgse'tabulations have been published in the Monthly
Weather Review. TWherever such tabuletions were available, this report
has reorganized the data‘to make the values comparable to the 6-hourly
diurnal thunderstorm distribution. Because additional data weré also
aveilable, comparisons of the monthly variations of thunderstorm end
rainfall values have been inéludsd (figures 101-118).

518. The data for each station are charted on a separate figure
which is divided into two parts, the upper showing the variation of the
elements by months, thevlowerrthe variation of the elements diurnally
and seasonally after the fashion of the investigaﬁicn of the diurnal
variation of thunderstorms. In so far as possible, the data were.
reduced to the same Periods‘and units for all stations. For some
months and somerseasans,‘however, not”gll +the rainfalljdata were
available and in two cases there’wefe ne available:diurnal—va;iation’
data., For the monthly variation,’the,thunderstorm~day mbnthly‘averageS‘
from the lQOhyhj\period of table 1\and figures 28-31 were used. For
the,diufﬁéiyva?iéﬁi;n;ﬁﬁé?fhundersfo?ﬁ;ééoarfencex&aiuéswf£§ﬁ %ﬂé éféggd
data were used((table 21). Threé tyPes‘of_rainfall‘datg are shown on

the charts. One is average rainfall (R). The monthly values of R are




222

monthly sversages of rainfall)from comparative-datq‘summaries; The
seasonal b-hourly ialues éf R are frpm‘the diunnal-variation tabuia—
| tions.used, which are usﬁ&ily for periods of record from 10 to 20
years. Anothgr‘rainfall yglue charted is‘frequenquin hours (F).
This usually means tﬁe everage number of houfs in which .0l inch or
more of precipitation occur}ed. At some stationé F wﬁs based on a
coun£ of hours with a trace or more, in oﬁe cese on hours with 0.10
inch or more, and in two others on éctual duration. ’The pertinent
facts are always indicated on the charts. The third reinfall value
charted is that,ofkhourly intensity (I) which is simply R divided by
F for the particuler period'considered.' In the following discuésion
the ebbreviations R, F, and i, will be used, and the thuﬁde:storm
curves will be referréd to as Tvcurveé; although they are idenﬁified
on the fié@res by the usual thunderstorm symbol. |

319. At many of the siations, it will beqéeen,'théfe is a
definite tendency towerd both higher intensities and longer durations
of rainfall aé‘night.' This tendency has previously been noted in
the literature. One of the theories explaining the effect has been
that the higher relatiﬁe‘humidity of the atmosphere during this
period of lower temperatures reduces the évaporative capacity of the
air. Rain caﬁ therefore fall through it Without so much depletion by
evaﬁoration. Shipman (LO)’ in fact, offers that suggestion in explana-
tipn of the phenomenon at Ft, Smith, Arkaunsss. In a recent paper (hl)y
R. V. Dexter Suggesfs that the tendency toward & maximum in both the
amount and’in'the widﬁh of the band of;W&rmrffont rainfall in the early

morning hours maykbe,accounted for by the radiational (insolational)

L
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heating of the wérmrsectér‘air nea;‘the surface during thevday. This
bindreases the surface‘wet~bu1b femperature more rapidly than thé wet—‘
bulb teﬁpéraﬁuregyaléft; hence the convective instability of the surféce
layer is increassed. By early morning the aif'ascen&ing the warﬁ-ffohti
surface has undergone sufficient lift to cause saﬁﬁration and the faali-,
zation of the convective instability of the layer. On the other'hand;
the aif which ascends during the day has been cooled by radiation during
the preceding night, resulting in a decrease in its convective insﬁability.
320. There is still énother possible explanation. Isobars iﬁ

general make acute angles with a front and ﬁhe front lies in fhe trough
of low pressure. Anyédeefease of the éomponent aﬁayvfrom the‘front |
while the component toward the front remains ﬁnchanged'or increases

will thus produce éonvergence. Nongradient effects like friction cause
a deflection of the wind toward lower pressure and therefore can cause
an increase of the wind component against the front and a decrease of
the wind component away from the front. Such a deflection is greatest
when the wind is lightest and the air most stable, greatest'therefore'
‘at night, At a cold front, ffictioanroducQs cdﬁvergence at any time.
But with strong winds énd;a k-type air mass on the cold sidé &nd’lighf
winds (and stabilizedkéif) on the warm side, tﬁe nccturn&l effect will
be to de@reéée the warmeair ¢omponeht»away from the frbnt while\fhe
cold-air component moving the front will tend to remein comstent. The
result will be added convéfgence in the lowest 1ayers;  At the warm
froﬁf it‘is the cold éirvwhicﬁ is mcvihg aﬁay from fhe front and, iff’
its sﬁability is sufficiéntiy pronounced, the nocturnal offect will
agaiﬁ;be toward a decfeaée of‘its éomponent away from the froﬁt and‘fhe

production of added convergence.
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321, Humphreys has pointed out that, because Ofkcomparative
cloudiness in the warm sector and campafative cleerness in thé~cool‘
sector of the extratropical cyeclone, there is a tendeﬁcy to develop an
increased temperature contrast end therefore a greater cyclonic inten-
sity at night.  Also, because of thermal convection,‘there is a greater
retardation of the flow of cold air by night than by day.
| - 3e2. It has been suggested by Means (7) thét, because nocturnal
storms ére not insolational in origin and the mechanism is dynamic
(frontal, convergent, or advective) and therefore not self-liquidaﬁing
like the insclational mechanism, the storm is likely to be of longer
duratién. The high F values of the 1st and Lth periods et many of the
stations may be examples of this éffect, Means foundbthe aﬁerage dure~
tion of daytime thunderstorms at Omshe to be about 85 minutes, while
the average duration of nighttime thunderstorms weas sbout 120 minutes.
222, HWevertheless, there is n§ pattern of the diurnal variation
of rainfall that applies everywhere, as the analyses of the available

(13)

station data demonstrate. Hann realized this and therefore said:
Studies of available records do not warrant meking a
concise statement of the general characteristics of diurmal
variation of intensity of rainfall; one can only present
some of the more distinct types.... In the continental type
of the temperate zone thers is a principal maximum in the
afternoon and e lesser maximum in the early morning hours,
while the prominent minimum occurs between midnight end L a.m.,
and & secondary minimum between 8 a.m. and ncon. In the
oceanic type, the times of principsl mexime and minima are the
reverse of those in the continental type.

waever, his typés are contradicted by some of\the station data that

follSw,
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32ly. The most noteworthy exceptions to the conbtinental pattern
are Kansas Cify (hh), Lincoln CAS), and'Topeka‘(hé), figures 101-3,
stations definitely continental but alsc definitely within the area
of excessive noctﬁrnal‘thunderstormactivi‘by° Where the data are |
available, R, F, and I are highest in the lst or Lth periods all
seasons. Also, since the average numberiof thunderstorm occufrences
in the lst or Lth period is not much greater than the number of occur-
“rences in the 3d period, the indications are thet the nighttime thunéer—
storﬁs in this region last longer, produce mors rain, and are charaéterized
by higher intensities than the daytime thunderstorms.

325°> Similar but less extreme effects‘appear at the stations on-
the edges of the noc%u?nal thunderstbrm'zone: Oklahoma City (h7),
Fort Smith (L0)  5ault Sainte Marie 18), Lansing (U9), Chicago (50), |
and Springfield, Illinois (51); figures 104~9. Though T often peaks
in the 3d period‘éfAﬁhese staﬁions, tﬁe peak is not as outstanding. as
at stations definitely outside the nocturnal thunderstorm region, and
T for periods‘l and li combined usually exceeds T for periods 2 and 3
combined in all but the summer season. However, in all seasons R and F
are at a maximum or nearly so in the nighttine periods 1 and L, thus
exceeding the total daytime R and F. Intensity values are élso usua11y
higher in periods 1 and lj. All the effects are moré pronounced)in the
spring and autumn than in summer . Unusually consistent patterns of the
diurnal variation of F through all seasons are shown at Oklahoma City
(2~1-1;~3) and Fort Smith (2-3-4;~1). It should be noted that F values.
are low at Oklahome City becsuse they are based on actual duration, and
even lower at'Springfield because they are based on hours with 0.10 or.

more instead of the usual .0l or more.
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326, The continental 3d-period meximum in all elements all

(52)

seasons 1s shown best at Ngw Orleans s figure 110, and also

indicated by the partial data available for Tampa (53), figure 111,
although these stations can reasonabiy be classified as maritime.

However, a similar variation appears at the more definitely continental

(Eh), Nashville'(BS), Syracuée (56), and Denver (lbo,

figures 112-15. At these stations, and also at Portland, Maine (57)

stations: Memphis

and Ealtimore (58>, figures 116-17, the availéble date show the coﬁ?i—
 nental type of variation most distinctly in the summer season. In
other seaéqns, particularly spring and fall, although T still peeks in
the 3d period with decided minime in the lst and Lth periods, the R, F;'
end I velues show an épparent nocturnal increase. The eonfinement 6f
the nocturnal effect to these seasons emphesizes ifs conneCfion wi%h‘
frontal rather then air-mass or 1oca1,activity;A At San Francisco (59),
figure 118, the maritime intensifiéation of nocturnal activity becomes
apperent in the high R and F values for the lst snd ljth periods during
the raeinfall season. A remarkable all-season consistency of the F
variaﬁionvis'displayed by Baitimore - a 2-1-}~3% pattern. At this
station & minimum F sccompanies the 3d-period meximum in the other
elements, while the much greater values of F in the 1ét and 24 periods
have apparently little effect on R, |

327, The monthly-variation portions of the éhartsvof rainfall-
thunderstorm reletions simply repeat for specific points the variation
in thunderstorm frequancykand,average,precipitation already indicated
in the distribution charts previously described (figures 28531 and

38-41). With some exceptions, the additional F and I curves, when
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available, show a fairly consistent pattern, with meximum F in winter
and minimum in summer, and a reversal of fhis pattern in I. From
McDonald's date for New Orleans (52), it has also been possible to
compare monthly variations of F for various magnitudes of‘hourly
intensity (figureV119).

328. A few other pertinent summaries of the diurnal varistion
of reinfall have appeared which have not been adapted for the type of
graphical analysis used in this repoft. In a study at Los Angeles,
French <6O) fouﬁd that the hourly freguency of rains of .0l inch or
more was 14% greater in the hours (all lscal standard time in this
discussion) 6 p.m. to 6 a.m. then in the p&riéd 6 a.m, to 6 p.m. R
was 23% greater in the first-mentioned periodo’ The gréaﬁest\?, almost
13% in terms of probebility, occurred in. the hour 5»6 a.m 3 the'least,
‘less than 9%; in each of the hours L-5 p.m. end 12-1 p.m. The greatést
hourly total of ;ain, over 16 inches from 1905 to 1913, oceurred also‘
between 5-6 a.m. end the least, about 8.5 inches, in the hour L4=5 p.m.
At Galveston, Tannehill (61) found the meximum hourly F to be at 9 a.m.
for hourly rains of .0l inch or more, 0.10 inch or more, and 0.20 inch
or more. Otherwise, however, the vériation of the hourly frequency of
the +O0l-inch~or-more amounts wes only a rough, qualitative guide to the
veriations of the higher intensitles. Tannehill explained tﬁe fall of
frequeﬁcy after’9‘a.m. as due to the suppression of convection Ey the

62)

sea breeze at Galveston. Loveridge found meximum R and F secur-
ring around L a.m. at Honolulu, with secondary meximum between 8 and -
10 p.m., and minima between noon and 2 p.m. The variation was intensi-

fied in & summer month like July. Additional studies of the monthly .
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(63)

variation of F have been made at Philadelphia by Mindling and ab -

Havre, Montena, by Math(éh)‘ o

(65)

329, Figure 120, after Kincer , is an over-all picture of
one aspect of the diurnal variation of rainféil during the months from
April to September, inclusive. On itvare shown the'percentageé of the
total rainfall in these months occurring between the hours 8 pemf'and

8 a.m., BST. This éeriod is'approkimatély équivalsnt'to‘periods h;and 1
in ‘the foregoing analysis;~in the Midd le West, in particular, there is
only a(onééhcur'discrepancy,’ Thé chart in general supports the conclusion ’
of greater nocturngl‘R«valuas, es?ecially in the‘nocturnal—thunéerstorm
region where a 65% center csn be observed. Values above 50% ore also
indicated near San Francisco and along the western portion of the MEXicaﬁ ’
bordére Percentages less fhan 50‘occur over the Rockies and in the East,
the lowest values being on the Gulf Coast, with low canters'around New
Orleans/and Tampa, No conclusions athé~duration‘and therefore intensity
canrbe‘df#wn from this tjpe of chart.

330. TWhile data were lacking for a countrybwide study of the
&iurﬁai variation of rainfall,of éelected intensities, there were data
“available for a olass of imtensities defined as Mexcessive"™ by the
Weather Bureau. These héve been diécuséed'in an earlier‘segtiﬁn where
it was ﬁointed out %hat Yarﬁell (2k) had published monthly gﬁarts of
their frequency*distribution'althoﬁgh the avaiidble tabulated data
were not comparable for northern and southern stations. Howeﬁer, ‘the
tabulations (in the smnual Report of the Chief of the Wéather Bureau

Ll B T T T T T S S S e T I T T

* See footnote page 128.
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and later in the Meteorological Yearbook) included, through 1936,

the time end date of each occurrence of excessive rain at svery
reportlng station.” These proviégd.the basic m&terial for a study

of the dlurnal varlatmon..‘The occurrehceS‘thus investigéféd‘ﬁéfeAx
for the ssme peribd of record as Yarnellfs charts «;190&,}3 It

was reasoned that the dlscontlnulty in crlterla for tabulatlon, whzch
mars the dlstrlbutlon charts; would. prcbably not result in & dlscon—

' tlnulty in dlurnal varzatlons. That such an assumptlon we.s: valld is .
1ndlcated by the results in flgure 121, in which the distrlbutlons of
the‘percentages of excesszvefrazn occurrences are shown for each
guarter déy, annuélly gndffor the summef. ’The‘fesémbianée t¢ figures
85 agd 89, which exhibit similar analyses of thunderstorm occurrences,
is amazing. The same divisions and shadzngs are uspd on all four
chérts %o féollltate comparléon. It would be p0381b1e to substltute
one of the 6x06331ve~ra1nfall charts for the correspondlng ﬁhunderm
storm charﬁ with only sllght 1oss in accuracy of detall : Withln the
limitations of the tabulated data, it can be said that the diurnal
variation of excesszve«raln oceurrences 1is 1dent1cal w1th the dmurnal
variatlon of thunderstorm oécurrences in the same reglon and that
“therefore a reglon of pronounced nocturnal thunderstormAactlv1ty is
also a reglon of equally pronounoed nocturnal ocourrence éf excessive

rein,
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- CHAPTFR III

THE RELIABILITY OF AREAL QAINFALL DETERMINATION

Need for reliability determination

352, The results of cooperatlve\stofﬁ studles’by‘tﬁe U. 8.
Englneer Department and the Hydrometeorologlcal Sectlon are summarized
in the form of duration-~depth-area data. In the‘general flelé of
hydrology, average depths of basln ralnfall 1n xnd1v1dua£ storms,
based on either arlthmetic or welghted meens of ralnfall observatlons,
are used to establish rainfall-runoff relations. It is important to
know the limits of error’involved_in/such usé of féinféll data., The

 reiation betweén the accuracy:offthé aféai rainfall determination and
“the density of the observational network is also 1nvolved xn ﬁhe design

of a raln-gage system for an experlmental bas1n or a reportlng network
for the purpose of flood forecastmng. The optimnm.number end spacing
of the gages depends finally, however, on the precision desired.

333. Thunderstorm rainfall is especially aharacﬁe:ized by |
extreme‘irregulﬁrity'of areal pattern. The iSOhﬁetal ﬁap may fea£ure

‘ a’nnmber of cells or centers produced,by scattered outbreaks of local
thunderstormé, Even when the rainféll is gener#i’throughout'ablarge
‘area fof‘ﬁhe entire period of storm activity, the total-storm isohyetal
maep often shgws several/intense centers with/sharp rainfall gradients.
The usual network of rain’gagas is too widely spaced to provide an
adequate picture of the rainfall distribution in either type of storm.

Consequently, the estimation of voluméetric amounts for smell areas may

be subject to large inaccuracies. It is the purpose of this chapter -~ ==
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of the report to analyze these errors in volumetric determination of

thunderstorm or convective type of rainfall.

Sources of error

3§h The sources of error in areal ralnfall/estlmates znclude
1nstrumanta1 deflclencles, nonrepresentatlvensss of‘gages, and 1nadequate
sampllng. An excellent ana1y81s of the first two, namsly, the 1nade—’ /
quacles of rain gages and their exposures, can bs found in artlcles by ;
C. F. Brooks ( ) Rlesbol ( ), anﬁ J. C Alter (3)*. |

535 Errors of 1nstrumentatlon, or dlffersnces between the true
raxnfall at the gage slte and the rain measured 1n the gage, are due ﬁd
" losses by’blowzng out, spiashlng, evaporatlon, etc. The magor factor‘
in such dlstortlon of the ramnfall measurement is the wznd At wn- :
shlelded gages the movement of &1r past the gage creates an updraft
which tends to carry ralndrops away from,the mouth of the gage ond
thus results in a systematic catch deflclency. The error 1is generally
assumed to be small, however, when the precipitation is in the form of
rain. |

336, Local anomnlies in the rainfall pattern‘mayibe'prééuced'by
smell-scale tbpogfaphic influences or artificial obstructions whi@h”{ |
distort the wind pattern in the immediate va:cini{;y of the gage. This
mokes the‘partieular'gageVsitebnonrepreséntativé of ﬁhe‘éenefal“region;
introducing an error in the areal determinations. |

337. 1In regions of flat topography these factors are usually of

‘minor importance, and this study is restricted to such a region.

* References listed numerically at end of chapter,
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However, sampling errors, or the errors due to the accidental position -
and orientation of the storm rainfall‘pattern with respect to the -
station netwﬁrk have a proﬁounoed influenée. The two isohyetal maps
in flgure 122 illustrate this type of error. Section & of the flgure?'t
shows an 1sohyeta1 pattern for & short»duratlon hlgh-lntenslty summer
kstorm, based on all the records at th statlons w1th1n the Musklngum :
Rlver Basm° Seotlon B of the flgure shows another 1sohyetal map for“
the same storm, based on the records of 21 statlons unlformly spaced
throughout the entire network. This network corresponds to the average
spacing Cf official gages of all types in thls country (h)g‘ The two
isbhyefal‘pat%érns differ édﬁéiderablygVas ﬁight bé expected. 'The
fwidely‘sﬁaced gégés, in this’éaSé; fail to catcﬁkany of the iﬂteﬁse
rainfall. ’VIn thi§ ty?e of s%ormg‘fhe iﬁfénSé4rainfall éreés are éd’“
small compared to the average area controlled by each gage, that it is
Vunnsual for off1c1al gages to record max imum or even near-maximum raan

fall depth for the storm.

Statistical theory

338, In general, the magnitude of errors of sampling is‘a»functian
of two factors: fvariability,of’the phénomsnon,measurgd, and the number
of measurements. By variability isvmeanﬁ the renge of values, or their
dispersion‘about the mean. In the case of a rainstorm, part of the
variability of recorded rainfall amounts is due to the effects previously
disgusséds observational or instrumental errors and,gage nonrepresente~
tiveness., A greater effect is due to variations in storm ac%ivity‘over :

the area. . The latter variabtion depends on the type of storm and the
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Position'offthe‘area under consideration relative to the storm. A
large-scale, frontal type of storm is genefa11y<characterized by &
more uniform rainfall pattern than é'noﬁfrontal thunderstorm situa-
tion. The geographical position of‘the storm is important because;

as the outer limits of the storm are approached, the rainfall decreasés
less rapidly. This effect produces s greater ranmge of rainfall over

& given size and shape of area near the center of the storm thén,along
the edge,

339, Since the difference. in rainfall amounts recorded within. -
an-area,increases:as the ares increases, varisbility is also a function
of the rsize of the drainage area. JVisregarding shape or orientation of
drainege area, to obtain the seme accuracy for a large basin as for a
small basin, a greater number of rain gages would be required but not.
necessarily as great a density of gages. Hence, any general determi- .
nation of accuracy should take into account the factor of size of
drainage area..

3L0. The statistical tool available for determining limits of
error is.the following formula:

8E =80/ NN - . (3.1
where SE is the standard error of mesars of éamples drawn from a popu-
lation whgéé;standgré’déﬁigﬁion is_éﬁgwéﬁd ¥ is the number of observa-
tions in the semple. In the case of rainfall, SD is the standard
deviation of allV"{‘;hev rainfall depths 'récorded within the area, end N
js the number of rain gages. The formula is based on the assumption
that the population is homogeneous, or that the individual observations

are random deviations from the meen. For application to the problem of
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rainfall the assumption is not perfectly valid, and the implications .
of this fect will be discussed later. This method, howsver, has been

(5) and by Horton (6). The first-

used by Wilm, Nelson, and Storey
named euthors determined the accuracy of stprmarainfall measurements
for small, mountainous watersheds. Horton investigated the same
problem in connection with annual rainfall,: |
f3hl;'kstaﬁistical measures of error are defined in terms of -
probability; That is, a given value of error can be associabed with -
the percentage of cases in which that error is not exceeded, The
freguency distribution of errors is, therefore, an imﬁortant«considera—
;tione'fTheoretically,fthis distribution is normal'fof two conditions:
for a normal frequency distribution of the population, and for any
distribution of the population provided the size of the sample is
largéo"In a normal - distribution of errors, the standard error; -or. -
robtsmganésquare error, is‘the‘value~of‘error that will not be
exceeded in approximately two thirds (68;26%) of the cases. Other
measurés of error, having,different»values of  probability, may be
obtained from the standard error. The important msasureé’are,listed

below together with their magnifudas and associated probabilities:

-Ratio to S S
Standard Probaebility of Errcr
_Brror - Not Being Exceeded -
Probable error 067 0,50
 Average error ‘ 10.80 0.58
‘Stendsrd error - 1.00 0,68

Twice standard error 2,00 o 0.95
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BAQG‘VThe typical frequency distribution encountered in storm
rainfall is the right or positively skewed distribution. An example
of & frequepcyjhistogram of storm-rainfall depths is shown in figure
123, It can be geen that a;large nugher of low rainfall_va}ues is;,
balancedwby a‘small number of’extremely high valuesc _This\tyég of ..
stormkrainfall distribution has been’noted and diseussed by/E.C,So“
Thom (?),hand’is especially’important in the case wherekdne or‘only
a few gages are used as a mgasgre’of‘gginfallyfolume,» When the dis;,
tribu#ioh-afvthe pru1ation’is’skewed, as it usually is in’storm
rainfall, the errorﬁ&ist;ibution of‘mgans.of Smallfs;zed:samples‘ﬁendsM
to be skewed in the same’direction &3 €he parenﬁ’distributiqnoi As
8 result, in successive sampliﬁgs with only 8, few>gage§,‘gl1arge‘num5,
ber of smail underestimates is’balanced by a small number of large,,
overestimates. As the number of gages used to determine the mean
rainfallyincre&sés, the error distribution becomes normal, With-;'
egual numbers and magnituvdes of negative and pdgitive,deviaﬁioms
from the’trug mean, = A mathematical‘derivation,of the characteristics
of the frsquency distribution ofwerrors in terms of the‘parent Qis4
tributiog gnd sample size’can‘be found‘invShewhart (8>,ywher9 it is
shown that the error distfibution‘ponvgrges rapid}y toward a nqrmal

distribution as the number of observations in the sample increases.

Analysis of variability

31%. The theory outlined above was employed in the determina-

tion of the rélidbility of storm-rainfall meééurementsg using data

' supplied‘by the Soil Conservation Service from the dense network of
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recording gages in the Muskingum Basin. The rainfall record consisted
of hourly‘and'half-houfly tabulations at all stations in the 8000-
square-mile area for the period 1937-41, The pumber of gages varied
between 500 for thé“eafly\record and 250 for thélreceﬁt years. Thirty-
eight felatively intense storms charaeferiZed‘by'thun&erstorm‘écti#ity’
in the region were selected for study by examination of rain periods
during the months oftJuge, July, August; andESepﬁémber; The stofms ‘
were not otherwise meféorologically classified. | |

3hh,~ Tn order to place the storms. on & ccmparable'basié it wes
decided to use a duration of six hours, ooveringithe maximum~rain
per?od,'as the period of study;"since all or most of the rain from
the type of storm selected ﬁsually falls within a 6é-hour period, the
results should apply to total-storm rainfall as well. A hyetograph,
or time graph of average rainfall, as in figure 121, was plottedyfrOm
data consisting of arithmetic averages of all the recorded rainfall -
amounts for successive hours (or half hours) during each storm. After
selection of the maximum 6-hour period of the stomm from the hyeto-
graph values, the successive hélf-hourly‘Or'hdurly rainfalls were
summed to obtain the maximum évefageﬁé-hour'depth'over the basin.
Beceuse of the large number of observations uséd to determine this
value, it was the best available estimate of the true average depth\‘
of rainfall and was used as the Mtrue meau.ﬁ In a few éases it was
. checked against the average'depth obtained’by plaﬁimstering'the iso;
hyetaE map, but the results showed only very small differences. A
frequency tally was then made of the individual rainfall amounts

within each storm, and a standard deviation computed in each case.
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In this way, an average depth and corresponding standard deviation of
rainfall were determinéd’for,each>0f‘the,38 §tormé.
3L5. The investigation was extended to include sizes of area

othér then the 8000-s§uare-mile Muskingum Basin in order to collect
data on the effect of area on wvariasbility. Two arbitrary sub-areas
of 375 and 1500 sqﬁare miles were outlined within the Muskingum Basin,
Since the suﬁ—aféas included a smaller’number of gagésAit was decided
theat arithmetic averages were not;sufficiently;agbufaﬁe;:iéohyetal
maps‘were drawn:aéfa basis for the céﬁputation of the mean rainfall,
The pfocedufe described‘ébove was then fépeatedjand'ﬁew statistics
wéfé derived for the same series of Sfofms,

|  §&6.‘ The fesﬁlts ofvthis phase‘éf the aﬁalysiS~afe‘summarized ;
in table 22 for the three areas concerned. The table shgws a fluctua~-
tion of vafiability\froﬁ storm to storm and with different values of
aréaS, iﬁ‘&rder also to evaluate the:effect ofvstormimagnitude on
variability the storms were sub&ividéd into two clasééé: ebove and
baiow~0,5~inch avefage depth of rainfall. Tableieﬁ gives’mean valueé’
offaveragefdépth of‘rainfall,‘éténdardjdeviati9n; an& coefficient of'
var;ationj<CV) fér the breakdd@n~of data in terms of rainfall'magni% ;
tude andiéréa. The coefficient of vériation ié a measurékof relative
vériébility and i# équal ﬁp the standér@ devigtiam divided by the P

mean,
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Table 22

" AVERAGE DEPTHS AND STANDARD DEVIATIONS

OF RAINFALL MEASUREMENTS IN 6~HOUR STORMS

(MUSKINGUM BASIN)

1500 SQ.MI. 8000 SQ.MI.
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Teble 2%
EFFECTS OF AREAL SIZE AND STORM MAGNITUDE
 ON 6~HOUR-STORM VARTABILITY

- (MUSKINGUM BASIN)

No. of Mean Mesan - Mm

7 Storms Rainfell SD cv
375 Sq. Miles ; " | :

AITl storms -~ ‘| 38 . . 0.574 - 0.286 0,498

Storms < 0.5 in. - , 20 0.320 0.258 0.806

- StO!‘mS > 005 il’le g - R H : 18 . . Oo 856 01318 0.372

© 1500 8q. Milss o = P T e

All storms ‘ 38 0.569 0.379  0.666

Storms < 0.5 in, . . 18 . - 0,338 0.329 0.97h

Storms >o 5 in. 20 0.776 0.12l Vo.5h6

8000 Sq. Miles i | I -

AIT storms . . 38 - 0,519 0.h7Lh 0.913

Storms < 0,5 in. o3 0.37hL 0.451 1.206

Storms > 0.5 in. - . 15 - 0.7h1 . 0.511 - 0.689
37, The valueé‘éf soefficient of variation indicété gntincrease
of relative variability with indfeasing area and, for a constent area,
& decrease with increasing rainfall. The'effect”of'area as shown by
the date is in line with the theory previously described. The effect
of rainfall magnitﬁde on the coefficient of variation agrees with the

(5)

‘results obtained by Wilm, Nelen,'aﬁd”StOréy for small, mountainous

watersheds. As a result of both studles it may'be concluded that the

percentage error of sampllng 1ncreases w1th deorea31ng amounts of rain- .

fall. The absolute value of the error can, however, be greater Wlth
greater rainfall. Fmgure 125 presents emplrlcal relatmons, developed
from the data of table 23, expressing the coefficlent of variation ds

a function: of areal size for the three storm categories.  Since the
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interest lies in storms produoing heavy rainfall, the lowest curve
is the important one.

348. Figure 125 may be used to evaluate sampling errors as a
function of the number of rainvgages (N) by means of the following
eguations. .
| 100 SE/ T = % SE = 100 CV//T | (3.2)
Whg're_ cv i‘s‘-the coefficient of variation of the rainfall‘famouﬁﬁé a
ﬁithin théparéa, aﬁd % SE is the standard error expressed,as.a per-
Qentage of the averagé depth of rainfall (i)f This formula is based
onfthe same’assumrﬁion of homogeneity of data aé equatioﬁVB,lb By
méans of the.formu1a, values read off the graph can be égnyertéd into
pe:cent standard errof.for a given number of rain gages. Curﬁés're—
sﬁiting‘frém‘such'a‘conversion are shown in figure 126.’ H

3h9. A more useful relationship is one thaf,expresses ths
errors in terms of station density. If we let G equal the average
area per gage and A equal the total area inoluded>Within the network,
then .

e A=Gw - (3.3)
and gsE=-100 & 5 (3.1
’ S ‘VI' |
Thé:qgéntity"gz cen be deﬁerﬁiﬁed froﬁrfigquVIQS fof a‘givényéizé
§f area.k Equaﬁ?on 3.1 will ﬁhén give thé peroénﬁ standérdveff§r of |

estimate of rainfall volume for any gage density within the afea.

Effects of uniform gage “spacing

- 350, Up.to this point, the relationships between error, gage.

density, snd area have been developed without regard to the aresl
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pattern of storm,rainfall.. The values obtained apply to systems of
rain gages superimposed at rendom on the rainfall pattern without
regard to uniformity of spacing. The differences - in reinfall depths.
“at\different~pcints,of an. area are not, however, wholly chance . . .
variations but due in part to geographical variations of rainfall . .. .
resultingffrom«stcrm«movem;nt«and development, this4impliQs that.

& network of gages spaced uniformly so as to sample all parts of the -
area,awili provide greater accuracy than en unrestricted network haying
the same number- of gages. - : |

... 351.. In order to obtain equivalent reliability values for.
uniformly spaced gages an exberimental;procedureawas édppted,~:A;,+gx
master network was constructed, as shown in figure 127, in which
hypothefical gages are distributed at uniform intervals throughout . -
~ the Mﬁskingum area.. . The .spacing of -gages in the master network
represents twice the average density of~the;preseﬁtanetwork of' - rain-
fall‘staﬁions\in this country, the latter beiﬁg 1 gege per 375 squars
miles (h); Inscribed on transparency, the netwofkfwas«superimposgd .
on each ischyetal map, & selection made of the stations nearest the .
numbered  points, and~their,corresponding'raipfallédgpthsbtabu;a%ed{‘ 5
Throughvthe;gse,of;différent‘gage arrengements, it was possible to
obtain the hypothetical average rainfall corresponding to seven,
differsﬁt networks sampling the area as a whole: one- of twicawnormal
:densitj;‘twd of normal density, and’four~of‘on¢~half,nofmal density.

The seven arrangements of gages are shown in figure 128, . .
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For each;storm,~average depths for the seven networks were obtained"
from the arithmetic means of the appropriate gages, 'The errors were
computed”fromfthefdiffefencesvbetween'the”Sample ﬁeans and the "true"
mean‘rainfallipreviously;determinad; The average and standard errors
for each sample network were then derived from the set of 38 deviation
values corr63p§ndingftovthe*}S«storms‘analyzed;“‘

353w To extend~the ﬁesults”to sma11er valﬁes of aresa it was-
necessary to repeat the prooeduré~for the two sub~areasainside the
Muskingum Basin, shown in figure 127. - The various groupings of geges
pertaining tbsthese%subéareas'areishOwn,in figure 129, It is evident:
that, for a small aresa, the sccident of basin location with”respéct to
the gage system has a considerable effect on the numbefgof:gages*con-
trolling volumetric rainfall estimates. . As an extreme case, consider
the networks numbered: 1l and 15.. BothrarrangementS‘répresen%*networks
of the:same‘density¢~ Inrone case,,avsingle’gage,fcentrally,located;
controls the area while, iq the other, four gsges on the perifhery of".
the area enter into the average depth determinstion.  However, one
centf&ily‘ldbated gage should be a more accurste index than any one .
of the four»periéheral gages, and possibly, them all four ?eripheralf
gages cdmbined,f/Advan§ages‘in Iocati3n may, therefore, compensate -
for a smaller number of messurements.

%51, The computation of small-area reliability differed somewhat
from the,éomputaﬁion*for>the whole area, In acbual practice, where
'data ffom'only'a few rain;gggeé'are available within a drainage area,

weights are generally assigned to each gege in accordance with its
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aereal representativeness., A weighted average is then obbtained which
is more accurate than an‘arithmetic avéragé; In the current study the
Thiessen method of weighting (9)‘was'u§éd and a weight assigned to
each hypothetical gage, before averaging to obtain a mean rainfall
 value from the sample network. | |

355, ;The results of thié'énalysis‘ére shown in figure 130
' where the errors for 38 successive sampliﬁgs’are plottéd‘fbr e%chvdf

~ the 15 networks. ‘It’maﬁ'be'noéed that the points become more dis-

- persed with increased spaoingiof geges for the same-size of area end

 with decreased area for the same degree of spacing. =

2356, In evaiﬁating the results, the storms yielding rainfall
amounts in excess of 0.5 inch were selected and their stendard errors
~ computed. The values are given in téble 2l The results of this
;testing\procedure could now be related to the results of the previous
”’anglyéiS'of variability. By means of figure 125 and equation 3.l
~ errors were computed for eaéh of the 15 networks. In terms of the
values indicated for each of the nétworks'in figures 128 and 129,

the computation was as follows: The total area of the network was
\ multipiied by thefgage density (or divided by the avergge/area per:
gage)°an§ the square root of the result then divided into the coef-

© Picient of variation (as teken from figure 125 or table 23) for the

b particﬁiar area and a storm magnitude in excess of 0.5 inch., Multi--

‘plied by 100, the result is percent standard error. These errors may
be termed random-gage errors, that is, deviations from true rainfall
when random systems of gages are extracted from a dense network. The

errors derived by the testing procedure, on the other hand, result
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 Table 2

| STANDARD AND FERCENT STANDARD ERRORS
OF UNIFORMLY SPACED NETWORK

~ (STORMS > 0.5 IN., MUSKINGUM BASIN)

 Ares
... Per  Number . .. . . %
Né;z?%k . ,(sgfr§§,>; g(Sq?§§§;>,, ,GaEZS,x ,_3@?2?211 , ,étgji::é ?tﬁﬁiiid
1. .. .8000. - .  187.5 S L T S ~,k,f 6.6
8000 35 22 g S097 . 13.1
gooo 35 3 .l .08 16
8000 '_,¢750 e Jhi -101 13,6
8000 - 750 . - 10 . .7hn .129__‘_ 16.2
8000 - 750 130 W7k - 120 16,2
8000 . 750 .. 10 .7kl L1530 20,6
1500 . 187.5 13 L7760 .09 12,8
1500 375 |
1500 . 375 ..
1500 750
150 . 750 . -
S315. . 187.5
315 375 :
o 375 375

O @ W o W W

G776 W186. 2.0

[
o

76 219 . 28,2
J76 . .213 27
S776 0 L2300 29.7
856 '245;" - 16.9
8% .23 27T
, .856; L .251 . 29.3

B & R B
BE W w E E

e8]
\J3
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. from gages spaced uniformly over thé*area«in‘question.'

357. In figure 131 the uniform-gage errors (from table 2l)
are plotted'against corresponding computed rendom-gege errors. ~This
graph offeré both a check on the values obtained by either procedure
and & meens’.of obbtaining a reduction coefficient for uniformity of -
gage spacing to be applied to equation 3.4. ‘It may be noted that,
iﬁ&fh the -exception of one point, the errors of a uniformly spaced . =+ -
network are less ‘than those ofva”randdmvnetwork.* This ‘is in con~
formity with theory. It is apparent that theugreater\accuracy in the .
regions of greater demnsity in the rénddm distribution is more than -
compensated by the greater error in the fegions offlesser density. .-
This iS‘true‘nd’matter what type of uniformity is imposed.on the- net-.
work, as long as the average density remeins the same.

358. The solid line of figure 131 was drawn to pass through
the orlgln end have the least rootumean-square devxatlon from the‘ mj‘?
plotﬁed p01nts. /It is thus an average 11ne whloh establlshes an,
emplrlcal relatlon for oﬁtalnlng a§curécy #alues of unlformly spaced B
networks; On the b331s of avallable data there is llttle 1nd10at1cn “
that the'81ze of area con81dered or the gage den31ty has any effect :
on the raﬁlo between unlform and random~gage errors. It is also‘
doubtful whether other patterns of unlformlty that mlght have beenr‘
used would substantlally alter the relatlon here establlshed, 1f |
theksame basic data were‘employed. ‘ S -

559;V,T0 generallze the resuité and’present them 1nﬁusef§1 fdfm,ﬂ
the dens1ty~area-érror graph of flgura 132 is shown.\ Thls graph |

derlved from aquatxon 3 b.modzfled by‘the coeffzclent determined by
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the testing procedure, re1ates«percent standard eiroriofvrainfalln
volume estimétes to size of drainage area and density of rain gages.
The .results are partly empirical and are;éubject~to the limitations
of the §vai1able data end the assumption of rendom distriﬁution of
errors.  Theyfshould;apply.to regions resembling the Muskingum Basin
in topography end summer reinfell characteristics,  Although,severalv
storms have been studied where point rainfall has exceedeﬁ_xarnail’s_(;a)
100—year.fr3quency-value;fon;the Muskingum region, intense storms of
the:type'éonsideredain upper-limit rainfalliinvestigations~have not -
occurreduauring the five years of évailable record. Therefore,
fufther»study<should be given,to the variability of reinfall within - -
the rare Mcloudburst" type of storm, although here the obstacle is

the lack of sufficient and relisble data.

The e%ﬁe;iﬁenféi’hétWOQE

VséOa In designing a féin;gége network for réséafch purposes
prlmary coﬁszderatlon must be glven to the d981red tlme unlts of
pr301p1tatlan.’ For ba31n analyses where an accurate areal dlstrlbu-
tion of storm totals or compgratlvely long period ?élnfall amounts'
is requlred a partlcular statlon dens1ty'may'be necessary.’ Eowever, .

if the purpose of the progeot is é study of 1nf11tratmon, ralnfall

1nten81tzes for very short perlods are neede& ‘and for suoh an.analya -
éls 8, much closer sPaolng of gages is fequlred ‘The same is true of
a network d951gneé for thunderstorm research where 1t is planned to )
obtain 1nstantaneous areal patterns of ralnfall 1nten31tles.

361. The result and methods descrlbed in the areal»rellablilty

determznatlon are not adequata in deallng w1th the new problem.where N
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the interest is not in the>sampling*errcrs;of‘meanzrainfall~ov§r“ang~
area but in‘theiéccuracy,offthe’isohyetal pattern of totalnstbrmf~
rainfeall or of shortuperio& raiﬁfall intensiﬁy. ‘Because the Muskingum:
spaping, roughly one rain gage per four or five linear miles, is not ..
close enough to yield the significant features.of the émall-scale'
isohyetal pattern,- it was necessary to‘use-data from a denser: network
of‘gages.ﬁ‘Thé available networks suiteble for the purpose, however, - -~
cover areas considerably smaller;than,the‘averége rainfall "ecell" = ..
- resulting from a thunderstorm. Hence,;the,data,ére;not(adequate:for”;;
other purpeses; such as determinations.offthgfareal extent and total -
distribution of rain within the thunderstorm oe11.;~The study'was;~;
therefore’ limited td two: objectives. . One was to evaluéta the accuracy
of a given station spacing for plptting isohyets. The‘otherggbjeotive,
a by-product of the first, was to develop‘methods,for‘best,estimation$,
of rainfall from nearby gages, and to«evaluate'the accuraey'dfﬂthese ‘
estimates. |

362, In order té'obt&in information on the magnituderofwraiﬁ- -
fall gradienﬁs within intense summer storms, a number of profiles |
were plotted from 2L~hour rainfall data collected byiﬁha;SOil,\p
«Conéérvation Service at the Littlevﬁﬁll‘Creek:dréinage Eésin”inuOhio.;,,
Figur9513§vis,a»mapfof this'baSinsshowing‘the'1ocation of»fecoréihg;uA
and nonrecording gages. ﬂThe‘aVerage:distanCegbetween gaggskiS:agproxin'
. mately:one~fhirdumile within an area of'seven square miiéé,‘,gs;sh§wn(
in figureleB, a”seeﬁion'along_the major axis of the.basinkwasgfakenv!
as the axis of the profiles. Alllamountsrrécorded‘at\stations within;

the narrow strip shown in the figure were plotted,agaihst,distahéeN o
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from station 56 at the extreme southwest tip of the basin. To obtain
data on intense short-duration storms, 18 isolated one-day storms
producing more then 0,5 inch of precipitation were selected for analy-

sis from the period of available-record, 1937-19,2,

365;'~Smooth,curves*were‘drawnfthrougthhe'plotted‘pointsras
shéwn“in*figures 13&,?135,‘andf136g " The assumption is thatwthese/}
curves represent the true profiles and that deviations from the curves:
are due to observational errors emnd local exposure esnomelies. The -
results show & pronounced nonlinear variation of rainfall within a
distance of Limiles in 6 cases out of 18. This implies that 33% of
the.time'a~gage’spacing’of li miles would be grossly inadequate for:
plottinggisohyetal maps of intense summer rains,: The August 1k, 1939,
profile (figure 135) shows an extreme slope of sbout a half inch per
Vmile‘onneither?side,of a rainfall peak. Thishsituatioﬁ is probably -
characteristic of the distribution of rain near a storm center. The -
uniformity of rain in other cases might be due eithef to the type of -
storm or to the location of the profile along the fringe of the storm
‘area where the rainfall gradient is less.
36h.f A gquantitative evaluation of the effect of gage spacing
‘on'&céﬁracy'cén be;obtained throughfa~étatistical,analysis’of'simui~
- taneous- rainfall amounts at g group- of stations. Mutual correlations.
of‘rginfall Within‘the’station group will yleld separate values of:
linear regressién~eoefficients,'cbrrelation coefficionts, and efrors -
-of estimate for each station pair. These values cen then be plotted
‘&gaihét the'correspdnding distance between stations. If a sufficient

number of well-distributed values are available, & general relationship
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can be derived expressing the réinf&ll*Correlationrbetween two ‘adjacent
points in a region as a function of the distance of separation.

'%365.  The rainfall correlation described above was accomplished
in the following manner: A group of five well-distributed stations
within the Little Mill Creek Basin was selected., Distances between
stations varied from one-third mile to four miles, as shown in
figuré'1§7; The deta used in correlations between each pair of sta-- -
tions consisted of one~-day rainfall emounts for L1 selected dateé of
heavy rainfall, A value of 0.5 inch 'z‘-écorded!atfé;«'single statiéﬁ :
within the group ﬁasﬂchosenias'the 1owerﬂlimit'of»heaVylrainfall~inﬁ‘
selecting storm dates. - Correlations;Werévmada,between~thevfivegéeries
of 2li~hour rainfall amounts, and the results are presented in the -
following tables: -

| . mebless : |
| MEANS A éTmmRD DEViAfioﬁg (}E Aglé-ﬁoﬁR R.A.mmzs [

Sasion 1 e 3 L5 kverese

| Meen Rainfell 102 L03 1.09 1.00 0.9 L0z

Standard Devietion 0.6l 0.6h 0.67 0.62 0.62 0.6h

. Table 26 = -
CORRELATION -COEFFICIENTS BETWEEN,2hn§GURjRAINFALLS,w,‘
- Station 2. 3. 5
1. 0,95 0.93  0.77 0.78
2 - 095 085  0.73
3 o 0.8 0.73
L = e - 0.6k
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a;§66‘:~The:va1ué$Jshown\in table 26 were plotted against distance
between stations, as shown in figure 138. A straight line has been
fitted‘tq,the,plottedfpoints,frepresenting the variation of 2li=hour
rainfall correlation with gage spacing. The slope of this line-
indicates the‘great~reduction‘in corrslation with increased distance
of 2brh§ur dépﬁhs of summer precipifation in the!Litt;eyMill Creek -
Basin., It shouldgnot,be‘inferred.that a straight line adequately
represents this relation, nor that a curve fitted to thesanpoints can -
reaéonably;be éxtrapolated.;~The‘degree of correlation between pre- . .
cipitation.cétch at variouslyrsﬁaced stations is greatly influeﬁced D
not only by the station spacing, but also by. duratlon, depth, type -
of storm, location,: topography, and season.
367. The curve for estimating the error of a single gage (figure
i39)/i8‘computed from the cﬁrve of figure 138, The lower curve in
Pigure 139 represents the relxablllty of the estimate (by'multlple
- linear oorrelatlon) of ra1nfa11 mi&way between two gagesa‘ It gives
. the 1ﬁterpolat10n error 1nvolved in dr&w&ng 1sohyets of summer rain- .
fall by'mechanical interpolatlon between palrs of adjacent gages,
The study‘of the geometry of 1nterpolatlon among three or more gages
is not relevant o thls reportg In any case, the drawlng of ISO#
hyetal maps by mechanical interéoiationiis not dependable. Considera-
tion should be given to orograpﬂic~influence, storm configuration, end
other factors. The Little Mill Creek example indicatas,fhe order of
magnitude of error in estiméting,‘byfmeohanical interpolation, the
distribution of depth_éf shpft-duratién summér rainféll over small

areas.
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- 368. The discussion thus far has dealt with«storms£0tals for
durationsunder 2l hours or prhcur amounts for - longer durations¢;
There should not be any appreciable difference in the station density
required for ‘the ordinary short-duration summer storm. However, as
pointed~out previously;:a closer network is necessary for'r&ﬁnfali-' Ny
intensity patterns which are based On‘extremely short:intervals. To

obtain visual information on the neture of this problem, a number of -

 rainfall intensity patterns were plotted for adjoining stations, using

deta sugpliedwin,HydrologicuBulletins Nos. 1 and i of the Hydrologic

Division, Office of Research, Soil Conservation Service., A set of .. =

typical charts-for tmm;gagesmone-half'mile apart -is shown in figure ..

‘1h0,g It will be noted that considereble differences in magnitude and

timing exist between the two stations.  Some of the variation in

pattern may be attributed to imperfect clock synchronization or other.

~instrumental errors. ,However;,the differences are too acute to be

 .explained entirely on this basis, and the evidence of rapid fluctua- .

tion of intensity'with time and geographical position indicates the
necessity for a spacing closer than one-half mile per g&gé. " The
available recording-gage network was thus too sparse;forgtkekproper;;;
statistical ‘study of short-period intensities.

369, . The,evidence;furniéhed;leads,tocsevera1~conclusion$.';Onet

is that the original MﬁskingumwnetWork‘of,apprqximately one gage per.

four linear miles is inadequate for small-basin studies and for

obtaining~detailedlisohyetal;patternsﬂof thunderstorm situations. .
Optimum station density depends on the permissible error and the ..

purpose of the rain-gage network. For total or 2li-hour rainfall
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amounts of s&mmer»stoﬁms and ‘& tolerance of 20% stendsard érror, e
spacing of~ab0uf one. gage per linear miie seems to be necessary. -
Another conclusion of the study is that an even closer spacing would
be required to obtain the areal distribution of short-period rain-
fall intensities. ~The required\density would make - it extrémely~”"»‘“
costly to instrument an area the size of an ordinary thunderstorm
cellfin'order‘toiobtain isohyetal -patterns at intervalsﬁoanafew~
minutes.

“2'370, The results obtained are applicable within the range of
‘dataﬁused'in'the“sfudys'and to non-orographic rainfall, Further ‘investi-
gation ‘is necessary to evaluate the effect of rainfall magnitude on the
adcuracy*Offafgiven’station'SPaoing;* The study should also be ‘extended
to other regions where topography may influence the distribution of = -

summey reinfall, = ¢ |
U371, *Therevis”no‘feason for supposing that instrumental networks
less dense would be required for the accurate delineation of the dis=
tribution of the other meteorological elements in‘the'thﬁﬂderstorﬁ~,f"
situation. The simultaneous study of conditions aloft only multiplies
the difficuiﬁiesf&nd the problems.: Furthermore,~the,pﬁrposes éf“even,
the most densé network would be defeated by the lack of precise syn~
chronization of the recording équipment; A recor&erusynéhronizing
system has beén'recently‘déécribed‘by'Hamiltoﬁi(;l).r""
%72. 1In plamming the geographical location of an eéxperimental:
network for thunderstorm sempling, consideration should be given to
other factors in addition to the frequency of thunderstorms. Since .

the primary interest is in intense rainfall; ‘the United States west
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of therlooth meridian,is,eliminatgd as a proper location because in
that region the high thunderstorm frequencieé are not agcqmpanied by
comparable frequencies of intense or even measurable rains. The major
region of high thunderstorm frequency -~ the Gulf Coast,->fulfills that
need but fails to meet other possible,requirements. ,The_thﬁnderstorms
of this region are largely of the same type - nonfrontal. They are
rarely a¢companied by hail., However, only in this region is there a
good probability of activity throughout all the months of the year.
For that reason alpne;_the_location bfia network in‘such a region
might be worth while. In table 32 (chapter,IV) it can. be seen’that,_of
the four storms produciﬁg the maximum observed United States rainfall
values tabulated, two occurfsd within an approximately l5,000-équgre-
miie'ellipticélyaréa betWeen Uvalde’aﬁd'Templé, Texas. In the ééme
region there have been other occﬁrrencés bf "Cldudburéf“ pfbporfibné;
Theréfbeing nd«éuch;§0hcéntréfioh_of tec§rd raihfali valueé §1éewhefe
in the United States, this area is indicated as of special iﬁferéétyto
any pfbjécf for thebésfabiishﬁénf o£ aﬁ,experimental'rain+gagé:nétwork
to determine,the morthlogy of the maximum—typé storm. -

373. However, if it is desired to sample 211 the thunderstorm
typesVQQQJQISb fhé:impbrtan£,accompaﬁyingtphéhdmegé,:itiithé§é$§ary:
to sacrifice the requirements of the highest frequencies of tﬂﬁﬁaeréa
storms and intense rainfall. Tn the central region of the comntry -
roughly eastern Kansas, Arkansas, Missouri, and Ibﬁatiﬂthéréwisfoni& 
moderately high thunderstorm frequency but the thunders’comsmaybe

air-mass or frontal,‘daytims or nocturnal. In addition, the frequency -
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of hail is as high s it is enywhere in the country east of the 100th

meridien and the tornado frequency is highest. For the:Observetion,ef

& variety of thunderstorm types, then, the network sheuld7ﬁeyestabu

lished in this region.’

375- If mobile observational units sre to be added to the fixea‘

netwerk the availeble highway system should also be con81dered. It

wa.s such e consideration, though one not based on exhaustive'stu&y,eﬁ

that prompted the recommendetion of an ares north of Des Moines, Towa,

a5 & suitable location for the experimental thunderstorm network

recently proposed by the Westher Bureau for the approval of Congress.
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- CHAPTER IV

HYDROLOGIC ASPECTS OF THUNDERSTORM RAINFALL

The typical mass curve

376. Although conclusions derived from poin§;rai§f§11ndgta‘_
fail to sabisfy the hydrologist's need for areal relations, & 0ol-
lection of mass curves of point rainfall is the necessary basis of
& proper storm-rainfall analysis. It is with this in mind that en
effort is here made to present the typical mass curve of thunderstorm
rainfall, i.e¢., high-intensity short-duration :ainfa.llc

57?. Three sources of data were ubtilized. From the aubomabtic
tipping-bucket records of 11 stabtions, 207 storms, occurring in June,
July, end August of 1940-<12, were selected. The stations were chosen
to represent a diversity of climatic regimes; they are listed below
with the/numbef of storms chosen from each:

Albuquerque, N. Mex. 16

Atlanta, Ga. 20
Cheyenne, Wyo. 20
Chicago, Il1. 20
Modena, Utah 11
Nashville, Tenn., 20
New Orleans, La. 20
Oklahoma City, Oklsa. 20
Cmeha, Nebr. . 20
Tampa, Fla. 20
Weshington, D. C. .20

This storm list will hereinafter be referred to as the Hydromet list.
The two other sources of data were Meyer's tabulation of "Data for
100 Typical Intense Rainstorms, 1896-191" (1)*, yielding 60 storms,

i T I I T R T T T I R

* References listed numerically at end of,chaptero‘



and Yarmell's tabulation of the "Most intense rainstorm recorded at™ .

each station through 1953“h(2), yielding 10? stérms. Duplications’
were elimingted,

378, . For thé Hydromet 1list the‘oritéria of selsction weres
thunder officiall& recorded within two hours of rain commencement

and total precipitation exceeding O. 15 inch. At the western stations
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| the magnltude 11m1t wes lowered to 0 10 xnch in a few cases because, o

of the 1nfrequency of heav1er thunderstorm,ralnfall The beglnnlng

oft ralnfall was defined as the flrst tlp* followed by an accumulatlon

of &t least 0,05 inch in the ensuing half hour and the rain was con= =~

sidered ended when the accumulation during any half-hour period was. ~— '

less than 0,05 inch. The total rainfall in these storms varied from =

0.10 to L.T76 inches and the aurations fram 10 minutes to 3 hours.
From Mbyer's and Yarnell's llsts the selectlon was 11mxted to the
storms for whlch complete data, tabulated by Iqugnute xncrements,
were available. Thls llmlted the number selected beoause for storms

exceedlng a éo-mlnute duratlcn the ralnfall data had been cemplled

by longer tham 10-minute increments after the first hour. - Howevar, f7‘

a fGW'storms lastlng 80 minutes were chosen when thelr last 20

mlnutes' rainfall was & small percentage of the total fall. Begin-~f*‘

nings snd endings in these two lists were considered to be exaétly?5’7 b

as tabulated storms bexng excluded 1n whlch more than one or twoy_
percent of the total fell before the tabulatlon started It 1s to

be noted that the Mbyer and Yarnelx storms are not necessarlly

I eR D D O W S B M W DI R ma W e Dwe WM e GBS M e ORI R e DR MR A W e e e

* A tip is recorded after the accumulation of .0l inch of rain-
fall by a tipping-bucket gage.

-
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thunderstorms:but‘the:iﬁtensity»of rainfall»invglved is certéinly.tﬁe S
thunderstorm;t&pe..

379, Percentages ofvtotal rainfall in ¢onsecutive 10~-minute
periods were tabulated for all 37l storms.. Tables 27 énd 28'Bummafize‘

the results.:

Table 27

AVERAGE PERCENTAGE OF TOTAL THUNDERSTORM:RAINFALL BY lO-MINUTE INGREMENT

Hydromet  Yarnell  lMeyer ALl
‘ (207 ‘storms) = (107 storms) - (60 storms)  (37L storms)
Highest 10-min. - - B4 . 5 . g - . 53
2d highes£ 10-min. -~ 25 - - . 29 . .., 26, o 267
3d highest 10-min. . - 14 15 [ oo o0 1600 0 o 15
Table 28

HIGHEST PERCENTAGE FREQUENCY OF EAEH RANK FQR

: 10~MENUTE INCREMENTS IN THUNDERSTGRMfRAIN

Hydromet - Yarnell o Mbyer o All
- (207 storms) {107 storms) ' (60 storms) . . (37l storms)
1st 10-min..dine. M3 . . 50 Bl
ranking lst V
24 10-min. ine. L6 59 35 18
ranking 24 : - R , o o .
34 10-min. inc. W & . 66 - B2
ranking %d

380, It is apparent that the avefagé mésé’cufve»derived from
these data would also be a depth»duratlon curve, since the tlme dlS—
tribution of thunderstorm.ralnfall at a statzon is such that the

highest intensity occurs at the beginning, with decreasing intensity
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'chroughout?the ',stom;;'- This is a well-known characteristic of ‘point =
rainfall in a thunderstorm ﬁut it'is1n0t,»in mbét”oases,’true of* ‘sreal’
reinfall, as will be demonstrated 1a#er in this chapter.

381, On account of the variation in the duration of the storms
used in the analysis above (tables 27 snd 28), it was decided to derive
s mass curve (and depth-duration curve) on the basis of a single total-
gborm duration. One h&df was chosen for the duration bééause‘i% is the °
%yp&cal thunderstom duratlon, and the 1—hour values used were the
maximum observed (up to 1945) l-hour rainfalls at QOA.Wbather Bureau o
record1ng gages. The amounts used for smaller tlme 1ncrements were the
maxlmum observed at the seme statlons for 5, 10 15, and 30 mlnutes.’
Not all the amounts at eaeh statlon neeessarlly occurred in the seme : u
storm‘nor were all the occurrences necegsarlly reported as thnnderstor@s;
However, 1t Was’felﬁ that at 1east w1th1n the llmlts of one hour,w o
enveloplng dthh-duratlon values could ocour in a smngle storm and thaﬁ V
the 1n%en31txes Justlfled thelr classzflcatlon as thunderstormétype\
reinfall. Flnally; the praot10a1 equlvalence, as shown abcve,‘of mas;
curve and depth-duratlon curve mads ‘the data usable for both purposeé.»V’

V 392. Experlmentatmon w1th the data revealed that any averagxng h
of all the cases would mask a 31gnlf1cant varlatlon of curve slope w1th
1~hour amount The data were therefore stratlfmed by l-1nch (per hour)
xnoraments and the resultlng smoothed curves are shown in flgure lhl, )
Because 1~hour amounts less than one 1nch or greater than.flve 1nchesw
were so femg‘no cur%es weré drawn for these classes, but‘lnwgenerél N
these classes ShQW‘contlnuatlon of the trend dlsplayed by ﬁhe flgure.v

Comparison of the percentages shown in figure 141 with the corresponding
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percentages derived from the worid's\record‘réinfall amounts (mostly - -
unofficial).@hich,are,shawn in figure 112 indicates that, for a |
criticai time distributioh,~higher—than»average,peréentag;;values'
should,ba,used‘in,tha\cqnsiderationypf‘thevmaximum possible storm.
The Opid's Cemp l-minute value ﬁf.lown in figure"~~1h.2 was reduced from
the pfigingllywreported l-inch‘amount,to 0.65 inch. on the basis of

(3)

a study made in the Hydrometeorological Section '~ .

Area~depth relatlons

383. ’The usual enélnéérlng approach to ﬁbe prdﬁle@é of smail—h
areé‘or thnnderstormptype ralnfall rasults in emplrlcal statements that 
‘take the form of 1ntansityhdurat1on~frequency relatlgns based on. 901nt-T‘
ra1nfa11 data, or enveloplng duratlon—depth-area curves developed fram 7
areal—ramnfall analyses. Slnce the hydrologlst 1s prlmarlly 1nterested,‘
in the 31mu1taneous rainfall over a- whole dramnage area whlle the  area
fof appllcabzllty of‘p01nt~ra1nfa11 data remalns unoertaln, the flrst
type of relatlon and others lzke 1t are deflclent for the purpose.,_k
The duratlonydepthnarea curves fcr small—area, short—duratlon hlgh—
1nten31ty‘storms are more useful hydrolog10all& buﬁ are often unre-
11able because of the sparse network of gagas upon whaoh the analysms
dependS° furthermore, when based on Offlclal ra1nfa11 measurements, the"
curves may'be limlted by a mlnlmum area of about 500 square mllos and
a mznlmum duration of 6 hours. Neverthelesas since the physmcal
processes govern1ng thﬁ grommh movemant and decay of 1ndiv1dual

thunderstorms or thunderstorm groups are not well understood %he
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empirical approach remains the fruitful one. ‘éppliéd to a dense rain-
gage network like theVMﬂskingum‘netwdrk, its possibilities are enhanced;

%8l A detailed knowledge of the reinfall distribubion with bime
and aree is particularly required for surface-runoff determinations
based on the infiltration theory, When rainfall is unifémly distributeda
and falling~at'a steady rate, a large proportion of the precipitation may
be lost by infiltration. An equivelent volume of rainfall, concentrated -
over a smallfareafor~within”a’shorf pefiod5of'time; Willwproddce‘mﬁch ~
more Surface*runoff;*yln”éfthunderStorm‘the heavy rainfall mey cover a =
very“Sméll”area,fand;within/that»area the total duratien;of*fhe~storm SN
mey be one hour or less, The Muskingum network of recording gages
presents the opportunity for the study of the distribution of such rain-
fall in terms of small units of ‘area and time. Because of the~gaéév
deqsity’theimean‘aréal rainfall can be computed, with some degree'bf‘i
confidence, for areal units as small as 50 square'miiesg”andwtha~availw?/
gble half-hourly or hourly tabulations of stationfdaﬂafpermithOrreQV"
sponding ‘short-period breakdowns of the rainfall volume.

385. For ‘the purpose of this study, which is to develop useful - =
empirical area-depth and duration-depth relations for thunderstorm =« =
rainfall, thé Muskingum data sre defioient in certain respects, but o
not iﬁsurmqﬁnfably*SQQffThé;Muskingumfnetwork is:not"large!enough“ﬁb
include ‘the entire area of the usual storm., Consequently, the area-
depth curves developed from these datse are not entirely comparsble
to the usual type of curves developed in storm studies. Even when
the heaviest rainfall is wholly concentrated within the Muskingum

Basin, apprecisble rain may fall outside the basin. - As ‘a result,
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the area-depth values for the upper range of afea,areMrepresentative14
of partial storm areas,. . However,ihecause of»theﬂmanner,in Whigh»the
storms were selepted;,the storm center usually falls within the basin
Alimits. ?or that reason the portion of the area-dépth«curve'at¢the
lower -limits of area bears a closevreéemblance_to,the typekof curve.
desiréd.;,Since,the parsmount ihterestfisfin areas under 500 sQuaré'
miies,«the'datavare thus not seriously‘deficient,inffheée respgcts;
386. - Lack of,synchrcnizationfof}clooks and the accidents of .
the clock intervals chosen alsé,introduce someferror'injthe ca1ou1ations.,
A duration-depth curve based on stbrm,data~tabulated;by»qlockxhoursjpr‘
other standard intervalé will underestimate the short-period wvaluses
elthough the errors naturally decrease progressively with increased.
duration. . To avoid this source of error it was,neces%ary to examine.
the original,recorder.oharts-andftabulatekrainfallydepthsvfor~shortenv
increments. Attempts to do so were effedtively’balked by a deplorable. .
iack of knowledge concerning the individual clock errors and, in any -
case, restrictions imposed by time and,available.personnel made such
8, proéedure impossible. . However, it is believedwthatrthe errors are
of nminor significance for the girzes of7area and, the durations cbn- '
sidered here. :
387." In analyzing the vast amountfoffavailable,datayit was -
decided to~adopt short-qut prooedurés which did not involve any im- .
portant sacrifipe of accuracys A numericeal procedure was.devised, ,
to reduce the amount of labor required to compute area-depth curves
from the several hundred‘rainfall,measureﬁents in each ofwthe‘BB storms .

listed in the preceding chapter (table 22). This procedure made use
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of the frequencies of storm-rainfall amounts tabulated in the relia-
bility study (chapter III). .
388. - The usual method of computing en area-depth curve from .. ..

an ischyetal map is based on‘thehfollowing equation:

v i e e
where D is the average depth for a particular value of area A on<the;9,~
area-depth;ourvg,;A.A is an,increment\of\aréaubetween:two‘succesﬁiye
’isohyets, D is the valuse midway'betwéenxthe ﬁWoﬂisohyets,vana,thé NSRS T
summeation éigns‘representrécoumulations in desgending‘orderyof;magni—'*
tude of'rainfall, With a uniform distributionjof~rain gages, the -
increment Qf.area:enclcséd;between two isohyets is‘éropo:tional to. s

the number of gages enclosed between the same isohyets.. Areal values . .-
éan/thus be closely approximaeted by such a procedure where there is .

a largewnumbey of stations distributed atwpoughlyxuniform,intervals,'

a8 in the Mp:kingum., Subsﬁituting;f, the freqﬁengy or_numberﬁof,,
stations in?a particular,class,intgrval, for A A, the corresponding - .. -

increment of area, we obtain. . .

ﬁw:Nﬁ';> ‘$;g§§)  ,  1nf; ::; ,t‘ ,f T’(&;éj

where D is now the midpoint of the class interval.
389.J]Equation 11,2 became the basis for the computation procedure.
Pigure 1b§,shows«an~example~of sn area~depth curve derived from the « i w5

frequency histogram of figure 123 of chapter III. The curve is plotted: -

with area on a -logarithmic scale and éepth‘an\a;liﬁear‘Scale.* Fach ©
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individual point corresponds to a separate block of the frequency
histogram. Each storm was analyzed in this menner.  The area-depth -
valués obtained by this procedure for the 38 storms are presented
in table 29, where the Stbrm"ofrfigares"123 and 13 is number 30,
They can be checked against the average depths obtgined,by arith_
metical averaging of observations, by éomparing théi8000~square-
mile‘values~of tables 22 and 29,° ihe”differences~éreVSmalls o
7 390,  From table'29'genefgl relations for small areas were

derived, ‘The valuss for 50, 100, 200, and 350 square miles were =~
plottediagainst”correSPOnding depths for 500 square miles and,fhe

resulting graphs are shown in figure i, Regression lines through

the origin were drawm to represent aversge retios between depths for =~

various sib-areas and the depth for 500 square miles,  Examinetion
of the plotted points indicates thet in b=hour storms the*percénﬁage”
increase‘ferémaller areas is independent of the'obéérveatmagni%uae
of the average depth of the rainfall over 500 square miles. This
justifies the use of an average percentage'relafion:betweeh depths
for successive areas, which is shown in figure 145, The accuracy =
of this relation naturally decreases @ith,reduc%ian of area, aé
‘evidenced ﬁyyfhe increasing scatter‘ofypbints for de&reasing values
of area in figure 1l

' ~:V391.«‘The’genera1 relationship found lends some support to
the practice of straight-line extrapolation (on semilog paper) of
area=-depth relations, as suggested in an earlierArepdrt'(h)g A

similer plotting of the area-depth relation, using the United

States maximum observed rainfall values (table 32)
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Table 29

- AREA-DEPTH VALUES, 6-HOUR STCRMS

(MUSKINGUM BASIN)

S%m

AREA (SQUARE MILES) o
100 200 500 1000 2000 . 5000 8000

50

No,

}%

© O M 3t o o ™ ,
h333%%%% 5% Q%QS%%l%%% @%@ %%%@
O

OOOOOO0000100000000000000000000

0 8110 AN QO ON LN Q@D (o] Q MY QM Q-
3 9&5&%50&& 5

868

.5096 5582 6577?667 17?5 90&55
o
001100000001OOOOOIOOOOlOOOOGlOlOOOlOOO
SOV O LY LN N O -t O OTIN~OONMO ON QI UINO Q-
5JJJ&98 m563800931ma7633730@%6652&?08

& L] L] @ & ©

1021._1000111110110211101110011OLO,lllOlo

O OV QLY ON Oh06552526 Ne R¥oRec] w0 [l R AU I TQ
006581EO567969h307&h5096?92562079&795
® [ L
11 1.._ 4

L.
2121111111111011121

u12575650000h560 5965?66905 O F O IO IO
%0623326022968512 ?825912567&@936 = D My
9

2151211112221111151111212111112021211L

QOO0 MA O QA KM ® QLo oy 0 Q et e O N NI O D O e O
h826hh 383@ 00062h98%h5m3ﬁ77875957227

31312111122221211511212221111120212111

O2h0&56608 800955170%&85

4o 0082

.&ﬁ?...,o33&21595820267 VA D000 O [Ty W v
h231211122 221211522212221211221212111
O W 0O 25 D Oy Q) BNV O8N D N O ~ OO O N
026707% m 1625552580701&%@&1%918?08
Rd * @ Ld L2 B L] * & B 0 & © & B o .- & & L * ® ©
5531311125322l221h22215232222231222121

WO MNQ g 303&5&57 W O M ~“NOOD O NN O i
%2783%0?55275296 ?73?120@7?11?@30209&
(TaY 513

- "
23h 6789m EBm

16
18
9
21
2&
28
- 29
30
31
31;
W
38

121._22/2/221221&2222555222222}1323122,

2.8 2.20 1'.96 1.80 © 1,50 1.18 0.75 0455

2.71

Average



270.

for & 6-=hour duration and areas 6f SO.fo 500 square miles, produced a

similar straight-line relationship but a lesser slope.

Storm profiles

392, In fheoretical studies it»ié uésful to express a coﬁpiéx/
fainfaii yétternrin terﬁs of a simpler picturé‘or to'develop a
\"syﬁthetic“ iséhyetal‘map from the area—depﬁﬁ characteristics §f a
fﬁeorgticai storm. Some work aloﬁg'ﬁhese lines has 5een~done in con-
négtion, with the Caddos Report (. 'itn,thakt_study; by & graphical
pfocess,veilipses of a given ecéentricity‘Wéfe co@structed %c represénﬁ
successive 1sohyetse “The resultant isohyetéi map ?oésessesfthe séms :
area—depth charaoterlstlcs as the enveloplng area—&epth curve of the . -
design storm. The obgect of such a study, in general, is to synthe—,‘
size.a storm from known volumetr;o rates of pr601p1tatlon, in terms
.of a reasonable ralnfall pabttern.

393° The follow1ng treatment extenda the concept of a synthetlc
rainfall pattern to one where tne ralnfall dep%h at any po1nt in tne
area 1is expressed as & mathematlcaT functlon of the spacé coordinates.
For'this(purpose, equatibn h,l is put intoAintegrél form; so that D

is the value of minimum rainfall‘énéompassed within erea A:
-

A S Das

A

: ! | 7 R B |
or . o Dda =T A V (L.L)
, 5 V o

(L!"’!i} '
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As before, the integration is from‘high values of rainfall, beginning
‘with maximum rainfall, to low values of rainfall., Differentiating
both sides of equation L.l with respect to A,

o
[

_ 5 o '
D=+ A o (L.5)

This is thé general solution for a minimuﬁyrainfall curve, i.e., a
~curve similar to an area-depth curve, but where the depth represénts
the minimum instead of the average depth of rainfall included within
the area. The térm, minimum-rainfall curve, was assigned to thié type
of relation by Kroeger and Stewar%’(é), - It also corresponds. to the
isohyet-aréa curve introduced in the ga&doa Repoft,~ If an isohyetal
m&p wiﬁh a single‘centef and progressively &ecréasihg'rainfall ouﬁward
is assumed, the same relation giveé the value Qf’each eﬁcompassihg
isoﬁyet as a function of the total’afea enclosed by the:isohyat. ‘

39, A more useful form>ofvequation l1e5 can be obtained by
developing é functional‘reléticn forlthe‘afga—depth cﬁrve. In most
storms, & large portion cf the area-depth curve can be approﬁimated
by & simple logarithmic expressmon of. the form:

D=2aloghA+b (where a<0, b>0) V(h.é)
~where a and b are the parameters of a straight line on. semllogarlthmlc
paper, a being the negatlve slope and b the 1ntercept on the Y axis.
If it is assgmed,#hat %his,relation holds true for all values,cf area
from,arvéry-small’valué up to AO,Awhefe ﬁhe:correspbnding value of -
averagé depth is Bg, then equation L.6 can be put in a more éonvenient

forme:
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A V \
Sy o B T am—— . < " - N -
D = a log I, + Dy {0 <43 A - (L.7)
Differentiating the sbove expression and substituting in equation L.5, N
D=D+a - » (h-a)
A _ .
or . - D= a log 'A'O + DO + &8 ‘ . (L%9)

395,  In order to obtain a synthetic isohyetal map from the above
Arelation, some general relation between rainfall depths énd the space
«coordinates must be postulated, The simplest case is & single-celled
rainfall patté?n with concentric di;cles as isohyets. Letting % = the
radius of any isohyet, and ro’n the redius of the outermost isohyet - s
corresponding to the are&-AO;‘equ&ticn 4.9 beécmes’ |

Po2alg X T 4w (0<rior) (L)

396, Equation l.10 shbwsrthat, for the'parfioular pattern

aésumed, rainfall decreases logarithmically with distance from the
~ storm center. This'derivation'appliés to & simple cifcular pattern’
and a particular form of area-depth curve, but can be extended to
include other oohditicns. An‘eliigtic&l pattern bears a close
" similarity to most rainfall patterns'and can'be de;ived/in the same -
fashion, although it involves greater mathematical diffioulties.

397, Similarities between equations 1.7, h49,‘a#d‘h;10 suggest Cs
~thenpossibiliﬁy of‘a simplefgraphic%l solution, as shown in figure
6.  If the area-depth curve is plotted‘as a straight 1ine on semi~-
logarithmic paperQ{the minimum-:ainfall curve is a parallel 1iné

displaced downward a distance equal to the slope a of the arsa~depth
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curve. With radius plotted on the same scale as area, then, the
curve of depth against radius has twice the slope of the area-depth
curve and terminates at: a point defined by the}radius r, of the

outermost isohyet and ‘the minimum rainfall depth D of area A, (which

equals the rainfall value alang the outermost isohyet),

‘598.  Since the &épth-radius curve for a circular storm corre-
sponds to a storm profile or cross-section ouﬁward from the storm
center, the éraphical procedure outlined above was used to derive
genéralized storm pfofilesifor»ali the Mﬁskiﬁgum summer storms sfudiedg
First?}the’area-depthfvalues for the 38 storms were grdu?ed according
tg storm magnitude, and group means obtainedffor~thevareés from‘sO
to 500 square miles. The results, as fitted straight lines on semi~
logarithmic paper, are shown in figure 7. The family'of curves -
represents typiéalfor average aréanepth”relationships arranged»aacérd—»
ing to étbrm‘magnifudé. Developed from the same data, ﬁhe“values are
consiétent with the ratios indicated by the ?eréentage‘area—depth"'

curve of figure 145. The correspbndiﬁg storm pfofilés based on &
éircular pattern were then derived/gréphically end are diSplayed:in:
figure 148, The portions of the curves'éhown‘as'dashédﬂlineé repre-

sent extrapolated values based on an extension of the sﬁraight-liﬁe

relationship below 50 end above 500 square miles. These curves ¢an
be visualized either as profiles for hypcﬁhéfical'diréularnétbrmsk

or as average profiles through actusl storms.

Duration-depth relations
‘399, ‘TheVeffsot of storm movement is to make the mass curves

of rainfall atksuccessive points in the direction of movement out of
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phasef Génerally, each curve will show a steep rise near the beginning -

‘of\rain,’withvthe’major portion of the fainfallfoccurringin a fr&ctionV

of anAhour,,as in figure 141. The méés curve -of rainfall for . a basin,

however,‘bécause~of~non-syﬁchronization over the area, will show a

more éymmetrical'and also more unifbrm,time pattern‘6f r&infall; 5

The duration of rainiwill be longer and:thé maximum inﬁensity less -

- than shown by individual point-rainfall méss curﬁes°

| 100,  The time,ﬁattern or hyetograph of rainfall volume ovér

a basin will be,influénoed‘by baéin characteristics éf,size, éhape}

ané'orientationo _The effect of basin size is to reduce short-duration -

reinfall intensity ﬁith?inérease of area, If the basin deviates con-

siderablykffom aAcircular shape, the hyetograph will be,inflﬁencedkby,

the orientafion;of the basin relative tOwstorm direction. 4 long,

/garrow,basin parallel to the storm path willvhave’a long, uniformr

pattern of average rainfall. The same basin shape oriented normal

to the storm path w;ll show the ear;y, steep4rise‘oerainfall'intene

sity that is characteristic of the individual station. 7
Lol. It is readiiy seeﬁ‘that«thé form of the duration-depth

curve is‘felated«ta;the velqoiﬁy end direction of storm.movemént

and to the basin characteristics described above. An’attempt was

made in:this‘study'to,isolate the effect of basin size\onvthe shape - -

of the duration?depth curve of thundefstorm rainfall, Because

sufficient time was néﬁ available for 2 thoréugh study of the problem,

‘ iﬁuwas decided to make evaluations for two sizes of area; 575 and

8000 square miles. The 1§wer limit was selected because previous

calculations had been made for that value of area and because smaller
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areas would have inelﬁded~an inadequate number,ef'rainfaliistations’

Lo2, The basic data consisted of tabulations of half-hourly
rainfall during 1937, i938,'and‘193§,~and hourly observations during
19hD‘and 19hl. The computation procedure involved arithmetical -
averaging of station-rainfall amounts forfeucceSSive time increments
in each of the thirty-eight 6-hour sﬁorms. The arithmetic means for
the smaller area were adjusted to agree with the isohyetal mesan for
the total'perioé;» Ne“adjustﬁents were required for the 8000-square-
mile area, the hyetograph values being the same as those developed
for the selection of the maximum 6-hour period in the relisbility
study (paragraphs 3l3-9). Duration-depth values for each storm were
determined in the usual manner: by selecting maximum periods and
computlng total ralnfall for those periods, |

ehﬁj; The effect of area on the tlme pa%tenn of‘ralnfall 1s
shown in flgure 1&9 in the form of an average mass curve of ba81n
rainfall expressed as a percentage of total 6*hour preclpltatlon.
A comparlsan of figure 1&9 with flgure 1bl, the characterlstlc p01nt~"L‘n
rainfall curve, shows that the effect of area is to increase the
duration of raznfall and to transfer the maxlmum\lnten81tlee te the
middle of the storm perlod.

hﬁh4< The duratlonndepth values of each storm‘ere presented in
tables 30 and 31, Theee data were used to develop general duratlon-
depth relations applicasble +o thunderstorm rainfell. Values for
durations under 6 hours wefe plotted agalnst total 6-hour depth as
shown in figures 150 and 151 and regre3310n llnes fltted to repre-

sent average ratios between depths for the shorﬁer duratlons and the
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3

6~houﬁ depth.LVSomercf the~storms~piof»consistently beiothhe,lines,,
indicating greater uniformity~§f réinfall‘intensity<through the
6-hour §eriod.mvHowever, there is no evidence of anyidefiniteitrend :
toward abnormal time distribution for thé-1arg¢f~values of rainfall,
Wﬁth this,in,mind,;figurEflSE presents the;results\in«the”fcrm‘of
avegage~percentage’&urationwdepth;curvés for the two values of area,.
3754and 8000 square miless The two éurvesfverifypthe theory dis-. .
cussed previously: increasinguﬁniformityfaf ratesfwith%increasing :
basin areas A;Similar,plotting, using. the United States maximum

, Vobserved rainfall values presented in the next section, produces curves o

with generally less curvature, i.e., with more uniform rates,

 Meximun thunderstorn rainfall

105, Because the scope of the . présent‘repgft 1s, by ass1gnman£ o
thunderstﬁrm ralnfall, it is prlmarlly noneerned w1th areas 1668 than
1,000 square mlles and duratlons 1683 than 12 hours. The problem of
ccmputlng the maxzmum poss1ble ralnfall over 1&rger areas, usually
greater th&n 10 000 squara mlles, and for duratlsﬁs of Eh.hours or
mOTe, has been discussed 1n prev1ous reports of the Hydromﬁteoro—‘
1og1cal Seeblcn, partlcularly numbers o (7> and 3 (8) but in these
and subsaquent reports it was carefully noted that the bas1c techu
nzques employed cannot w1th equal faclllty or securlty be applled to
the smaller areas and the shorter duratlons,

h06 The faotors that must control the magnztude of ra&nfall

1nten81ty are known._ They are, essentlally, avallable moxsture and

the rate and helght of llft. The flrst has,baen deflnedVas
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precipitable water, Wp, in pfevious reports where it has been shown.
that the justifisble assumptions;bf a pseudo-adiabatic lapsefrate~
and~saturationfinvmajor storms maie Wb o function of the dew@point
at 1000 mb, Figgre i5§,is~a chart for the gompufation~of W, based
on these assumptions. .’».T.;‘he‘ limiting. va‘lues are thus dvepende:;t on
the limiting dew points, end sufficieﬁt data are availabléAonAthe 
latter for reascgably;accur&te‘geégraphical end seasonal definition.
The possible duration of the dew point should also be kﬁown. The-‘
Hydrometeorological Sectiqnyis now engaged in é,stgtisticallstudy,
of dew-point persistence -=- specifiﬁally the regional and seasonal\‘if'
variation pf tthhighest dew(pqint»that can beﬁgqualedvor‘eioeeded~
within a givgn_duration; The study is sufficiently advanced to in- .
dicate definitaly,thét the country-wide gradient of:this,makimum‘dew
point is least when short duratlons are con31dered, greatest. when the
longest_duratlons are_con31@ered. A high dew point that can per51st
for days at New Orleans, for example, can persist{only,for hours at
Chicago, The possible geographical;extentmqf,simnitaneously‘high ,
dew points is;another factor; but it isrobvious that the importance .
of thls factor decreases wlth decrease of area. The indications are,,: 
“then, that the shorter the duratlon and the smaller the area, the .
1ess variation there is in %he W§ that mus# be_used~inkthe Qamputavm
tion of the max1mum.possible ralnfall

,, i@?. The height of 1ift is another factor whlch though it
has gﬂwidg(geasonal and geogrgph;¢.variathn, bgggmgg prgctzcgily
& constant when maximum pdssiblgvvglqea for short dgraﬁipns and

3

small areas are to be computed. Its maximum velue may be safely
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stated as the maximum height of the tropopause, which is at a preséure f
of about 100 mb, thus allowing a m&ximﬁm of about 900 mb of 1ift or an
outflow column stretched to th#t depths Even 10 to 20% variations in
the depth have negligiblefeffeots on the posSible«precipitation-because’
of the very small values of mixing ratio at pressures near 100 mb-.at
atmbspheric temperatures,

08, The rate of 1i£t is the factor whose unreliability in-
creases as the durations and the areas involved in the computation -
decrease;” The rate of 1lift obvioﬁsly cannot be. very great over large
areas, so that its possiblervariations‘undér such circumstances are
confined ﬁiﬁhin‘narroW~1imits. Purthermore, these limits over large
areas are determinable indirectly by construction of simplified con-
vergent~floW'modelé which not only resemble reality but which have
definite and importent features that cen be checked from observed
data (9)."The mean rate of 1ift, or vertical velocity, for instence,
is & function of the mean downwind decfeaée of wind in such a flow
model, as explained in chapter I (see paragreph 93), The meximum
possible velocity of the inflow wind cen be epproximated by en-
velopment‘and‘adestment»Of'bbservations of pfeséuﬁe, temperature,
and wind, The optimum velocity at outflow is determined by the
optimim Tatio of inflow to outflow mass, Opy/ Opp (10) ' jhich varies
within the narrow limits of about‘L/Byaﬂd 1/?; depending on the dew
point., >When‘the linear dimensions of the areé under céﬁsi&eration are
- great énough, both the maximnm‘infioW'vélodity and the veiocity'drop

across the area can be reasonably verified by observation.
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- 1j09. Over very small areas and for very short durations, however,
both\theéry and observation indicate vertical veldcities\of very great
magnitude, There are insufficieht‘data on their variastion in time and
space and no flow model that could produce such vertical~velooitieS'
can have its‘impbrtant dynemic features confirmed from any aveilable
network of meteorological observétions, either,éurféce'or,aloft. The
matter is further'complicated by the faect that no faindrops can fall -
through upward currents exceeding 9 mps at normal air;density“and that
the horizontal transport of the raindrops;that'do fall may fér ex&eed‘
the linear dimension of the small area being considered for computations

L,10. = Pending the necessary refinements in observational network,:
techniques, ané data, the closest approach to the maximum possiblé thun-
derstormvrainfalliis by envelopment of recorded rainfall., The bases for
such ah:énvelopmaﬁﬁ are‘contained~in table 32, ﬁhiéh listé ﬁhe record
rainfall‘amodnts iﬁ the United Sﬁates for duratidné ﬁp‘foyéh:hours and
aréas up toiiQOO squéré miies.v These date were developed from storm
studies oooperatlvely made by the Hyﬂrometeorologlcal Sectlon and the ‘

U Se Englneers, and the stonns produclng the record values are also |
1lsted in the table. Many'of the controllxng ralnfall amounts were déter—

mined largely'from unofflclal ralnfall observatlons collected by survey

of the storm area. Some of these observatlons were as much as 50 mlles

from available recordlng gages and 1ndlcated values five to slx tlmes '

those reported by. offlczal statlons. However, all possmble care has been

taken to verify'ﬁhe‘data'uséd. A further con51deratlon, as 1nézcated in

figure 132 (chapter III), is that the percent standard error of ralnfall

determinations over areas of 1000 square mlles or 1ess, w1th average gage
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density, is‘overyeo%g Though caution is naturally indicated,'it,sgems
rash to ignofe the possibility of the'rainfal} rates shown in‘tabie=52;

Li1, ;For a first épproximation of 1imitingrthundersform rainfall
rates the values of'th9>table*should be considered, They can ocecur in- =
one storm; most oflthem actually did occur in one:stcrma |

Lle, For.projectibésins,’thesevvaiues,‘énﬁeloped for the size of
the project aresa, should be adgusted on the baszs of moisture cantent or
dew pointe This type of adgustment has been dlscussed in previous

(7) (8)

reports - »  In the present case, the dew-point adjustment is based

_on thuriderstorm-flow models which are modifications of the radial-inflow -

model‘shown in figure 22 (chapter I). ~These models all have the follow-
ing features:

" (a)  Continuity of mass flow is obtained by specifying equal mass
(equal vertical pressure dlfferences) in convergent and diver-
~ - gent layers; in the case of any inequality, the outflow veloc-
1ty is adJusted by'the ratlo of the 1nflow-Ap to the outflow “Npe

(b) Cell-top helght is varled 11nearly*w1th surface vapor pressure,
- from 300 mb at a 1000-mb dew point of 50 F to 100 mb at a
1000-mb dew p01nt of 78 F‘

~ The depth of the convergent or 1nflow layer was varied from one-thlrd to
twn-thlrds the pressure helght of the total cell; the dlvergent or out«

flow layer from one-thlrd to one—half the same helght' and the mlddle

1ayer from one thlrd of the helght to zero.\ Each of these models produced
a dlfferent value of effectlve preclpltablevwater or ﬂé for - speclflc

dew 901nt but the percentage varlatlon of'W thh dew*polnt in each medel
was very‘nearly the same as the varlatlcn of preclpltable water or W% w1th

deW'p01nt Wb belng computed from lOOO mb to the top of the cell. This

, fact permlts a m01sture adgustment of thunderstorm ralnfall w1thout
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reference to a specific flow modelfgf specific values of'W_.’

- L13. The Wb or Wy ratios to be used in the adjustment, as e funec-
tion of the 1000-mb dew point and in terms of the W, or Wy at & 1000-mb
dew point of 78 P, are given by'the curve of flgure 150, The curve can
be used in two Wa.YS,. Assuming that the upper llmzts of thunderstorm |
raxnfall in the Unmted States are reasundbly well deflned by an envelop—
ment of the values of table 32 ~ad justment can start w1th those values as
a base. The dynamzc 1nten51tles 1nvolved (the rate of lift, etc.) in the
production of these ralnfall rates can ba assumed to be the optlmum, thus
only a m01sture adgustment is necessary., The 1000-mb dew po;nt which can
be con31dered common to the anveloplng values is 78 F. To estlmate the
Vllmlﬁzng thunderstorm ralnfall rates in a speclflc reglon,tthen, it 18
necessary only to obtain the meximum possible dew polnt for the region
and to apply the ratio indicated ih figufe 15& to the envsioped valuss
of table 32, A region whose‘highest 1000~-mb dew point is determined to
be 70 F will thus, as a first approximation, have limiting rainfall rates
that are?67; , of the envelopment, There may be some variation of the
percentage Wﬁth_duration;‘but‘tﬂatﬁvéfiation‘is often small and therefore
ignored in thisfpresentation, 'Anothg? approachyié‘to ad just kngwnustorm
values which have occurred in the project region; or are transposable %o’
the regibn,vby;the percentages indicated in figure 15&.' For example: if
the actual storm occurred at & 1000-mb dew point of 70, while the maximum
possible dew point for the regionxis detefmined to be 78, the storm valués
would be increased by the ratio of 100/67.7. An envelopment of such ad-
Justments is an approximation of the maximﬁm possible rain, If both types

of adjustment yield the same result, there is greater assurance in‘usiﬁg
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the result as en estimate of the maximum possible, If the values do not -
agree, they can be used as upper and lower limits between which the final .
values should falls The second type of adjﬁstment will usuvally yield the-
lower value. | W

hlh. Sinqe the enveloped values of table 32 can be considered as
oécurring'at sea level (definéd as 1000 mb), a further adjustment is
requiredrfor,project basins at highef elevatiéns. The assumpbion is<that 
there is no orographic intensification of the limiting thunderstorm~
rainfall rates but that there is an orographic depleting effect,  The
higher the level at which the storm occurthhe less the total'Wb ﬁhat¢can7
be processed ahé.therefore,the less the rainfall, -To.compute this deplet-
ing effect, each of‘the radial-inflow models«previousiy described was
varied so that its base was éut at successively higher levels (lower -
pressﬁres) while its top remained coﬁstant«(for a particular 1000-mb
dew;point)=and its ratio of inflow Ap to outflow Ap and to the middle-
layer Ap was refainéd. The result was that the depleting effect,
expresged as a percentage, approximetely egualed the ratio of the W,

b
computed for the layer between 1000 mb and the basin elevation to the W,

p
computed for the enﬁire cell (1000 mb to the top of the cell), The
residual percentéges, or the percentages of the limiting thunderstorme
rainfall rates at sea level that are possible at higher elevations, are =
given in figure 155. The chart is %o be used after rainfall values
(regionalvstorm.or«enveloped U.S‘);have been adjusted by cdmpariscn of

the lOOQ"mb (seaélevel) values;offactual and maximum possible dew point.

(A chart for the pseudo-adiabatic reduction of dew point involved is

given in figure 33, chapter II,) Figure 155 is to be entered with the
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meximum possible regional dew paih% at 1000 mb and fhe‘height of the
“barrier to inflow of the optimum moisture into the basin. The height of
the barrier 'is defined*as'the‘méan height"bf’thé'tépbgraphic barrier
over which the air must flow in‘order to enter the basin. The eorrecﬁicn
applled is. simply for the removel of moisbure by 11ft1ng before the top
of the*barrlerVas reached’ ® )e TIn the two examples of adgusﬁment cited
in the last paragraph, tize existence of a 3000;-.% barrier, as defined, - -
would cell for the application of & factor of 76% in %he'first~¢asew
(lOéOémB'dQW‘pcint of 70) and a factor of 80% in the second case (1000-mb
dew point of 78).

- L4315, ‘Because of the possibility - even probebility - of trensla~
fion of rainfall from the region of formation to the region of fall, it
folicws that in regions of'ab?upf topographie“SIQPe‘the air convectively
prooessedfcculd‘originate at elevetions iéwer than the elevation'of~ﬁha~,“
,barriéf to the pfoject'basin;; If the slope upward to the edge of the
basin on the windweard sids is very steep, the proper percentage ad juste
msnt for basin elevatlon in-such & case mﬁy‘be larger than indicabted ‘in-
flgura 155 - as 1&rge'agperc@nt&g@3 in the extreme case, as for the -
’ele#atian of %he~base:of»the win&ward~slopes'~Though special,study;ofl'
the ﬁOPograPhy”m&y'Be required iu soms cases, it is reconmended as &
practical and generally applicabie'éxpeéienéy where-éﬁeep slopes . are
concerned, that the possible rainfall intensi%ies be considered the same
for all elevations from the base of the slope to 3000 feet ebove the base
The base elevation to,be;considered,shoul& not be more than five milés?
from the barrier to the:projéct eree and should be open to comparatively

unobstructed air flow. For basins more than 3000 feet ahove the bass of
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the slope the percentagerof base ralnfall should be allowed to decrease
linearly wmth helght to 12, 000 feet sbove sea level (1000 mb). The«flnal
percentgga to be used at 12,000 faat,should:be,takﬁn, for the appropris-
ate dew point, from fig&re 1550,‘:“ - o o

L16, The use of transposed depthnarea values, w1thout adgustment
other than for moisture ehargs and elevatlon, presupposes the poss1b111ty
of reorlenﬁatzan of 1sohyetal patterns to flt the progect basmns Conszdu
eratlon Qnstxthqreforerbe,glv&n to hhe,appllcatxon of special reduction
factors,kbaséd<on bﬁéin"coﬁfigurétidn;'if1estimates‘are t§fbé;méde,forL
basinsxqf shépe:or,cr;entatian,radiqaliy,differeaﬁ from known storm iso- -

‘hyetal pe&té;ns,: Forrexaﬁgie; ﬁoSt of,the'iﬂtehséZStéfms ﬁhg€~pfo§iééf
the maximum rates of rainfall‘in,the,ﬁnite& States:over‘large areas have
typically éloﬁgated eliipticél iéohyetél‘pat%eéné with~maj6r/éxis‘ﬁotﬁél
to the direction of the 1nflow1ng air from the south. Héwever, closer
examination of these and also. smallmarea 1sohyetal patterns dlscloses
that over the small sizes of area considered as subject to thunderstorm-
type ?ainfali,'the’isohjétalApgttérn canfhé§é gi@§st'aﬁy brienfﬁfiop;aid
shape, alﬁhough the large-scale pattern‘haé definitély’restricted orienw
tation aﬁd shape. In other words, for the estimatekof/maximum thunder;

storm rainfall, a basin~cbnfigufation factor may usually be neglecteds
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SYMBOLS AND ABBREVIATIONS

degrees Absolute, area

average depth efapreoipiﬁaﬁion
acceleration, sldpe |
intercept on Y axis

degress Centigraée 

ceiling of convectiég‘ébo§é CéL
eonvecfive cdhdsnSatioﬁ ie#éi |

convective ice-crystal level

- centimeter

coefficisnt of wvariation
depth of precipiﬁation
efficiency

pertial pressure of webter vapor

partial pressure of water vapor at saturation .

degréea F#hienﬁeit, ffééﬁency/ k
frequency R
feet per second

foot, feet

ares per rain gage

scceleration of gravity, gram

gram
height
height
hour

intensity’of precipitation
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ICL

in
kg
Ice

ICL

FC

LICL-

mb

mph

-mps

NACA

SD
SE

sec

ice~crystal level

inch |

constant

kilégram

kilomefer

ceiling of convection abcve LCL
lifting condensation level
level of free cbnvéction'
lifting ice~crystal level
meter

millibar

millimeter

" miles per hour

meters per second

"number

National Advisory!ﬁommiﬁtee for’Aeronautics
pressure, probability |
pressure

condensaticn pressure
gas consbant, rainfall
radius

relative humidity
éuperior éir

standard ‘deviation
standar@ exrror

second
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T temperature, thunderstorm, trace

t - time

’ Td V 6ritieai’§emperétufe,‘coﬁdénsatidn:temperdfure‘
T4 ‘dew-point temperature |
?E o eQui#alent temperéﬁuré«'

Tz  tropical Gulf air

:izwf" ﬁet~buibf£emperatufe“
'V velosity
'V, inflow velosity
Vo outflow velocity
¢ v, vertical velocity
w A  mixigg fatio’,' ,
* S | LT effective precipitable ﬁatery
Wb 'precipitable water
W saturatioh\mixing ratio
X dimension normal %o iﬁflow
X ‘arithmetical average
Y  dimension parallel to inflow
o air demsity
e potentialttemperature
63 partial potential‘temperature“ofVthe dry air
. e | éqﬁiv#lenf potential ﬁemperatufe‘ :, |
e, = wet-bulb potential temperature

® R thunderstorm
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GLOSSARY

absolute instability - Thermodynamic state cf atEDSQhere characterized
by lapse rate greater than the dry-sdisbatic, hence unsteble for
both saturated and unsaturated aire

ebsolute stability -~ Thermodynemic state of atmosphere characterlze&
by lapse rate less than the pseudo~adzabaﬁzc, ‘hence stable for
both saturated end unsaturated air.

adlabat = Curve of thermodynemic change t&klng place w1tnou£ addition
or subtraction of heat. On adisbatic chart or pseudo-adiabatic
diagram: & line showing pressure and btemperature changes unders=
gone by air rising or sinking in the atmosphere without exchange
- of heat with its environment or condensabion of ite wabter vapor;
e line, thus, of constent potential tempsrature, Also called a
dry adiabat,

adisbatic - Referrlng to process described by'adlabata,”L~

‘adisbatic chart - Diagrem’ 3n ngﬁh temperature is plotted against '
pressure (log p or o° o2 ) and on which adiabats are constructed.

adiebatic lapse rate - Lapse rate equal to the rate of change of tem-
pereture with height of umsaturated air adisbatically ralsed or
lowered in the atmosphers; indicated by the adisbat, end squal
to 1 ¢/100 m, epproximately. Also called the dry-adisbatic lapse
roto. ; v B A = ,

gdvection - Horizomtal eir transport.

air mass - Extensive body of air epproximebing horizontal homogeneity,
identified as to source region and subseguent modifications..

&a%;cyulone « & cireulation around relatively high pressure at the
center, clockwise in the Horbhern and coumuerclackw%se in the
Southern Hemisphers.

ara&mﬁep?h ourve - Curve. showing, for a given duration, the relation
of maximum average depth to size of ares within & storm or
stormss, Also called depth-sres curve. ~

average depth = Mean depth aﬁ»precipiﬁaﬁion;over an area, obtained
from the arithmetical or weighted mean of the dept h$ at Qolnts
within the area, :

averags error = The arithmetical mean of all errors or deviations,
regardless of sign, measured as depsrtures from an aceepted
"rue® value or mean.




-backing -~ Counterclockwise change of wxnd dlrectlon, e,g., from west
wind to south wind. , B : c :

center of actlcn = Semlpermanent cyclonze or antlcyclon1c system
characterizing the large-scale circulation of the atmosphere.

cirrus - Hagh cloud composed of 106 crystals, delzcate, flbrous,'_
transParent in appearancs. , '

coefficient of varlatlon (CV) = A measure of relative variability,
equal to the standard dev1at10n expresseﬁ as 8 percentage of
the meen, -~ -

ccl - Region of saddle-shaped 1sdbar1c surfaces between two regions
of high pressure and two regions of low pressure, alternately.
arranged. By analogy, any region bounded by such an arrange--
mﬁnﬁ of isollnes of hlgh and IOW‘values.

cold front - Front at which relatxvely colder air dlsplaoes warmer
air. =

colloid - Substence in a state of such fine dispersion that it can .
'remaln 1n suspension, wmthout marked settllng, indaflnltely.~

comparative data - Periodic summary of the annual ‘end monthly'meanS'
_or narmals of varzous mﬂteorological elemsnts at a station,

oondltlonal 1nst&b111ty Thermndynamic state of atmoaphere which
is stable for lifting of unsaturated air particles but unstable
for 1lifting of saturated air particles; characterized by a .
lapse rate between the dry and the pseudo-adlabatle. SR

conditionally neutral - Possessing a pseuﬁo-ad;abat1c lapse rate,
hence nezther condltlonally stabls nor unstable. ~ '

convection - Atmospherio motaon tharmally anduced- chlefly the vert;cal"
component of such motion and, by analogy, any vertical component
of motion, - Also heat transfer by means of mess motion within
the medium, : RN S TS L

convective condensation level (CCL) - Atmospheric level at which

risging air will become saturated after insolation has establléhédﬂ‘t
e dry-adiabatic lapse rate from the surface to that level,

- convectivs ice-crystal level (CICL) - Level at which the isotherm of
freazing temperature 1s reached by saturated alr rlsxng above
CCLe , \
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convective 1nstab111%y - Thermodynamic ‘state of a 1ayer of air which
‘ cen become unstable after 1lift or after evaporation of moisture
into it; charecterized by a decrease of 6 or 6y with elevatman,

or a 1apse rato of TW exceedlng the pseudo~ad1abatlca

convectlvely neutral - Neither convectively unstable nor convectlvely
‘stable; characterized by constancy of BE or 6, ‘with height,,or

a lapse rate of Ty equal to the pseudo—adlabatlc.

convergence - Eorlzontal shrlnklng and vertlcal stretchlng of a
- volume of air, accompanied by net inflow horlsontally and in-
ternal upward motion vertically.

Coriolis force - Apparent deflectlng force, on a partlcle in motlon,
due %o the earth's rotation. ,

correlation cosfficient - A measure of*the proportion of one vari-
able's variation which is assoclated'W1th the .variation in
another varlable.

critical points {or levels) ~ The levels in an serological sounding ‘
(and the values at These 1evels) which separate markedly. dlfferent
- rates of change of temperature or of relative humldlty'W1th helght.
Also called s1gn1flcant poznts or levels,,:,,;

critical temperature (Tc) - Surface temperature that must be exceeded
' for free convectxon beyond CGL = EERANEE LI :

cumulcnimbus - M5831ve cloud w1th great vertlcal development upperf
part having fibrous texbture and spreadlng out in shape of anvily
the thunderstorm cloude

cum lus - Cloud type show1ng vertlcal development upper surface dcme—
shaped with rounded protuberances; base naarly horizontal, '
.selldom covering sky completelyﬁf : :

cumulus conges%us - sttended ‘sprcutlng cumulus, w1th dome show1ng
ceuliflower appearance, the thunderhead. :

cyclone = A circulation around relatively low pressure at the center,
—counterclockwise in the Northern and ‘clockwise in the Southern
Hemisphere, .. - . , ; ; , ‘ : ;

deepenmng ~ Decreasing pressure at the center of & pressure systewo

depbhmareamduratlon deta - Comblnaﬁlon of areamdepth and duratlonm‘
depth relations. Also called time-area~depth data.
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dew-point temperature - The temperature at which saturation is attained
Wwhen air is cooled at constant prsssure wathout “the addltlon or
subtractlon of water vapor. ; oo

diurnal varlatlan - Change in the value of an element durlng each day.

divergence -~ Horizontal stretching and vertical shrlnklng of a volums
of air, accompsnied by net outflow horizontally and internal
downward motion vertically.

duration-depth ourve = Curve showing, for a given size of area, ‘the
relation of meximum average depth to duration wmthln a storm
or storms, Also called depthpdurat1on curve. :

dynamlc antmcyclone - Antlcyclone of prlmarlly dynamlc origin, warm
relative to the surrounding air, with anticyclonie cireulation
meintained to hlgh levels almost dlrectly above the surface :
positions S » S

eddy transfer - Transfer by turbulence.

effective precipiteble water (WE) ~ The greatest amounﬁ of precipi-

table water that can be removed from a colum of air by a -
speclflcally defmned process.

equivalent potential temperature (6p) - The potential température of
air after all the latent heat of condensatlon of the contalned
water vapor has been realized,

equlvalent temperature (Tp) - The temperature of air after all the‘,\‘\
‘latent heat of condensation of the contained water vapor has
been realized wzthout net change of pressure‘

flrst—order statlon - Neteorologlcal observatory maklng contlnuous o
records or hourly readings of pressure, temperature, wind, '
sunshine, and preclpltatlon, end elso eye observations of cloudsiw-
at fixed hours. ‘ S

front - Surfaoe of élscontlnulty'or transztlon zone between two air
masses, intersecting the ground (or another frontal surface)
as a line or transition zone.

geostrophic wind - The m&nd‘reéulting from a balance of the force
due to the pressure gradient end the epparent deflecting force ..
due to the earth's rotation. Neglecting friction, the theo-
retical wind accompenying end paralleling straight, parallel
isobars in a steady state, - .

gradient - Vector measuring the direction and magnitude of the rate
of decrease of a velue,
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gradient wind - The wind resulting from e balance between the force

.due to the pressure gradient, the ‘apparent deflecting force due

to the earth's rotation, and the cemtrifugal force due %to the
curvature of path. Neglecting friotion, the thsoretical wind

- gaccompanying end paralleling curved, concentric isobars in a
<steady staﬁee

High - Antlcyclone.

histogram - Block disgram with blocks havxng‘bééas réprééentlng‘a

class 1nterval .and helghts proportlonal to the ol&as fraquenoy¢;;;;

hodograph - A dlagram of w1nd vectors at successxv@ levels drawc
from a common origin; more speomflcnlly, the curve conneetzng
the ends of these vectors, . - ; : Y

hurrxcane‘g Speczfmeally, & stormzprodﬁ¢ing'wihd'spéedé in}excéss,¥
of 75 mph; generally, a cyclone of tropical origin.

hydrometeor - Form of condensed water vapor in the atmosphere, euch S

EY: raxn, fog, oloud etc,

hydrostatlc pressure - Pressure due to welght

hyetograph - Bar chart of increments of'ralnfall’éfranged‘cﬁroho«
10glca11y. :

hygroscopic - P9336831ng the groperty'of absorblng an& conden81ng
water vapor.

ice-crystal level (ICL) - level at whlch ‘the temperature of fre921ng
occurs in the atmosPhere,V,

infiltration ~ Process whereby rainfall passes through the ground
surface, ‘ ~~ , R ‘ - :

inspiation —‘Sdlér‘radiatioﬁ‘ébSbrbed‘by'the‘éérth and_atmoégherév
inst&biiiﬁx - Thermodynemic state favoring vertical displacements.
inversion - Increase of temperature with height. ‘
isentropic = Adiabatic; et oconstant potential temperature.

isobar a5Liﬁe of‘SQuai atm55pheric pressure., |

isoceramic - Line of equal thunderstorm frequency (or thunderstormf
day frequency).

“isochrone - Line of simulteneous time of beginning”of endinge
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isohyet ~ Line of equal depth.of precipitation,:‘

1sohyet-area curve - Ses mlnlmumuraiﬂfall ourve°

isollne - Line oonnectlng equal values,~

1sotherm - I&ne of equal tsmperaturso

klnematze vlscesztv Measure of the v1scoszty or reslstance of flulds
or gases to shear, d1v1deé by the density. IR

k-type air mess - Alr mass colder then the surfaae over which. 1t‘is -
rassing, with s%ability consequently decreasing in the. lowar
wlayers. . ¢ o e S T G

lend breeza - Offshéré ﬁin& résuiting ffcm'the greéte? ﬁéctﬁrhél
radlatzonal cooling- of the 1and gsurface than.of the sea suzfaoeﬂ

lapse rate - Rate o;’ehange of temperatura wmth helght..
level of free somvection {LFC) = ﬁkmospheric\1evel.aboveywhi0h:the

saturated air particle, in conditionally unstsble sair, ~is warmer
%han 1%8 emvaranmeﬁt &nd can therefore ascend freely.

lzft wapward vertleal mo%zon; Also the upward ?ertlc&l ﬁispl&cement \
required to saturate air by dry-adisbatic 1lift.

lifting condensation level (LCL) - Atmospheric level at which saturatzon
- tskes placs after forced dry-adiabatic 1ift, L

1ifting ice-crystel levei (LICL) - Level at which the isotherm of |
freszing temperaburs is raacheé by risvng saturated air af%er
forced 1if% pest ICL. . S

15@&1 (shawer or thunderstorm) - Occurrlng sporadlcally, nok generalo
Lﬁw - Cyclone, | | ) | |
nags curve - Curve of cumulative values through time.

~moan (E) - The sum of a group of values divided byvfheifiﬁmef.l B

mean deoviation - Mean of the deviatlons (dlsregardlng sign) from L
. an average vaiue, usuaily ths mean. : . . L n

millibar (mb) - Unit ofvatmcspherlc Pressure equal to 1000 dynes/bm s
standard aﬁmospherlc pressure being 101392 mb.

m&nzmum«raznfall curve - Slmalax to are&«depﬁh aurve, exceyt %bau
ordinates represent minimum instead of average depths within
the areas; also called ischyet-area curve,
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mixing ratio (w) ~ Ratio of the mass of water vapor to the mass of °
dry eir in a given sample.

mountain wind - Down—slope wind resulting fram the greater nocturnal
radiational cooling of the air in contact with the mountain
slope than of the free air at the ~same level above the valley.

multiple correlatlon - Mbasurement of the proportzon of one varlabls’s

' cyarietion which is assoclated ‘with the varlatlons in two or more
other varisbles.

negative area - Area, on a thermodynamie chart, below LFC and bounded
by lapse rateé curve and curve of hypothetzcal ascent of air par-
ticle, which is a measure of the energy to be contributed before
free convectlon frum conditlonal 1nstab111ty is attalned.

normal - Average value of 8 meteorologlcal elemant over .a perlod of
years sufficiently long to make the average acceptable as a
stendard from which to.measure departures from normal.

normal distribution - A frequency distribution of observatlons of
‘ ‘a variable determlned by randcm causes._ y e

occluded front - Portlon of the frontal surface (warm or cold) remain-
ing in contact with the ground after the cold front has overtaken
the werm front and lifted the air in the warm sector aloft.

“occlusion - Formatlon of occluded front & cyclcnlc system whlch ‘has

-

undergone the process.‘ -
orographlc - Caused by topographlc slope.

parcel method -~ Analysis of oondltlonal 1nstab111ty'by assumlng
&scent of an 1nf1n1t681mal partzole of alr.

partial potentlal temperature of the dry sir (Bd) - Potentlal tempera-

ture of the air after its pressure is reduced by the vapor
pressure.

percentage-depth-area curve - An area-depth curve, with depths plotted
ags percentages of depth over a specified area, usually the largest.

percentage frequency (%F) - Ratio, expressed in percent, of items or
pcocurrences in one class or interval to total of 1tems or ocour—
rences in all classes or 1ntervals compared

percentage probability (%P) - Probability expressed in percent;
percentage of certalnty of occurrence; the number of
ocourrences out of 100 chances.
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percent standard error (% SE) ~ Ratio of. standard error to the mean, .
~expressed as & pereentag9.~f‘ . LT e

pilot-balloon observation (pibal) - Wind-aloft measurament by'obser-
vation, from surface, of: drlft of free balloon, ~

Elanxmeter - Mbchanlcal 1ntegrator for measuring plane area.

point raanfall{e_Ra;nfall,recorded;by‘one gage.vV'

Eolar\frdnf - Sﬁrfébe 6f>éiscohﬁinuify;Or‘tréﬁéitidﬁ ZOné éeparating
air masses of polar orlgln from those of troplcal origin,

9031t1ve area - Area, on a thermodynamlc ohart above LFC or. CCL
end bounded by lapse-rate curve and ocurve of hypotheﬁlcal .ascent
of air pearticle, which is a measure of the energy'reallzable
~ from conditional 1nstab111ty. - S >

,potential 1nstab111ty Attalnable 1nstabllityg ezther condltzanal
or convective, or both.

poféﬁtlal temperature (e) ~  Teﬁpefatﬁré of the air if ekﬁéﬁdéd or
campressed,dryaadiabatigally_to e stendard pressure of 1,000 mb.

preclpltable ‘water CWb)Si; Totel water vapor contained in en etmospheric
colum of unit cross-section, expressed in terms ‘of the depth
of an equivalent mass of liquid water of the same: cross-section. -

robability - Ratio of the average or expected number of'océurrences
to the total number of maihamatlcally p0351ble occurrences.w :

probable error - The value of error whmch d1V1&63 all the observam
tional errors into two classes of equal frequency and there-
fore of equal probability. ‘ R cy :

pseudo-adiabat - Line on thermodynamic’diagram showing the pressure
- and temperature: chenges undergone by saturated air rising in.
.. the atmosphere, without: ice-crystal formation and without
”~exchange of heat with its environment other then that 1nvnlved
in essuming that the liquid water, formed by condensation;
- drops out.

pseudo=-adiabatic pRéféfriﬁg €6M£hé'pfocééé'descfibadwby'£he pseudo;'“”f
R EDAE s s & ) Srodmes e dowedi S B3l e i et i

,pseudo-admabatlc dzagram Adlabatlc ehart to whlch pseudo-adlabats
~and lines of constant saburation” mzxmng ratlo have been RS
added, :
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pseu&oégdiabatic‘1gpse'rate*~ Lapse rate equal to the rate at which an
ascending body of saturated air will cool, as represented by
the pseudo—adlabat,

, quasz-statlonary front - Front along whleh dlsplacement of warm by
cold air, or vice versa, is slmght and acccmpanied by‘m&nor o
wave action along the front. - : P

radiosonde - Soundlng by balloou-llfted instrument transmlttlng S
observations of weather elements (p, T, RH) autamatlcally by ,
= radlo, also refers to the 1nstrument.Ai”r S ER

reduction (of meteorologlcal observatmans) - Gonversmon of observed
‘ “values to more ccmparable values by reference to a standard base
by computatlon.,'

regre651on coefficient - The rate of change of the dependent varlable

gression line.

regr3331on 11ne - A lzne exprasslng the relatlon between two varlables,

) relatlve humldlty CRH) - Ratio of aotual water~vapor éontent to - A
saturation content or total watermvapor capacltyS expressed as‘
. percentage,« e ‘ : o

rldge # V%for U—shapad 1sollnes boundlng relatlvely hlgh values
usually of pressure.

rzght (or- posatlvely) skewed dlstrlbutlon - An asymmetrlcal dlstrlbu—'”
- tion of observations about a central value, oharaoterized by hlgh
frequ&ncles cf the 1ower valuesan SREEPERRT S froegne gy e

root«mean—square - The square root of the arlthmatlcal mean: of the
squared 1tems.

' Rossby dlagram‘u Diagram for 1dent1fy1ng alr ‘masses” and determlnxng
convective instability, consisting: of lines of constant: B4 Op»s
~and w, plus an overprint-of lines:of adisbatic" condensatlon
temperatures and’ pressures in somel versmonse T RLIARIRTE 5

runoff - The contrlbutlon from nreczpltatlon to streamflow.

saturatzon - Upper 11m1t of water—vapor content in a glven space,,'““" h
8 funotlon of the temparature solely. ,

saturatlon vapor pressure (es) uAThe pressure ‘or- partlal pressure of ,
water vapor at . saturation.

scattering - Reflection of radietion in all directions by very small
particles in the atmosphere. .
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scud - Low, ragged clouds,. .

868 breeze - Onshorevwind'fesuléing from the greatef daytiie insola-
~tional heating of the land surface than of the sea surface.

sounding - Measurement (by pibal, radiosonde, airplane, etc.) of
« vertlcal structure of the atmosphere above a station. Also
~ the graph of the dlstrlbutlon of the elemants with helght or
pressure,« N e . ; ‘ ;

stabllltx Thermodynamlc state in whlch vertlcal dlsplacements are
resisted. : ‘

standard dev1at10n (SD) - The average dev1atlon from the mean computed
by taking the 'square root of the arithmetical meen of the squares
of the individual deviations. (For small. samples, it is the
square root of the quotient obtained by dividing the sum of the
v‘squared dev1at10ns by one less than the number of dev1at10ns )

standard error of the mean (SF)~- The standard dev1atlon of a dlstrl-
- bution of means of samples. . : - :

steepen - Usualiy; to increase the rate of decrease of temperature
with height; referring to an inversion: to increase the rate
of increase of temperature wmth helght

storm proflle - Vbrtlcal sactlon through an 1sohyeta1 p&ttern, wlth
distance from center as abscissa and correspondlng depth of
precipitation as. ordlnate,f S .

stratiform - Referring to clouds arranged in unbroken horlzontal
sheets or 1avers,, , S : :

stratospheréj# Thé'portiohuéf the atmosphere, characterized by an
isothermal lapse rate or inversion, above the tropopausse.

strengthening -~ Increase of pressure gredient.

sublimation - Condensation of vepor directly to the solid form, or
evaporation from the solid directly to vapor.

subsidence - Sinking of air.

superédiabatic ~ Steeper than the dry;adiabatio 1apse,rate.
sugercooled - Existing as & liquid below\its‘freeziﬁg»temperaturé.

superior air (8) - Air mass of low relative humidity, orlglnatlng
from Subsxdence aloft, ,
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synoptic ~ Showing the distribution of meteorological elements over
an area at a glven.moment e g., a synoptlc chart

teghlgr Alte*nate for pseudo—adlabatlo dlagram, in which' equ&l
areas represent equal energy values. . ,

thermal wind ~ The vectorial difference between the gécstrophic winds
at the top and bottom of & layer of air., ‘Its direction (in the
Northern Hemisphere) is cyclonic or counterclockwise around the
colder air, its magnitude proportional to the ‘meen horlzontal
“temperature gradient of ‘the layer. =~ ° . S

Thiessen method of weighting - Method for determining the average
depth of precipitation over an area by the construction of . :
- Thiessen polygons,by‘means of which ‘the 1nd1v1&ua1 observatlons
are areally'welghted R S e

Thiessen polygon - Geometrlcal flgure drawn by plotting perpendlcular
bisectors between adjecent precipitation stations. These bi-
‘‘'sectors Form closed areas around each station and together form
a network of contiguous polygons, for ‘each of which the enclosed
station's precipitation is considered representative.

trace = Half*or°less*df ;Ol‘iﬁch‘Of précipita£i6ﬁ;‘

tr1ple~pkase state - Coex1stenoe of the gaseous, llquld an& solld
forms af the same substance,'*‘ : :

tropical storm - uyclone of troplcal origin; hurricane. =

tropopause - Surface “or zone within the atmosphere marking the upper -
limit of convectlcn, and identified by a transition from the
normal decrease of temperature w1th helght to 1sotherma1 or
1nver31on oondltlons.‘" :

troposphere - Lhe partlon of the atmosgphere between the tropopause
and the earth's surface, normally characterized by the effects .
of convectlon and therefore a steady deorease of tamperature
‘with height. o

trough - V- or U-shaped 1sollnes bounding relatlvely low values,f
usually of pressure. : e

. turbulence - Irregular gaseous or fluid motion resulting from flow
past solid surfaces or flow of nelghborlng ourrerts past or
over each ‘other, ’

valley wind - Up~slope wind resulting from the greater daytlme in=
solational heating of the air in contact with the mountain ;
glope than of the free air abt the same level above the valley.
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vapor pressure - Pressure of the water vapor in a sample of air,

veoring - Clockwise change of wind dzrectlon, e.g., from south wind

to west w1nd.

L

virgae - Streamers formed by'preclpltatlon evaporatlng between clcud

base and ground surface,

vortlclty Rotatlonal eomponent of motlon.:’““‘“‘

werm front - Front at which relatlvely warmer. alr replaces colder alr.

werm sector = Sector of -warm air bounded on. two sides by the cold . anﬁ

warn fronts extending from & center of low pressure, .. .:

-wave - Localized deformation of a front, resembling a warm-sector

formation, usually traveling ‘along the front and. sometlmes
developlng into a mature cyclone.

wave crest - Apex of warm sector of weve formatlon on a. front.

weighted meen - The sum of the items, each multiplied by'lts respectlve e

weight, then divided by the sum of the weights,

wet-bulb potential temperature (ew) - Wet=bulb temperature reduced

’ along the pseudo-adlabat to 1000 mb.‘ - f

wet-bulb temperature (Tw) ~ Lowest temperature “to which air can be B

cooled by evaporating water into it at constant pressure; the
tempsrature at which saturation is attained when Water 1s A
evaporated 1nto air at constant pressure. W
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