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ABSTRACT
A nocturnsl maximum occurrence of thunderstorms is found in certain
A geographlcal regions. L ' '
' / Alrway hourly observatlon data for Omaha show that the month of
'max1mum occurrence of nocturnal thunderstorms falls later in the year than
the month of max1mum ‘occurrence of daytlme thunderstorms at Omaha. July and
August are important months for the occurrence of nocturnal thunderstorms. »
The average duration of nocturnal thunderstorms at Omaha is greater than '
the average duration of daytime thunderstorms. .
Factors bearing a causal relationship to the nocturnal max1mum
‘should (1) have a geographical distribution similar to that of the nocturnal
_ thunderstorm maximum, (2) show a diurnal variatlon with a nocturnal maximum
in the region of the nocturnal thunderstorm.maximum, and (3) be sufficiently
'pers1stent to be consistent w1th’the longer average duration of_nocturnal
In the study of individual occurrences at Omaha, (alrport elevation, o
'996 feet above M,S.L.) for 1941, using radlosonde data and hodograph analy-
_sis of pilot-balloon data, the principal factor contributing to instability
for the formation of thunderstorms was found to be advection of warmer air
in the lower layers of the atmosphere (2,000-8,000 feet above M.S.L. ).
Thunderstorms that occurred with advectlve warming in these lower layers
occurred both day and nlght but were more frequently nocturnal.
This, factor was therefore examined w1th regard to the above require-
ments with the following results: . o
' 1. Data for the 1, 500-m level show a geographical area of meximum
occurrence of apparent warm-air advection correspondlng to the general re-
glon of nocturnal maximum occurrence of thunderstorms, while.at the 3,000-m
.1evel the warm-sir advective component is less. ) B
2. The diurnal wind variations for summer months at Omaha as de-
geribed by A Wagner show stronger winds at nlght for the levels from 750 to
2,000 m, These winds have an average direction from regions whlch are
~warmer in the mean. Mean temperature gradlents for these levels show small
'variations from day to night in the Middle West, with possibly sllghtly
.greater temperature gradients occurring at night

3. Instances have been found where per31stent advection of warmer

1
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air in the lower layers at ‘night has confributed to the maintenance of in-;, .
atabllity and thunderstorm a.ctivity at Omaha. for more than 4 hours a.t 8 .

- time. , _
' These ‘da.‘ta ghow the,t tﬁe advection of_we.mer air in the lower layera! ‘
of the'atmosphere ie a consistent factor as related to the nocturnal 'ma.xi-—’

mum occurrence of thunderstorms in the Middle West.

INTRODUCTION

The geogra.phical distribution of the time of maximum occurrence of
thund.erstorms in July is given in Figure 1. The shaded area represents’
that portion of the United States where similar ma.xima. are found both in.
the aftermoon and. at night. (In this report a nocturnal thunderstorm is -
deflned ag one that occurs between the hours of 8 00 P.M. a.nd 8: OO A.M., .
; local Bta.ndard time; a daytime thunderstorm, as one that occurs between .
8:00 A.M, and 8:00 P.M., local standard time). A nocturnal meximum is found
at Omaha, North Platte, Kansas City, Bismarck, Minnea.pol:ls , Chicago, and
also at Buffalo and Wa.shington (data from Alrway Meteorological Atlas for -

‘the United S’cates) The most important general regions of occurrence of

" nocturnal thunderstorms are the Mlssouri River Valley and the valley of

- ‘the up_per Mississ:.ppi Area.s ha.ving a ma.ximum occurrence of thunderstorms
dur:mg the day are the Gulf states, most of the Atlantic states, the moun-
. ~ tain and platea.u regiong of the West, and the Pacific Coast area. '

. The predomina.nce of nocturnai thunderstorms in the center of the
iUnlted States geems paradoxical, since many publlcatlons have for years
asgcribed the occurrence of 'summer precipitation to insta.bility showers formed
by the steepening of the lapse rate due to the surface heating of land areas
by the intense insolation during spring and summer months. Daytime thunder-
storms consf:_itute one iml)_orta.nt factor in summer precipitation., However,

. for noeturnai thunderstorms a cause other than instability through surface

_ heating must be found.

“PURPOSE
The purpose of this paper is to preéent dats and conclusions regafd.—
ing nocturnal thunderstorms and factors bearing a causal relationship to the
occurrence of a nocturnal maximum of thunderstorms at Omaha and in the sur-

" rounding reglons.
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PART I
THE OCGURRENE ( 'OF'NOCTURNAL THONDERSTORMS. |

l. Slmunary of Tata .

Omahe, was chosen as a representative sta:tion for a. detailed investi-

‘ .f'ga.tion because 1t 1s well located with reference to the ares of general
" occurrence of nocturnal thundez:storms and because radiosonde a.nd upper—a.ir
- wind data are avallable for that station. '

Data examined include 5 years (1937-41) of hourly a.irway obaerva-
t:lons ) &8 recorded on Weather Bureau Form 1130, and one yea.r (191&1) of . -

’upper-air wind end radiosonde data.

The annual distribution of daytime and nocturnal thunderstorms is o

‘ given in Figure 2, It is apparent that ‘more nocturna.l thunderstoms than .

' daytime thunderstorms occur at Omahe and that the time of maximum occurrence - A'
: of the nocturnal thunderstorms falls later in the year. July and August

" are the important months for the occurrence of nocturnal thunderstoms at

Omeha, The June maximum for daybime thunderetorms mey be explained, since

v in that month the alr masses crossing Omaha have not a.ttained. s temperature
- as high as 1is reached in Jqu and August, while the long days and relatively

intense insolation contrlibute & la.rge amount of surface heating with a

‘ marked steepening of lapse rates in the 1ower 1ayers of the a’cmoephere 'by
" . midafternoon. ' ‘

In Figure 3 a divurnal distribution of the beginning t:lme of thunder- _

etorms is given. In these data the hours of maximum occurrence of the be-»

ginning time of thunderstorms are between 6:00 P,M, and T7:00 P.M. and between ;
9:00 P.M. and 10:00 P.M. (local standard time). If a Emooth curve were .
drawn for the dats, a nocturnal maximum would be shown. '

An snmual distribution of the number of hourly observations at which
fhunderstorms were occurring is glven in Figure L, Here the duretion of
the thunderstorms is taken into account, The month having the greatest .
mmber of hourly observations with nocturnal thunderstorms is 'August.

Figure 5 shows the distribution for the ol hours of the day of the

llhourly obaervatlons at which thunderstorms were occurring. Compa.r;ts'on of

‘Figuresj. and 5 demonstrates that nocturnal thunderstorms lagt longer than

daytime thunderstorms. These data show the average duration of daytime

.5



_' thunderstorms at Omaha to be G5 minutes; the average dura.tion for nocturna.l _' S

‘ thunderstorms 1s 118 minutes. o IR - ' ' L v -

, A.n,yr proposed solution of the cause of nocturnal thunderstorms must | A o VI

" be consistent with the descriptive fa,cts thus far presented These facts . e
in outline are as follows. _ o S

E “a) Since the nocturnal ma.ximum of thunderstorms ocecurs in certa.in -

: geogra.phical regions , factors having &a ca.usal rele.tionship should show a -

- simile.r geogrephical distribution. L : . ‘

' b) Since nocturnal thunderstorms ocour more frequently than daytime G

thunderstorms at Oma.ha. and in a 1a.rge surrounding a.rea., the causal factors R

tshould show & diurnal variation with a nocturnal ma.ximum for that area.’
. ‘ e) Nocturnal thunderstorms last longer than d&ytime thunderstoms
- Therefore » & dynsmic factor must be dlscovered which provides sufficient -
o »energy for continuous overturning over & longer period of time than tha.t

required for the overturning of a 1e.yer of air heated from below, such as

L occurs in surfa,ce-heating type thunderstorm.s

; 2, Cuirent Theories ‘

Several theories ha.ve been a.dva.nced to ex_plain the nccturnal ma.ximum

e occurrence of thunderstorns., Thoee referred to most commonly are perhaps

’(1) ra.dia.tional cooling at the top of a cloud. la;yer a.nd (2) advection of -
‘cold air aloft Another theory ba.sed on a.dvection of wermer air in 1ower .
. 1a.yers is considered in this report. _ ' - R ‘
B Ordinarily over land a sta.bilizing effect due to radiational cooling b. -
"is expected, since the surface of the earth usually cools more rapidly than " |
the air a.loft  Rediational cooling: of the free a.tmosphere does occur, but o
with clear conditions the order of magnitude of differencee in tempere.ture
changes between two 1evels due to this cause is sma.ll 3 being a.bout l° C or )
20 ¢ for a 12-hour period. , A e
, .Perhaps the most marked effect of ra.dia.tion would be noted with e
_ cloud_layer, aloft, Net radiational cooling at the top of the cloud would LT
v . occur at night, since a8 cloud radiates approximately aa a black body. ‘The" ‘
base of the cloud, ~on the other. he.nd, would be absorbinquua.ntities of | o
heat that are radlated from the surface of the earth and from the water o
va.por in the‘a.tmosphere between the earth's gurface and the base of the

cloud, With a steep lapse rate above the cloud, vertical a.ccelera.tions
. might possibly ca.rry alr parcels aloft ) which, with the condenea.tion of
moisture, would relea.se latent heat for continued upwa.rd acceleration,

giving sufficient energy for the formation of & thunderstorm, However,
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gsame observers have pointed out tha.t an inversion or stable layer would |
probably be formeti. Just above the tep of the cloud due to radiational A '
cooling, or e,ny gtable layer or inver'siori that had been present would be - | -
intensified so that vertical motions from within the cloud to a reglon _‘ : |
above the cloud would be suppressed;l Also, any tempereture che.nges that
' might be expected with the addition or loss of heat by radiation to the '
base of the cloud. or from the top of the cloud would be retarded to same _
 degree by the releaae of latent heat with cooling and condensation and by’ ‘
the a.bsorption of latent heat with heating a;nd evaporation, L '
No evidence has been offered to show tha.t such a radia.tion effect
has a geographical distribution corresponding to the a.rea in which nocturnal
thund.erstonns occur. Data on the mean distribution of cloud.s for the sea- '
son June to August do not ghow such a geographical effect. Also,‘ there is . '
‘no imediately apparent reason that ra,ditional‘ cooling aloft would produce
thunderstorms of longer duration than those due to surface hea.ting. : |
The largest tempera.ture changesv per unit time a‘.t. 8 fixed point in
" the free atmosphere are due to advection, Advection of colder alr aloft 4
therefore has been offered as an explanation of nighttime instability.
Winds-aloft data might seem to support this theory. B‘i'equentlj before
the occurrence of a nocturnal thunderstorn the winds at the ground ha.ve a
southerly direction, turning in a clockwiee d.irection with height as viewed
from above, 80 tha.t at a level of 7,000 or 8, OOO feet above M.S.L. “the wind
may have a slight component from the north Near the surface of the ea.rth
southerly winds are usually warm and northerly winds are usua.lly cold.
However, & northerly wind aloft does not necessarily bring ‘in colder air, o N
As 1s pointed out in several texts dealing with dynamic meteorology,2 the S
clockwilse turning of wind with height usually implies advection of wa.rmer

. air in the layer in which this ocours (in the Northern Hemisphere) No

evidence has been offered to show that advection of colder a.ir aloft has

" a nocturnal maximum nor tha.t 1t would occur more frequently or to a greater
degree in the area of frequent occurrence of nocturnal thunderstorms. It

is proba.ble that advective effects , elther the advection of colder air aloftv
or the advection of warmer alr in lower layers, could contribute continued
instability over a period of time longer than that required for the over-

turning of a heated layer of air near the. ground,

. lThis 1s an opinion privately ccmmlunicated to the author by Major .
-Harry Wexler, U,S5.A.A.F. .

2cf. B. Haurvitz 3 Dynamic Meteorologz {New York' McGraw-HEill Book
Co., 191»1); p. 150.




1 ST mRe I
AL L v;',_INSTABILI‘I'Y DUE 7O ADVECTIOK'OF’WARMER ATR .'

5 Summary of & Year' 8 Occurrences a.t Omaha. g

- In the examination of da.ta. for 1941 at Omaha, radiosonde de.ta were
plotted on pseudo—adiaba.tic charts for the periods before and a.fter the

- occurrence of each thunderstorm. Hourly airway observation data 1nclud1ng »

' tbree-hourly cloud and pressur'e—change date for periods before ) du.ring, and

after each thunderstom were obtained from Weather Burea.u Forms llBO-Aer. »
' Hodogra.phs of pilot-balloon observation data before and after thunderstorms g L
B were prepa.r_ed. Of & total of 69 thunderstorms at Omaha in 1941, sufficient e o
relevant ddta were found to classify 51 of the occurrences as to the prin- R v
cipal factor contributing to instability for the fomation of the thunder- :
! storm. A summary of this classification followe- N . o R
- SR e e v " No. of
e e . ~ - g . BT "+ Cages

' vADVECTIVE WARMING- IN LOWER I.AYERS
' (Usually at elevations between 2,000 and 8, 000 feet
N aboveMSL)'..."l.......'..'......'..l.."....'l'.".....28

_A.'DVECTIVE COOLING ALOFT
(Usua.lly more than 8,000 feet a.bove M.S. L. )................ 5

_ INSTABILITY AND CONVECTION FROM THE GROUND . ' -
- (Surface heating or turbulence, or both)................... - 8

CONVECTIVE INSTABILITY N o e
~ (Releage through frontel 1ifting directly with pa.ssage L Y :
- of cold front or instability fram 1ifting of alr up -
~warm-front surface)..........’..................‘..v........; ol

- INSTABILITY OF SATURATED ATR WITH RESFPECT TO THE
- PSEUDO-ADIABAT ' R L
' (Where 1cng-continued precipitation was an 1mportant R Co ]
factor in supplying molsture for saturation of an air s ’ ;
mass through which precipitation was £81ling)...eveesesess 6

The thu.nderstorms that occurred with a.dvective warming in the lower
I layers 'were more frequently of the nocturnal type. The grea.ber number of
. them occurred during the la.tter part of the thunderstorm season, that is, '
from July through October. ' -




L, Genera.l Discussion of Insta.b:llity Due
to Advection of Warmer Alr

_ Examination of ra.diosonde data for a number of cases with thunder-
storms of this type shows a relatively stable layer of air from the ground

’to the gradient wind level or Just above the gradlent wind level, The sta-
bility of this layer may be due to radiational cooling or may result from

~"the presence of a frontal invereion at the top of the layer. v

| ~ In the case of a frontal 1nversion frequently no incresse in moisture

with height through the inverslon 1s found ;. 8lthough fram the surface mep - '
it is quite apparent tha.t s frontal surface extends over the station. Above

the stable layer next to the ground the air is conditionally unstable.
_ Frontal sltuvations the.t are favorable for the forma.tion of thunder-
storms due to wa.rm—air advection are:  (a) a slow—moving cold front tha.t

- has a NE-SW. orientation, with the development of frontal waves southwest
of the area in which thunderstorms occur; (b) a slow-moving cold fromt or
occluslon in an elongated N-S trough to the west of the region in whlch the
thunderstorms occur; and (c) the warm sector of a wave. '

In (a) an appreciable influx of overrunning warm air-to the nortn
of the wave may contribute instability through the advectlon of warmer air
Just above the frontal surface, even though no overrmming type clouds
(Ml or M2) are produced. If clouds vfere produced at the frontal bounda.ry ’
the thunderstorms might be due primarily 'to_' convective instability. More
frequently the alr above the frontal _inversion a.t Oma.ha isAnot‘_sa.turat.ed
but has & relative humidity 'nee.rerv to 50 per cent, with a convectlve con-

densation level near 10,000 feet e.b_dve M.S8.1L., or higher, - o

Most thunderstorms’ ocour ‘with. a frontal sjrstem within 250 miles

of Ome.ha. Na.mia.s has shown that the occurrence of thu:ideretorme is re-

,. lated to the presence of moist tongues aloft aa 1nd1ca.ted by 1sentropic B
charts.? Moist tongues aloft are closely related to the presence of f'ronts ' ) '
and surface troughs of low pressure. B

In a case where the thunderstorm is due to- a.d.vection of varmer air
in the lower layers the plot of the upper-air wind vectors on a polar dla-
gram (hodograph) will show a pattern similaer to that shown in Flgure 6a /

.prior to the thunderstorm. Hodographs of this type are found more frequently '
at the 2300 a.nd 0500 pilot-balloon observations tha.n at the 1100 and 1700

S5Namias, Introduction to Alr Mass and Isentropic Ans.lysis (New York.
American Meteorologica.l Society, 19%0).

.4’;,
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“warmer air in lower layers ahead of a su.rface tent instability by advective warming :Ln the lower
trough layers. e N BN

in the lower’ portion of the range from 2,000 to 8,000 feet, With con- "

observations at Omaha Advection of varm air as indicatea ny the hod.ograph
1s reflected in successive radiosonde soundings (cf Fig. 6b) by an Increage -
in temperature, especilally between 2, OOO and 8, OOO feet, end by & steepened

lapse rate, since advection of warm air usually occurs to a greater degree

tinued advection of warmer air, instability increases and alr pa.rcels rise
to their condensation level beyond which, with conditional instability, o _
latent heat from condensation‘ of water vapor contributes to the upwardi N '
acceleration of i:he i)arcels. Continued convective lifting of air parcels' L S

will initiate the formation of a thund.erstorm.

5. Synoptic Examiles

S 1) July 9, 1941 (Omaha). (All times given are central standard

' time, all elevations given are in feet above M.S.L. except where specific

mention 1s made that the elevation is relative to the surface.)

A thunderstorm began at Omahe at 0003 and lasted until 0h35 The
0030 surface map (Fig. 7) shows a Pacific occlusion in an elongated slow-
moving trough to the west of Omaha with a weak warm portion of the polar

front in the vicinity of Omaha.

The isentropic chart for 0000 (Fig. 8) for the 311+° potential

lO
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: temperature surface shows an anticyclonic circulation to the SSW of Omaha

" A molst tongue is loceted aloft immedlsately south of Omaha. At the tip

: of the moist tongue in the vicinity of St.. Louls a‘saturation area"ig E
'i_found.b At Omahe the height of the isentropic surface is about 9,000 feet .

; with a 100-mb difference between the aotual‘pressure and the condensa-

©- tion pressure. The time of the isentropilc data corresponds Very closely
i"' with the time of begimming of the thunderstorm, From these data it is
v ~ apparent that convective instability wes not an important factor, at least
1 not at this level, in the production of instability for the formation of .
' ‘the thunderstorm at Omaha B D
- Alrway observations for the period before, during, and after the

thunderstorm show the following:

- 7/8 2135 ky——High scattered clouds. S
- " Cloud types—M{ from the west and HS8. I
. Bea-level pressure-—1010.8 mb. ‘

-~ /9 0030 Sky—High broken clouds.
o - Cloud type—I19 from the southwest
Sea-level pressure-~1010.5 mb.

" 7/9 0040 Rein showers began. |
7/9 0535.‘Sky-—0vercast; ceiling estimated at 7,000 feet above the_surface."
: . Cloud type—19 fram the southwest, !
:'Sea—level pressure—1009.1 mb,

\' . 7/9 0530 Cloud types-—Lz and H6 fram the northwest.
' ' - Sea-level pressure-—lOOB 8 mb. ,

' Surface winds are southeasterly before, during, and after the thunderstorm.v

o Hodographs prepared from pilot-balloon data (Fig. 9) show the SRR
. following o . e A

7/8 lOOO Slight advection of warm air fram 4,000 to 10,000 feet, the
_greatest amount occurring from 8, OOO to 10,000 feet

' '7/8 1600 _Pilot-balloon data for Omahs missing. The sounding for Sioux SR
© ... . City, Iowa, showed small advection of warm air from 2,000 to. ' -
7,000 feet and fram 9,000 to 12,000 feet, the greatest amount
occurring from k, 000 to 6,000 feet,

7/8 2200 Advection of warm air from 2,000 to 6 OOO feet and from 7,000
. 'to 10,000 feet, the greatest amount occurring from 2,000 to
3,000 feet

7/9A0h00 Strong advection of warm air from surface to 9,000 feet (the
v ‘ highest level reached by the sounding), the greatest amounts
,occurring from 5,000 to %,000 feet an& from 6 OOO to 7,000 feet

. o . v
[

12
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T 2200

W 7L Y. TN
Time— 1000

P LIm

of pilot-balloon soundings before end after thunderstorm.

' FIG. 9.—Hodographs Omaha, July 8
and 9, 1941, , _ . :

(Since this sounding was teken during e thunderstorm, it mey
be representative of a local circulation rather than a large

gcale circulation.)

This sounding indicates relatively 1ittle advection of elther
wermer or colder air.

7/9 1000

3 : |




The pilot-balloon data reveal marked advection of warm air in the

1_1ower layers Just prior to the thunderstorm, During the thunderstorm.the
-+ 0500 sounding ghowsg a very great advection of werm air below the base of
" the cumulonimbus., The 1000 sounding, taken after the thunderstorm ended;

v”~,reveals that the advectlon of waxmer air wa.g cut off.

To illustrate the effect of the warm-air advection that is im-

_plied by the wind distributions shown in Figure 9, the magnitudes of the

advective temperature changes averaged for each thousand-foot ‘layer from

‘.'2,000 feet to 10, 000 feet were computed for the 2200 sounding. These E
‘}f'computations are tabulated in Table 1. ' Yo

IR ‘{ S ’l?TABEE 1

_ ADVECTIVE TEMPERATURE CHANGES AVERAGED FOR EACH
" 1,000-FO0T LAIER, JULY 9, 1941, 2200 C.S.T.

Layer - ‘ _"j;., Change in °C/l2 Hr

2—3 ;l.'."C...lI...‘.‘.Q;'...'...’O...._'..‘. 26 ho
3"’"‘ P S D E OO EI VTR P EESBOOEEEIPISOIESISEOEBNOTSEDS l‘" )-I-OC
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r_’In'plotting actual temperature-pressure curves on pseudo—adiabatic
charts, stabllity conditions may not be clearly indicated unless corrections

~ to obtain virtual temperatures are made for the presence of any large

quantities of moisture in the air. During the thunderstorm geagon sig-
nificant differences may be found between the virtual temperature cor-
rection for alr close to the ground and that aloft, the 1argest correction
being that for air near the ground. The correction near the ground can
easily be as much as 3° C, while that at 10,000 feet may be about 1° C.

Since the adiabatic rate of change of temperature with pressure is very

nearly the same for moist unsaturated air as for dry air, the slope of

-.the curve of virtual temperature plotted against pressure may be campared

with the slope of the ordinary dry adiabats on a pseudo-adiabatic chart
for a determination of relative stability. The more accurate indication
of the stability or instability of the air as shown by the plot of the

- virtual temperature rather than the dry- bulb temperature mey be sufficient

at times to cause a change in a thunderstorm forecast. For this reason,

L
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virtual tanperafures have been uged -in eva.lua.ting"the poundings considefed -
here. ' : '

' The following are sunl]ma.ries‘ of the radioe_oride data (see_ Fig. 10):

7/8 1200 Steep lapse rate in lowest layers, topped by an isothermal layer.
_ Conditional instability aloft. . '

7/9 0000 Cooling has occurred close to the ground since the time of the
. previous sounding. Marked werming has occurred in the layer of
air just above the inversion, the advective warming being in-
dicated by the pilot-balloon data. Slight cooling occurred
. aloft. This cooling is not indicated by the pilot-balloon
. observation previous to this radiosonde sounding. The cooling
may be related to vertical motions in near-by convection cells,
gince the thunderstorm had begun at the time of this sounding.
" Also, the cooling may have been related to adiabatic lifting
of the higher layers resulting fram convergence in the lower
layers. An important point is that the condensation level for
‘alr parcels near the bottom of the layer having the steep lapse
rate is below the region where & net cooling 1s shown between
this sounding and the previous sounding. . Therefore, warm-air
advection was the more important factor in releasing the in- .
stability for thunderstorm formation, although the cooling aloft
would contribute energy to the thunderstorm activity.

T /9 1200 Further warming is sho'{m throughout the sounding. The warming

in the lower layers could be sccounted for as further advective ’
~ warming. Aloft the warming was due to mixing with the poten- o
. tially warmer air below during the thunderstorm and due to the
releage of latent heat wilth condensation of moisture durlng the
thunderstorm. The surface temperature is about the same a8 that
of the day before. The mean temperature for a layer fram the .
surface to 10,000 feet is higher than that of the day before.
There is no evidence that the passage of the occluded front
-oceurred before the time of this sounding. .

The pilot-balloon and ré.&iosond,e dats show that the lapse rate was
- gteepened above a shallow gtable layer by advection oi_ﬂwarnier air in the:
‘lower levels., The s{:eepéned lapse rate made possible the ascent of air

parcels ffom relatively low elevations. These alr parcels contained larger

amounts of molsture than the air at higher elevations, The convective
condensation level for the air parcels rising from the 4,000-foot or )
5,000-foot levels was near l0,000 feet, while the sounding ghowed con-
ditioné.l insﬁabiiity above, The resulting cumulonimbus cloud wds in-
dlcated as having a base above 9,750 feet. Later, with continued shower
activity, the base of the cloud lowéred. The long duration (about 1&% houré)
of thunderstorm activity and the continued ad.vectioﬂ of warm air as in- .

dlcated by the hodograph are significant.

‘
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v FIG. 10.~Pressure-temperature curves of radio-.
gonde soundings before and after thunderstorm. Oma.ha,, '
July8a.nd9,l91+1 ’ ~ o
‘;. ii) May 16, 1941 (Omaha.) (All times given are central standard
time, all elevations given are in feet above M.S.L. » except ‘where specific
. mention is made that the elevation is relative to the surface. ). '
B A thunderstorm at Omaha was recorded for the interval 0120-0220,
- At 0030 the surface map (Fig. 11) shows that a frontal wave had passed
" eastward south of Omaha with the wave crest Just east of e position di-
‘rectly south of Omaha at map time, ' B .
 The 0000 isentropic chart (Fig. 12) indicates a SW-NE oriented moist ':
tongue to the moutheast of Oma.ha Condensation areas are found on the East |
Coast and on the Weat Coast but not in the Mlddle West for this particular

isentropic surface. The streamflow in the vicinity of (Zmaha. :ls approximately '
pa.rallel to the isentropic contours Follow:!ng are the a.irway observation8° R

‘ /15 2135 ‘Sky—Scattered clouds at 7,000 feet above the surface.
. Cloud type—M3 from the south, ‘
Sea-level pressure-—lOlO 2 mb.

' 5/16 0050 Sky-—Broken clouds at 7,000 feet above the surface,
' : Clouwd type—M3 from the southwest,
Sea—level pressure-—1013 2 mb,

5/16 0120 Sky—Overcast at 7,500 feet above the surface.
Sea-level pressure—1013,9 mb,

5/16 0335 Sky——High overcast, - . o E : s

Cloud type-—~M2, dlrection unknown. _
Sea-level pressure-—~1014.2 mb,

. [
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Surface winds wvere N, va.rying to NNW and NNE at times with 8 velocity of
8-20 mph '
" Advection as Indicated by wind hodographs (Fig. 13) was as follows.

5/15 1000 Advection of warmer air from the surface to about 12,000 feet,
. Also from 14,000 to 15,000 feet and from 20,000 to 25,000 feet
" Top of sounding—-25,000 feet. : .
S Greatest amount of warm-air advection 9 ,OOO to 10,000 feet
5/15 1600 Wa.rm—air advection to the top of the sounding at 7 ,OOO feet
: Grea.test warm-air advection 2,000 to 4,000 feet.

5/15 2200 Warm air advection to 9,ooo feet
" Top of sounding—10,000 feet. T
.Greatest warm-a.ir advection—2, 000 to 1# OOO feet

5/16 0400 Slight cold-air advection surfa.ce to 3, 000 feet
© Slight warm-air advection 4,000 to 7 ,OOO feet,
"Top of. sounding—'?,OOO feet .

Following are summaries of the radiosonde data (Fig. lh)

5/15 1200 Steep lapse rate to 900 m, - '
R Cloud at 900 m at bhase of inversion (rela.tive humidity 91+ per
" cent).
Dry inversion to 1,300 m.
Conditional iInstability to 3,300 ‘m,
Inversion to 3,700 m. . .
Conditional Instability from 5 700 to 6 300 m.

5/16 0000 Steep ‘lapse rate from surface to 700 m,
. Inversion to 900 m, . :
Isothermal layer to 1,500 m, :
Conditional instability fram 1,500 to 3, 200 m,
Cloud layer from 2, 800 to 3,200 m (relative humidity 90 per cent
to 100 per cent).
- Isothermal layer from 3,200 to 3, 600 m. ;
- Conditional insta.bili‘by from 5 ,600 to 5 ,300 m.

5/16 1200 Much cooler in the Lower levels.
_La.pse ra.te about equal to the moist adiaba.tic.

[

: 'I'he a.fternoon a.nd evening soundings on the l5th show ma.rked a.dvec— ‘

tion of warmer alr 1n the lower layers. Altocumulus clouds were present
at midnight as indicated by the airway observations and as indicated at a
corresponding level by the radiosonde observation. The a.ltocumulus ‘clouds . ‘
appeared at the top of a layer from 1,500 to 3,200 m having a steep lapse ‘ ) .
rate. The advection of .a greater emount of warmer air at the ‘bottom of '

the layer than at the top contributed to the steepriess of the lapse rate,
. a.lthough a net cooling of the entire column ‘occurred as the wave pasged
eagtward, At the top of the cloud' the isothermal layer reta.rded vertica.l

18
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. 13,—Hodographs of pilot-bdlloon observaetions before and after thunderstorm, Omsha,

May 15 a.nd 16, 19l+1
motions until sufficlent advection of warmer alr occurred in lower layers

"to cause convective action to overcame the stabllizing effect of the iso-

therma.l layer. S _
To441) September 19, 191+2 (Chica&)_ (A1l times glven are central

gtandard time, all elevations given are in feet above M s.L. except where

19
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_ . FIG. lh.—-—Pressure-temper'afure curves of radlo-

gonde soundings before and after thunderstonn. Omaha »

May 15 and 16, 1941, . , :
it is specifically gstated that the eleva.tion given is rela.tive to the
ground. ) : SR :
. The. thunderastorm began a,t Chicago a.t 0030 on‘tl-xe 19th and ended
at 0130, The surface map for 0030 (Fig. 15) shows an elongated trough
~ west of Chicago with a NNE-SSW oriented cold front within 150 miles of
the station. ’

The isentropic chart for 0000 (Fig. 16) indicates that a moist
tongue is located over Chicago with a condensation area a short distance
to the west, The isolation of the area of maximum molsture as Indicated |
by the 800-mb value for the condensa.tioh préssure suggests that molsture
is being added to this region not by direct ls.teral mixing but by verbical
transport from below. o

The sequence of . airway observationr
: 9/18 1950 Sky—Thin, high scattered clouds with lower scattered clouds
at 3,000 feet above the surface, .

Cloud types—Ik4, M6 from the SW, and H5
Sea-level pressure-—1003.1 mb, :

9/18 2130 Sky—Thin, high overcast.
b Cloud type—Ml. :

9/18 22350 The time of this airway obaervation correspond.s very closely to
- that of the radiosonde observation. : .
Sky—Scattered clouds at 3,000 feet above the surface,

S 200
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(The radlosonde data suggest that the base of any low clouds Ny
present should have been higher than 3,000 feet above the sur-
face.) , .

9/18 2330 'Sky——Scattered clouds at 4,400 feet above the surface. '
~ : (This height ig more nearly conSistent with the radiosonde data. )

9/19 0030 Sky—High overcast with lower broken clouds at an estimated height'
‘ : of 4,000 feet above the surface. , :
. Cloud types—L3 and MT].
. Sea-level pressure—1008.5 mb, ' IR
The thunderstorm with light rain ghowers began at this observa- i
tion. :
The surface wind continued from & southerly direction With
velocities ranging from 8 to 15 mph

9/19 0130 Sky—High overcast, lower scattered clouds at 4 OOO feet above
" the surface.
The surface wind shifted briefly to NW with a velocity of 5 mph
but had shifted back to a southerly direction by the time of
‘the next observation.

Hodographs of the wind observations (Fig° 17) indicated advection

as follows: =

9/18 J0 1600 The pilot—balloon observation includes date to only 5,000
feet. There was no significant advection of warmer Or colder
air below that level, . :

9/18 JO 2100 - Marked advection of warmer air between 2,000 and 5,000 feet
and between 5,000 and 7,000 feet, . . .

9/19 JO 0300 Slight advection of warmer air to 3,000 feet, Advection of
: - colder air from 3,000 to 8 000 feet. This advection of ‘
colder air aloft may have contributed instability for the ‘
occurrence of rain beginning at 0530 and continuing until =~
after the frontal passage which occurred at about 0930, when
the wind shifted from WSW to NW and the pressure began a
continuous rise.

A radiosonde observation (Fig. 18) was made at 2200

9/18 JO 2200 This sounding shows a shallow ground inversion with the sur-
face temperature lower than at the time of the previous ’
sounding (9/18 1000). ' From & level about 100 m above the
ground to about 1,800 m, M.S,L., & net warming had occurred,
Relative humidities were more than 80 per cent to about
10,000 feet, Above the 872-mb level the lapse rate was very
nearly equal to the dry adiabatic with a less steep lapse rate
and relative humidities of 92 per cent reported for the
layer between 2,100 and 3,000 m, M.S.L. Continued advective
warming in the lower layers could easily result in the re-
lease of real conditional instability., The layer between .
3,500 and 4,700 m, M.S.L., had a lapse rate that was ap- .
proximately equal to the dry adiabatlic. Particles rising
from the hase of this layer to the top would have reached

22
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FIG. 17.—Hodographs of pilot-balloon observations before and after thunderstorm, Jollet, S'ep- _
tember 18 and 19, 1942, . . ~ . _

their condensation level, but the more stable conditions

" above would have damped out further vertlcal motion. The
lower layer between the 1,300 and 2,200 m, M.S,L., levels
presents more potential possibilitles for real instabllity.
The 9/19 1000 sounding shows the effect of the frontal passage
in the lowest layersa. _ o )
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» FIG. 18 —-Pressure-tampera.ture curves of radiosonde.
- soundings before and after thunderstorm. ~Joliet, Sep-
. tember 18 and 19, 1942, : ' ' '
_ The thunderstorm bega.n severa.l hours after the pilot-balloon obser-
vation had shown advectlon of warmer air in the 1ower layers and after the
radiosonde observation, which showed conditional instability that could be . -

released easily by continued advection of warmer air in the lower 1a.yers.m:

6. Supporting Evidence

If advection of warm alr In the lower levels 15 a pla.usible ex~
planation for the nocturnal maximum occurrence .of thund.erstorms in the ,‘
Middle West, then éuch‘a.d.veqtion' should (1) have a geographlcal distribu-
tion similar to that of the maximum occui'rende of nocturnal thundefétorms ’
(11) show a nocturnal maximm, and (1i1) be sufficlently persistent to .
contribute to overturning for a period of time long enough to a.ccount for
the greater average duration of nocturmal thunderstorms. ‘

1) Geographical distribution of warm-air advection 1n the lower
levels,—Data from the Monthly Weather Review showing the mean monthly
{gobars and isotherms for July and August, 1941, for the 5,000—foot ‘and
10,000-foot levels are presented in Figures 19, 20; 21," and 22, In these
flgures the winds correspond to the 0500 sounding and the pressures and
temperatures correspond to the 2300 sounding. ‘

On the 5,000-foot charts the principal areas 1n which 'bhere is
8 well-marked temperature gradient, together with a sizable component of

L oy
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the winds or of gredient flow perpendicular to the isotherms, are immedi- ‘
‘ately spparent, since they are inclosed by isotherms on two gildes a:nd by ’
' 1soba.rs on their remaining sides. In general, the gmaller the area. in-
‘ closed by isobars and 1sotherms drawn for given intervals, the grea.ter
'\ will be the advective effect., On the l0,000-foot charts fewer inclosed
areas of this type are found. A simple camparison of such areas on the'
10,000-foot chart and the 5,000-foot chart is disturbed by the fact that

- & given geostrophic wind velocity at the 10,000~ foot 1eve1 corresponds to

a larger spacing of the isoba,rs than is found for the pame geostrophic
wind velocity at the 5,000-foot level. However, thisg factor is not suf-
‘.‘ficiently large to account for all the difference in amounts of é.ppe,rent
advection of wermer air indicated between the 5,000-foot level and the
10,000-foot, level., At the higher level, where the wind velocities are
_relatively high, the wind direction is more nearly parallel to the iso-
therms; where the winds are nearly perpendicular to the isotherms ; the
. wind velocities are low, Grea.ter warm-air sdvection is shown by these - .
. data to occur, asgsuming approximately horizontal flow, nearer 5,000 feet
then 10,000 feet, Summer mean monthly charts for other years show similar
patterns. ' \ k R
. Winter 5,000-foot mean charts ghow that the mean 1sotherms and
mean igobars at that level a.re more nearly pa.rallel during that season. "
S:hnlla.r tempera.ture data are given in Figures 23 and 2. These -
data eare shear vectors for the la.yer fram the f£irst standard level (500-
1,000-, or 2,000-m level reported.) to 3 km and from 3 to 5 km calcula.tecl
from June, July, ‘and August wind resulta.nts (the figures comprise daytime
a.nd nighttime date taken from the Airway Meteorological Atlas). The o
shea.r vectorsg are parallel £o the mean isotherms in thelr respective

layers , cold air belng on the left of the a:crow for an observer facing
the direction towa.rd which the arrow points. The lengthsg of the arrows

\

(when divided by the thickness of the layer) are e.pproxima.tely proportional '

to the mean horizontal temperature gradients, The largest temperature o
gradients ‘are found mostly between longitudes 90° and 105 W. The region
with the largest advective components of warm alr, considering both the
thermal gradients for the lower layer and the wind components normal to

the isotherms , 1s again similar to the region of nocturnal maximum occur—:
rence of thunderstorms. The advective components of warm alr for the
upper layer as indicated by thermal gradients and components of wind normal

to the isotherms are 1ess than the wam-a.ir advective components for the
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Airway Meteorological Atles). ’
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1ower layer in the above-mentloned area..

_ A separate evaluation of the same da.te. ig presented in Figures 25

and 26, In constructing these che.rts s wind-resultant data for stations :
over the entire United States vere. plotted on polar coordinate diagrams

a.nd the net areas under the resu.lting curvea evaluated to give values which'

are usually asgociated in individual instances with the amount of advec-

" tion of warmer or colder air, Figure 25 gives isolines for such areas, -
The numerical value (in units of m /sece) recorded in each instance is -
equa.l to twice the area awept out by the wind vectors plotted a.s a hodo-_ -
greph, multiplied by the sine of the latitude. Areas under curves which n
"turned in a clockwime direction are considered to be nege.tive, areas
under curves which turned in a counterclockwise direction are considered.
to be positive. In the midwestern states the net negative areas suggest '

‘& net advective werming in the mean condition.’ R

- Since mean data give an order of magnitude of the a.dvective effect
smounting to several degrees centrigra.de per da.y (a.pproximately 3 0° ¢

per day at Omaha, averaged for the layer betwe_en 500 and 2,500, meters ;-
M.S.L.), and since mean temperatures in the Middle West do not. show con- o

’ tinuous’-large rises during the summer months as evidenced by ;clima.toio- .

- glcal data, the mean warmer-air advection must be counteracted to_» same
degree by other dynemic or thermodynsmic factors. . co

The following eguation, after Petterssen,h is obtained for the
varistion of tempera.ture with time at a :f'ixed point in the a.tmosphere'

Her R wVrey, (7’«1 7’),

. _ b
where -
g—% = Time. ra.te of tempera.ture change e.t 8 fixed point in the
a.tmosphere . ‘
> = Specific heat of air at ‘constant pressure

a9 = Time re.te of - cha.nge in heat content of an individue.l unit

d® - mass of a:Lr
Vo T Horlzontal wind velocity
L

S. Petterssen, Weather Analysis a.nd Forecasting (New York' McGraw—
Hill Book Co., 191+O) , P. 30. .

)
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Hortzontal temperature gradient

4
]

Vertical wind speed

Dry adlabatic lepse rate

=

Actual lapse rate

. - ] . -

| In arriving a.t'thie equa.tion, certain small terms involving the_'local pres-
V sure change ‘and the horizontal preseure éradient hane been neglected. The
equation shows that at a fixed point the tempere.ture variation is dependent
upon (a) the absorption or loss of heat, (b) the ‘horizontal advection,
(c) the vertical wind speed, and (d) the stability of the air. Over a
long period of time (e g Prom early summer to late autumn) the net chenge
of temperature at a fixed point must bé considered to be a.pproximately
‘ zero, Then it is apperent fram the equation that the principal dynamic
~factor tending to balance the net advectlon of warmer alr must be vertical
~motions of the air. R ' R

- Non-adiabatic thermodynamic factors may a.lso be of importance in
balancing a net a.d.vection of wvarm air, as indioa.ted by the first term on
the right-ha.nd side of the above equation. Radia.tione.l cooling 1is not
known to show a geographical distribution similar to that of the area of . -
: nocturnal occurrence of thunderstorms. However s in individual cases > .
evapora.tion of fe.lling precipitation has been noted. as being effective
" in lowering the tempera.tures in the lower portions of alr masses even
though the winds showed continued a.dvection of warmer a.ir. In the mea.n
condition much summer nocturnal precipitation occurs in the a.rea. of noc-
turnal thunderstorms Thus evaporation could be greater in this region
and therefore a factor in the balancing of net advection of wa.rmer air.

A compa.rison of the geographicel region in which clockwise turning

of the resultant winds eweeps out the grea.test areas on the. hodographs A
with the geographioa.l reglon of maximum occurrence of noctu:mal rainfall
' for the warmer part of the year (Fig. 27) is interesting. There appears
- to be a close correlation between the two. These regione also correspond
closely with the above-mentloned reglon of maximum adv,ection of warm ‘a,ir"
‘at 1,500 m in the monthly mean data. . ‘ .

11) The nocturnal maxlmm of advection of warmer a.ir.-—-A Wa.gner
describes the diurnal wind variation that occurs at Omsha and at several
other stations in the United States from ‘dn.ta for the months of Ma;y' to
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Augnst inclusive for 193% and 1935.5 He points oﬁt that the westerly
camponent of the winde at Omaha from 750 m to 2 ,OO(l m is less during the

. period fram 4:00 AM. to 4:00 P.M. than during the period from 4:00 P.M. to
4:00 AM. The maximm diurnal variation at Omaha occurs at an elevation

of about 1 km above sea-level, emounting to about 4 m per second.” A gr'ea.ter
-diurnal variation occurs over Oklahams. City. Wagner ascribes the diurnal '
* wind variation at Omaha as bei;ng‘ due to three factors: (a) the dry, rela-
tively low region in the Southwest (Arizona and surrounding regions) hav-

- ing. la.rge diurnal temperature oscillations at the surface, (b) the tempera.- o

. “ture oscillations over the plateau and mountain regions of the West; a.nd »
Ae) the "breathing" of the continent itself with the relatively la.rge
' ‘continental temperature oscilla.tions as compared with the aurrounding oceans,
Comparison of Weather Bureau wind resulta.nt ‘data for summer months
a.t Omshe, for the 1,500-m and 3,000-m levels shows that the l,500-m winds
have & greater mean velocity at night than during the day, while the winds
at 3,000 m show a much sma.ller va.riation, with the greater mean velocity
occurring more ﬁ‘equently during ‘the day, At the surface the winds are
stronger during the day than at night.' Downward trensport of momentum dur-
ing the day when steeper lapse rates occur An the alr layers next to' the’
ground may help to expla.in both the Ancrease in the surfa.ce wind and the
_ decrease in the 1,500-m wind during the day. o ’

Assuming ginilar horizont&l temperature gradients both night and
_da.y in the vicinity of Omahsa and horizonta.l flow at the 1 ,500—m a.nd 3 ,OOO-m
-levels, advection at the 1,500-m level would be greater at night than
‘during the day, while at the 3,000-m level advection would be slightly S
less at night than during the day. Since the orientation of isotherms | '
a.nd isobaras would give warm-alr a.d.vection at both levels , greater steep-
, ening of the lapse rate would occur between 1,500 a.nd 3 ,OOO m at night, -
"when grea.ter similarity both night and day of horizontal temperature
- gradients is Justified byVWeather Bureau monthly rediosonde summary data
for summer months f"or' the region in which a nocturnal meximum of thunder-
storms occurs. Data from the day and night radiosonde smnmaries plotted
on constant-level charts show similar tempera.ture gradients but with
possibly slightly grea.ter gradients occurring-at night.

The areas swept out by clockwlse turning of the wind vectors on

5A Wagner R "Uber die Tageswinde in der freien Atmosphéi.re P
Beitrélge Zur Physik der frelen Atmosphire, XXV (1939) , 146,

~
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the hodographs have & maximum in the mldwestern nocturnal maximum thunder-
storm region, as in data previously discussed. Wind-resultant date have

. been computed to supplement the Weather Bureau wind resultants for levels

up to 3,000 m for the four daily pilot-balloon observations for the month.
of Auguét , 1938, Hodographs of the wind—résultant data are given in
Figures 28a and 28b It is now possidble to check the diurnal variation
of the areas swept out by clockwlse turning of the wind vectors on hodo-~
grapha, These d.a.ta. are given in Figure 29, A, B, C, and D. The 2500

and 0500 periods show greater degrees of thls effect than "the da.y’bime
perlods, 1100 end 1700, Thevdata. guggest that greater warm-air advection
for the layer from the surface to 3,000 m occurs at night in this reglon.
Calculation from the mean hodographs for Omahe shown in. Figure 28a shows
that the'adve»ctive temperature ché.nge for the 1100 soundings is 1.9° C.
per 12 hours, for the 1700 soundings it is 1.4° C per 12 hours, for the
2300 soundings it is 3.8° ¥ per 12 hours, and for the 0500 soundings

it 18 3.5° C per 12 hours.6 These pilot-ba.lloon data at Omahe a,gree with
the data of A. Wagner for the periods for which he had data. T He lacked

" .data for the 2300 period.

_1ii) Duration of nocturnal thunderstorms, --Since a marked ocour- -

rence of the advective effect is noted at both the 2300 and the 0500 periods,

the effect appears to be rather persistent during the night hours. Con-

tinued or persistent warm-air advection in lower layers could contribute

instability for a long period of time and help to expla.in the longer

average duration of nocturnal 'bhunderstoms An exa.m;ple of such persistent
werm-air advection is found in data previously mentioned for July 9, 1941,

at Omaha with marked advection of warmer air at both the July 8, 2300,

and the July 9, 0500, pilot balloon observations with a thunderstorm

‘ occurrihg from 0003 to 0435 on the gth. Another example is that of thunder-

storms at Cmaha, the first beginning at August 20, 1941, 2327, and lasting -
until August 21, 05320; a gsecond, from 0420 to 0453; and a third, from 0520
to 0803, with continued warm-air a.dvection indicated by the August 20,
2300, and August 21, 0500, pilot—balloon dsta. The explanation of the

nocturnal maximum ogecurrence of thunderstorms ags due to warmer-alr advection

6Cf. 3 for the theory of these and other similar calculations, R D.
Fletcher, "Some Practical Relations Involving the Vertical Wind Shear,’
Bulletin of the American Meteorological Soclety, XXIII (1942), 361-65.

7_(_)2. cit.
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in the lower layers would seem consisﬁent with the observation that noc-
turnal thunderstorms last longer than daytime thundefstorms,'many of which
may be due to surface heating of the layer next to the ground.

iv) Further evidence.-—Pllots who fly in the Middle West have de-

scribed nocturnal thunderstorms with many of_them agreeing on the follow1ng'

observations:

a) Altocumulus clouds occur frequently during the le-hour period
pvecedlng the occurrence of nocturnal thunderstorms,

b) The bases of nocturnal thunderstorms are usually high, existing
many thmes above 10,000 feet. .

c) Turbulence is frequently encountered below the base of the
cumulonimbus.

~ For those nocturnal thunderstorms that occur due to advection of '

‘warmer air in the lower layers, these observations are quite consistent.

(2) With such advection contributing to the formation of convection first in '

a layer between 2,000 to §, OOO feet above M.S.L., given continued convection
and sufficient moisture, the production of cumuloform clouds at ‘a high level
is to be expected, If convection continues until any relatively stable layer
at the top of the altocumulus clouds is overcome, con#ective action may con-
tribute to the formation of a cumulonimbus cloud. (b) The avefage height-of
the convective condensatlon level for air parcels at the 1500-m level fram '.
radiosonde observations taken before the occurrence of nocturnal thunder-
storms. at Omaha in 1941 is near 10,000 feet above M.S.L. (c) Turbulence
would be expected below the cloud downAto the level at which the greatest

warm-gir advection is occurring.

CONCLUSION

The data presented in this report show that in the development of
vertical instability the advection of warmer air in the lower layers of the
‘atmosphere is a causal factor that is consistent with the nocturnal maximum

occurrence of thunderstorms in the Middle West.
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