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IlifTRODUCTI CJI{ 

When this study 1pJaS undertaken by the Section 

of the Weather eau at the request of the Office of the ef of 

Engineers, it 1PTa::: to to the Ompomp~noosuc in above on 

Village, Vermont. er it 1;>Jas m1der way, due to the similar~ 

i of conditions that "'rould e the maximum possible prec tat ion 

over much of the northeastern section of the United States, it was 

decided to include all the from the to the 

RiYer :Basin, inclusive, It vras also deciiied to make the s 

applicable to areas of frorr; 100 to l 'ceo square miles. 

Reports prepared by the 

Engineer repartment, 

mass rainfall curves for a 

sion and ristrict Offices of the U, S. 

precipitation data, isohyetal maps, and 

n~mber of major storms in the 

a.,.'ld eastern United States, have formed_ a broad basis for the s of 

storm patterns and tation characteristics. In aiidition to 

shed records, such include all precipitation and 

miscellaneous information on storms obtainable from the 

original records, files of agencies, ne1ftrsp~pers, teG 

assembled and organized the 

of 

of 

1Nitnesses, and similar sources, 

Engineer Offices are revie<~~,Ted 

supplemented by meteorological 

the Hydrometeorological Section and are 

es. There has been profitable 

collaboration with representatives of the Office of Chief of 

~ 1 



o,ncl with })ersonnel visi the Sec:.tic,n from Dintrir:t ,meL Iivision 

Offices of the Engineer .;.. 
\;. 

The fcllovring mem-bers of the Section contrib-

uted. to the under the direction of 

:Bernarct, gi0t: 

D. C. Cameron, Metec st in Charge 
E. , ~ssociate Meteorologist 
.l~. K. :Jhowal ter, Associate eorol 
H. C. 3. Thom, Lssociate Hydrologic 

N. Brancato, Assistant eorologist 
F. R. Jones, Assistant Meteorologist 
F. W. Kenworthy, Assistant Meteorologist 
F. , _!,.ssistant Hydrologic 
3. 3, Solot, Assistant eorologist 
J. S. , Assistant Hyc1rologic 
\i, T. Hilson, Assistant 

o, ~t..ssistant 

J. T. Bray, Junior 
C. G. Gilbert, Junior Meteorologist 
H. K. lei, Junior Heteorologist 
J. H. Rosenthal, Junior lviet 

1. , Junior Heteorologist 

le assistance vJas renderecl the sub-professional and 

clerical staff. 

As snow rr.el t is Yital factor in producing floods in this 

the storms were divided into two groups: ( storms thc.t occur vrhen nc 

cnov1 is present, and (2) storms that occur cvhen snovi is present; the 

runoff from :mo"I1T melt in added to that from storm rainfall. The mL:tximum 

amount of 1J'Jater that can be present in the form of sr.o"vv and the maximum 

rate at which it can melt is a -oroblem that will require more research 

and study than hac been possible in this report. 1m examination of sno1J'T 

melt literature discloses a pauci of data and lack of adequate tech-

nic1ue for det rates of snm,J melt. In thic report, however, an 

has been made es snow melt rates from a study of the 

2 -



record.£ of sno'lrv cover, preci:;Ji tettion, discharge, ccn'i other 

da basins. 

After the basic date;, v,rere corr,pleted, enveloping: durati 

and curYes \.vere These curves were Yerified 

son •Hi th the curves derived by increas tho storms 

on the basis of the maximum amount of precipitable water. 

This issued March 13, 1940, is in its 

form. thorough treatments of the :problems of sno\v mel 

and theoretical adjustments of storm rainfall are contained in subse

s entitled 11Maxirrru.m Possi ole I'recipi tation vver the Chio 

aboye Pittsburgh, Pennsy1Yania 11 and 11Maximum Fossi ble 

tation over the Sacramento :Basin of California. 11 

j 



CHiiFTER I 

FKfSICii.L FE.ATURES 

The sue is located in the upper Connecticut River 

watershed in east-central Vermont. This crea lies in the upper 

lachian Mountain chain, beb,Teen the e and Green Mountains; the 

extreme upper reaches of the C•mpompanoosuc Basin are a of the 

forrEer range. Elevations above mean sea level '"ri thin the basin range 

from feet at the dam site to 2, feet at the SQmmit of ton Hill 

near the northwest edge of the basin. terrain is extremely 

ancL i but can hardly be termed mountainous. 

I he area while located well within the northern 

ian is not cularly affect eo. by orographic influences, 

since nearly c.ll precipitation in l~ew is produced c or 

frontal C1Ction and the relatively lm'r mountain ranges are a minor factor 

in augmenting or dimini tation. The exceptions may be found 

in come heachvater ons of the rivers of N evif where 

the -rralley is O}Jen to the southeast or south ancl ic flanked mou.ntains 

which cre:::;t behreen 4, 000 ani 6, 000 feet, such as the MerrimC1C Basin. 

In the warm cector of C1 cyclone, eonvergence of the very moist cal 

air e~t the heads of nuch Yalleys may result in an appreciable increase 

in the local tation ac v.ri th the i 



pattern of the storm. 

Thic general summary includes the climatology of the Atlantic 

drainage area of New England and the on River drainage area in New 

York State. 

:I·he entire region is so situated cally that it receives 

a maximum frequency of visitation of cyclonic storm activity through the 

entire year, in fact, this area eventually comes under the influence of 

the majori of cyclonic disturbances ~vhich affect the United States. 

No seasonal variation in tation is important, annual rainfall 

b evenly distributed throughout the months. In general, short 

:period rainfall intensities are est in late s:pring and summer and 

excessive rains of longer durations occur in late summer and fall. 

The extremes of average a."lnual :preci}Ji tation in England range from 

inches in northern Vermont and N evr Hampshire, V>Ii th the exception of 

lVlt. '\'lashington 11here it is consid.erably due to orographic effects 

in the l\lhite Mountains, to inches in south1.orestern Connecticut and 

inches on the central coast of Excessive 24-hour amounts 

winter months, December to March, of more than three inches are rare, 

but suwZJer rainfall excessec are more fre~uent because of hi intend-

ties experienced in thunderstormo. A very even distribution of thunder-

storm occurrence all s of the on liable to high short-

rainfall intensities during the suJnmer months. 

Since great accumulations of snovr may occur and since the of 

cyclonic disturbances which Yisit this on may result in melt-

, cnoiH is an extr f'actor in flood production. At 

5 - -



Boston, Massachusetts, the average annual cnowfal.l is 43.8 inches, \vi th 

extremes of 96 .~ inchec during the 11rinter of 1873-74 and lG inches 

during the 11rin t er of 1675-76. The average seasonal sno~erf all at first 

order Weather Bureau stations r~~ges from 50.4 inches at Aloany, New 

York, .4 inches c;,t Portland, Maine, and 73.0 inches at Concord, Ue\v 

Hampshire, to .6 inches at New Haven, Connecticut, and .4 inches at 

FroYidence, Rhode Island. The greatest average seasonal sno1orfall from 

any reporting station is 168.3 inches at Pittsburgh, Hampshire. 

- 6 -



CRAFTER II 

TYPES OF STOID1S 

There are four types of storms which could 

over small areas in New England: 

Stationary frontal type 

moving intense cyclones 

Hurricanes 

Thunderstorms, local or frontal 

e heavy rainfall 

Wb.en a continued of cold air at upper levels develops a 

cyclonic circulation centered near the region, a stationary 

frontal zone tends to develop el to the ~tlantic 

stationary front marks the boundary betv.men tvm northward-moving 

currents vd th sharply contras heat and moisture es. On the 

is a cold dry current, and on the t a lflrarm moist current ,,vhich 

must have a northward veloci than the cold air under condi-

tions of balanced flo,~v. (:Brunt, :i)., and cal Meteorology, 

2nd tion, Ch~::c:pter X.) At the surface a cold anticyclone tendo to 

develop beneath the upper cold , and a trough of low pressure 

tends to develop beneath the upper vtarm moi t tongue. is also a 

for s to occur near the southern end of the 

stationary The combination of all these factors results in the 

- 7 -



establishment of an inverted V-shaped pressure trough over lfe\'T England. 

Convergence is very pronounced in such a trough and creates a ty-pical 

flood situation. 

v troughG pointing northvvard have also "been noted. as 

factors in the production of flood rains in the Sinai Peninsula (Ash"bel, 

D., Great Floods in Sinai Peninsula, Q,uarterl;~r Journal of the Royal 

Meteorological Society). Ho1vever, Ash"bel states that V-shaped troughs 

are not found in North America; this is contrary to our findings. 

Such inverted V troughs with a stationary front may develop to the 

north of a hurricane as "'rell as an extratropical disturbance. The 

heaviest rains occur when the moist air mass to the right is potentially 

unstaole and occur prior to the pascage of the main cyclonic 

center. 

vfuen a mass of cold polar air pushes far south of its normal 

position and develops a cyclonic circulation aloft there is a pronounced 

tendency for curface cyclogenesis to occur at some distance east of the 

center of the colcl cyclone aloft. This happened during the Novem"ber 

1927 storm, and also during March 1936. 

If the cyclones ·which develop do not "become too , they may 

move northirlard and produce heavy rain with their passage. In 

some cases, such as March 17, 1936, the cyclone deepens rapidlyl 

occludes, and. tends to develop stationary trough to the north, 

ihe normal of north1Prarct hurricanes carries them some 

ctictance off-shore at the lati tucles of li!'e\'l tchell, C. L., 



t Inc1ian ::tnd. l'ther Cyclones of the North Ltle:mtic Oc 

~~rec.,ther ew em en t lifo. , ) Bovte7er, llilder the 

influence of intense cold cyclonic circulc,tion C\loft over the 

, ·'::L hurricane d.i rec over life~v tho very 

t 1trhich ed hurricane to move inland 'Prill cause its north-

\vard velocity to be eler2ited. In other the hurricane 

aw1 tends to be 

deflected to the left of its normal accelerated motion, 

2his is an effect similar to that for north•rrc,rcl moist 

in the sian of the Rarch storm TF) er .1., • It is 

lJ;rell estaolished that hurricanes \vi th the 

direction of the t 11 moist tongue at intermediate levels so i is 

to Oe expected that vrould sho 1H similar ectories under the 

influence of a s gradient. s emoer 1938 hurricane 

furnishes an excellent 

left of the normal The cold one aloft at that time 

tered near e e, Mi 

Hurricanes tend move through the stationary frontal zone or 

inverted. V pressure , so they can De treated in the same category 

as intense cyclonic disturb&nces. 

Local thllilder8 e;cl under et tion8, 

3ecause of Ne\v 1 s geographical locati between the 

cool waters of the i:.tlantic Ucean and the eat Lc;,kes, local thllilder-

storms do not C:Lttain any great . + . 
ll'lvenSl Frontal thunderstorms 

attain considerabl intensi in this 1:vhen associated -vd th 

- 9 



concLitions descrioed. in the discussion of stationary frontal and. 

moving intense cyclones. 

- 10 



CEAPT:=R III 

.f\..DJt:"STVLEI.\lT OF STORMS OH Bi~IS OF PP.ECIPIT.A.BLE 1pt"J.'rER 

e are tV>JO of motion which e lifting of 

masses to heights sufficient to result in condensation and ta-

"':;ion. t a scale moyement up an inclined surface V>rhich may be 

either a mountain carrier or a dome of colder air. The second of 

mo"':;ion is almost directly vertical due to convergence of air into a 

vortex which may De either or stationary. 

If a steady state is assumed, and if all moisture condensed over a 

on is tated over that on and no suspended water (cloud 

particl is carried into or away from the area, the rates of }Jrecipi ta-

-:iion can oe analyzed as follows: 

the first case, namely motion an inclined surface: 

FIGURE 0 
Wp2I 

B A 

I:,,~ 
VERTICAL SECTION 

j-YI--j 

~I 
o I• Y ~1 

HORIZONTAL SECTION 

If v = mean horizontal veloci parallel to the major axis of the 

- ll -



ba:sin, 

iiV-rl 
l..J 

of table \vater in air column on entering above 

basin 

2 ::::; depth of table 1.orater in air colu.mn on leaving basin 

'\'lJ? 2) "" depth condensed and precipitated over the baDin 

h == hei of ma.,dmum lift 

level of condensation for entire column. 

Then each column of unit cross section will deposit ( Wpl - 'lflp2) 

inches of precipitation in moving from point to level h. If. the 

current takes trajec },_, the tation can be assumed to be 

sited unif over the area xy. If the current es convec-

tion and takes ectory B, the tation will be deposited over 

the area xy 1 • 

The intensi of precipitation can be expressed. in terms of 

If i = the in tensi of in inches per hour 

table \vater in inches 

Y = 1.orind velocity in m.p . ' 
X V ( 

i X y y 

s gives the average intensity over the area xy. 

v ' 

' if 

the air mass should become u.nstable and convection along the 

ectory B the moisture would be deposited in the distance y 1 ancL 

the average intensi over the area xy 1 would 

- 12 



either case the average intensity of tation is directly 

rti onal to the table water removed 'lrlhich in turn i::; :propor-

tional to the amount in the column before condensation. 

The actual relati for a given and horizontal distance 

would be a relationship as indicated graphically below: 

FIGURE b 

'W'i thin narro1fl limits therefore a linear relationship can be 

assumed. 

The second type of lift is caused by convergence anJ can be 

as inflow across the circumference of a circle. 

FIGURE c 

v = veloci of inflow, m.p.h. 

r = radius in miles 

i = intensity of precipitation 

i = 

- 13-



In this case the average intensi cf precipitation is 

di proportional to the table ~,mter. This convergence 

toward a is more nearly the true pa,ttern '~Jhen convection obtainc 

ectory B illustrated in the uvglide flow in Figure ( 

This ;;; motion pr never es more than light rainc. 

In the actual case s el flo·~~ does not exist moderate 

rains, but rather a flow which produces an added component to 

the inflow veloci 

-very areas undoubtedly the upglide flow accom-

ed by horizontal convergence for long periods tends to e the 

greater amo1h~ts of rainfall. However, within the upglide flow 

local instability may produce scattered areas of the convective ty~e of 

tation. Eut these small concentrations 1dll not affect the 

average depths over large areas because concentration over Yery small 

areas occurs at the expense of the surrounding on. 

Iho average intensi of rainfall over a area therefore 

depends on the ty of moisture aYailable and the rate at 1o1hich the 

moisture bearing air can be into the rain zone. Hot all the 

moisture can eYer be tated from an air mass and quantities of 

suspended liquid water can only temporary increases in intensity 

when released. If a intensi is to be maintained oYer a 

area for an appreciable time, the intensity of tation must be 

direc proportional to the rate of inflow of precipitable ,,.rater. 

connection trlth variations in the rate of inflow it is impor-

tant to remember that most of the moisture for pr 

the vrarm moist current 1r1hich is usually a maritime 

tation comes from 

cal mass mo-ving 



northv;ard. As l~ter, in the discussion of the 

torm, the immediate control of the circulation intensi seems to lie 

in the cold a.ir 'Illes of the moict tongue. If the north,,Jard velocities 

of the moist current are to undergo ~ccelerations, there must be a 

incre3,se in the circulation ~ctivity or cyclonic vortici of the cold 

air alof to the "~Prest or northwest of the moict tongue. Thic result in 

an increase in the rate of eashmrd translation of tJ:-_e cold ~ir '-'Jhirh 

di the rair:c zone east\niard and_ reduces the }JOSsi-cili of further 

critical rainfall rates o·rer or.:.e "b~sin unless th~t "basin is co orie:r:ted 

that the center of mos'c inter_se rainfall could move dovmstream with the 

flood cres':;. 

a"bove explanatior.. of the dynami~ procesces which tend to cause 

rainfall to cease if the rates become to0 intense has of course "been 

demonstrated hydrologists in statistical studies of 

intensi relationshipc (cee Meyer, Yarnell, :Bernard, etc.). 
j~ 

very small areas the rccte of inflo"v depends on the isallo"baric 

(see :Brunt and 1Jouglas) '1Jhich according to Fetters en 

maximum Yalue of about 15 m.p. s. Further, the rate of 

of system V'Ihi~h controls the isallobct.ric is d_irect-

related to the rate of occlusion of the syctem. When the system is 

o~cluded, the high rates of pre~ipitation tend diminish 

demonstrated to be entirely consistent with what is known of meteoro-

cs. 

It is quite obvious that over very large basins the 

formula is the better ccpproxirLation and over very S!Eall 1Jadns the 

- 15 -



convergence formu1 more nearly fits the problem. For small 

basins and for very short durations the amount of li water in 

suspension must be considered an important factor. m~~imum possible 

depth of precipitable water in a columr~ of air 5 km. is approxi-

rr;ately J,OCi inches for very vJarm moist tropical air. A fall of l.OO 

inch in one minute has been observed i;l,t Opid 1s Camp, a. The 

rr.axirrmrr; rate of fl;l,ll for very large 1,11ater droplets has been shown to be 

aoout 8 m.p. s. means that the observed 1.00 inch in one minute 

must have fallen from a layer 4So meters or approximat l,50J feet 

dee}J. In other words, this column of air must haYe carried enough 

cuspended li water to produce the equivalent of ely 30C% 

caturation. the possibility of hailstones 

it can be seen that a rate of one inch per minute could not be sustained 

much longer than 3 minutes since oy that time prac all the liquid 

water above the station would have been released and there '\>Jould be some 
i> 

time required for the reproduction of the cycle, 

.!.i:ny computation as to hov1 rapidly such rates could be 

repeated would be pure fiction. However, the area must be of the order 

of magnitude of an intense cumulonimbus cloud. 

In most storms over average size bCJ,sins it must be 

considered that both convergence and upglide are intermittently oper-

ative over the basin. quantities of precipitable water can be 

considered to be constant and the variations in average 

intensity over the can be considered a function of the rate of 

northvmrd of warm moist air into the and of the rate of 

convergence and lift of that air mass. The variation in l.ocalized 

- 16 -



intenoities can be considered a function of the rates of inflow into 

localized. convective zones. 

If the of :precipi taole '!later d.uring an actual storm can oe 

obtained., it is easy to estimate whether or not the d.epths of 

taole ''rater have oeen er for the and season. 

If it is d.emonstrated that the of precipitable water could_ have 

oeen greater, a onate linear increase in the volu.1T,e of precipi-

on Ci:in be assumed. In other words, if only a small increase is 

, it Ci:ill be assumed that the solenoidal field and the energy from 

latent heat 1,vill not be appreciably affected.. Beth these factors would 

tend to produce increased_ circulation which 1,rould. accelerate the inten-

sities beyond the rates obtai~ed tion; and further, this 

ir.creaned activi NOUld resul in short the durati However, 

on :perce:r:.tage basis are applied to the durati 

curve of the storm, some of the o-bvious discrepancies are eliminatecL 

Increasing the inten::::i ty of circulation usually ret:llJ~ ts in procluc-

er concentration of the rainfall and ~ short of the 

d.uration and thus for very large area the resultant average 

t remain the same. d.ering the deficiency 

of torm data, and. the logical relati ·betvieen rainfall rates cmd 

table water as demonstrated easonal trends in both, the 

It is feasiole o make an estimate of the maximum po ible depths 

of :pr table water. :3ince it can "be shown that >,varru ~ir masses :pick 

up their moisture on from the surface, the surface de''' lJOint 

in saturatecL air Dass can not exceed the temperature of the moist 

- 17 



surface, If the de'V'r point 1r;ere higher, condensation rather than 

would occur. ruring heavy rain situations the 

falls the 'V'Tarm moist air mass which has picked up most of its 

moisture over tropical o~ean surfaces. Ocean water 

do not vary much and rarely exceed B2°F. in 

relative humidi does not reach 100% in air at those 

surface dey,r point of S0°F. the maximum possible depth of ta1Jle 

water oet1ireen sea level and 5 km, can be computed, 

different localities and different seasons it can be statis-

tically determined what surface dew point can oe considered a maximum 

during a od and the depth of WP for that maximum dew 

can be ed. This computed depth can be compared to the observed or 

estimated of Wp during a major storm period and the actual storm 

values can oe ed proportionately. 

In the aosence of upper air soundings for a major storm a very 

close on can be made by assuming a saturated adiabatic 

rate with surface temperature equal to the representative dew in 

the warm sector, 1Jecause if intense convergence and convection are 

present the \varm air at the surface in the i'Tarm sector will 

oe its moisture as precipitation, and the final ed 

adiabatic e rate will be determined by the initial curface dew-

in e I is a comparison of Wp as computed from the 

representative dei'r points with that computed from actuCLl when 

they 'r!ere available for the storms useJ. in this study, W was also· p 



T.1:\BLE I 

Represen~ Maximum 'l'fp1 from 1v1J3 from % Increase d e ;o 
Storm tative Possible Observed Maximum Using 

Dew Point Dew Point De1,- Point DevtT Point \'[ 3 - 2 oF. p . inches inches 
wp2 

Oct. , 1. 2. 12 

62 1. -- l. 
' 

2 67 1.84 2.18 18 

1-' 5 68 73 1...0 
1.91 1. 2.40 2"5 24 

' 1938 68 1.91 * 2.18 . 
o.g>J l. 

l. 1.00 l. 27 

* from sounding at , D. C., for the 20th The center of the moist tongue vvas 
the coast so that this value cannot be used for purposes. 

te: 'J:he 1936 storms occurred 1¥i th the snov:r-coverecl; the other storms shmm in tho 
table occurred 1:Ji th no Bnow present. 



computed using the maximum dew point possible and assuming a saturated 

adiabatic lapse rate as explained in the previous paragraphs. Finally 

the percentile increase of the volume of precipitation on the basis of 

increased precipitable water is sho•ill; a comparison is shown of the 

increase using Wp as computed from the observed and maximum possible 

dew point ~~d also using Wp from the actual soundings when available 

and the maximum possible dew points. It can be shown that flood 

conditions if are made in or near the center of the moist 

the values of Wp as computed from the representative dew point 

and that computed from the actual sounding will be approximately the 

same. 
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CRAFr:LER IV 

lv:Jl20R STCR.\CS 

(C' ,., ,, " • \ d.' \ \ uee 1•\eatner t':aps ln J._p~oen lX.) 

On of October 6 a deep lovJ vras centered. in southern 

Alberta. Ln extensive mas of transitional polar air covered. most of 

ern half of the United. States and. 111ras cal 

maritime air over the 1..restern Gulf states. The lo,Ar progressed 

east~vard and. occlucted and on the morning of the "~Has 

centered r.ear te River, Ontario, with the cold. front south 

and southwestward from Ontario to northwest Florida. Active convergence 

!:::tnCl of the tropical maritime air ty the colder air resulted in 

sh011Jers and thunderstorms in and_ near the frontal ;60ne. 

the rate of decrease of pressure with elevation varies 

invers 2.s the temperature, the most rapid_ decrease of pressure with 

ele-ration existed in the colder air mass. The pressure 1/lJaS therefore 

lo\i>rer at intermediate levels over the cold. air, and the 

circulation 1111hich aloft caused .. the tropical air to be 

deflected. to the left as it was lifted. This produced. horizontal con-

vergence, vertical divergence, and. decreasing stabili The deflection 

of moi current to the 1J;Jest 'Hi th horizontal convergence i 

horizontal divergence and. falling precsure to the t, 

since south'\;rard thrusts of cold air are ace ed 
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cyclogenesis some distance to the eastward. In this case marked cyclo

s occurred near the North Carolina Coast ancl was foll01ved by the 

development of a major wave along the front, 

The t'l'ro sets of special reports from coastal stations at l and 

4 p.m. of October 8th shovred the marked development of this wave. :By 

the evening of the 8th it hacL deepened consicLerably and was centered 

aoout miles east of Kitty Ha~vk, North Carolina. The cold front 1;rhich 

had been progressing regularly easbvard to the north of thic developing 

disturoance came under its influence and became an effective 1,;arm front, 

"becoming practically stationary near the coast. As the cyclonic distur

oance developed, increasing amounts of moist tropical air 1.11ere forced up 

the frontal surface and caused almost continuous heavy immediat 

west of the front. Heavy rain continued until the afternoon of the 

vri th the maximu:rn 24-hour amou..'lt occurring oeh.reen 1 .m. of the 8th and. 

l p.m. of the :During the afternoon of October 9, as the cyclone 

deepened, the cold air swept around it, thus occluding the system and 

diminishing the intensities of rainfall. 

The map of Octooer 8 shov1ed the disturbance had 

fill and its northward movement was "blocked by a cold mass of air. 

reports for the morning of the lOth indicated that either a tropical 

to 

disturbance had moved into the vicinity south of the lo1o1 or that 

cyclogenesis had occurred, since a \'fell-developed disturbance "ras 

centered aoout 200 miles southeast of Cape Hatteras. 

From the morning of Octooer 10 to the of Octooer 11 this 

ne1rr disturbance moved north-northeashrard and filled slowly. The amount 

of precipitation produced at coastal stations due to this storm was 
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ompa:ra 

This stcrm is Cl. exanrole of a com·oination of events which 

could l"Jrocluce the maximum :possible storm for ei thHr large or small areas 

for the northeastern section of the ::Vhese e;rentc are: the 

OCClJ_rrence of rain o·,-er a gi Yen tLrea due to an 

turbance and the combination of elements as occ11rred anc1 

(b) the of the first storm 1t!i thin a short tir;·,e 

tro:pical disturbance such as the one that of 

the lOth. It should also be mentionecl that one of the factors necessary 

to sustain the first storm was the of cold air to 1;he nortbrest 

and north which 1:las effective in the tro:pical cti s 

to move so that amounts of 

tion fell along the coast. It can, hoi•Jever, be assLL'Tied in the linli 

case that the combination of elements could have been such as to allo,,r 

the path of the center to be along the coast, thus producing moderate to 

rain 1Hi thin six or twelve hours after the first storm. Such 

sec1uence actually occurrecl during September but as is \,rell 

the arrival of the cal storm oYer the rain zone resulted in 

acceleration of the circulation and ceosation of the rcinfall. 

(See Weather and Upper Air in 

This storm was erizect b3r a cold front in an elongated. 

pressure trough which moYed relatively eantHard d1..rring er 1 

and 2, finally a q_uasi-stationary front from Georgia to 

the morning of 3. 

I:he air aloft behind this front was te cold and a cyclonic 
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cil'r.ulation was indicated at 10, b.ncl ,000 feet above sea level over 

on on the of No-vember 3. air t 

cl~~ta ~,rere lind tecl to fe1'r scattered lr ~ J.. 
_,,._~ l-e observations, out a sounding 

for the morning of 3 sho1:1ed a of -21°0. at 4 740 ' ' 
m. 

above sea level over Royal Center, Indiana. The circulation at l4,cco 

feet indicated that Center \vas probably not at the center of 

lo1nrest pressure and temperature, so it is assumecl that it must have been 

cold aloft 'behind the quasi-stationary front. 

The v.rarm air mas to the east of the stationary front 1ftTas quite 

moi;:;t and unstc.ble c.s evidenced the existence of a tropical storm and 

by the fact thc.t cyclogenesis took place so readily. However, it ohould 

De zed that the tropical storm itself never with the 

pressure trough; quantities of water vapor in the moist current could 

have 'been much grec.ter if had merged. 

processes which lead to the development of a quasi-stationary 

front and cyclogenesis 1rdll 'be covered in the discussion of the March 

1936 storm. 

During the day of Novemoer 3, 19 , two small cyclones developed 

along the Atlantic Coast and moved quite rapidly north1•rard along the 

stationary front through Vermont. precipitation as a whole 

was produced oy the gradual lifting of warm moist air as it moved north-

'lllard over cooler and more stable air. concentration and intensifi-

cation of rainfall 1ftras caused by the general convergence associated 11li th 

the inverted Y-shaped pressure trough and the local convergence accorc-

panying the pacsage of the small intense cyclones. 

There is an important feature of this and all other storms which 
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shoulcL be zed: long the cold air aloft to the rear of the 

fron. t 1~ras in at a slow rate the cold front 

centrali on of activity. 'rihen cold air o,loft 

outhward, evidenced of temperetture 

of 4,000 from 1\fovern"ber 2 to liroYember 3 21bove Center, 

to along the tati front. 

.A.r1other rtant feature of the c si on on the 

of 3 the of cold air aloft had been. 

into close to the supply warm moi air over the Atlantic 

This increased the intensi 

in circulation intensi 

of 

I 
\See 

solenoicL!'::cl field caused 

" . . CLlS!',US l 1\_S 

the circulation celerated, the moist current moved northward 

re rate, onic activi increas and tation became 

ILore int Ho1"Tever, the v.rest to east velocities of the c air 

-behind_ the front also increased and the axis of the moist 

rainfall vas eastv•Jard. 'Ihus i i;:; evident that there are 

very c reasons for the int -duration relat1 that 

have been statistically demonstrated. lm increase b. int 

tation deme..nds accelerati of flov.r the >:,rarm moist air 1Hhich 

is ecce ed acceleration of the t to flow of calcl s,ir 

thus limiting the duraUon of rain 1,•rhen the int 1ty inc 

See ther in .) 

tation in J-.1 • 
i.dll s 

the cal di turbance tha.t had i 

IV::ecdco on ember This storm 

oncl no -';jil the of it er 

a 

th 



Appalachee It crossed northern Florida during the night of the 

14th-15th, and the evening of the 15th was centereo_ aoout 100 miles 

southeast of Wilmington, North Carolina, north~northeastward 

aoout 25 miles per hour. 

pressure was centered over Scotia with a of rela-

tively cool air extending southweshrard over most of Ne1ftr A 

region of lovr pressure 1;vas centered over northern Ontario with a weak 

cold front ''rhich extended from the center southward along a line 

east of o and Cleveland and thence south>,restward southern 

Indiana and Illinois. 

the morning of the 16th the tro~oical disturbance wac centered 

about 150 miles east of Norfolk, Virginia. The disturbance over Ontario 

had moved eastwe;,rd so that its trough extended southward through eastern 

Nevr York to\,rard the tropical ctcrm. The surface front i:iSSociateo_ with 

the lov.r had moved eastward 'd th the trough out was net very and 

could not be identified oouth of the St. e River. Hov.revor, the 

upper air s made at Cleveland on the 16th and 17th shovr a marked 

co off at intermediate levels with the of 

5 km. on the th b the coldest ever oosenred at that elevation 

above eveland in Geptember. 

The inflov.r of colder air into the northwest of the 

cal storm induced onic vorticity in the al air ahe<icl of it 

which re::ml ted in the of the disturbance as it rr;ovei northvrard. 

The of the s orrr; after it eros ed from 

so thcct li ttl energy lost due to friction. These effect ed 

the s horizontal ~ flov.r in the just north of the 



dit>turbance ''1hich resulted in vertical e, decreasing 

and heavy rainfall in that area as far north as northern Maine. 

On the of the 16th the isobars over New England shO\'led 

marked convergent flow over the area of heaviest rainfall. As the storm. 

moved inland, the effect of friction di ed its energy anci also the 

intensity of the rain. 

The effect colder air to the west was still on the 

mo of the disturbance \,ras centered south of 

and filling -but a region of marked agenesis and a 

developing low center exi ted in the vicinity of Point, Q;uebec. 

ogenesi s in the fro:rr: this center south.,rarcl thro·ugh eastern 

was also evident. 

(See Weather and Air Data in 

On the morning of 6 comparatively lo'Pr :pressure covered most 

of the eastern half of the tecl States. One weak center v.ras over the 

linas and another center over Sault te lf' ' . e, "·l crngan. In con-

nection "rith the latter, a >!'!eal:c frontal system extended east11vard 

into a minor 1Piave off the New North of this 

frontal system V'Ias an extensive mass of cool air. While the sux-

face map was characteri ed relatively weak circulation, the isent c 

chart showed that the cool air from the region north of the Great 

extended southV'Jard as a in to the Gulf of East of the 

l;>Jas a trough vd th of moist air extending north-

in the area covered the moist tongue. 
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Throughout the serieG of mapc from the of the 6th to the 

morning of the Sth, no s cant in the surface pressure 

distribution had taken place. The low that was centered over 

Sainte e on the of the 6th moved slowly southeashmrd 

1.nras centered over northV>Jestern rennsylvania on the The is 

chart shoV>red that the trough ivi th the att moist 

.L v 

ancl c unstable air had north'~mrd into tl:e St. Lawrence 

ey but had remained stationary over the states. 

Thunderstorms ;nri th amounts of rain wer tl'li s 

e:cttire area ancl. were heaviest over lifew York State due to steeper 

EQUJVALIINT·POTENTIJII, TEMI'Etv.T'IJlUt D!AGli.AIIl! 
Ullllll'iaTII~ 

15 16 17 18 )9 

l 
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AIRPLANE SOUNDINGS 

Gr-aph shows pronounced convective instability. 
for en explanation of thts cher-t see Rossby, 
~Thermodynamics Applied to Air Mass Ana!,ysis" 

M. LT. Meteorologk~'~l Papers, No. 3 

RIVER & FLOOD DIVISION 

HYDROMETEOROLOGICAL SECTION 
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Figure 2 

slope of the cold. air over this region. The torrential rains in west-

central New York State were coincident with this stage of the development, 

The tropical air associated. with these thundershowers was nearly 

as moist and. convectively unstable as has ever been observed.. (See 

Rossby diagrams -Figures l and. 2, and. Table l on page 19.) L small 

amount of heating from below or a slight lifting of the air mass would. 

have been enough to release the convective energy and. set off widespread. 

thunderstorm activity. It has been shown by Rossby (l) that the 

(l) Rossby, C.G. Thermodynamics Applied. to Air Mass J~alysis, Massachu
setts Institute of Technology Meteorological Papers, Yol. 3, :i:io, 3, 
1932. 
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convective instabili of an air mass is determinecl the vertical die~ 

tribution of the equival tential e. If the equivalent-

:potential t e clecreas es with height in the layer, then, when the 

entire air mass is lifted, the lower of the air mass \vill reach 

saturation first and assume slov.rer rate of cooling after condensation 

•Hhile the upper of the air mass will continue to cool at 

the adiabatic rate. Additional therefore tends to s 

tb.e e rate and make air mass unstable and capable of inte:cnal 

convection. 1 and 2, which are s of July 7 and 8 for 

l\i'orf ~mel eel on 

not clecreas of eq_uival ential 

various out also a lower ential 

the flight at the surfac in each case, 

en tire column ;,v-as convec unstable. 

The for the 

r~orfolk tb.e of the 9th it 

~< evi 0 ers united with the ting 

agrams, 

ture for 

rnea_I'..t.S +v 

the 

1Jeak 

centered o~~ the 

over nortlwres ern P on tl'le of vhe Stb .. 

for tb.e of tl1e 9tb. tv,rard.. 

ment of moist alr ailQ cold ~l~ the 

resultant eas ement area of rctinf in to iT 

ser-ves to illustra com'binati of ci 

vv-hich could more int e torm. Tb.ese be enu.merat 

I OJ.lO'YV'S: l) s on of the c Oil sys t e~1s as to alloT.·; 

ist ancl c 1ms ta!Jle 



particular region with a series of storn:s of the convectiYe 

moisture content; and ( an of i:::en 

ern such ac to steeper over the 

necessarily the maintenance of a of colder air ~G 

northwest and '\t.Tould result in more di ement of the erne C1.: t 

would also produce rainfall of er intend ty. 

(Gee Weather Maps er Air in 

\ 
• ! 

c'i"ere three s e peri octs of rainfall 

which had their on the 9th to the the to the 19th, and 

the 20th to the 22nd.. The antecedent ::ondi tions have teen eli Gecl in 

some detail in U. S. Geol er-Supply ' 799, 

so that this discussion 1:'fill be confined to of the 

surface and upper air ta the three stern: periods. 

The first od. was characterized. ty the formation of 

cyclone over the Lakes v!aV e eLi s--

turbances on the cold. front the Atlantic cast. The 8:00 .m. 

for Karch 12 illustrates the c cituation which od the 

rains over 1T e'ii horizontal cross section (cee e .. t 

) kilon:eters for 12 shovJod the c er of lowest pressure like-

wise of lowest t over the upper Missi Yall 'Ihis 

ed a s gradient from north to south over the e 

States in the upper le-;;els of the horizontc;_l ('.ross 

section at ,000 meters for the same date also sho\•Jed this sou to 

north flo'JII over the J,_tlan tic St:.::, t Ihe hi values of tho potenti~l 

of the d.evi 



along the ~t..tlan Coast. The decrease of potential temperature from 

south to north ever lTew England es the necessity for upglide motion 

of warm moist air in that 7icinity. The de motion is 'better illus-

trated the isentropic chart for March 12 (see Appendix). This chart 

identifies the distribution of moisture on the potential temperature 

significance of the chart liec in the fact that 

matises of air maintain the same potential temperature, regardless of 

lif or lo\vering, a8 as radiaticr:. or condensation processes are 

not active. order of tude of ractiation processes 1s so small 

that they can be neglected for 24-hour changen. The charts are dralftm on 

the .e~ssUJf;ption that if the flO'tl of the moist currents can be 

identified before condensation ta};:es place, a reasonable or_ 

of the flow :r;atterns after condensation takec e car:. te attained from 

the e of the area of condensation. solid lines of pressure are 

almost direct rr:easure of the ole-ration of the potential temperature 

surface. The distribution of moi:::ture on the potential temperature 

surf~ce is best identified c humidity. The specific 

is a t ratic -bet'"Ieen the masc of 1!v8,ter vapor and the rrass of air 

ax ... d. is expressed in grams of moisture per of mci air. 

Since for any given ential t surface a -.alue of 

humidi can have one pressure at c'rhich saturatior" '"Jill 

result, the lines of ic hu:midi can te labeled in terrr"G of the 

rressure at ',vhich :::aturs~tion Fill be l'eachecl. , II. On the 

ten:;rctation of Isen c s. Morl 

Review, Yolun:e , lP· 

C'r.c the iscnt 12 the orientation cf the lines 
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of elevation and moi<:>ture shov;ed a maximum of moisture 

over the c ast anc'c, .since the lines of elevation pressure 

condensation pressure intersected over eastern P , condensa.-

tion was indicated for region, air information ·~ras rather 

limited for the England S tes on this and it seems e 

that the actual area of c tion on the . potential t 

surfac was much more extensive indicated. 

The c ~i tuaticr1 es on the of March is 

te of the three or storm ode, I'he immediate causes of 

this o of situation are telieYed to "be as follo\!lrs: strong oouth-

w1::1rd thrust of cold air acquires an increased onic circulation 

·oecause of its soutlT•liard novement. This of a onic 

circulation ic ace ed the of center of low pressure 

in the upper elevations. !~n examination of the static on for 

the rate of decrease of :pressure >,vi th 

the greater the densi , the more 

does pressure decrease vd th 

In other words, precsure decreasec most 

in the colder air 

mass. This offers simple on 

for the lo\Vest precsure eleva-

tions t coincident with the on 

of lmv t In fact, very 

good. correlation can "be attained beh;een 

lo1cr pr sure and lor t at 

rr.eters atove sea eYel. Results of such 
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a eorrelation are sho~pm cally in gure 3. However, it must 110 t 

be construed that the e hydrostatic relationships can be consiiered 

the sole cause for the of strong cyclonic circulation 

above a of cold air. to the latest ts 

s res '-''n 

cyclonic or positive vortici if its rate remains con---

northvvard current under the same conditions ~crould 

lonic or vortici 

If Z =- the vortici (positive for cyclonic circulation) 

k = a constant 

IJ = the of the air mass 

f = the Coriolis, or deflective force of the earth 1 s rotation, 

then Z ·- kD - f 

The olis force f increases ,,Ji th latitude, and if 

JJ remains constant, Z or the positive vorticity decreases for north-

1r.rarcl motion. If D increases Vii thout a increase in lati-

tude, the tiYe Yortici or cyclonic t also increases. 

If the e rate does not remain constant during a 

adiabatic process, the in e rate must be due to an increase 

.. 
or decrease in the horizontal extent of the air mass cvi th an accompany-

decrease or increase in the vertical of the air mass. In 

other 1orords, horizontal diYergence is ed by vertical conver-

gence anct tends to stabilize the lapse rate and cause an increase in the 

or negative vortici rizontal conYergence is accom-

eel by Yertical diYergence and tends to decrease the stabili and 

cause the air mass to acquire a cyclonic or positiYe vortici 



flood_ situations the initiating im}JUlse seems to oe a r<:wid southvrard_ 

thrust of colcl air with very little change in its lapse rate. J:'he cold 

air mass therefore orings with it low pressuresaloft and the air mass 

acg_uires an incTeasing cyclonic circulation as it moves southwarcl. 

As Ross-by has explained (Rossoy, C. G., Sears Foundations, JouTnal 

of Marine Research, Volume I, l(o. l, 1937. On the Hutual Adjustment of 

Press·ure and Yeloci ty Distribution in Certain Sim}Jle Current Systems), 

the:ce is an interdependence of the clynamic and the hydrostatic pTocesses. 

A strong current of air tends oy dynamic pTocess to clevelop a balancing 

:pTessure clistri but ion in much the same manneT as the :pressure distri bu-

tion will develop a balancing circulation. The southwarcL moving colcl 

air mass tends to ciTculate cyclonically aoout the center of low pres-

sure ancl the increase in cyclonic circulation tends to produce a :pres

sure system which corill bring about balancedc flow conditions. The 

southccrard thrust of cold air at high elevations therefore distorts the 

entire circulation :pattern at higheT elevations and :produces a com:pen-

sating northward_ flow of cora.rm moist air some distance to the eastward. 

The distribution and circulation of the aiT mass in the lower levels 

1pJill not be so much affected oy this aonormal distortion of the circu

lation :pattern aloft and this results in a greater latitudinal displace

ment of air masses aloft than in the lower levels. This causes a very 

active northvrard movement of warm moist air gliding upward over the more 

stable cold air in the lower levels. Such a process of course leacls to 

condensation and precipitation. 

As explained earlier, northward moving air should tend to acquire 

anticyclonic vorticity ancl increasing staoili ty. However in the flood 
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situations the int cyclonic circulat;ion in the cold 1ur 1:rest of 

the 1varm air mass seems to induce an effect similar to the isallooEtric 

effect by Bru.Yl t and ( ami Nen;oirs of 

the Met pressure 

distribution tends therefore produce convergence in the vmrm r1oist 

current which enables it to maintain its stability as it moves north-

vvard. In i.:,':lusual cases, such ac these storm periods of March 

the effect \vas so pronounced as to cause the northward 

-,,rarm moist current to ac cyclonic vortici ardl 

s tabili as it moved northward. This can be seen by the 

cyclonic curvature of the moisture lines on the is c charts for 

12, 15, 18, anct 21, The rain results from the lif of ses 

rnoJ..st; air ac'ld. the intensities of precipitation are increased 

because of devel of ins tabili ·which creates internal convec-

tion the air mass. 

In some storms such as during 1937, the south\lrard adv.:mce 

of cold occurs rnore and sustained movement with the 

for the devel of a tationary cold cyclone aloft. 

In such case the inst!':tlltaneous effect is never very pro-

nolL'lCecl and. not much convergence occurs i!'1 the northward moving warm 

moist air mass. Ho1AJever, if the northward warm moist cuTrent is 

unstable, not much convergence is ed ac'l.d if the air 

mass is convecti vely unstable ' H. Synoptic and Aeronautical 

ogy) , then all that is required to develop convection is a lift-

ing of the air mass. In fact, in a convecti vely unstable air mass 

plus horizontal e tends to increase the convective 



instaoili ty. 

The period from March 9 to March 12 was characterized oy very 

intense circulation aloft. In other words, the mean -v-elocities from 

Hest to east in the u~_oper levels were greater than normal for the season. 

Superim}Josecl on this intense 1rrest to east circulation \vas a series of 

very active perturbations which proclucecl oscillations of cold air far to 

the south and of vrarm moist air far to the north. But since the mean 

west to east velocities remained high, the disturbances moved rather 

rapidly from west to east until they reached the Atlantic Coast. Along 

the coast the increased temperature contrast oehreen land and 1Hater 

surfaces seemed to develo:p a solenoidal field (V. Bjerknes, J. Bjerknes, 

H. Solberg, and T. Bergeron, Physikalische Hyctroclynamik, p. 672; 1933) 

1Hhich intensified the cyclonic activity. 

The actual sequence of events was as follows: The first southvrarri 

thrust occurred on March ll and 1rras clearly evident on all the charts 

for March 12 as a cold cyclonic circulation center over the upper 

Mississippi Valley. The surface synoptic situation has been discussed 

in the opening :;_oaragraphs. The next major south1,1ard thrust of cold air 

occurrecl on l'liarch 15 and was evident as a cyclonic circulation aloft on 

that elate centered over Minnesota. From March 15 to the morning of 

March 16 this cold cyclone remained relatively stationary but during 

March 16 the cold dome of air -Hi th its increasing cyclonic circulation 

movecl rapidly soutbJPTard ancl by the morning of March 17 was centered over 

northern Alabama. As is usual with a rapid southward thrust of cold air, 

active cyclogenesis took place some clistance to the eashrarcl ancl the 

cyclone which was over northern Georgia at 8 p.m., lv!arch 16, intensified 
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considerably and moved northward along the Atlantic Coast producing a 

period of heavy rain. 

In the inverted V-shaped pressure trough north of the center the 

cold front became stationary and developed warm front characteristics 

early on lVIarch 17. Active convergence and \varm front lifting in this 

trough caused moderate to heavy precipitation from the moist tro:pic<:1l 

air which was moving north1..restward over the North Atlantic States. The 

stagnation of the trough maintained a strong persistent fl01pJ of 1,mrm 

tropical air vvhich supplied consiclerable heat for melting the deep sno1t1 

cover which had been ripened b~r the rainfall and 1r1arm air during the 

prececling storm. The inverted V :pressure trough and its stationary 

front were maintained in practically the same position until March 19. 

The next southvmrd thrust of cold air was first identified as a 

cold cyclone aloft over North Dakota on the morning of lVJarch.l9. This 

colcl mass pushed rapidly couthward and by the morning of March 20 wac 

centered over northern Alabama. Cyclogenesis again took place and the 

lo1,o! pressure system developed over southern Indiana and moved. slightly 

eash.rard with a secondary development along the Atlantic Coast which 

moved northward causing ClllOther series of moderate rains. A comparison 

was macte of the intensities of precipitation during each of the three 

storm periods with the amounts of precipitable water available and with 

the rates at which the air containing this moisture was being transported 

northward. These comparative data are shown in Table II. The peak 24-

hour rainfall amounts over all of the sub-basins in the major storms 

discussed in Geological Survey '\vater-Supply Papers 798, 799, and 800 

were used as a measure of intensity of precipitation during the three 



L\BLE II 

MARCH 1936 STORM COMF .ARI\.TivE IATA 

March March 

l. t Pressure at Surface (Inches) 29.2 29.2 

2. Lowest sure at 5 Km. (Millibars) 516 

3. LoHest T 
ObserYed 

Periods 

Station and e '~"'ashingt on 
D. 0 . Mar. 13 Ala. Mar • 17 

LovJest 
at These 

March 

Ever Recorded 
Stations at 5 

4, .Average .-.a.A.L"''-4'" 

5. 

6. 

of R9.infall 
(Inches) 

Nmo! England 

(b) Potomac and 

(c) Hudson and Sus 

of All 

Ratio of Geostrophic 
5 Km. over Virginia. 

ins 

ent 

7. Representative De'tJ Points in 
Sector 

e to 5 Km. from .APOB Data 

for ed Adiabatic e 
Surface to 5 Km. for Observed 

Points 

10. Rovr 6 x. 9 

\vu = of precipitable water in inches . 
.i. 
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-30. -25. 

2.8 2.9 

1.2 . 4 

2.0 2.2 

2.0 2.8 

21 to to 

cl.lOw J ' -" • 56oF. 

0.90 1.00 

0. 1.07 

18.9 30.0 

20-22 

.l 

'0. 
21 

l l 
-'-•~ 

.l 

l.O 

1.0 

--coF J . 

C.80 

0.79 

12.0 



storm average over all sub-basins vvas considered a fair 

estimate of the large-scale intensity of rainfall during each storm 

period. Depths of taole \<Vater from the surface to 5 kilometers 

>vere ed from the cal and compared with the 

amow"1ts that would have been present in a et saturated air mass 

with a pseudo-adiabatic e rate and a surface temperature to 

the dew point ac observed in the warm sector. As seen in the 

table, these values agree te well. However, since the rates of pre-

cipi tation li1rere also considered to -be a function of the rate at \vhich 

the moist air \vas being transported northli1rard, the pressure ents at 

5 kilometers cvere used as a measure of the rate of northward flmv. This 

is considered reasonable because it is q_ui te safe to say that at an 

elevation of 5 kilometers over Virginia on the dates used the observa

tion \·rould be vvell within the ~tlarm moist current. 

As mentioned earlier, internal convection within the air mass may 

produce intense sho11ers and therefore the comparative as 

above, could not be ed to cons is for small 

in a e continuing process the effects of 

increased a.YJ.d more availaole moisture tend to produce 

amounts over large areac. the two storm ods 

the greatest ar:J.OlLnts over .e_reas for all durations occurred 

the latter period, Ho~;vever, over small areas for durations of 

hours and less, the intensities were er the od 

13. It seems reasonable to therefore that if the column 

of air the first storm ad had contained_ as much moisture as 

did the colurnn in the econd od, the amour.ts of tat ion 



Storm of 

The heaviest in this storm occurred or to the 1T evr 

hurricane. features of the 1!1Jeather this od 

have oeen discussed 0. H. Pierce in liThe of 

the NevJ and. of S emoer 2.1' e'Vir, 

Volume on page of Pierce 1 s article, '1 tne 

i en chart for S ember 20, ) is cal of the or 

cold circulation central over 

a l:Jronocmced northvfarct flo\v of V>Tarm mois air 

'~Heather map for 7: .m.' ember 

shovrs the al inverted V pressur over central Connecticut 

and sachusetts, and it '~'Jas near the front in this that the 

he a vi rain occurrecL. The eirculation 'Hhich caused the front to s 

nate over 1\fe'Pr aiso eaused the hurricane move the 

frontctl zone. intensiti of rainfall were caused by vdnd 

velocities aloft cl1 also caused the hurricane to mov-e 

'Iheref ore it vmuld not be cal to assume the same 

ities of ~ainfall to be followed more hurTicane 

vJhich would sit more rainfall than did_ the one of September 21, 



OH.APT:ER V 

NE'\V" El'rGL.Al~D SlJ01f{ MELT RUNOFF RATES 

Introduction and summary 

An examination has been made of tation and stream di 

records for a number of basins in northeastern United States in coru1ec-

tion with the l"iarch 1936 floods. 

melt runoff rates were obtained deducting computed rainfall 

runoff and estimated base flo'iJ from the observed total discharge in six-

hour increment . 

the normal procedure, the result snO\'! melt 

by distribution for each basin, the average 

effective ratec of snow melt on the basin • 

.After a careful consideration of factors relating to snow melt, in 

the li t of exi as compared 1nrith maximum possible conditions, 

ations were made, the rates shown in Table III. ect 

to limi tions of the present knovdedge of snow melt 

these rates are believed to be the maximurn possible for the shaded area 

shown on 4. 

curve of snow melt vs. area of basin in northeastern 

ted States in the second ctorm ia shovm in e h 
J• 

data otted are from U, S. Geological 
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':CABLE III 

.A.OC'\'.nfiJI.JJ::IVE AVERAGE DEPTHS OF Sl'JOW MELT IK INCHES 

Time in 
Hours 

6 

12 

18 

100 

1.9 

3.8 

5.6 

7.4 

9.2 

ll.O 

12.7 

14.3 

1.6 L3 

3.2 2.6 

4.8 3.8 

6.3 5.0 

7.8 6.2 

9.3 7.4 

10.7 8.5 

12.1 9.6 

1 000 

l.l 

2.2 

3.2 

6.2 

7.1 

s. 

Papers , and 800. for basins 11ri th less than t\oro inches of 

sno•tr melt were not plotted. No were for basins ~vi th 

areas 800 square miles because corrections had not 

been made, second storm di >;ras used because of the fact that 

on many basins the first storm set the s the snow cover 

\vi th water so that the effect of the second storm ''las almost that of b,ro 

simultaneous storms plus heavy sno11r melt. 

Fi-ve basins were studied in detail: 

at Con ~pray, liJ evl Hampshire 

:Dog at Northfield s, Vermont 

Hacl at Moret01-m, t 

p set River at Ke-vr e 

East of the set River at Lincoln, New 
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]ata from the last two 

oasins have oeen us~d in defin-

ing the enveloping depth of 

snovr melt vs. oasin area curve, 

and the analysis of the latter 

Oasin foll01,vS! 

East Branch of the Pemigewas
set River at Lincoln, New 
}Iampshire 

This basin is in north-

central New Hampshire, has an 

area of 104 square miles, and 

is similar to the Ompompru1oo-

sue Basin in all important 

respects. 

1.8 

1.6 SNOW MELT DISCHARGE 
ON EAST BRANCH OF PEMIGEWASSET 

1.4 RIVER BASIN ABOVE LINCOLN, N.H. 
(AREA •104 SQUARE MILES)--
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Figure 5 

Northeastern United States snow 
melt runoff depths in second storm 
period of March 1936 (from U. S. 

r--1 
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6 sho\vs average tation over the basin, stream 

discharge, rainfall pluviagraph, and estimated base flow in six-hour 

increments for the period 10 through 24, Average precipita-

tion over the basin was determined means of mass curves &~d i 

maps. discharge 

is based on a 

are from \'later-Supply 

unit hydrograph 

793. The 

by the 

Sn~der method and on the as 

rates are those of frozen 

on that representative infiltration 

conditions. The correspondence of the 

pluvi to the observed stream flov.r of 12 can be seen. 

priming excessive fall rains followed by a hard winter freeze indi-

cates very 100% runoff. soil v.ras frozen the entire 

month of 

A correction for two inches of infiltration the storm period 

is i in the base flow estimates, which otherwise would have more 

clos follov1ed a ground \vater curve. The final result ;,rould 

be no different if the infiltration had been handled runoff deficit 

instead of as e flouv accretion. Further, due to the small magnitude 

of the infiltration an_d base flow relative to total discharge, 

errors in infiltration and -base flo1.-1 estimates aTe not serious. 

In 6 reference is made to the observed snow melt di 

ed snow melt 

rates of effective snow melt for the period 

observed_ sn01.<T melt discharge is obtained by cleduct 

ments, estimated base floV>r and the rainfall 

observed total disc?large. Ihe c eel snow melt di 

is obtained the eli s tri1mti on to 

the observed 

20. The 

by 6-hour incre

from the 

ed ratec 



of effective snm'r melt for the eriod during vlhich appreciable snow 

released. from the snow mantle. The correspondence of the obnerved_ to 

the snmv- melt serves as a check on the method. of 

the rate of snoiv melt. Snow melt rates on the other four 

basins 1"rere determined. in a sim:i lar ma.11ner. 

discussion includes the derivation of the sno1.v melt 

formula by means of which rates of snow melt have been computed. and. can 

be ed. 

tors related to snovl melt are as follows: 

l. Insolation. 

2. 

3. 

4. 

s can be during heavy storms. 

conduction from u_nd.erlying soil. 

In 
necessary 

of snmH melt. 

the soil was frozen, and. frozen soil is a 
on for the maximum possible flood, thus 

from the soil as a cant cause 

effect of warm rain. 

s can be shmm most sim]Jly in the formula D -= P _T-::-r:-~-

D is rate of snovr melt in inches of c1ater per hour. 
P is rate of precipitation in inches per hour. 
T is t temperature of rain falling on sno1.r1 surface. 

tion of heat from passage of air over :mo'\11 surface. 

This can be ex-oressecl in terms of the ordinary convection 
D-= (T - 32) (1 + K2V) 

D is rate of snow melt in inches of water per hour. 
T is air t ' OF. 
V is in appropriate units. 

is factor, giving the necessary conversion of 
units and including an empirical convection coefficient. 



is ct onali ty factor of rate of snow melt to heat 
supplied, conversion of units, and heat transfer 
coefficientc. 

;v-ater 
"t;rapor 

heat of vaporization liberated 
on the cold snow surface. 

An extension of Dalton 1 s lai"I expresses thic as follo~v-s: 

D, X3, V and K4 are defined as corresponding units in the 
convection formula above, and e2 are vapor pressures 
of the air pas over the sno1;1r, and of saturated air at 
3 ., respectively. 

to these formulas for convection and condensation, it 

can be shown that for the range of wind velocities involved, (1 + K2V) 

is very nearly onal to It ca.VJ. al::w oe shot>m that for the 

range of temperatures involved, the expression ( 

onal to - 32°, where T is wet bulb t w of the air. 

Therefore these two can oe comoined and reduced to the 

following simple form: 

:During the oecond !vYardh storm the wet and dry "bulb 

temperatures 'iftrere not greatly different. Maximum possible condi tionG 

would include 100% relative humidity. 

Tnis formula involves data that are always availaole. It 

remains to evaluate K and to compare the results of this formula ,,.Ji th 

field ooservations to determine whether or not the ons made 

t results to oe 1;1Jithin reasonable limits of accuracy for the 

purpose involved. 

This is the formula used in the rates of snow melt 

referred to ously, and can be evaluated by examination of Figure 6. 
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the heating effect of the vmrm rain is evidently 

tifiable. Maximum flood concH tions re rain, and the fact that 

rain runoff and snow ru:..rwff are usually concurrent is ~orell kno~om. 

thermal effect of rain is small, and may be compensated for 

the heat transmi ttect to the frozen soil. It can be assumed that the 

origtnal sno~or temperature i not far from 3 , and 

:possible conditions can require this as a :prerequisite. 

gure 7 sho;,vs the effect of on snow , and 

of liquid water in """ cal col~mn of one of 

sno,,r, originally 10 . high, as no drainage from the colmnn. The 

snmv is said to ripen as its density increases due to Field 

:E 
8 so 

g 
0:: 
UJ 
1- I= <1: ;=; :z 

s 60 UJ 
Cl 0 

:z 0:: 
<1: UJ 

;=; ~ 

0 >-:z 
(j) 1-

IJ._ 4 40 ;:;; 
0 :z 

UJ 
(j) 0 
:X: 
1-
0.. 
UJ 
Cl 

2 20 

CALORIES ADDED TO I GRAM OF SNOW AT o• C 

7 

of 10 olumn of snow with original densi of l05b and_ 
ini ti::tl 



observations and laboratory Ghow that as snouv melts, the 

water 

capillar;y 

lary head 

es dovmuvard through the sno1ftr colrunn and builds up a 

of the 

balanced 

water does not occur until the 

This head is er than one 

to hro inches, its magnitude related to the sno\'1 density, •v-hich 

seldom exceeds 50%. Figure 7 shows that, after antecedent melting has 

increased the sno1,v density to , the conversion of snovJ entirely to 

water only 20 cal. This is of the total heat of 

fusion. , it can be reduced further, because, as slush is 

formecL, the sno·w structure becomes very unstable and vli th very little 

ad_di tional energy the sno\-J structure fails. At this point, snow 

are carried by the water and contribute to runoff before 

melting. Under these conditions 

site to the maximum possible winter flood. 

snow can be a pre-

time coorctination of snow melt runoff 1Hi th rainfall ra11off 

appears to involve the process of flushing or the snovJ structure. 

As the weakened snow structure erodes, the \•rater is released_ 

and s the volrune and further eroding po'.'ler of the runoff water. 

Percolation other flow the snow structure erodes and melts 

channels in the snm,r, the size of the pores, thus 

deer 

of di 

and i 

Maxim run 

the capillary s This is reflected in momentary rates 

from the snow colrunn which exceed the average melting rate, 

ed by a decrease in density. 

rates for cquare miles were obtained_ extrapolati 
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of o"bserved rates of nelt on the t Branch of the set 

River a"bove Lincoln, means of formula 

In the storm the o"bserved maximum 

51. and maximcun V 11ras 13.5 m.p.h. period, l.h'J.der 

mwn conditions , wi snow cover anc1 tation, the average 

t could "be as c.s . , relative humidi lOOJb, 

average \'Vind veloci 15 m.r).h. 11rind velocities could not oe 

maintained without deer the storm duration over a oasin. 

From the +1-. 
V.!.J. to 48th hour, the average \~rould have to "be 

less, going to 500 the encl of the ocl. 

e 8 show·s the ooservecL values of wind and + v 

near "by ield, Vermont, this 

50 
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necessary data. Careful attention was given to exposure of the instru-

ments and observations at other stations. The results of the analysis 

of the Dog River Basin above Northfield Falls, which includes Northfield 

in the basin, indicate that the data are applicable. 

value for K of 0.0065 for the East of the F emige'das-

set is believed to result from optimum conditions favoring rapid 

snov.;r melt and. is not increased in the synthesis of the maximum possible 

rate of snow melt. North of this basin snow remained after the critical 

storm, and south of this snow melt occurred over too long a 

No other determined values of K even the value found 

~ 1----+-+--+-+--i---+- .'L Ll.... / Y ·-
...., i /! ! <"'i ! ; 
0 6 I '/ l_L y i I r- -: /· /1 7: . 7: - ·+···+--ii· · 
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DURATION (HOURS) 

Figure 9 

Duration-depth curves of maximum 
possible snow melt over selected 

in ·the Nev1 region 
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for the East Bra~ch of the 

F set. 

9 sho"rs 

duration-depth relation-

ships for 100, 200, 500, 

and 1,000 square miles, and 

10 shov1s area-depth 

curves in 6-hour increments 

up to hours. These 

curves have been obtained 

by s line interpola-

tion and extrapolation on 

log paper of the values for 

104 and 622 square miles. 

Records indicate that 



inches average of 

~trater on tho ground, in 

form of snow and as water 

in the snow, is a 

distinct possibili for the 

osuc 

other areas in the 

ticut River Basin above 

liJ'orthampton, Massachusetts; 

in the Merrimac River 

above 1'-fanchester, Ne\v 

shire; in the Hudson River 

above Poughkeepsie, 

New York; in the Housatonic 

Basin above West Corn-

wall, Connecticut; and in 

- 10 

"' w 
% 9 
t..> z 

% 
l

s 
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w 
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<t 
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10 

HOl/RS 

48 

42 

30 

24 

I 8 

I 2 

6 

Area-depth curves of maximum possible 
snoc'f melt over selected basins in the 

New region 

the Champlain area, the total amou.rJ.ts in Table III \vere 

present in 1936 or at other times and can occur for the sizes of 

areas sho'ltm. 
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OR.APTER VI 

l1AXIM""LJI:1 FOSS I:BLE RA.IliJF ALL OVER THE OJV!POMP .AliJOOSUC :BAS IN 

Rep res as it does the functional relationship between aver-

age depth and accumulated area b with the isohyet, the 

area-depth curve has the property that the average depths defined it 

increase in reliability with area. Thus, in a storm area having a sta

tion nehmrk density of one gage per 200 square miles, an isohyet 

an enclosed area of 1,000 square miles 1:vill have five gages the 

average depth vli thin it, vJhereas an isohyet an area of 4oo 

miles will have only two gages 

order to correct for the 

the average 

in the average 

vii thin it. In 

for small 

areas, it is 

the same 

to extend the area-depth curve to smaller areas 

relati ~vhich fits the data for larger areas. 

Studies of area-depth curves engaged in by this section for about 

100 storms o in different s of the 

exponential function (straight line on semi-log 

sho~nr that an 

of the average 

depth fits data very well for durations of less than 48 

hours and for areas greater than about 10 percent of the storm areas 

considered. No case was found "\vhere the average 

near the center of the storm exceeded the extended 

for small areas 

al curve 

fitted to depths for the areas embraced by the storm. 
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11 shovers data ted on s paper for the 

storm of September 12, 1938, for various size areas ranging from 500,000 

miles for the northeastern ted States to 8,000 square miles 

for the Basin. In Figure 12 are shown average plotted 

ion of the Conservation Service 

network for three consecutive hours on 24-

Ihe of the curve from the ed is posi tiYe 

and i believed to renresent small increase due to failure 

of the maximum measurement to coincide exactly v.ri the storm center. 

13 

- 58 -

The gages in the M:uskin-

gum network are so evenly 

distributed that their 

nu.mber may be considered 

directly onal to 

area. 

exponential 

function, therefore, 

seems to be a conYenient 

and sati 

ti 

and 

curves. 

tory rela-

curve of 

maximum possible rainfall 

for the Ompompanoosuc 

Basin has been developed 

on the basis of the 



seven larger storms loCD,tecl as nhO\"m in Figure 

1903, Hovember s ember 1932, July 

ember storms, 

48 hour elect in each storm 

dra•tm for the area in ;ricini of the center. 

these storms were c ted o:n s 

the October 

36, Harch 

6, 12, 18, 24, 36, 9Ld 

maps were 

values for 

l·~ H 

Figures 14-20, inclusive. t lines were fitted to ts of ecpal 

duration, more 0 given to values for areas. In all 

cases the curves arrived at in this manner conform to or 

exceed values ootained from isohyetal for areas er than 100 

s miles. It should be noted that differences in value -netv,reen 

curve and t , expressed as perc of total 

relati vel;y~ srr.all. This is in accordance vc~i th the procedure of s 

extrapolation of curves, as 
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Area-depth curves, October 

- 59-



-;;; 2 000 ~t-h-i-+ 

"' ,., 
i 

9 IO 

' ' ' ; j , ~ : i I 
1 i ~ : I - I --: ~TftH--t-

1 i :\i ' I I 
I : ' , : I ; _I ;--

; ! j ~18 rrouR~ 

·J_J i I : ~ I 
~ .-W. ~ ! 

NOOSVC 8ASIW (124 SOVARE 

[f T-1 T t-t _,_,___,t-: _, 
I ' u! U\; j_J 

4 5 6 1 8 9 10 
AVE RASE O£PTH U I<ICHES) 

Figure 15 

curves, November 1927 

i i I 1 

t-

I i rr 
(124 SQUARE MILES) 

rrnrnm1 
5 6 7 8 9 10 t I 12 8 9 10 II 12 13 9 tO II t2 i3 14 $ 

AVERAGE OEPTH IIMCH£Sl 

Figure 16 

curves, September 1932 

60 -

£0000 
111000 
IIOQO 
?OQO 
8000 
s 0011 

4liCG 

30CIO 

z DOO ~ 
ii 
t! 

·-~ -s 1100_ 
700 00: ..... 
1100~ -:50111 

&00 

100 
I() 12 

10 000 
9 000 
sooo 
7 000 
6 000 

5000 

4 0()0 

3 000 

2 000; 

"' ..J 

i 
"' "' I OO() ~ 

900 a 
800 .. 
700 -

800 = 
-~ 
400 

300 

2.00 

IQi) 
10 II 12 13 1'1 



10060 
9 000 
"000 
1000 
~ 000 
5000 

~ 000 

"" 2 000 

"' .J 

i 

"' 0: « I 000 

" 900 0 

"' 800 
700 .. GOO ,., 

"' 500 < 
400 

>OO 

200 

4 

10 000 
9 000 
6 000 
7000 
6 000 

5 000 

4-000 

"'::; QOO 

2 000 

"' "' J 

i 
"' "' I 000 4 
~ •oo g 600 

700 
4 •oo 
"' "' 300 < 

400 

300 

200 

100 
4 

9 tO It !Z 

4 6 

10 
AVERAGE DEPTH (INCHES) 

Figct.re 17 

cur-ves, 

1\ i 1 I 

-+ 

j• 

·t-H-- --N 
6 7 8 9 

AVERAGE DEPTH i INCHES) 

e 

curves, 
1936 

- 61 -

12 

10 000 
9 000 
a ooo 
7 000 
6 000 

~ 000 

4 000 

3000 

l 000 

300 

200 

s 

10 000 
9 001) 
a ooo 
7 000 
s 000 

5 000 

4 000 

3 000 

2 000 ;: 

I 000 

9 10 " 12 14 

4 

AVERAGE DEPTH (INCHES} 

Figure 19 

Area-depth curves, 
Harch 17-19, 

900 
BOO 
700 
600 
500 

400 

300 

200 

tOO 

... 
-' 
i 
w 
tr: .. 
" 0 .. 
~ ... ... ... 

10 ll 



10 ll !2 13 
AVERAGE OEPHl {INCHES) 

Figure 20 

Area-depth curves, 
September 

curve of maximum rainfall, 

viz., the ember 1932 

and October 1903 storms. 

The reliability fac-

tor accounts for three 

sources of error involved 

in the analysis of storm 

rainfall, namely (l) the 

error in construction of 

mass curve due to the 

deficiency in the number of 

points defining the curve, 

(2) error due to inadequacy 

Maximum recorded rainfall 

Average depths for 124 square 

miles, the area of the Ompompanoosuc 

Basin, have been obtained by construe-

ting a horizontal line deno that 

particular area and off values 

at the points of intersection with the 

area-depth curves. These depths were 

plotted. cluration in Figure 21 

Curve A clrawn enveloping maximum 

points. T1.v0 storms gave values which 

served. to determine this enveloping 
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Figure 21 

Enveloping duration-clepth curves of 
maximum possible rainfall for the 
Ompompanoosuc Basin, (124 sq. mi.) 

above Union Village, Vermont 
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in the num·oer of rainfall stations to define the storm pattern, and (3) 

the usual errors in measuring and tation. In a given 

storm s the total mass curve error on the relative n~mber of 

gages in the nehmrk, the of non-recording station 

records, and the magnitude of the storm. error is maximwu for short 

durations and obviously becomes zero for the total storm period. .1\.fter 

consideration of all these factors it was decided that a logarithmic 

curve descending from 20% at 6 hours to for a 48-hour duration repre-

sented a reasonable estimate of the mass curve inaccuracy. 

the determination of the error due to of rainfall 

stations use c'ras made of Soil Conservation Service i'~uskingum records to 

determine the order of its tude. 

from rec gages '"'i thin an 

able. The arithmetic averages of thi 

of 

have been for the 

storm periocis vri th an of 

gages distributed 

the sa.rrtG a.realt latter nehro 

tl:is s 

of to 

tation data 

of 8,000 square miles \·?ere avail-

twork, \vhich can be assumed to 

0 

24 
DtJHATlON (HOURS) 

22 
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Figure 23 

Duration-depth values adjusted for 
greater possible depth of precipitable 

'-'Tater for the Ompompanoosuc :Basin 
(124 sq.mi.), above Union Village, Vt. 

was decided to assign a con-

stant factor of 5% as the 

inadequacy of data error. 

An instrumental error 

of 5%, constant for all 

durations, has been added 

to the other components and 

a, total reliability factor 

obtained as shown in Figure 

22, this factor varying 

from 30% to 15%. 

Maximum possible rainfall 

Curve 13 of Figure 21, 

representing the enveloping 

duration-depth curve of maximum possible rainfall, was obtained by in-

creasing values of Curve A by the variable factor of reliability. This 

curve is shown again in Figure 23 together with duration-depth values 

representing actual rainfall amounts increased by the precipitable water 

adjustment discussed under trAdjustment of Storms on Basis of Precipitable 

\vater. 11 

The table shown on page 65 summarizes the results. 

Point rainfall 

The question arose early in the study as to the use to be made of 

point rainfall records which exceed amounts from record storms. In 

Figure 24 all the extreme rainfall amounts for various durations kno1.m 

to have been recorded in the Uni td. States are plotted on log-log paper. 
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T.A.BLE IV 

Duration Maximu.111 Curve .A Reliability s 
Hours Depths Inches Inches Factor % Inches Inches 

r 7.40 7.4 9.6 9.6 t) 

12 11.10 11.1 25 .9 4.3 

16 .l 22 16.0 l 

24 14.30 .3 20 l7 .2 1.2 

.5 0.3 

17 .6 0.1 

42 17.6 o.o 

15. 15.3 17.6 o.o 

One curve has been dravm all the s and another enve1..op-

rainfall in the England r latter durati curve 

DURATION (HOURS) 



shown 

STORM OF 
JULY 26, 1819 
CATSKILL, N.Y. 

Rainfa II at Center 
Inches 

10 
13 3 
18 7!", 

R<:ference~· 

J<:~u.-ned 
d~'>O. Arts 

\2.4·142 
Y~<)r utlpublished 
r.oport by Ar1hvr E. Mcr:t,6n. 

25 

26 which gives 

-value for square miles than the Sep-

tember 1932 storm for a similar od. 

On the basis of the analysis of 

the 1:319 storm it vras decidect that 

a , short-cluration storm 

of this '\•JOlJ~ct not -be the most 

critical over the sue :Basin. 

Also "ttect in 24 are maxi:trn.Lm 

rainfall values from Miami Conservancy 

data from 7, station-years of record 

States, a.11d the 

is determined by the 08.-tskill, 

New York, storm of July 

1819, which is ed to have 

lasted. hours and produced 

18 inches of rain at the center. 

ely a on of 

this storm is available vrhich 

estimates of rain at sev-

eral ts and outlines the 

limits of heavy rainfall. From 

these data it v;as possible to 

prepare an i map which 

is reuroduced in Figure 

area-depth curve was derivad as 

AREA !SO. MILES) 



100-year Yarnell freq_uency curve derived from coefficients for the 

territory in which the basin is located. The maximum possible storm 

for 124 miles, dra'V\'11. for son, exceeds both of these 

curves. 
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CID..PTER VII 

M.A.XHITJlii POSSIBLE PEECIPITATIOl\f PLUS SNOW MELT 
OYER THE OiVIPOMPAl'iFOOSUO BASHJ 

Of the critical storms considered in this study hro, those of 

1936, occurred during a of snow or in a season when 

antecedent met , • +. cona.lvlOns tted the existence of criti-

cal snow cover. The rainfall analysis of these storms formed the "basis 

for rr:aximuJn possibl tation coincident with maximum 

rate discharge from a sno~Ar cover. area-depth curves of 

18 and 19 average depths of rainfall over 1 square miles were obtained 

a..n.d :plotted t duration in 
Z2 

20 A was dra1.om en-
18 

16 
actual values of rainfall. 

~ 14 Durati values for 0 

"' = 12 

:r 
,_ lO 
Q. 
w 
0 8 

4 

0 
0 6 12 18 24 30 36 

DURATION (HOURS) 

27 

durati 
of maximUID rainfall for 

Ompompanoosuc Basin ( 1 
above on Village, 

est possible depth of 

itable water were derived by in-

creasing actual values of rainfall 

42 
the adjuotment factors in 

Table I, a..n.d discussed in the 

chapter on !fAdjustment of Storms 
curves 

on Basis of taole II 

e rainfall amounts are also 



plotted in , and B dra1tm these v-aluee. 

Ae in reports, the inacteq_uacies in data and uncertainties 

in &"'lalysis hav-e been evaluated_ a."'ld combined into reliabili factor 

which the amounts to be added to Curve A in 27 are determined. 

The sane procedure was follo1ved in the consideration of maximum possible 

rainfall sho;,m in Figure 21 of this report. Storms of great tude 

have admi loc'ler for the colder seasons in New 

e, there exists a shorter his of intense storms during 

the ;,vinter months than for the warmer seasons. It has been concluded, 

therefore, that a larger reliabili factor should be applied to stormB 

that occur seasons 1.nd th snow on the ground. 

It is difficult to evaluate the difference between the 

factors for the two seasons; but 

water for those storms not 

increases in the form of a relia-

bility factor, and as this curv-e, 

(B), env-eloped all values 

the position of reliability 

curv-e as ordinarily defined, it 

was accepted as absorbing the 

uncertainties ed in the 

inadeq_uacies of basic data and 

analytical methods. For these 

reasons Curve B is accepted as 

the env-eloping curv-e of maximum 

possible rainfall. 

• +' S:Lnce une for precipi 

sno1tr runoff c'l"ell with the 

22 
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28 

Env-eloping duration-depth curves 
of snow melt on East Branch of 
Pemigewasset Basin 

Lincoln, 1\f.H. (area;:::; 104 .) 



Figure shmvs the dura curYes of ::mo\v melt 

on the of the P set Ri-v-er Basin above Lincoln, Nm1f 

( area = 104 square miles). 

Curve indicates the observed values of of snow melt. 

D shows the oboerved values reliability factor. 

E sho1vs the mPximum :possible of sno1v melt ed on 

the basis of upper limits of t and vlind veloci 

value of the reliabili factor has been determined by 

the effects of errors in stream di measurements, in base-flo1:v 

an.cL infiltration estimates, in rainfall observations, in the elec-

tion of the distribution 

the first hours, and increases 

to by the hour as shoc·m 

in 28. 

It can be seen that 

D. It has been 

determined that this is also 

true for other values of 

area considered. E has 

been used in the int on 

of maximum possible duration-

curves to areas other than 

104 square miles. Figure 

sho1'rs the corresponding curve, 

Curve E, for the 

Ompompanoonuc of l 

- 70 

reliability factor used is for 
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curves of rainfall and 
sno,,J melt for the Om:pom:panoosuc 

Basin, ( sq. mi.) above 
Union Village, Vermont 



miles. 

Yalues of Curves 3 cmd J!J, repreB poscible rainfall 

and cno"'' melt reopecti vely, have been combined to obtain maximum 

possible rainfall plus snoi'r melt over square miles Curve F 

V sho1,1m on the follo,:Jing ;oage surnmarizes the results. 
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CHAPTER VI I I 

I!ILA.:X:Ilvfw1I PRECIPITATION OVER SELECTED DRA.INAGE AREA.S 
NEW ENGLll~D REGION 

:By utilizing for the study it has been 

possible to determine rainfall and sno1;v melt potentialities for other 

ranging in area from 100 to 1,000 square miles located in the 

basins shown the shaded area in Figure 4. results given 

here are applicable to the Connecticut River above Northampton, 

s; the :Basin above e, Ne'iPT York; the 

River above West Cormvall, Connecticut; the Merrimac 

Basin above ter, !~e,,r Hampsl1.ire; and the Champlain 

The principal in extending the area of applicability 

is \'llhether sufficient ·water may ever be available in snm.,r deposits along 

the coastal regions of to maintain maximum rates of snow 

melt 43 hours. s is a problem for future s 

method of duration-depth curves of maximum rainfall 

for the Ompompanoosuc \vas used for the on U-Dder consideration. 

Areas of 100, 200, 500, and 1,000 square miles 11rere selected as con-

venient 1mi ts. In the case of maximum possible rainfall, values of 

depth \vere from the area-depth curves of Fig~res 14 to 

20, inclusive, and maximum s plotted as sho11m in 30. En.vel-

curves were drawn maximum actual The 
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Figl..U'G 30 

En vel oping cLurati on-depth curves 
of maximum actual rainfall 
from record storms in the 

i~ e1.nr England_ region 

:c~l:'.c:.oi1i ty factors of Figure 22 were 
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Figl..TI'e 31 

:8n.velolJing duration-depth curves 
of maximlJJi1 possible rainfall 
over selected basins in the 

li evr Engl ancl region 

lJossi'ble rainfall showl1 in Figure 31 were obtained. The sarne reliaoili--

t;y factors were applied to eacl1. cu:cve fol" ti1e follovring reason: average 

clepths for areas of 1,000 square miles an0. less having "been determinecl by 

t!:-oe extrapolation method descTi.becl earlier, the results for areas of all 

values consid.erecl here are clepenclen.t on the same data an.d the reliabili-

ty factor should 'be constant 1Ni tb. area. 

The envelo;oing duration-depth curves of maximum possi 'ole rainfall 

l:vere replotted separately in Figures 32 to 35, inclusive, toc;ether 11ri t~:J 

clu:cation-depth values obtained. by increasing the actual values by rJre-

ci::Jitable water acljustments correspon.cU~lG to the particular storms. As 

ocfoTe, these curves are confirmec:_ oy tte fact that in all cases tl1.ey 

envelop the adjusted. values of rainfall. 
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Figure 32 

Duration-depth values for 100 
square miles ted for 
greater possible depth of 
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Figure 34 

Duxation-depth values for 500 
square miles adjusted for 

possible clepth of 
table water 
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Figure 33 

Duration-depth values for 200 
square miles adjusted for 
greater possible depth of 

precipitable water 
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Enveloping area-depth curves of maximum possible rainfall for sue-

cessive durations of 6 to 48 hours were derived from the corresponding 

duration-depth curves and are reproduced 
L5 

'-
0 in FiglJTe 36 for convenience in interpo-

-,---,-,----, 
o j lating values to any size drainage basin. 
L5 

"
0 A table of values is sholflm as Table VI. 

LO 

12. 18 24 30 36 42 
HOURS 

Arran.gements of maximmn 
possible rainfall over 

drainage areas of 
various sizes 

Time patterns of maximum possible 

rainfall, as bloc}c diagrams of six-hour 

increments, are shown in Figu~"e 36-a for 

areas of 100, 200, 500, and 1,000 s~lare 

miles. For si tua ti ons requiring consicler-

ation of snow melt plus rainfall, similar 

flexibility in arrangement can. be uti-

lized, Figure 36-a serving as an example. 
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100 
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TABLE VI 

Maximum Rn:vel 
Actual Curve of 
Depths Actual 
Inches fall- Inches 

7. 
7.00 
6. 25 
5.70 

11. 
10. 
9. 
8.60 

12.80 
ll. 75 
10.40 

9.40 

14.60 
.55 

12.20 
ll. 

• 20 

.10 
12.25 

.35 

.40 
• 20 

12.JO 

- r 
{, D 

7.0 
5.3 
5.7 

11.4 
10.5 
s.4 
3.6 

1 ~ l: 
).-r 

12.4 
ll.l 
10.2 

14.6 
13.6 
12.2 
11.2 

l r:; )J_ 
-_;• ' 

14.3 
13.2 
12.3 

15.6 
14.6 
13.6 
12.8 

- 77 -

tor 
% 

22 
22 
22 
22 

20 
20 
20 
20 

Possible 
Depths 
Inc~·ws 

a o 
.J•J 

9.1 
3.2 
7 .1-~ 

.2 
13.1 
n.s 
10.3 

16.4 
15.1 
13.6 
12.4 

17.9 
16.6 
15.1 
14.0 

18.0 
16.7 
15.4 
14.4 

18.0 
16.8 

,~ 

.o 
(" 

.o 

13.0 
16,8 

.6 

.7 



Curves of maximui11 rainfall to i)e a]_)JJlied to snow melt were 'eter-

minecl b:y utili the area-depth curves c:: t~":;;:~ hro 

and ) . Values 1r1ere increased~ th.e 

for the respective storms. 

ed r;;:ircfall 

cuTves of maximum rossi"ble rainfall (sho-~r.n as 

ti cu:cves of sno,fir melt of Fi,su.re 9 a:re eel EtS 

B. Curves C, maximum rossible tation and melt, have been 

oUtafrleCL by up the values of c-LU'V8S A and :B, For convenl. once 

area--depth curves \.Jere cletermined ano. are sho'•JT1 in 

e VII summarizee the results for maximu:rn rainfall and 

snm'l melt. 
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Figure 38 

~vel curves of a.nCl. 
snow melt over 200 square miles 

for selected basins in the 
and region 
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T.ABLE VII 

Storms With Snow Cover) 

on Area Enveloping IJ!axim1.:un 
Hours Sq_uare lHles Curve of Possible 

Adjusted Rainfall and 
Rainfall Sno1r1 Melt 

Inches Inches 

100 4.70 4.7 1.9 6.6 
6 200 4.25 j; 3 1.6 Q '+, •J 

500 3.60 3.6 1.3 9 
1,000 3.10 3.1 .1 L 0 -r,c: 

100 7.10 7.2 3.8 ll.O 
12 200 

r 6.6 3.2 9.8 b. 
500 5.70 5.8 2.6 6~4 

1,000 5.10 5.2 2.2 7.4 

100 9.00 9.0 5.6 14.6 
18 200 8.30 3.3 4.8 13.1 

500 7.40 7.4 3.8 11.2 
1,000 6.70 6.7 3.2 9.9 

100 10.10 10.3 7. 17.7 
200 9. 9.4 6.3 15.7 
500 8.20 8.4 5.0 13.4 

1,000 7.35 -r. 7 4.2 11.9 

100 11.4 9.2 20.6 
30 200 10.3 7.8 18.1 

500 9.2 6.2 15.4 
1,000 8.4 5.2 13.6 

100 12.00 12.2 11.0 23.2 
36 200 11.00 ll.O 9.3 20.3 

500 9.80 9.8 7.4 17.2 
1,000 3.90 8.9 6.2 15.1 

100 13.0 12.7 25.7 
42 200 11.6 10.7 22.3 

500 10.2 15.5 HS. 7 
1,000 9.3 7.1 16.4 

100 .70 13.7 14.3 28.0 
L1 c! 200 12.20 12.2 12.1 2!!,. 3 rO 

500 10.20 10.5 9.6 20,1 
1,000 9. 9.6 8.0 17.6 
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CHAPTER IX 

CoNCLUSIONS 

limitations inherent in the physical s embraced the 

foregoing discussion have made it necessary to this s in 

terms of average rainfall over the basin for six-hour periods 

It is well known that on "basins the natural equaliz 

influences of retention &"d channel storage t the on of 

results expressed in increments of J... vlrne as six hours. On 

basins as small the , however, ane_ 

logic influ.ences may produce excessive concentration \vithin ods of 

less than six hours. increments for lesser could be tci;:en 

from the mass curves, such 1,voulct reflect a far 

lity in the data and in the t of mass 

curves th&1 actually exists. It is therefore necessar~r to resort to a 

p:;_·ocecmre not based on a physical s of the data themselves. 

In the al durati curve, characteristic of or 

locali , e,verage rainfall varies as a povver function of the duration 

for i11.tervals of at least b'relve l1ours. Such a portion of the curve car:. 

"be from th.e to tlce 1-b.ou:;_· duration and r COl1-

time patter~~:. of 4:·-ctrin.fall. It is possi~ole, 

the Inost e b:n:;uJ;:dovm of the 6-l1our aL1011l1 ts 

into inc1~en1e~2ts dist:ri on through time fixed 



the curve. This extrapolation has been made for the 

range of areas involved, and is illustrated for the Ompompanoosuc 

by the dashed line in 24. The first 6-hour od of the 

durati curves sholf.rn in Figures 23 and 31 have been ttecl in 

Figv.re 42 after the time scale. In Figure the time tern 

of 6-hour increments for 124 square miles has been resolved into hourly 

incremen. ts the above procedure. 

Table VIII (page S4) provides the data for time patterns 

of maximu~ possible rainfall for basins with areas of 100, 200, 

1,000 square miles. A similar table can be prepared for rainfall 

snm,J melt mea..Yls of the tech~ique described above. 
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Figure are shO\'ffi 
12 

II 

curves for dura-
10 

tions of l to 5 hours, 

inclusive, for convenience 

in cl_etermining dUl'ation-depth 

values for areas other thw. 

those shown in 

2 

234567 SlliO 
AREA ( HUNOREOS OF SQUARE MILES) 

Figure 44 

HOURS 

5 

4 

3 

2 

oping curves of 
maximUi11 possi Ole rainfall for 
slc.ort durations over selected. 

"basins in the N e\v region 



T.ABI:E VIII 

ACOul'Ylu"LATED DEPTHS AI.iD INOBEMEL~'IS CF 'I'HE ]I!JAXIMUM POSSIBLE STOBI'-1 
FOR DlJRA.TIOl~S C'F 1 TO 48 HOURS, INCLUSIVE, FOR YARIOUS AREAS 

Durations 100 SQ.mi. 124 SQ.mi. 200 SQ.mi. 500 SQ.mi, 1000 SQ.mi. 
Hours Ace. Inc. Ace. Inc. Ace. Inc. Ace. Inc. Ace. Inc. 

1 

' 2 

3 

6 

7 

8 

9 

10 

11 

12 

13 

1~ 

16 

17 

Ui 

19 

2C 

21 

22 

23 

25 

3.9 

5.7 

6.9 

8.C 

9.0 

9.9 

10.8 

11.6 

12.4 

13.1 

13.7 

14.2 

14.7 

1 ,- c J.O 

15.9 

16.2 

16.4 

16.6 

16.8 

17.0 

17.2 

17.~ 

17.5 

17.6 

3.9 

1.8 

1.2 

1.1 

l.C 

0.9 

0.9 

c.s 
o.s 

0.7 

0.6 

0.5 

0.5 

o.4 

0.3 

0.3 

0.2 

0.2 

0.2 

0.2 

o:2 

0.2 

0.1 

0.1 

3.7 3.7 

5.4 1.7 

6.7 1.3 

7.7 l.O 

8.7 1.0 

9.6 0.9 

10.5 

11.3 

12.0 

12.7 

13.3 

13.9 

14.4 

14.8 

15.2 

15.5 

15.8 

16.0 

16.3 

16.5 

16.7 

16.9 

17.1 

17.2 

17.3 

0.9 

0.8 

0.7 

0.7 

0.6 

0~6 

0.5 

0.4 

o.4 

0.3 

0.3 

C.2 

0.2 

0.2 

0.2 

0.2 

0,1 

0,1 

7 ), 
) ,"T 3.4 

5.1 l. 7 

6.2 1.1 

7. 2 1.0 

8.2 1.0 

9.1 0.9 

9.9 0.8 

10.7 0.8 

11.4 0.7 

12.0 o.6 

12.6 c.6 

13.1 0.5 

13.5 o.4 

13.9 0.4 

14.2 0,3 

14.5 0.3 

14.8 0.3 

15.1 0.3 

15.3 0.2 

15.5 0.2 

15.7 0.2 

15.9 0.2 

16.1 0.2 

16.3 0.2 

16.4 0,1 

3.1 3.1 

4.5 1.4 

5.6 1.1 

6.5 0.9 

7.4 0.9 

8.2 0.8 

8.9 

9.6 

10.2 

10.8 

11.3 

11.8 

12.2 

12.6 

12.9 

13.2 

13.4 

13.6 

13.8 

14.0 

14.2 

14.4 

14.5 

14.6 

1 )1 7 
-,-. 1 

0.7 

0.7 

c.6 

o.6 

0.5 

0 h 
•J 

0.4 

0.4 

0.3 

0.2 

0.2 

0.2 

0.2 

0.2 

0.2 

.0 .1 

0.1 

0.1 

2.7 2.7 

4.0 1.3 

5.0 . 1.0 

5.8 0,8 

6.6 0,8 

7.4 0.8 

8.1 

8.7 

9.3 

9.9 

10.4 

10.8 

11,1 

11.4 

11.7 

12.0 

12.2 

12.4 

12.6 

12.8 

13.0 

13.2 

13.3 

13.4 

13.5 

0.7 

0,6 

0.6 

o.6 

0,4 

0.3 

0.3 

0.3 

0.3 

0.2 

0.2 

0.2 

G.2 

0.2 

C.2 

0.1 

0.1 

0,1 



TABLE YIII(Ccnt.) 

100 sq_,mi. 124 s 200 sq_.mi. 1000 s 
Ace. Inc. .Ace. Inc. Ace. Ace • Inc. .f ... cc. Inc. 

.7 0.1 17.4 0.1 0.1 .8 0.1 13.6 0.1 

17.8 n ~ 

v • ..l 1-7.5 0.1 o.o 14.9 0.1 13.7 0.1 

.3 o.o 17.5 o.o .6 0.1 .0 C.l 13.8 0,1 

.9 0.1 17.5 o.o (' 
.o o.o .1 0,1 13.9 0,1 

17.9 c.o 17.6 0.1 .6 o.c 15.1 o.o 14.c 0.1 

17.9 o.o 17.6 0.0 .6 o.o 15.2 0.1 14.1 0.1 

2 .9 r, n v.v 17.6 o.o -7 0,1 .3 0.1 14.2 0.1 

.c 0.1 17.6 o.o .7 o. -, o.o 14.3 0.1 ·) 

.o o.o 17.6 o.o -7 o.o .4 0,1 14.3 o.o 

.o o.o 17.6 0.0 .7 o.o .4 o.o 4 0.1 

.o o.o 17.6 o.o -7 o.o 15.4 o.o 14.4 c.o 

13.0 o.o 17.6 o.o 0.1 .5 0.1 14.4 o.c 

.o 0.0 17.6 o.o .s o.o K o.o 1'1 r 0.1 •J •• J 

.o o.o 17.6 o.o .s .o 15.6 0.1 14.5 o.o 

.o o.o 17.6 c.o .8 o.o 15.6 o.o 14.5 o.c 

.o o.o 17.6 o.o .8 o.o 15.6 o.o 14.5 c.c 

.o o.c rr .6 0.0 .8 0.0 15.6 o.o 14.6 0.1 

18.0 o.o 17.6 o.o .8 o.o 15.6 o.o ' (' 14.0 c.o 

18.0 0.0 17.6 o.o o.o .6 0.0 14.6 o.o 

.J o.o 17.6 r. .8 o.o 15.6 0.0 14.6 o.o v, 

.0 o.o 17.6 0.0 c. 1 .6 0.0 14.6 0.0 

.o o.o /' 

0.0 o.o .6 o.o 14.7 0.1 .b 

.o 0.0 17.6 o.o .0 15.6 o.o 14 ~ . ( o.n 
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nmEX To APEB.rmrx 

SY~ffiOLS USED ON Sl1\0PTIC CFJL~TS 

(Maps and charts in order as indicated. be1o\,r) 

Storm of Oc 

Maps 
8:00a.m., October 6, , to 8:00p.m., October 11, 

Storm 
tober 3-11, 1903. 

s 

Y.Teather 
3:00 .m., November l, , to 3:00 p . • , 1\Tovember 4, 

Air Data 
,000, 10,000 and 1~-. 000 feet, a. . ' l;ove;:rrber 2, 1927. 

4,000, 10,000 a.YJ.d 14,000 feet, a.m., 3. 1927. 
~- ,000' 10,000 and_ ,000 feet, a.m. , lJ_ 1927. ', 

Storm of S 

Maps 
8:00 p.m., S er 15, 2, to 8:00 a .• , Septeober 17, 

Storm of 

Maps 
8:00 a.m., 6, 1935, to 3:00a.m., July 10, 1935. 

9' 

Horizontal Cross tion (Fixed ChaTts) 
3 Krn. above Sea Level, July 6 to July 9, 

lviaps 
a.n1. , 12, 1936, to 8:00p.m., 21, 

I se:ltl'opic 
2 to 21, 



Horizontal Cross Sections (Fixed Level Charts) 
3 Km. a1Jove Level, !-1a:;.~ch 12 to March 21, 1936. 
5 Km. aoove Sea Level, March 12 to March 21, 1936. 

Cross Sections the Atmosphere 
Oklahoma City to Lru~ehurst, March 
S~1 ~~tonio to Lakehurst, March 17, 

- 90 

, 1936. 
1936. 



SYMBOLS USED ON SYNOPTIC CHARTS 

TEMPERATURE 
TEMPERATURE at -time of observation is shown a-t right- of station circle, 

i"hus: ~72 

WEATHER 
ij WEATHER at t-ime of observation is shown ai" /err of st-ation circle thus: 

*'832 (Snow) V Rain } 
• Roin Showers 
' Drizzle ~ Snow 

Number of symbols indicofes 
6. Sleet" = Light" tv Moderate 
.I.. Hoi! relotive intensify of precipitofion 

*Snow 
=Dense Fog 
:.: Ground Fog 

Fog 

PAST WEATHER is shown near, and generally at" /err of station circle, thus: 
~ 78 (Thunderstorm within last 12 hours) 

R 

SKY 
SKY COVERING is shown within the stat-ion circle, t-hus: 0 ~ () a • 

(Amount or circle shoded indicofes approximofe amount or sky covered by clouds) 

WIND 
DIRECTION AND FORCE OF WIND is shown by t-he BEAUFORT symbol, pro

jecting from the station circle. In this symbol, only the shaft and one side of t-he 
tail of the arrow are shown; the arrow flies wtth the wind. The number of barbs 
and half- barbs on arrow-tail indicates wind force as shown in the following table: 

BEAUFORT SCALE AND SYMBOLS 
FORCE M.P. H. SYMBOL WIND FORCE M.P. H. SYMBOL _WIND 

0 Less than I 0 Calm 
6 25 

to 
31 ,~}St-rong 

I -to 3 '--() '\.'\.'\.'\. -
} 

7 32 to 38 -----v 

2 4 i"o 7 "--o Light 8 3 9 t-o 46 "~} Gale 

3 8 -to 12 ~ Gentle 9 47 to 54 ~ 
" _ 10 55 to 63 ~}Whole 

4 13 to 18 "'"---V Moderote '""" _ 
"" - I I 64 To 75 ~ Gale 

5· 19 to 24 ~ Fresh """ _ 12 Over 7 5 ~ Hurricane 

MAXIMUM WIND VELOCITY ( M. P. H.) within las-t 12 hours, and DIRECTION, 
are shown in parenthesis below the station circle, i"hus: ~ 72 

f ~60 
V 4P 

54 
A TYPICAL STATION with symbol designations would ap-

R pear as in i"he accompanying diagram: 
('1&62) 

FIGURE A-I 



UPPER FRONTS 

COLD----- c::= c::= c::= c::= W A R M 

SURFAC FRONTS 

COLD QUASI-STATIONARY 

-OCCLUDED W A R M =::.::::---- ---·- :==-== -·-·-
FRONTOGENESIS FRONTOLYSlS 

• • • • • • • • • COLD -xxxxxxxxx 
0 0 0 0 0 0 0 0 0· WARM )If( * * * **' *' * * • 0 • 0 • 0 • 0 • QUASI-STATIONARY X '%X 4 X >'!I< X *' X e OCCLUDED · ').l, /. ').l, ~ ~/.~-;{,-;(, 

---- CYCLOGENESIS 

AIR MASSES* 

CAW CONTINENTAL ARCTIC AIR, warmer than the surface 

over which it lies toble m the lower layers). 

CAK -CONTINENTAL ARCTIC AIR, colder than the surface 

over which it is passing (stePp lap5e rafe 1n the lower foyers) 

M A K MARITIME ARCTIC A I R, colder than the surface over 

which it is passing (steep lapse rote). 

CPW CONTINENTAL POLAR AIR, warmer than the surface 

over which it is passing (stoble in the lower lq_yers). 

CPK CONTINENTAL POLAR AIR, colder than the surface 

over which it is passing (steep !opse rare). 

MPW- MARITIME POLAR AIR, warmer than the surface over 

which it is passmg (sroble in t-he lower layers). 

M p K - MARITIME POLAR AIR, colder than the surface over 

which it is passing lapse rote). 

MTW MARITIME TROPICAL AIR, warmer than the surface 

over which it is passing (stable in the lower foyers). 

MTK- MARITIME TROPICAL AIR, colder than the surface 

over which i+ lies or is passing (steep lopse rote). 

S-- SUPERIOR AIR, whrch includes ali air masses thaT 

appear warrn and very dry because of, principally, subsi

dence and divergence. 

*SEE MONTHLY WEATHER REVIEW, VOL. 67, JULY 1939, pp. 204-218. 

FIGURE A 2 
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