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INTRODUCTION 

Tho letter from the Office of Chief of Engineers, as tho 

study of maximum rainfall over the Ohio Ri vor tributaries above Pitts-

burgh to tho Hydrometoorological Section, listed five tributary streams: 

Youghiogheny River above dam site ncar 
Confluence, Pa. • .• 

Conemaugh River above Bow dam site •. 

French Creek above dam site near Venango, 

Allegheny River above Pittsburgh • 

River above Pittsburgh 

area above Pittsburgh . . . 

The Section, in complying 1,1fi th this and 

Drainage Area in Sq. ~~li. 

430 

1, 

591 

11,733 

7, 

19,117 

as s has 

had to begin with tho unproductive end of tho problem; that is, it had 

to deal progressively vdth first, c:n rrea sufficiently to insure 

the inclusion of the of meteorological homogeneity tho 

basin; secondly, the m2cj or area c tho as 1rrater-

shed in which orographic influences i'Jore to be and 

tho as tribut[l.ry basins themselves, v'rhere the problem re£:.ches its 

most difficult time are reduced to units 
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snaller thBn those inherent in the P"vailable storm and rainfall data. 

Fortunately, tho r 

tho way for the 

on covered, 

vdth its background of preparation has 

solution of other basin problems within tho 

In this study 265 storms have been revimved. Of this number 43 

were found to be 

could occur over the 

contribute to the values 

s of s which have occurred or 

area although only six ha.vo been found to 

the position of the area-depth-duration 

curves of maximum :possible rainfe,ll. 

s prepared the Division and District Offices of the U. S. 

DopE' rtmen t, isohyetal maps, and 

mr.ss rainfall curves for a number of or storms in tho central 

and eastern United States, have formed a broad basis for the study of 

storm erns and on characteristics. In addition to 

shed records, such reuorts include all ti'Ction data and 

miscellaneous information on storms obtainable from the manuscripts of 

records, files of municip<,l agencies, newspa:pers, testimony of 

witnesses, D.nd simil1'1r sources. Data assembled and organized the 

OfficGs are reviewed by the Hydrometeorological Section and are 

by analyses. 

coll?boration 11vi th Gail A. Hi"the1JvAy, 

Thoro has been profitable 

Engineer of the Office of 

Chief of' Engineers, 1'md with personnel visit the Section froB field 

offices of the dcpD.rtments. 

The follo1pring members of the Hydrometeorological Section contrib

uted to the prepRration of the final re:r:Jort u:;.1der the direction of 

:Bernarct, Hydrologist: 
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D. C. Cameron, Met in Charge 
A. K. Showalter, Associate JYleteorologist 

C. S. Thom, Associate Hydrologic Engineer 
G. N. Brancato, Assistant Hcteorologist 
P. R. Jones, Assistant lYIGteorologist 
P. '~. Kemmrthy, Assistant Meteorologist 
C. £;1, Lonnahan, Assistant J:!Ioteorologist 
P. , Assistant Engineer 
s. 13. Solot, Assistant J:vieteorologist 
W. T. Wilson, Assistant Hydrologic Engineer 
J. T. Bray, Junior Mete st 

K. Gold, Junior Meteorologist 
K. Linsley, Junior Hydrologic Engineer 

J, R. Rosenthal, Junior Meteorologist 
A. L. Shands, Junior Meteorologist 
C. Woo, Junior Hydrologic Engineer 

Very capable assistance was rendered oy the suo-professional and 

clerical staff. 
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CLINATOLOGY 

The general topographic features of the Ohio River tributaries 

above Pittsburgh, are mountainous in character, although 

the major part of the Allegheny basin is more properly termed "hilly 11 or 

11 rough 11 while the Monongahela basin is more rugged and mountainous. 

The area is 'lorell watered throughout the year and on the average 

precipitation sho\vs little variation from one month to the next although 

generally summer is the wettest season. The summer rainfall occurs 

principally in thunderstorms or as showers in connection with low pres

sure systems vii:wse centers pass eastward north of the -basin. Heaviest 

precipitation in other seasons is usually associated with lovJ nressure 

systems which move northeast"~Prard over the area from the vmst or south

west. Occasionally, stagnation of these concH tions may result in heavy 

a~d rather prolonged rain, the runoff from which in the winter and 

may be augmented by mel ted snow. The annual precipitation averages 

between 42 and 48 inches, heaviest in the southern half of the area 

and decreasing northward. Average annual amolhLts at some of the more 

elevated stetions are over 50 inches. 

Average sno•,rfall is moclerate, between 30 and 40 inches, 

some higher mountain stations receive 100 inches or more per season. The 
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accumulations over the basin ".vhich reach D~ m!lximum in ln t 

or early Earch arc fre in flood 

The c.verE.gc annual tcnnJcreturo is pround 50°F. Tho ;;tbsoluto 

extremes range from -35°F. to Tho prevailing surfecc ,,vine_ cUrcc--

tion is west-southwest) and veloci tics average 10 miles e.n hour or less. 
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CE.APTEB I 

.ADL-USTI-;:z:rT Alill EXTB.APOL.ATIOF OF STCRI,iS TO PHYSICAL UPPER LIHITS 

The most s factors 11.ffecting re.infall ths he.ve been 

found to be the amount of precipitable V>re.ter 8.Vedl2blc in tnc moist air 

column nncL tho horizontal temperC'.ture contrast C'.loft between tho vwrm 

moist and the cold air currents. In orc1or to hc>J;"D prGcipi ta-

tion it is necoss;o.ry to have r:v ailable a lP.rgo <".mount of \•rater vapor" in 

the moist air. This wnter vapor cannot be prccipi tc,tcd nt high rates 

over areas tvi thout lnrgc·- SCE!.le co nvorgcncc in the moist air. 

clc\rclopment and maintenence of such a convergent flo1,v requires the 

expenditure of considerable energy, and this energy is limited by the 

he2.t Fend moisture contre..sts between tho cold 2nd wnrm currents. 

Tho 

The extreme temperatures observed 0.t 5 kilometers above see.. level 

P.re considered reprose:..'ltn.tivc of me>.ximum temuerC'ture contr0.sts to be 

ox:ooctcc1 in the mid-troposphere during rnins. of such 

si tuC'tions shmvs th<tt the occurrence of extreme lov,.r tempornturos e..t 5 

kilometers coincides 11Ji th the occurrence of hetl.vy rnins. These tempera

tures, observed to the \¥"est of the rain area, invariably approschod or 

ture of thR.t vicinity. This is especir'.lly 

true for the storms which occur in the cold.er hnlf of the year. The 
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cold ~1r ~t 5 kilometers to the west of storms h~s its 

origin over tho Pc-ccific Oce~~1 ,~:1d the surfrco occrl1 or~tures furnish 

ing the minir:mn possi blo tor:rocr; turos at thG 

Si:i.1ce tho ocora surfr.c tcEllJerr 
0 

c;'l;_not be much below 0 C., 

the minimur:1 tor;tpdr2turc nt 5 kilometers vlith perfectly C'ir rnd dry 

0 
so rnto CC'nnot be below -50 C. considen\tion is 

to the effects of moisture in the column, the ni:i.1inUI::t possible tcr:rpera--

turc in r.ny mPri time nir mr:.ss nt 5 kiloDctors is :1cnr c. The lovcrcst 

obs at this level in r~ny rir m1ss in the United Str:ctes is -45°0. In 

tho mininura v.::_lucs rrc higher at lo~ercr lrti tudes P.nd follow n 

s 1:vhich hi:'VG bcon ooscrvcd rrc close 

to tho theoroticnl minima. 

Tho sc:.xinun possible tenperatures t 5 kilo:Kc rs 

rcdns Ci'l1 oc deternincd fron the ~oseudo-r·clinoE'tic lE'pso rr.tc e-nd tho 

0 
mr.xinun surfi'.CO dell! poL1t. If a surfaco dew of 82 F. is considered 

the mrxir.mn possible, the st 5-kilonotor tonpor!'ture under srturr-~tod 

!".diE1.b.:1tic condi tio11s cnnnot exceed S°C. The st observed or 

0 
tonpcrr:.ture over the United States isS C.; tho vo.luo is lowest end 

dccronsos with increasing lrtitude tho col<icst sonson but during 

Didsunnor the observed Df'xiEmn vc.lues show no rolotion to lcti tude. 

Since tho observed contrasts of temoernturo ?'.loft r.u-orof'.ch tho 

upper linit, the vr.~ter bcconcs the nost significrnt vnric.ble 

in tho Eodificntion of stern rc:.infc:.ll. 

Theoreticf'.l cor:1putations <iononstrc.to thi't nnrked convergence is 

il.ecessr.ry to produce precipi tf'.tion of floocl Cc~1.ters of 

intOi1SO sustl:'.ined for short ~ocriods c:re cLue to radir>.l il1flo1.·J or 
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Upper Limit of Convection 

t 
h 

ji 
h 2h 

3 

h 

IOepth of 
oulflow layer 

3 
i #/,@II W~~X\\~Yil\\l/IPA.\WM/IW'di\W\\'{IA'\\\ 

Ground 

IOeplh of 
inflow layer 

Figure 1.01 

Verticn.l cross-section through center of r~di~l inflow 

the convorgej.1ce of Pir towards n A schonntic verticP.l cross-

section through n of rt>dinl inflo111 is shown in l.Ol. In 

such n circulo.tiOi..1 pc-ttern t.vith "' given of convergence the 

conpu'Gntions inCl.ico.te th~t ~ Sl',turr,tcd colunn of P.ir with :-. dew of 

colwun with a dew point of . , should only twice 1:\S r:mch 

i tRtion 1ftrithin a unit of th1e. However, recent studies h<we 

denonstrateCl_ th~t it is not entirely correct to assU[1G the s~rJ.e n2xir:n.uJ 

depth of convergence la;yer for columns of r.ir with· ividely different heat 

2nd noisture The first clue to the inconsistency of this 

asslil':rption is the sersonal vnri2tion in convective cloud de~oths. Ounulo-

ninbus tops in midsunner nay penetrate well the nvorage cirr11s 

level to heights of ten niles nbove the surfP.ce, i.nrhilo in nidvdntor 

do not re2ch heights of six niles. (See 1.02.) However, the 
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avernge of the of 

cumulus clouas is to-

the sese for both se~sons. 

It is the increased 

soisture which rc<.isos the 
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0 

reduction of pressure, 
SUMMER WINTER 

such c<.s occurs upon Figure 1. 

eleve.tion its CoDp2r2.tive cloud height d~:etn 

Northeastern United St~:etes 

envirom:1ent, is quite 

different 1,vhen the rdr is srcturrctod froD it is before 

thc:,t point is rerched ..• i'lfi th s2.turrted r·ir tho reduction 

of pressure ce:uses condensation of '!Jrcter r:1d the lC'tent 

heat of evrcpora \vhich is set froo ia nrocess ,_ l 

operr>.tes to the f,c:ll of t errcture :.1r>ture.l to dry 

air... Unclor concLi tions of onvironnent vvhich r.ro by no 

Donns exceptionnl, in consequence of tho gbsorption of its 

own l2.tent heat, 

tCJ:mera ture thr.t frou equality its ture 

exceeds thrct of its onvironnent in its ne\v elevation, and 

it is therefore in n more f~:wourable posi tioa for rising 
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them it wns Hhcn it ste.rtcd. Hence snturF'.tod C'ir uny 

operate like e.n explosive, the higher it rises (within 

liuits) tho noro it is disposed to rise •.• Tho Gnergy 

enviromwnt though conditioned -by its own tmnpornturc; out, 

its tenperC'turo ooing whnt it is, it nust respond to tho 

condition of the envirol1.nont and oecomo tho seat of tho 

energy which it hl'l.s cnllod forth. It is at once the po'llrdor 

and the projectile.n 

The greater the initial supply of water vnpor the gronter tho opportunity 

for tho rising sature>_ted percel to r.mint!:'.in a tenpor8.turo in oxcoss over 

its surroundings as it rises, hence the gror>.ter the height it will nttain. 

It takes a nuch doeper convorgence lnyer to support convection up 

to ten Diles thrm it docs to support convection to less th!:'n h2lf th9.t 

height. Furthornoro, res the depth of tho convorge~1t inflow layer in-

cror>ses there nust oe a coupC'raolo incroaso in the dopth of tho layer of 

couponsc:.ting divergent outflow aoove nnd in the elevntion of its oaso, 

lTo convE?rgent process can oo naintained if thore is not 2, DRlC?,ncing out-

\. 

flow r>.loft. If there wore no outflow aloft, pressuro would rise so 

rRpidly in the average thunderstorn that tho direction of tho pressure 

gr2dient would oo rovorsod in loss than nn hour. 

Since a saturntod pr>.rcol of air cools nt its psoudo-o.diP.oatic 

rnto while rising, its heat and moisture properties ret 2.ny olevation can 

oo coupu ted oy nonns of sui t2.ole therDodyn2.nic diagrFms. If satur!:'.tod 

coluDns of. E\ir are 8.ssunod to oo in convective equilioriun (pseudo-

c.di2.oatic lapse rnte), the totRl precipi taole water in tho colur:.ms aoovo 
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Amount of precipitaole water, sea 
level to 5 kilometers, (16,400 feet) 

shows the amount in a column 

five kilometers high. It is 

c®nvenient to identify the 

potential moisture charge rf 

a convective column oy means 

of the surface dew point 

since that element is now 

plotted on most synoptic 

cveather maps. 

The surface dew point 

is, h01ftrever, not always representative of the total prec ~pi taole water in 

the column aoove, since the temperature-height curve may oe far from the 

pseudo-adiaoatic and the relative humidity consideraoly less than 100%. 

The surface dew point is representative only when the column is saturated 

and in convective eg}J,i],:iorium - the limiting conditions in centers of con-
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Figure l.O?) and the upper 

limit of convection ooth in-

crease with increasing mois-

ture charge. This of course 

implies that the deeper the 

inflow column the higher it 

will oe lifted. However, an 

increased moisture ch<:trge (i_oes 

not cause a corresponding 



increase in the amount of moisture precipitated by unit lift. The water 

vapor capacity of any given volume depends on the temperature, and there-

fore the heat released by condensation retards the rate of decrease in 

temperature and moisture capacity as an air parcel is lifted, It is 

nevertheless true that the absolute amount of moisture precipitated from 

a unit column by unit lift does increase i'ri th increased initial moisture 
I 

charge. As erplained earlier, for a given depth, a column with a 

point of S2°F. precipitates a·oout hdce as much moisture per unit lift as 

does one v>Ii th a deiv point of 50°F., but the initial moisture charge of the 

former is four times as great. It is the moisture 1r1hich can be 

tated to which the term 11 effective precipitable \vater 11 is applied. 

In the adjustment of 

storms for higher representative 

dew points the effective pre-

cipitable water should be used 

as a measure of the increase. 

Values for effective precipitable 

water, \'18 , are plotted against 

de1.or s in Figure 1.06. In 

storms of small areal extent 

care must be exercised in extra-

]Jolation since the 

depth of the convergence 

may posit a flow pattern such 

that the vertical velocities 

be too to permit rain 
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to fall through the currents. 

In large- SCEtlo storms tho average sustained rate of precipi tc\tion 

en tho rate of inflo;,v- of moist air into the storm area and tho 

lmJ of continui relationship between the rate of inflow of 

effective :Drecipi table v1ater «md the sustained <:eworage rate of prec 

tion. Another factor in the ion of rainfall is the strong 

south\vard thrust of cold air aloft 1o1hich induces a rnc'lrked conv~rgence in 

tho northivard moist current. Consequently the columns of air 

with high ta"ble water content occur coinc 1rfi th extreme lo1tr 

aloft. Tho avP.ilable nrecipi table ive.tcr in such fl, system CE'cn 

therefore be en index of the em 1 s potential onerg"J. Thus the re.tes 

of inflo1rl of moist air are highest when the effective :orecipi-

table 1vrtor is nt a meximum. As above, tho rat of procipita-

tion depends on both velocity of inflO\oJ e.:nd vnlue of \'10 • It is therefore 

not surpri that avr.ilccble stc.tistical data L1dicate a high corrcla-

tion bGtiveen and ~orecipitv.tion inte:1.sity. 

In summnry, tho follo1;dng must be considered to increase as tho 

dew point of the snturatod column incree.ses: 

Total th of 1;mter LJ. the column (Figure 1.04). 

b. or limit of convection. 

d. Dcnth of c 

o. Avcrn.go lift of 

f. of 1Jrec 

Depth of Drec 
upper 

inflovv 

limit 

inflnJ layer. 

1tlE' t e r in infl 01~1 l GY er. 

'"mtor rem2>iaL'lg il'l inflow column nftor 
of convection. 

h. Amount of moisture lift 



CHAPTER II 

THEORETICAL CO!YiPUTATION OF RAINFALL AJ:TD THE UTFLUEJ)TCE 
OF SEASONAL Vil.RIATIONS IN HYDROiviETEOROLOGICAL FACTORS 

The area of tho Pitt basin is slightly less than 20,000 

square miles; its east-west dimension is approximately 100 miles and its 

north-south extent 200 miles, so for the purposes of this discussion it 

ivill be assumed that the basin is a rectangle. The st quantities 

of moisture are transported into this region by southerly winds. For 

durations of hours it is assumed therefore that all the moist air 

which causes ~orecipi tation must enter the basin across its approximately 

east-11Jest southern border. In order to make a theoretical computation of 

the precipitation it vJill be necessary to assume a depth of inflow layer, 

an average velocity throughout this depth, and a definite amount of pre-

cipi table iPTater in the inflo'loT column. Vvnen these are multiplied by the 

width of the basin and the duration of the assumed storm, the product is 

the total volume of precipitable water which passes into the basin (luring 

the period of storm duration. To complete the compute,tion of the volume 

of rainfall it is necessary to determine the percentage of the total 

available precipitable water ~;inich can be converted into rain. This 

involves a consideration of the fcllowing factors: 



Factors 

below: 

a. Available precipitable ~"later which is readily derived from the 
representative surface dew point. 

b. Depth of convergent inflow layer. 

c. Upper limit of convection. 

d. Average lift of convergent inflow layer. 

e. Depth of effective precipitable water. 

f. Temperature contrasts aloft which can be interpreted in terms 
of pressure gradient or rates of inflow of the moist air. 

~· Southerly wind velociti~s at the earth 1 s surface. 

The importance of each of these elements is discussed in order 

a. Available precipitable water. The principal source of moist 

air for storm rainfall in the eastern United States is the tropical 

Atlantic waters. The surface temperatures of these ocean areas fix the 

upper limit of the amount of precipitable water in a moist column of air 

at the source region. If air must gain its charge of moisture by evap-

oration from the ocean surface, the final moisture charge cannot be 

greater than the amount contained in a saturated column of air 1?Jhose 

surface de\v point is at the same temperature as the ocean surface. It is 

obvious that if the saturated column of air had a dow point temperature 

higher than the temperature of the ocean, c9ndensation would occur on the 

ocean surface. The height to which surface moisture can be carried aloft 

by penetrative convection in a maritime air mass depends upon the rates 

at which the air is tranf?ported across the ocean, on the stability of the 

air columq., and on the amount of convergence ·which takes place. It may 

be assumed that each of these three facturs \vill be at or near its maximum 
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effectiveness during maximum storm conditions since the circulation 

patterns which give rise to storms of flood-producing proportions are 

usually preceded or accorrr_panied by strong vdnds over the of J.vlexico 

1,'fi th unstable moist air extending throughout the convergence layer. 

Because of the modification which maritime air masses undergo as 

they pass over continental areas, especially the winter months, 

the ocean surface temperatures cannot be used for the maximum possible 

de\v points near Pittsburgh. For this reason the extremG observed deiv 

points at a number of stations from \>Jestern Pennsylvania, Ohio, \li]'est 

Virginia, Kentucky, Tennessee, Ala.bama, and !Yiississippi were compiled. A 

maximum dew point profile for each month of the year we.s then developed. 

The next step was the development of seasonal curves of extreme de\>J point 

temperatures for several of the northern stations, Pittsburgh. 

The Pittsburgh curve we.s then smoothed 

so as to make it consistent 'lrvi th the 

maximum dew point profile and with the 

normal seasonal trend (Figure 2.01). 

The final values were sufficiently 

high to warrant the ion that 

would not be exceeded during 

periods of general tati on. 

In this am·.lysis several of the re-

corded values were disregarded because 

they were not corroborated by obser~ 

at nearby stations or because 

there 1ftWS reasonable evidence that tho 
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\·:ret bulb readings i,~Jere too high. The de'" :points 1trere converted 

into terms of ~recipitable water by means of Figure 1.04 and the seasonal 

variation in available :,orecipi table water from the surface to five kilo

meters is shown in Figure 2.01. 

b. Depth of convergent inflow layer. As in I, 

of Storms, 11 it is necessary to assume a variation in the 

of the convergence layer \.vhich 1Nill be commensurate 1vi th the vari-

ation of 

from a 

surf2,ce dev.r point. l. 

of the annual ranEe in the height of the clouds, the 

d 

pause, and the freezing level. This figure sho1·Js the maximum of 

the c infl0111 le.yer for each va.lue of the rc..:presentative surface 

dew point and 1-.re,s used to develop the seasonal trend curve shO\ru in 

2.01. In all cases, the depth of the convergence 

third of the height of the upper limit of convection. 

is one-

c. Upper limit of convection. The upJJer limit of convection was 

estimated from the annual range in the maximum elevation of cumulonimbus 

s. (See Figures 2.01 and 1.02.) T'nis elevation \vas used for the top 

of the outflow leyer. 

d. lift of e the depth of 

the inflo1-.r is one-third the total depth of the convectiwe colurrill, 

the average lift of the inflow layer cannot exceed twice its th. 

e. Depth of effective precipitaole water. The initial amount of 

available 

tho 

of 

it 

taole water in the inflow 

of the lB.yer and the representative de1tr 

is fixed by 

while the amount 

1.vater remaining in the column is determined the lift 

The difference between these two amounts is designated as 
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the effecti-ve preci~oi t<Sble "lve,ter (Figure 1.06) and it is tho term that i>s 

in the final In dot ernining the maxir:mm off oct i ve 

precipitable water for month of the year ( 2. 01) , maximum 

Vf'.lues of precipitable 111ater, depth of convergence and lift were used, 

peak efficiency in the p:recipi tE,tion process. 

f. Horizontal temp0raturo gradients 1:doft. The rate of inflo~or of 

the 1.varm moist air on the velocity of the northward current in 

that air. On account of the lack of vJind. observations it is necessary to 

determine that velocity from the temperature contrast aloft. 

The temperatures at tho 5-kilometer level are used because they 

ere more conservative than ors.tures at the surface, therefore more 

tive of aroas. As ::oroviously under 

trAdjustment of Storms, tt thoro exists 

a correlation between extreme 

temperE\ture contrasts at 5 kilo-

meters and flood r.:dns, and avail-

able observations of tho extreme 

tenperatures at that level hevo 

reasonably verified the theoretical 

oxtrenes. 

To determine the extreme 

temperature gradient above the 

Pittsburgh area, tho extreme lovv 

above 1'1fas con-

trastod vvi th the extreme tom-

perature for the same month over 
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Washington (Figure 2.02), both these stations having over te~ years of 

upper air observations. 

The pressures expected with the occurrence of the extreme tempera-

tures were determined by means of empirical relations between pressure 

and temperature at 5 kilometers. These results were carefully checked 

against pressures which were observed coincidently with the extreme tem-

peratures and found to be in good agreement. From these data the maximum 

possible pressure gradients at five kilometers for southerly 111rinds were 

computed. The computed gradients are probably well in excess of any 

which have yet occurred, since such combinations of extreme temperatures 

at the two controlling stations have not been observed concurrently. 

After making the proper adjustments for varigtions in air density, 

the geostrophic winds (Figure 2.02) for the assumed pressure gradients 

were calculated. These provided a measure of the extreme southerly wind 

velocities to be expected at the 5-kilometer level. The geostrophic 

wind (*) is of course eQuivalent to the gradient wind when the isobars 

are straight. However, during extensive storms the isobars at 5 kilo-

meters generally show some cyclonic curvature typical of convergent flow. 

In such cases the geostrophic wind is greater than the gradient wind, and 

even super-gradient winds associated with intense convergence would 

probably not exceed· the calculated geostrophic value. 

Because of inadeQuacies in present upper wind observational 

techniQue, it is almost impossible to find a calculated southerly wind 

verified by observation since strong southerly winds are invariably 

( *) Petterssen, Sverre 11iVeather Analysis and Forecasting. 11 McGraw-Hill 
Publishing Company, 1940. 
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associated with cloud However~ the adopted values for 

southerly winds at 5 kilometers c~ppear reasonable when compared 1,vi th 

observations of velocities from ether directions. 

§· Southerly wind velocities at the earth 1 s surface. In the lOiv-

est of the atmo the wind veloci increases rapidly \vi th 

Representative of inflow rates at these levels 1,vould be the 

velocity at several hundred feet above the ground. Since the anemometer 

exposure at Pittsburgh tvas 410 feet for a number of years, the wind 

records there were used to estimate the extreme southerly velocities 

(therefore extreme rates of inflow) near the ground. 

The idealized flow model was based on a 24-hour duration. There-

fore the wind factor recuired in the computation 'vas the average southerly 

velocity which could be sustained for 

derived from an emroirical relati 

hours. This ioTas 

established between it and the 

extreme south lniind. A similar relati was used to 

the 24-hour maximum wind velocity at 5 kilometers from the extreme goo

strophic lnJind. The seasonal trends of tho 5-minute and 24-hour maxims, 

at surface and 5 kilomctEJrs, are shown in Figure 2.02. 

e 

Combining the rates of infl01pJ near the surface and a.t 5 kilometers 

linear variations bct1.rJ0en tho two, the average was oy 

plotted height for each month of the year. It 1rras not necessary 

to 1rreight the wind at each elevation in terms of moisture content, tho 

difference between cd and cd mean velocities negligi-

ole. T'Do average inflow velocity at tho middle of tho convergence 

is therefore representative of the od average rate of inflow· 

throughout that layer. The seasonal r<:mgo of the maximum mean rate of 
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inflow is sholm in Figu.rc 2.02. 

Ncthod 

With all seven factors the theoretical maximum 

possible rainfall and its seasonal variations over the idealized basin 

can be computed. 

Given the rates of inflo~'l and. the of effective precipitable 

1:mter, the final step was to compute the seasonal variations in the 

maximum ~ossible average of rainfall over the model basin for 

hours. Iviaximum efficiency of the on process 

as all of the effective water is converted into rain-

fall. No attem~t 11vas w.ade to d.efine the o.istribution of the rainfall in 

arec: or time. 

The following equation was used for the computation: 

1,vhere = average de~9th of rainfall over ,000 square miles in 24 

hours (inches) 

v ;;::: mean inflovv velocity .h.) 

b = \'lfidth of moist column s) 

vle = depth of effective e 1tJ-ater (inches) 

M area ( sq_uaro miles). 

It should be emphasized that the results are not based. on any 

flow pattern, tho only restrictions being the surface dew 

points and the rates of inflow. The factors b and Ivi in the 

arc u·oon the shepc, size and orientation of a drainage 

b 
Tho ratio }1 is a good index of rainfall over a basin. 
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small areas and radial inflow 

1; 
the ratio M becomes relatively 

large and therefore the intcnsi-

ty of precipitation increases. 

The limits of precipitation 

intensity for very small areas 

do not depend so much on the 

rates of inflow as they do on 

the terminal velocities of rain-

drops falling through strong 

ascencling currents of air. 

Results 

The results of the com-

putations are shown in Figure 

2.03, which gives tho theoreti-

cal maximum possible rates of 
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Seasonal variation of hydro
meteorological factors, 

computed maximum possible average 
rainfall depth in 24 hours over 

tho Ohic River tributaries 
above Pittsburgh 

precipitation for a 24-hour period over a basin of about 20,000 square 

miles, supplied by a southerly inflow of moist air 100 miles in width. 

The computed values show a seasonal variation similar to that of the 

obscrved maximum rates of procipi tat ion at Pittsburgh. The maximum 

observed two-hour amount at Pittsburgh is 1.93 inches in August and .47 

inch in December. The greatest 24-hour amount, 4.0S inches, was recorded 

during September. The seasonal trend in observed maximum 24-hour amounts 

is also shown in Figure 2.03. 

A check on the theoretical computations was }Jrovided by data from 

the Mc:w 31-June l, lSS9 storm in central Pennsylvania. During this stcrm 
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a strong southeasterly wind was blowing the eastern border of the 

storm area and it \'\Tas therefore necessary to assume that in the surface 

layers inflow was taking plc:we over a width of 200 miles. HO~i'Jever, cloud 

directions shovJed the :::dr flow at high levels to be direct from the 

south; therefore the rates of inflow at the or level were 

assumed to be to the 0xpected maximum possible southerly velocities 

for the season. The inflow velocity of 21 miles per hour at the surface 

was additional \veight because of the greater 1rlidth of inflow due to 

southeasterly direction. The moisture was computed from the 

observed de11v point of . at Baltimore. The result was a value of 5. 

inches of precipitation over the model rectangular basin. Jl.n average 

of 5. inches over the Ohio basin above Pittsburgh '\vas obtained 

when that basin was superposed on the 24-hour isohyetal ma~o. 

In order to determine the limits of error in the theoretical com

putations, the adeq_uacy of the factors involved should be evaluated. 

Tho representative dew points, s of convection, and 

of effective table \IIJ2>ter used in tho calculations wore all con-

siderod to -oe at or near their physical upper limits. Ho\,Jever, because 

of the ies of upper air data ously mentioned, there is some 

po that the assumed rates of inflow could be exceeded. 

The model floli'J pattern assumes all the inflow across the basin 1 s 

southern boundary, repre 

at least, 

at any moment out it is 

maintained for an entire 

but one-sixth of its or. Thee-

could take lace across the entirG perimeter 

improba-ble that such a flo\v -vwuld ever be 

Furthermore, such a flow 

directed normally imvard across all sides could not ·oe maintained with 



inilow velocities. Even in intense local convection the average 

inflo1rr across the circumference does not oxceeo. 30 m.p.h. near tb.e sur

face Bnct must decreese to zero at the top of the; inflovJ layer. r-ho 

maximum aver?.ge velocity throughout the layer would therefore not 

exceed 15 m.p.h. 

If the entire basin were covered one convective cell, 

the avere.ge inflow across its :oerimeter of miles could not exceed 

m.p.h., which is equivalent to m.:p.h. across the southern boundary 

cf 100 miles exte:;_1t. k'l examination of the curves for naximum 

velocities at the surface and 5 kilometers ( 2.02) will show that 

the assumeo_ velocities imply th?t the average ra.te of inflmv vJi thin the 

convergence lE.yer mc:ty reach a peak veloci of about 80-90 m.p.h. in the 

winter end 55-60 m.p.h. in the su~ner. For a 

the assumed ideal flow is 

e period therefore 

ent to radial inflow 

across the entire bounda.ry, 

s of upper air ci.ata for exte:1sive storms sho~v'i th<t the 

moisture supply for periods of hours must be me~intained by strong 

effect of topogr;;mhy, surface friction, and the deepening of lmlll ssure 

centers is the development of flo"r. However, net even 

thunclerstorms e:c·e sup:olied inflow of moist air from all sides 

out their entire duration and it is much less an;Jro:oriate to a.ssume such 

a flow pattern for large basins and ci.urgtions. 

In the storms of er ancl l1iay-June 1889 there were 

southeasterly >dnd.s in the lover levels rather th8n southerly wincts. 

Eecause the model basin is t;.,ricc as as it is wide, the rate of 
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inflo1tr of moist air near the 

surface vd th southeast 1rrinds is 

a little more than twice that 

vJi th south winds. Under 

mum conditions therefore the 

surface moist air might be sub-

jected to a uersistent conver-

flow and southeast winds 

hours. Under these circum-

stances the southeast 

of the \vind woulct -begin to 

disappear at or near the gra-

dient level probably 

due south at 5,000 feet. 

At five kilometers the 

maximum velocities are considered hig...'h but 

hour average at that level might be exceeded. 

IV'Don the above factors were carefully llleighted, the results indi-

cated that the calculated 24-hour amounts of rainfall could be exceeded 

to 2o% because of rates of inflow. Therefore a value of 

was adopted as a error for all the calculated values 

2.04). 
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CHAPTER III 

THE SEASONAL VARIATION IN HYDROLOGIC FACTORS 

The records of river stages at Pi tts'burgh show the gre2,test 

frequency of floods during the spring months. In this connection it is 

interesting to examine the seasonal trend of the controlling hydrologic 

factors which exhi'bit their most efficient com'bination during the spring 

of the year (Figure 3.01). 

It will 'be necessary to 

express all factors in terms of 

the average depth of water over 

the 'basin which falls as rain, 

melts from snow, or is lost to 

runoff 'by infiltration. 

The most important ele-

ment is the maximum possi'ble 

rainfall, discussed in the 

preceding chapter. However, 

three additional factors must 

'be considered as having in~or-

tant 'bearing on the final 
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contri"bution to .runoff: 

a. Depth of snow ~J~rhich can accumulate over the "basin. 

Snow may "be present from Octo"ber to May with a maximum accumula

tion on the ground in early J:Vlarch. 

"b. Rates of snow melt. 

The assumptions regarding snow melt are discussed in greater 

detail in Chapter 7, "Snow Helt.n The methods outlined there were used 

to estimate the seasonal trend curve in Figure 3.01. 

c. Losses to runoff. 

It is not within the scope of this study to make determinations of 

infiltration rates or runoff coefficients. However, it is safe to say 

that the greatest percentage of direct runoff from storm rainfall occurs 

during the colder half of the year, the period_ of least rainfall, and the 

smallest percentage occurs in the warmer half of the year, the period of 

maximum rainfall. An approximate curve of runoff percentages is shown in 

Figure 3.01. 

After assigning reasona"ble values to the snow melt and runoff 

coefficients they were com"bined with the maximum calculated rainfall 

amounts to o"btain the seasonal trend of maximum possi"ble runoff shown in 

Figure 3.01. On the same chart is sho1Pm a curve of the maximum river 

stages for all months of the year. The purpose of these computations was 

to verify in a Qualitative manner, the high freQuency of floods in the 

spring (Figure 3.02) as compared with other seasons. The results are 

QUite consistent with the o"bservations. Also of significance is the high 

peak of rainfall during the season of greatest pro"ba"bility for the 

passage of decadent hurricanes over the area. 
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of flood stages at Pittsburgh oy months, 1762-1940 
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CHAPTER IV 

CHRONOLOGICAL LIST OF STORl~'lS 

All of the storm periods listed in this chapter 

were ected to at least a ::.oreliminary examination in the course of the 

Pitt Any of three characteristics was considered sufficient 

to warrant designation as a storm period. 

a. The proximity of significant i 

basin. A preliminary area of significant 

to the Pitts:-

was delimited 

as ext from Indiana eastward to the Atlantic coast and from 

Tennessee-North Carolina northward to the 

b. The occurrence of excessive 

or more per 

c. The occurrence of crest readings 

border. 

rainfall, i.e., 2.50 inches 

than flood stage at 

Pitt and at several other locations in or near the basin. It is 

rec zed that 1pri th che.nging river s throughout the period 

of record are not closely comparaole. In this connection it should oe 

noted that there are historical records of a number of flood stages ;orior 

to 

of met 

that could not oe suojected to 

data. A list of such 
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Pittsburgh is given in the following table. 

Early storms 

Year of Month at Pittsburgh 
ft. 

1762 
1763 

9 39.2 
March 9 41.1 

1806 10 37·1 
1810 November 9 35·2 
1813 
;un6 

January 32.2 
February 36.2 

1832 February 10 38.2 
1840 February 1 30.0 
1846 l!Iarch 15 28.2 
1847 February 2 30.1 
1847 December 12 27.2 
1848 December 22 26.2 
1352 April 6 28.2 
185_2 April 19 35.1 
1858 May 27 29.2 
1859 28 25.2 
1860 April 11 32.9 
1860 1Tovember 4 25.2 
1861 ember 29 34.2 
1862 January 21 33.2 
1862 April 22 28.6 
1865 March 4 27.7 
1365 March 18 34.6 
1867 February 15 25.2 
1867 March 13 26.7 
1868 March 18 25.2 

Recent storms 

All storms sub to 1872 were examined first for their hydrc-

logic importance and for their meteorological im-portance. Tests 

for hydrologic importance 111ere mede by examining total isohyetal maps or 

24-hour isohyeta1 maps and mass curves of rainfall for significant rain-

fall centers. 

Tests for met importance 111ere made studying the 

location and movement of pressure centers and currents of 

moist air. 
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The storms that were found deficient or inapplicable for use in 

the estimate of either maximum precipitation or critical flood 

production were eliminated after preliminary study. The reason for the 

elimination is indicated in the first column of the li according to 

the following 

A. Distribution of 24-hour rainfall too 1oJidely scattered or area 

covered too small. 

L. 24-hour rainfall too 

E. Major storm activity occurred too far east of the Pittsburgh 

basin. 

'storms that were found to be of significant meteorological impor-

tance are rr:arked XX in the follmving chronological list, and are dis-

cussed later in Chapter V. 

Key 

A 
E 
E 

XX 
A 
L 

XX 
"'{~::" 

A.A 

XX 
,,..,, 
.L\.A 

L 
A 
A 

XX 
A 

* 

Storm Period 

1819, July 26 
1843, Aug. 5 
1869, Oct. 
1873. Dec. 
1874, 

Location of 
Significant 
Rainfall 

New· York 
Pa. 
N e1v England 
Ohio-Ky.-Pa. 
irf. Pa. 

1875, July 25-Aug.3 Ohio-Ind. 
1876, Sept. 16-18 Pa. 
1877, 14-17 Ky .-Ohio-\.V. Va. 
1878, Sept. 9-14 E. Ohio 
1878, Dec. 9-11 Virginia 
1881, Feb. 8-11 Ohio-Pa. 
1881, June 6-10 Pa. 
1882, Jan.l0-21 Ky.-Tenn. 
1883, Feb. 2-8 Ohio-i'>T.Pa. 
1883, June Mich. 

Amount for total storm period. 
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Point 
Rainfall -

Amt./ 
Duration 

l8.0/7-l/2h. 
16.0* 
8.0/25h. 
2.7/l5h. 
5.5/ lh. 

Point 
Rainfall -
Location 

Catskill,N.Y. 
Concord, Pa. 

Canton, Conn. 
Cincinnati, o. 
Allegheny City, 

Crest 
Stage 
Pitts
burgh 
(ft.) 

28.9 

12.1* ·Kenton, o. 
4.4/24h. Erie, Pa. .2 
l. 6/ 9h. Louisville, Ky. 27.8 

l2.0/24h. Jefferson, o. 
1.4/ 9h. '\vytheville, Va. 27.7 
4.1* lvellsboro, Pa. 26.4 
6.6* Fran.'l\:1in, Pa. 30.3 
3.0/30h. Austin, Tenn. 
4.0/24h. Franklin, Pa. 31.2 
4.6/12h. Battle Creek,Mich. 



Key Storm Period 

XX 1884, Feb. 2-6 
A 1884, June 25-26 
L 1885, Jan. 14-17 
A 1886, 4-7 
A 1888, Apr. 5 
A 1888, July 7-10 
A 1883, 18-19 

XX , .20-21 
E 1839, 30-June l 
A 1889, July 18 
L 1890, .19-23 

on of 
Significant 
Rainfall 

Ohio-'VV.Pa. 
E. Pa. 
Ohio 
Pa. 
iviich. 
\v·. Va.-Chio 
'VV. 

. -Vl. Va. 

Va. 
.Va. 

1 1890-91, Dec.30-Jan.3 Pa. 
XX 1891, Feb. 15-18 Ohic-iV.Pa. 

L 1892, Jan.ll-15 Pa.-i~-. Va. 
A 1892, June 10 Pa. 
L 1893, Feb. 5-8 
A 1893, 15-17 
A 1894, . 29 

XX 1894, 18--22 
L 1894, . 7-8 
E 1894, .18-20 

XX 1895, Jan. 6-11 
E 1395, Oct. ll-15 
A 1896, July 23-26 

XX 1897, Feb.20-23 
L 1897, 3-4 
A 1897, 3 
E 1897, July 12-14 
A 1897, 17-18 
A 1897, July 26-27 

XX 1898, Mar. 15-24 
E 1898, 3-5 
1 1899, Mar. 3-6 
A 1900, 18-26 

XX 1900, Nov. 24-27 
XX 1901, . 18-25 

L 1901, June 13-18 
A 1901, June 22-25 
L 1901, Dec. 11-16 

XX 1902, Feb.25-Har.l 

' A 1902, 
L 1903, 

. 24-26 

. 30 
Feb. l-5 

N.E. Ohio 
Pa. 
Pa.-:DT .J. 
Pa. 

-N.J. 
Ohio-Pa.-iv. Va. 
Nev.r 
Ohio 
"v'i'. .-Ohio 
Ky 
New York 
Conn. 
Pa. 
Md. 
Ohio 
E. Pa. 
\~·. Va. 
vv. 

Pa. 
·w. 
i!ilcl. 
Ind. 

.-iV. Va. 

.-iv.Va. 

* Amount for total storm period. 
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Point 
Rainfall 

Amt./ 
Durati0n 

Point 
Rainfall 

Locaticn 

1.0/ . Erie, Pa. 
12.0/ 7h. York, Pa. 
3.4* l11Iarietta, 0. 
9.2* Wellsboro, Pa. 
1. 5/lOm. Adrian, Hich. 
(.Of 2h. Grace, 0. 
6.9/55m. Tride1phia,W.Va. 
3.0j 9h. Pittsburgh, Pa . 
9.8* Wellsboro, Pa. 

19.0/130m. Rockport, W.Va. 
8.0/24h. South Fork, 
2.4* Somerset, Pa. 
3 .l/24h. l'Je>AT Alexanctria, 0. 
3·5* Pleasant Mt.,Pa. 

11 Cloudburstn Ivloscov;, Pa. 
2.8* Millport, 0. 

10.6* Wheeler, Ohio 
6.0/24h. Somerset, Pa. 

10.4* Cassandra, Pa. 
3.2j40m. Bethlehem, Pa. 
7-7/24h. Smiths Corners,Pa. 
2. 2/24h. Huntington, iii. Va. 
S. 5* Framingham, £1Iass. 
4.2/ 4h. Plattsburgh, 0. 
3.2/24h. Portsmouth, 0. 
4.9/24h. Harriman, Tenn. 
5.0/90m. Carmel, N.Y. 

10.3* Southington,Conn. 
5.Sj24h. Saegvrsto\in, Fa. 

15.5/18h. Jewell, Md. 
4.5j4Sh. '\oiarsa"'r, 0. 
5.4/104m. Philadelphia,Pa. 
3.4* Hinton, iv. Ya. 
3.Sj24h. Huntingtorr,i'f.Va. 
6.2/24h. Hopkinsville, 
3·5/24h. Huntington,W.Va. 
2.3/24h. Oceana, W. Ya. 
7•1* Princeton, W. Va. 
4. 6/24h. Mauch Chunk, Pa. 
3.0/24h. Princeton, "li.Va. 
6.0/24h. Colora, Nd . 
0. 8/ 5m. Indianap c lis , Ind. 
LS/24h. Martinsburg,i'J'.Va. 

c- Charleston, W. Va., 

Crest 

Pitts
burgh 
(ft.) 

·5 

.2 
26.0 

.2 

.2 

.2 

-5 
.4 

34.5 
26.2 

.2 

.4 

.o 

.2 

.( 

.1 

.9c 

.o 

.6 

.2 



Key Storm Period 

XX 1903, Feb. 27-l"iar .1 
L 1903, Aug. 28-29 
E 1903, Oct. 5-12 

XX 1904, Jan. 20-23 
Y.X 1904, Feb. 28-J!'iar. 3 

A 1904, July 5-9 
E 1904, Sept.l3-l5 

XX 1905, Mar. 19-22 
A 1905, June 4-7 
A 1905, July 19 
A 1905, Aug. 6 
A 1905, Aug. 12-16 
A 1905, Sept. 10 

XX 1905, De~. l-4 
~ 1906, June 6-7 
L 1906, July 16-17 
L 1906, Aug. 

XX 1907, Jan. 2-7 
A 1907, Jan. 12-19 

XX 1907, Mar. 12-14 
L 1907, June 10-13 
1 1907, July 16-17 
L 1908, Feb. 13-17 

X.X 1908, Iviar. 17-19 
A 1903, Nar. 29-Apr. 2 
A 1908, June 20-21 
L 1909, Feb. 23-24 
L 1909, Mar. S-9\ 
A 1909, Apr. 29-lvlay 1 
E 1909, • 15-17 
L 1910, Jan. 16-19 
L 1910, June 19 
L 1910, July 16 
L 1910, July 28 
L 1910, Sept. 18-20 

XX 1910, Oct. 3-7 
A 1911, Jan. 26-31 
A 1911, Apr.23-lvlay l 
L 1911, Aug. 
L 1911, Sept. 15-16 
A 1911, Oct. 1-2 
L 1911, Oct. 16-18 

Location of 
Significant 
.Rainfall 

ilL Va. 
Pa. 
Pa.-N.J.-N.Y. 
Ind.-Ohio 
Ohio-Fa. 
Ohio 
lvld.-Pa.-N .J. 
Pa.-'\v. Va. 
Ohio 
iv. Va. 
Indiana 
Indiana 
IncLiana 
iv. Pa. 
iv. Pa. 
Kentucky 
Kentucky 
Ohio- Ind. 
IV. Va. 
Ind.-Ohio-Pa. 
iv. Va. 
\'1. Va. 
Ind. 
Pa. 
W. Va. 
Ohio 
Kentucky 
Ind. Ill. 
Kentucky 
Md.-Pa.-lif .J. 
W. Va. 
lv. Va. 
Illinois 
Kentucky 
Ky.-Ind. 
Ark.-Ill.-Ind. 
i.L Va. 
Kentucky 
Va.-Vl. Va. 
Pa. 
Ohio-Fa. 
·vv. V a. -lif. 0 . 

* Amount for total storm period. 
c- Charleston, \V'. Va., stage. 

Point Point Cr(Sst 
Stage 
Pitts
burgh 
(ft.) 

Rainfall - Rainfall 
Amt.j Location 

Duration 

2.6/24h. 
4.0j24h. 

l4.3/24h. 
3.4/24h. 
2.5/24h. 
6.5/24h. 
9-9/24h. 2.r 
5-2/ 3h. 
3-2/24h. 

10.5/24h. 
4.l/24h. 
4.6/24h. 
2.5/24h. 
3.6/24h. 
4.2/24h. 
4.1/24h. 
2.9/24h. 
2.8/24h. 
5-2/24h. 
2.5/24h. 
4.7/24h. 
5.5/24h. 
3.2/24h. 
3.6/24h. 
4.3/24h. 
6.4/48h. 
4.2/24h. 
5.l/24h. 
6.2/24h. 
2.0/24h. 
4.8/24h. 
3·7/24h. 
5-3/24h. 
4.3/l7h. 
8.9/24h. 
2.3/24h. 
9.0/24h. 
5-5f43h. 
4.l/24h. 
3-9/24h. 
4.2/24h. 

Myra, 'iv. Va. 
Freeport, Pa. 
Paterson, N.J. 
Princeton, Ind. 
Beaver Dam, Pa. 
Gratiot, 0. 
Friesburg, N.J. 

32.1 

33-2 
30.1 

Terra Alta,, i'i. Va. 32.2 
N. Le1,visburg, 0. 
Grafton, ilL Va. 
Princeton, Ind. 
Paoli, Ind. 
Northfield, Ind. 
Greensboro, Pa. 26.7 
Parkers Landing,Pa. 
Mount Sterling,Ky. 
Falmouth, Ky. 
Jacksonburg, 0. 
Pickens, ~?. Va. 
Cincinnati, 0. 38.7 
Princeton, iV. Ya. 33. Oc 
Parsons, vif. Va. 
Princeton, Ind. 
Lycip:pus, Pa. 
Vlilliamson, lv. Va. 
Greenville, 0. 
Shelbyville, Ky. 25.5 
Vevay, Ind. 
Mount Sterling, Ky. 
College Farm, N.J. 
Sutton, i>J. Va. 26.0 
Parsons, iv. Va. 
Cobden, Ill. 
Beaver Dan , Ky. 
Lexington, Ky. 
Golconda, Ill. 
Terra Alta, iV. Va. 28.4 
Edmonton, Ky. 
Glenville, iv. Va. 16. Og 
Greenville, Pa. 
Youngstown, 0. 
Rock House, N.C. 

l0.6y 

g- Glenville, i'l.Ya., ste1ge. 
y- Youngstown, 0., stage. 



Key Storm Period 

L 1912, 
A 1912, 
A 1912, 
A 1912, 
L 1912, 

XX 1912, 
L 1912, 
E 1912, 

XX 1913, 
XX 1913, 
Y.X 1913, 
X,\ 1913, 
A 1913, 
L 1914, 
A 1914, 
A 1914, 
L 1914, 
A 1914, 

XX 1915, 
A 1915, 
A 1915, 
L 1915, 
A 1915, 

XX 1915, 
L 1915, 
L 1916, 
A 1916, 
L 1916, 
E 1916, 

XX 1917, 
A 1917, 
A 1917, 
A 1917, 
A 1917, 
L 1913, 

X,"{ 1918' 
X,"{ 1918, 
A 1918, 
A 1918, 
A 1918, 
1 1919' 

Feb. 
lYlar. 20-22 

. 1-2 
J1..me 
July 

Sept. l-2 
Sept. 
Jan. 
Jan. 
l'J1ar. 
July 
Aug. l 
Jan. 
lv!ay 
July 
Aug. 
Sept. 1 
Jan. 
June l 
July 
July 
Aug. 8 
Aug. 
Sept. 
Jan. 
July 
Sept. 
Sept. 
Jan. 
Nay 
Aug. 
Sept. 
Oct. 
Jan. 
Feb. 
Har. 
June 
Aug. 
Dec. 
Jan. 

3 

.l 

w - i·iest Ne,:rton, Pa., 
f - Freeport, . , 

Location of 
Significant 
Rainfall 

Pa. 
VL Va. -Pa. 
Kentucky 
Ohio-Pa. 
Ind.-Ky. 
~V. Va.-Md. 
W. Pc;t. -Md. 
JYid. 
Ky .-w·. Va. 

. -vv.Va. 
Ohio- Ind. 
Ohio 
Pa. 
Pa. 
Hich. 
Ohio 
'iv. Va. 
J.vlich. 
Kentucky 
Indiana 
Indiana 
Ohio 
Indiana 
Ark.-iYio .-Ill. 
Ohio-iV. Ya. 
Ohio-Ky. 
Pa. 
Ohio 
E. Pa. 
Pa.-iv. Va. 
Indiana 
Pa. 
Ohio-Ky. 
Indiana 

.-Tenn. 
Pa.-0 hie, \v. Va"' 
~V. Ya. 
i'i. Va. 
Kentucky 
Illinois 

.-'v'J' .Va. 

od. 
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Point 
Rainfall 

Amt.; 
Duration 

l. 

3· 
6. 
5.0* 
4. 
4. 
3· 
6. 
5.8 
4. 
7· 
7·3 
1· 
3· 
5· 
7· 
4. 

ll. 
4. 
lJ,. 

1. 
4. 
4. /24h. 
6.0/l2h. 
4.0/l2h. 
2.l..~/24h. 
5.3/24h. 
4.Sj24h. 
5.1* 
3·0/24h. 
4.-(/24h. 
3.8/ 
5.8* 
6.4/24h. 
3·5/24h. 
4.2* 
4.8/24!1. 
lJ..0/24h. 
6.1/24h. 
5.2/24h. 
4.0/24h. 

Point 
Rainfall -

Location 

Confluence, Pa. 
, Pa. 

Hopkinsville, Ky. 
Johnsto1J1m, Pa. 
Greensburg, Ind. 
Deer Park, Hd. 
Deer Park, Md. 
Baltimore, Hd. 
Franklin, Ky. 
Taylorsville, Ky . 
Columbus, Ind. 
Toboso, 0, 
Stroudsburg, Pa. 

ifornia, Pa. 
Kalamazoo, Mich. 

' 0. 
Bancroft, iv. Va. 
Cooper, Mich. 
Hopkinsville, Ky. 

.Co., Ind. 
Terre Haute, Ind. 

0. 
Connersville, Ind. 
St. Louis, Mo. 

e, 0. 
Maysville, Ky. 

, Pa. 

' o. 
, Pa. 

encer, 1v.Va. 
Butlerville, Ind. 

Pa. 

Kokomo, Ind. 
Burnside, 
Parsons, vv. Va. 
Sutton, i'i. Va. 
Rm..rle i'i. Va. 

' Ky. 

k - Lock l'J('. , stage 
g - Glen-ville, 'i(J. Va. stage 
p- Pikeville, ., 

Crest 

Pitts
burgh 
(ft.) 

10. 

34. 

34.5 
29.5 

.6 

31.6 

28.4 

50.0p 
30·3 
29 .l 

26.0 



Key Storm Period Location of 
Significant 
Rcdnfall 

L , June 26-27 Pa. 
A 1919, July 14-22 Virginia 
L 1919, Aug. 4-6 N. Ohio 
E . 17-19 Pa.-Del.-N.J. 
L Oct. 26-31 Illinois 
L Nov. 26-27 KentuckY 
L Mar. 9-13 Kentucky 
L . 19-21 .-Ohio 
A , June .16-17 .-0 hio-iti. Va. 
A 1920, July 2 Indiana 
A 1920, July 6 Kentucky 
A 1920, July 24-25 Pa.-ieJ'.Va. 
L June 22-24 W .Pa. 
A June 26-27 i'LPa. 
A t. 3 Indiana 
L . 17 Pa. 
L Oct. 30-Nov.l Nd.-Va.-W.Va. 
L , Nov. 26-29 Pa.-N. Y. 
L Dec. 20-24 .-Ind. 
L , July 1-3 Ohio 
A , Aug. 1 Pa. 
A , Sept. 2-3 Ohio-'teJ'. Va. 
E , Apr. 23-30 New England 
A , May 15 Kentucky 
A June 10-14 Kentuc~~ 
A 3-4 Ohio 
A , July 23-30 Pa.-l-1d. 
L Dec.30-Jan.4 .-Ohio-~v.Va. 
A , JYiar. 26-30 ·,v. Va. 
E 1924, May 7-12 Va.-W.Va. 
L June 23-29 Pa. 
E Sept.29-0ct.l Pa.~W .Va.-N.Y. 
E 1Tov. 22-24 Ne1rJ England 
L Dec. 6-3 Kentuck;y-
A , June 13 Kentucky 
L , July 20-21 o 
L .12-13 Ohio 
L Oct. 2-4 Ohio 
A , May 31 Pa. 
A , July 26-28 Ohic 
L , Aug. 1 Illinois 
A • 17 Illinois 
L Sept. 4-6 Pa. 

* Amount for total storm period. 

Point 

i1.mt ./ 
Duration 

5-5/24h. 
29.0* 
5.4/24h. 
5.4/24h. 
6.2/24h. 
4.1/24h. 
2.3/24h. 
4.3/24h. 
6.0/24h. 
4.0/20m. 
5.0/24h. 
3-3/24h. 
4.5/24h. 
4.3/24h. 
6.6/24h. 
4.0/24h. 
6.0/24h. 
2.2/24h. 
5.2/24h. 
4.7/24h. 
~-. 3/24h. 
6.3/ 6h. 
5· 
5-
5· 
7· 
7. !24h. 
3.4j24h. 
3.6/ . 
4.9/24h. 
4.6/24h. 
3.l/24h. 
4.6/24h. 
6.2/24h. 
5-2/24h. 
4.5/24h. 
4.3/ 
L: .• Oj24h. 
4.3/24h. 
4.3/24h. 
2.6/24h. 
5.4/24h. 
3·5/24h. 

Point 
Rainfall 

Location 

Franklin, Pa. 
La\oJrenceville, Va. 
Tiffin, 0. 
Reading, Pa. 
\vaterloo, Ill. 
High I Ky. 

Crest 
Stage 
Pitts
lmrgh 
(ft. ) 

Middlesboro, 28.3 
Carrollton, 
irfellsburg, \If. Va. 
Hartford ty, Ind. 
Bo1ftrling Green, Ky. 
Parsons, W.Va. 23.9g 
Springdale, Pa. 
Davis Is. Pa. 
Cra>,,rfordsville, Ind. 
Bradford, Pa. 
Catawba San. , Va. 
Derry, Pa. 
Carrollton, Ky. 
Hillsboro, 0. 
Pennline, Pa. 
Oxford, 0. 
Millinocket, Me. 
Blandville, 
Berea, Ky. 
Toboso, 0. 
Gouldsboro, Pa. 

23.6 
26.ljg 

Eubank, 30.6 
Smithfield, \v. Va. 32.4 
Charlottesville,Va.29.6 
Creekside, Pa. 
Lykens, Pa. 

' Ky. 
Gorham, N.H. 
Bm,ling 
Paducah, 
Cincinnati, 0. 
Germantown, 0. 
Germantown, 0. 
Grove Ci , Pa. 
ivaynesville, 0. 
Decatur, Ill. 
Caire, Ill. 
Derry, Pa. 

g Glenville, W.Va. stage. 



Storm Period 

A 1926, Se=ot. 
L 1926, Se:pt. 
E 1926, Nov. 
L 1927, Jen. 
A 1927, Me.y 
1 1927, June 
1 1927, July 
A 1927, July 
E 1927, Oct. 
E 1927, Nov. 
1 1927, Dec. 10-14 
E 1928, Aug. 
E 1928, 
A 1929,. 
E 1929, Oct. 
L 1929, Oct. 
L 1930, 10 
A 1930, 
A 1931, 
L 1931, 
A 1931, 
E 1931, 
L 1931, 
A 1931, 
L 1932, Jan. 
1 1932, Feb. 
L 1932, June 
L 1932, July 4-6 

XX 1932, Aug. 
xx: 1932, Sept. 

E 1932, • 16-17 
A 1932, 
E 1932, 
E 1932, 
L 1932, 

XX 1933, 
1 1933, 
A 1933, 
L 1933, 
A 1933, 
E 1933, 
L 1933, 

Location of 
Significant 
Rainfall 

Illinois 
Pa.-i1T. Va. 
Pa.-lvid. 
Ky.-Pa. 
Kentucky 
Kentucky 
\i. Va. 
E. Pa. 
Pa.-Md. 
New 
i'f. Pa. 
Maryland 
Va.-Pa. 0. 
Indiana 
Pa.-.W. Va. 
Ohio-Ky. 
Pa. 
Indiana 
Ky .-Ind.-Pa. 
Ohio 
i1i. Va. 
Va.-W.Va. 
111.-Ind. 
Ill.-Ind. 
Ky.-W.Va. 
iv. Va. 
Pa.-\1, ITa. 
\L Va. 

Ind.·-lVIich. 
R.I. 
Kentucky 
N. Y .-E.Pa. 
Va.-N. 0. 
Ill.
iv.Pa. 
Ohio 

lVid.-Pa. 
Ill. Ind. 
E.Pa.-v'i.Va. 

* Amount for total storm period. 

Point 
Rainfall -

Amt.f 
Duration 

6.1/13h. 
3·9/24h. 
4.9/24h. 
3·7/24h. 
4.8/24h. 
4. 9/2L~h. 
2.6/24h. 
8.0/24h. 
5·8* 
8.8/24h. 
2.9/24h. 

11.7 /24h. 
8.4/24h. 
6.2/24h. 
5.0/24h. 
4.8/24h. 
3.8/24h. 
5·3/24h. 
5.7/ 8h. 
4.9/24h. 
4.3/24h. 
5.2/24h. 
s.6/24h. 
6.8/24h. 
4.l/24h. 
2.8/24h. 
4.7/24h. 
6.2/24h. 
8.1/ . 
5.l/24h. 

12 .1/2L!-h. 
s.6/24h. 

11.7* 
6.8j24h. 
5.1/24h. 
3.4/24h. 
4.8/24h. 
s.6/24h. 
5.9/24h. 
6.5/24h. 

l0.7/24h. 
5-3/ 

Point 
Rainfall -

Location 

, Ill. 
Pennline, Pa. 

Ky. 
Frankfort, Ky. 
Creston, W. Va. 

, Pa. 
Chei'lsvi1le, lYid. 
Somerset, Vt. 

Crest 
e 

Pitts
burgh 
(ft. ) 

33· 
·7 

Grove City, Pa. 30.4 
1Yld. 

Rock House, N. 0. 
Lake, Ind. 

Bruceton 1v1il1s, iv. Va. 
Jenkins, Ky. 

, Pa. 
Forest Reserve, Ind. 

Ky. 
City, o. 

W. Va. 
Falls, VIi. Va. 

Carmel, Ill. 
Paris, Ill. 

Ky. 
Bridge, iV. Va. 
Vf.Va. 
W.Va. 26. 

on, Ky. 
Rowe, Ind. 
·~esterly, R.I. 
Paducah, Ky. 
E1ka Park, N.Y. 
Rock House, N.C. 
Huntingburg, 
Clymer, Pa. 29.6 
Cincinnati, 0. 
Pt.Pleasant, itl. 
Sn0011 Hill, l<Id. 
Chester, Ill. 
York, Pa. 
lviount Sterling, 

g ·- Glenville, W.Va., 
a - i~·. Va., stage 



Key Storm Period Point Point Crest 
Rainfall - Stage 

.Amt. I Location Pitts-
Duration burgh 

(ft.) 

L 1934, Mar. 2-4 Tenn. -N.C. 5 .f5/24h. Sewanee, Tenn. 20.6n 
A 1934, June 9-10 5.9/24h. :Boonville, Ind .. 
A 1934, July 13 Pa. 3.6/24h. et, 
L 1934, July 27-30 -\'l,Va. 3.9/24h. , W.Va. 
L 1934, Aug. 9 5 .3/24h. Pennline, Pa. 
L 1934, Aug. 13-16 111.-Ind. 5. 6/24h. Tuscola, Ill. 
A 1934, Aug. 19 ~ 5.1/ 24h. Greencastle, Ind. 
L 

' 
Mar. 9-13 5.l/24h. ' Ky. 26.3 

A 5, June 21-22 . 10 .l/24h. ' Ky. 
A 1935, July 3-4 Ohio 5.9/24h. rvi1le, 0. 
E , July 6-10 S, N.Y. 3. 5/ 24h. :!)e1hi, N 

XX 1935, Aug. 6-7 Ohio 12.7 /24h. 
L 1935, Sept. 3-4 3.5/24h, ' Ky. 
L 1936, Feb. 24-23 2.9/ 24h. Ind. 29.2 

XX 1936, Mar. 9-22 4.5/24h. 46.0 
A 1936' Sept. 1-4 Mo. 10.0/24h. 
L 1936, Sept. 29-30 .-I~.Va. 3.4/24h. 

' 
W.Va. 

E 1936, Dec. 19-21 R.I, 3.4/l2h. Fiskeville, R.I. 
XX 1937' Jan. 1-25 • -Tenn. 5. 9/ 24h. ' Ky • 34.5 
XX 1937, Apr. 24-27 -Mcl.-Va. 5.6/24h. Spring, Mel. 35.1 

A 1937, June 20-21 Ohio 7. 5/24h. ' ·0. 
1 1937, July 4-5 5.l/24h. ' Ky. 
A 1937' July 10 1tr. Va.-Pa. 6.5/45rn. Elm Grove, Pa. 
L 1937, Aug. 24-26 vlf. Va. 4.4j24h. Sutton, W. Va. 
A 1937, Aug. 26-28 -N.Y. 7.1/24h. , N.Y. 
L 

' 
Oct. 26-29 Md.-vv.Va. 3.7/24h. W.Va. 27.6 

L 1937' Dec. 15-19 -Ohio 2.2/24h. 27.5 
A 1936, Mar. 28--31 Ill.-Ky,-Ind. 7.8/24h. ' Ky. 
1 1938, July 1-3 Ohio 5.5/24h. ' 0. 
L , July 28-Aug.2 5.2/24h. Russellville, Ky. 
A 1933, Aug. 5 .-Ohio 6.1/24h. 

' 
Ind. 

E 
' 

Sept. 17-22 8.2/ 6h. s. 
A 1939' Apr. 15-19 4.4/24h. 

' 
o. 

A 1939, lVlay 25 8. 2/ . Lebanon, Va. 
A 1939, June 22 3.0/ 4h. Crooked Creek, Pa. 

XX 1939, July 4-5 7.35/90rn. Rodburn, Ky. 
A 1939' Aug. 2-3 Tenn. 12.2/l6h. 

' 
Tenn. 

A 1939, Aug. 21 12.0/ 3h. , Me. 
E 1940, Sept. 1 N.J. 22.4/12h. ' N.J. 

n -Logan, Vf.Va,, 
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CHAPTER V 

CAL CLASSIFICA'T:ION OF STORh TYPES 

The Ohio 'basin above Pitt is 

severe flooding since two main river systems of 

oriented for 

eq_ual 

extent, the and Monongahela, are so situated that their 

runoffs can comoine at their confluence in aoout one day after a 

general rain. But Nature has offset this critical arrangement oy pro-

viding certain t 

occurrence of heavy 

and dynamic controls which do not favor the 

rains simultaneously over "both basins. The 

dynamical factors which combine to cause rainfall usually favor a 

storm uattern oriented from west to east, normal to the principal axis 

of the basin, while those storms which have erns confo to the 

orientation of the basin are devitalized the Ap;;alachian 

.As in the preceding er, all the 265 storms listed 

chronologically therein were suojected to at least a preliminary 

and the more storms were classified into five grou:os. On the 

following pages are presented brief de 

lists of storms classified under each. 

type &lJDear at the conclusion of the list 
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of the five s and 

thorough ctiscussions of each 



A quasi-stationary front oriented from west-southwest to east

northeast across the basin. 

Storm Dates 

December 12-14, 1373 March 12-14, 1907 

January 
' 1877 March 17-19, 1908 

February 2-8, 1883 January 9-12, 1913 

February 2-6, *lviarch 23-27, 1913 

February *March 12-15, 

February 20-23' 1897 March 13-15, 1933 

January 
' 1907 *Janua.ry 

' 1937 

II 

Deep warm moist tongues which are occluded immediately west of 

the Appalachians. 

* 

December 9-11, 1878 

18-22, 1894 

6-11, 1895 

Iviarch 

November ' 1900 

18-25, 1901 

January 20-23, 1904 

Storm Dates 

February 3, 1904 

\~eather charts in appendix. 
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IYia~rch 19-22, 1905 

December l-4, 1905 

October ' 1910 

3-8, 1913 

January 20-22, 1917 

February 19-26, 

9-22, 1936 

April 24-27, 



III 

Deep occluded Lov;s which stagnate over the central United States. 

Storm Dates 

*February 1, 1902 January 7 

), 

February 2(-Harch 1, 

e IV 

Decaclent tropical storms whic~ carry dee:p moist currents to a.ncl 

over the -oasin. 

Storm Dates 

September 16-18, 1876 August 17-22, 

*September ' 1932 

20-21, 1888 

Type V 

anticyclonic edcHes which carry unstable 

moist currents over the upner Ohi Valley. 

Storm Dates 

July 6-7, 1935 

13-14, 1913 ' 1939 

_tmgl.lst 

I 

A stationary front oriented from 11rest-south1,1est to east-

northeast across the basin. 

* ther charts in 



This type occurs \vhen the :urevailing \vesterlies aloft are strong 

and the north-south fluctuations or weves on the front are of 

moderate amplitude. Such a circulation into close proximity 

currents of air of contrasting heat and moisture properties, thus 

provicLing a potent source of energy. The 

cause rapid translation of waves along the 

resulting in intense ion for short 

we~terlies, however, 

stationary front, 

over a relatively 

narro1,v band. ':Chis situation may persist for several 

series of moderate rains in bands that move progre 

and produce a 

southvrard. The 

surface 1r1eather a Type I storm would shO\'lT a frontal zone 

extending from bet1rreen Elkins and Erie towarcts St. Louis anct Oklahoma 

City. The heaviest rainfall vvould_ occur 1,Ji thin the frontal zone but the 

major axis of the is pe.ttern vwuld be normal to the axis of the 

basin and thus lose some of its effectiveness. However, the genesis of 

this type of frontal zone can be quite rapid and rains could 

over the basin 1.•ri thin 12 hours after the temperature rose above 

valley. A I storm would therefore be freezing over the 

most effective with snow cover or frozen over the 

and EL heavier sno11J cover over the Monongahela. The sno1.nJ over the 

southern basin would not exert any sta.biliz effect since 

the moist air would be c from southwest or west-south1!Jest and could 

retain its instabili 

Pittsburgh. This 

moist air to the 

until it reeched_ the quasi-stationa.ry front near 

the most for bringing 

Ohio d_uring the son of greatest per-

of runoff. This syno:otic pattern is not as effective for sn0111 

melting as III. 
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The following comments refer to the more storms of 

e I: 

s. 

ture rose from 18°F. to 

This storm became 

• in hours at 

sno~PI made an 

II in its latter 

sine tLe tempera-

contribution 

to the flood produced by this storm. 

The Monongahela contributed little runoff 

to this flood. 

Rainfall 'iJaS over the Allegheny basin. 

This storm produced the second highest flood 

crest at Pitt within the period of e record. There 

vJas considerable contribution froD. snov.r melt but em ortant feature 

appears to have been the fact that the axis of heaviest rain lay over the 

central portion of the be.sin. This storm is a good example of Type I anct 

sho1:1s tne possibility of such storms actually quan-

tities of rain in hours wave action as far south as the 

, the heaviest rain-

fall center in the HF,rch storm 1,,ras located vJest of the basin. 

The observec3_ de11J s in the warm sector were not particularly 

and it can be reasone,b assumed that dew oints in the c•arm 

sector could heve ed storm of similar teristics. The 

st ed representative 7:00p.m., 1Jiarch 

, at Parker 1i'Jest Vi is of maximum possible 

de\v noints inc3_icates that dew noint of 63°F. could occur in the same 



same season. This an incre:cse of in 

effective \vcoter. If ir data ':Jere ava"ileble for t~1.i 

it \voulcl have been possj_ble to make re;c sonable adjustn-:ents in the 

other me factors, thus about a lJalanced dyne.mical 

em. such information, a linear increase of was 

ed to the actual rainfall over the basin. 

~11"rch 'Ihis storm is st re•Jresentative of I 

becaus the stationary front 1FJas very slowly 

the t contrasts 8Cross the fro:n ; the wa.ve action 

the front was very and the amounts of reL~1fall 

over an area of 20,000 sc,uare miles were 

This storm began with the rapid northeashrarcl movement of a low 

}Jressure area a.nd a rele.ti vely slow eastward movement of the cold front 

'\~Thich became stationa"ry over the northern tributaries of the Ohio 

River. 

1To air clata are av1:dlable , but son 

"Ji th storms of recent years it can inferred that there must 

hese been an intense cyclonic circulation of cold <:dr gloft over the 

Central Plains and upper :v1i ssi ssippi on, a vJest-

south,rrest to east~northeast flo•tJ of Boist e.ir over the Ohio 

The col1trast of heat ies bet1~reen these bvo e.ir 

masses mB .. de available large quanti ties of potential 1,"l"hich could_ be 

utilized in relea excessive amounts of pr ion over a narrow 

band. The behreen the t1nio air mas u;.1.stable, 

thus t to be broken int of 

tude. se causecL alt tua,tio:;:ls of cold_ 
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dry and warm moist air to move along the frontal zone. The scale 

motion of the warm air over the cold air tended to the 

rainfall, but it was the sudden lifting and intensely localized conver-

gence associa.tecL with the minor ,,raves vJhich caused intermittent 

occurrences of intense rainfall. 

Such minor waves appear to move in a eashrard direction, 

but it is almost impossible to predict at \vhat point they will reach the 

• 
maximum of their intensity. Also, in the extreme case a nt.:nbcr of 

these w8ves may succes concentrate their activity at ely 

the same thus accumulating a small but intense center of rainfall. 

this concentration of rainfall on small areas occurs 

at the expense of rainfall over the areas and for basins as 

large as 20,000 square mile~ it is reasonabl to ssumc that in a 

of hours or less the concentration observed in JI!Iarch 1913 was nea,r the 

maximum. 

In considering the sition of the JVlarch 1913 storm to the 

Ohio tributaries above Pitt there 11Tere t1tJO questions to be answered: 

(a) Could the storm have been in its position? (b) Hm" 

much decrease should be for transposition? 

The follmving stens \vere tBken to ansvmr these questions: 

is of the \veather charts on the dD.tes of heaviest rain-

fall showed that a dow 
0 

of 64 F. was reuresentative of the moisture 

ci1arge of the "'rarm sector in the storm e.,rea. This corresponds to of 

0.88 inch. (See Figure l •. ) 

b. The analysis of me.ximum :possible de'vv s from the Gulf of 

l!Iexico tc Pittsburgh for various seasons revealed that in late he..rch in 



0 
the vicinity cif the 1913 storm, a dev; point of 69 F. (i'ie = L 13) was 

possiole. In other words, the March 1913 storm rainfall could have been 

c. The curve for maximum possiole de111 points at Pi ttsourgh (see 

Figure 2.01) indicates a de1fli point of 63°F. (ive "" 0.84) for late March. 

Therefore the maximum possiole storm of Type I near Cincinnati 1.r.rould have 

to oe reduced in the ratio of 1.13 to 0.84 in it to the 

Pittsourgh area. This s a 26% reduction in rainfall amounts. 

d. It is realized that no statistical ce.n provide a 

valid adjustment factor for e I storms occurring near Cincinnati and 

sed to the Pitt area. However, the follo1r.ring com:oarative 

data are in agreement with the fact that the maximum possiole 

storm values will be gre2ter near Cincinnati than near Pittsburgh: 

Ratio 
Cincinnati Pitt Pittsburgh/Cincinnati 

1\nnuE>l Precipitation 3S.41 in. .Sl in. 0.92 

:Merch Precipitation 3.32 in. 3.10 in. 0.31 

I Storm Rainfall 
(Greatest 35 Storms) 1.L~4 in. 1.05 in. 0. 

I Storm Rainfall 
(Greatest 10 at Pittsburgh) 2.73 in. 2.14 in. 0.78 

Average 12-Rour Rainfall 
(Greatest 35 Type I Storms) 0.42 in. 0.31 in. 0.74 

The value of 26%, computed D;)T the dew point technique, 1r1as accept eel 

and used in the following adjustment: Considering the o-oserved depths in 

the J/Ie.rch 1913 storm equal to 100%, the maximum possible T;y:pe I storm in 

the same locality 1~Tould be 2S% er or equal to 123%. Hmvever, this 

maximum possible storm must oe decreased 26% when sing it over the 
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Ohio above Pittsburgh. The maximum possible 

becomes 95% of the observed. 

- ( X 0.26) = 95. 

The sa~e result can be arrived at quite 

observed 1913 depths to the maximum possible dew 

storm therefore 

adjusting the 

at Pittsburgh. 

The effective precipitable 1.-rater for the respective areas was 0.38 in the 

actual storm and 0.84 the maximum possible, at Pittsburgh. This is 

a 5% decrease. Therefore, in transposing the 1913 storm over the Ohio 

tributaries above Pitt a decreese of vvas ed to all depths 

for all durations, on the as on that the storm could have been 

in its qriginal but could_ not have been so greet if the 

storm had centered over the Ohio tributaries above Pittsburgh. 

In regard to the orientation of isohyetal erns resulting from 

I storms it must be zed that they occur vvith upper air 

currents from the 1r1est-southwest or south1r1est, and rainfall must neces-

take place a band which is at to the major axis 

of the Pittsburgh basin. Since t~is particular direction of flow is 

necessary to bring moisture, unaffected by t into the basin, 

there can be no justification for changing the orientation of the 

storm pattern. For the above reasons a mechanical transposition 

without re-orientation was considered most representative of the iViarch 

the 

hours 

storm over the Ohio above Pitt 

March The one weather map for this storm, shown in 

is a good of a relatively stationary front 

the central portion of the basin, and 

intense rainfall. 

at least hielve 



January 20-25, 1937. In some respects this storm might be con-

sidered a hybrid of I and II, since a of the moisture in 

1937 1vas brought in with currents almost directly from the south. 

The 1'tfeather situation ac 

cussed in Supplement No. 

the January 1937 storm has been dis

of the lVlonthly I'J"eather Revie1v ana_ it is 

believed unnecessary to repeat that discussion. However, the flow 

, especially for the a.m. map of January 21, suggest a definite 

clue to the position of a western limit of the area V>Ji thin ;,vhich storms 

can reasonably be transposed over Pittsburgh. 

As discussed later under T;ype II storms, the Appalachian Range, 

which extends its effectiveness as far south as northern Georgia and as 

far ''rest as central Tennessee, tends to cut off the of moist air 

after cyclonic centers pass east of the /57th Meridian. Hmvever, it is 

true that when s orms are still V>rest of the NeriCl_ian they 

an a-:_oprecia.ble contribution of moisture from currents coming directly 

from the south, such a flow not being possible east of the /57th Heridian. 

This is quite obvious on the 111eether man for 7:30 a.m., January 21, 1937 

(see pa.ge 30, Sunnlement No. , ~1onthly i'leather Revi wind 

directions and velocities at Hiss., and Ala., shovJ 

that moist air ltms moving nortb·rard over these stations and it is 

believed that the strong north1rrard flo\IIT unaffectecL by \\f8S 

effective in causing a concentration of rainfall in western Kentucky. 

Since there 1,vas a contribution from the south direct 

rainfall center, it was not considered reasonable to 

into the Kentucky 

se any of the 

storm which occurred 11\fest of the Meridian. The most 

intense rainfall centers east of the /57th Neridian were osec:L to the 
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Ohio above Pitt Representative dew points in the warm sector 

sup:.olying the area from \vhich re.infall \vas transposed a.bout 

63.5°F. The maximum possible dew near Pitt in the same 

0 
season is 60 F. The resuective values of for these dew points are 

O.S6 inch and 0.73 inch. Therefore all values for the transposed 1937 

storm rainfall were decreased 

Type II 

])eep warm moist tongues i.Arhich are occluded immediately west of the 

Appalachians. 

II storms occur when a cold mass of air moves far south-

FarcL over the central United States behind a lovJ pressure system which is 

moving northward or northeastward west of the Range. The 

cyclonic circulation e_loft, ical of cold air masses, seems to be an 

initiating force to pull 1,,rarm moist air north1•rard in front of the cold 

cdr. In the northern hemi air moving northward should curve anti-

cyclonically to the northeast and east but 1•rhen the cold cyclonic circu-

lation c~loft is very pronounced it causes the northi,rard moving warm 

tongue to curve cyclonically northwestward. Hmvever, north~rard moving 

air cannot follow this c ectory without undergoing convergence. 

Furthermore, if the warm air is potentially unstaole a.11.d heavily 

;,;ri th moisture, convergenee \vill render it ac unstable and intense 

convection may proo.uce c emounts of rainfall. (See discussion of 

the Harch storm in the ompanoosuc Report.) 

For basin ;-Ji th a north-south major axis, a II storm should 

be parti critical sine it is possiole for re.in to occur simul-

t2;J.eously over the entire "basin. However, the nresents 



an effective barrier as far south as northern Georgia and actually 11 cuts 

off 11 the lo11Ver 2, 000 feet of the moist air column in a north-south moist 

tongue after the cold fro_nt passes Chattanooga. In such a storm an 

additional effect of the Appalachian Range is to serve as the barrier 

against which the warm sector occludes. In many cases the cold front 

passes over the range as an upper front and plays an important part in 

cyclogenesis over the Atlantic coastal states. 

In storms such as that of March 16-19, 1936, cyclogenesis begins 

along the southern part of the surface cold front, just before the front 

passes the Appc:\lachians. The new cyclone then deepens and moves north-

ward immediately east of the range. The circulation pattern 1.'1Thich causes 

northvmrd movement of the low pressure center also favors marked conver-

gence in the moist tongue thus forcing moist air up to very high levels, 

sufficient moist air getting over the range to cause moderate to heavy 

precipitation over the Ohio above Pittsburgh. Such dc_ep moist curl'ents 

also occur in Type IV storms, discussed later. 

The more critical storms of Type II are discussed below: 

May 18-22, 1894. This storm was typical of a low zonal index (*) 

and weak westerly circulation eloft. In fact, the mean pressure distri-

bution for five d_ays showed a pressure gradient in middle latitudes which 

called_ for a movement westward rather than the normal eastward_ movement. 

The major cyclone which prod_uced the rainfall during this period remained 

practically stationary east of the Pittsburgh area end the circuletion of 

moist air from the south and_ east caused rainfall over the upper Ohio 

(*) See Rossby - Quarterly Journal, Royal Meteorological Society, 
Supplement 66: 68-87, 1940. 
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basin, but as in the l, 1889 

tion of rainfall occurred over central 

top o gr c:rphy 

the greatest concentre-

Because of the 

of the basin, it is 

difficult to establish the VJestern edge of the zone of orographic 

influence. Hmvever, persistently strong southeasterly currents of moist 

air tend to produce concentrations of rainfall on the eastern and 

southeastern slopes of the minor ridges in central Pennsylvania. In some 

cases the orographic influence seems to extend west of the actual 

and moisture which is condensed by on the 11.rindward side is TJre-

itated on the 

these. situations is 

side. The \vest ern extent of the rain in 

the Somerset and :Brook-

ville, Pennsylvania, .snd Jamesto\,rn, l\few are renresentative rainfall 

stations along that 

In the typical rainfall pattern result from the north1J1Jestward 

flovi of moisture, the or axis has a cyclonic curvature, so tha.t the 

rains extend farther west in the north than in the south. Two 

basins of the groun which are ect to from 

or storms of this e are the above Confluence and the 

Conemaugh above Bow Dam site. 

.An invest on 1AJas made of the 1394 storm because the weak 

circulation suggested a possibility for warm moist air to be carried 

west1:varcl from the Atlantic to the upper Ohio basin. In fact, it is 

reasonable to assume that no better for the moist a.ir in the 

lower levels to move 1J1Jeshre.rd could ever occur. It is noted, hov.Jever, 

that even in this storm the concentration of rainfall was still greatest 

over central 
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For the above reasons it was considered illogical to transpose 

rainfall from any storm associated 1cri th a loior JJressure center 

located on or east of the Appalachian Range. 

October This storm (discussed in the '\rvappapello ) 

was a major storm of II. The rain center ionably received an 

contribution of moisture directly from the south. As the 

center \'i'as located west of the th Meridian the storm \vas 

excluded. from those subject to transposition to the Ohio basin above 

Pitt 

March 16-19, 1936. This storm by far the greetest flood 

of record on the basin under consideration. Tne meteorological situation 

this neriod is discussed in detail in the Ompompanoosuc report and 

rather complete charts of and upper circulation terns are 

sho\vll in the appendix of that report. The charts for 1'11arch the d.ay 

of most significant meteorological activity, are shown in the 

of this report. 

The rainfall on March 17 and io!8S caused a nortbvard conver-

flm'lf of vrarm moist air induced by a soutbvard thrust of cold air 

aloft "rhich ed very low tem;Jeratures at five kilometers over 

Iviontgomery, Alabama on :March 17. 

Representative surface c.e\v points in the warm sector during this 

0 
were about 56 F., (We 0.60). (See Figure 1.06). Since this 

storm shortly after another of comnarable me.gni tude, a deT!J' 

0.80), is considered a reasonable me_ximum. The 

increased the ratio of 0.30 to 0.60 or 33%. 
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III 

occluded L01rJS 1'\Thich 

The upper air circulation in 

except that the cyclonically c 

farther to the 1,vest, causing both 

over the central United States. 

e III storms is similar to Type II 

cold air s southwarcl 

sis and occlusion to occur 

over central United States ,,,ri th little displacement cluring the ~orocess. 

The currents of cold air aloft move around the surface lo\v 

pressure center; the Low deepens and develops an almost 

vertical axis. Such lo~>J uressure centers move very slo~>Jly, 

but they can move in almost any direction. Because of tho 

very lo11r nrcssure at the center of these storms, they usually cause 

strong currents of warm, rele.t moist air to move nortr_1,1ard over the 

Ohio basin. The best opportuni for rainfall in T~l}JG III storms occurs 

in tho occluding stages \'\Then an upper cold front s1"rings east1nran1 

ahee,d of the surface L01..r. T:.!J.e upner front is JJreceded by convergent flow 

within a narrow warm moist thus ly causing e, Il.2Tro,,v band 

of moderate precipitatio::J. to move eastvJard across the Pitt 

arcP .• 

III is dofini the most favorable for Sl10W 

melt over the entire basin because moderat high es and 

\1reather can -oersist for more than 72 hours, accomoenied 

least a short period of moderate rain. 

For a tY:_oical pattern of this storm ty-pe see the ·weather map for 

27 , 1902, in the 

IV 

Decadent tropical storms l'llhich carry deep moist currents to and 



over the basin. 

Tho upper Ohio is definitely beyond the range of the dovas-

tEtting effects of a full-force tropical hurricane since the dynamic 

energy of tho winds in the lower levels •!Vould be di ed -oy friction 

over land before r~av••~u5 the Pittsburgh area. However, storms 

invariaoly carry 

very high levels. 

ities of potentially unstable moist air up to 

the dissipating hurricane moves inland and 

assumes extra-tropical characteristics or moves up an old pressure trough, 

the interaction bet~tieen fresh or modified polar air and potentially 

unstable deep soist 

precipitation over relat 

t'dr frec'-uently produces moderate to he2.vy 

areas. Normally, storms 

crossing a mountain barrier produce torren th•,l rainfall on the 1;vindward 

1916 in 'lfestern North H01,;rover, side as did the storm of 

the storm of Seutember not only deposited enough rain over the 

Appalachian to send the Great Kanawha to its st of 

record at Kanawha Falls, West Virginia (discharge .2 c.f.s. per square 

mile from 8,367 square miles) but it carried enough moisture over the 

range to cause severe in eastern Ohio and 

ing interaction with cooler air from polar sources. 

shown on the weather map for September 1878 (see 

after develop

storm tracks 

) are considered 

sufficient }Jrecedents for assuming that a Tn)e IV storm may some day move 

directly north\vard over the Ohio tributaries above Pitt and cause 

general rai~s. A feature of tropical storms inlEmcl 

is that tend to move up old pressure troughs in which above-normal 

precipitation has been ~herefore it is very that rain-

fall from a e IV storn 111ill fall on groun<1 that is ionally noist 
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for the season. 

The most intense rainfall <md most cri"tical isohyetal ern of 

any of these storms was that of SeJ.atemoer 14, 1878. As the rainfall 

actually occurred 11vest of the Appalachian , it 1nr<:ts considered a very 

occur over the oe~sin. This storm -produced 6. 40 inches of rainfall in 2~-

hours when superposed over the "basin. Using a represente.tive surface de'l'r 

point of . and the observed surface vvind velocities, the theoretical 

formula (unEdjusted for possible error) s 6.24 inches over 20,000 

square miles. Therefore no adjustments of the rainfall amount were 

considered necessary. 

The storm of Septemoer 1938 over Nehr England has many features in 

common 111Ti th that of ember 1938 storm 

remained over open vcrater and retained hurricane intensity much farther 

north than 'l'rould ever be possible on the overland route to Pitt 

For this reason tho Ne'!J England hurricane vms classified as occurring too 

far east to oe over the Pittsburgh area; Furthermore, all 

e.vailable data indicate that the observed rainfall depths in ember 

1938 are not as great as those of September 1878 for any cLuration or any 

area under consideration in the present study. 

v 

anticyclonic eddies which carry potentially unstaole 

moist currents over the upper Ohio 

~pe V storms are of circulation patterns aloft 

and_ are to occur foll01rdng :oeriods of normal or less than normal 

. . ;_ +. prec1p1 <>8vlOn. In under these conditions, anticyclonic 

- 55 -



currents of moist air from the western Gulf of ~Jlexico may arrive at 

Pi tts1mrgh a.s a vue vlincl e.loft. If this moist air has not been 

affected. by interaction 1vi th cold air, it may reach the Pittsburgh area 

still a high moisture content and potential instability. If at 

this point it is forced to move or convergence, a con-

centra ted area of intense thunderstorms may develop. A good exar;rple of 

this is the August 6-7, storm near Ne1~rcomerstown, Ohio. 

\~leather maps t'l.nct isentropic charts for this storm (shown in the 

a:_ppendix) serve to illustrate cal flo1,·r tterns 1N"hich can bring 

pot unstable st air to the Pittsburgh basin. Since the flmv 

of moisture associated. 1PTith this storm type is unaffected by t 

105' tOOO' ... .., . ... ,.,. 
TRAJECTORY OF A LAYER OF AIR FROM 

SURFACE TO 8,.000 FEET ABOVE SURFACE 

Figure 5.01 
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any such storm vdth-

in a reasonable distance of the 

basin could be tra.ns:posed to it. 

July 4-5, 1939. This 

storm, ivhich occurred_ over 

eastern , may serve as 

a model for storms of V. 

On July 2 a widespread stag-

nant anticyclonic circulation 

1firas associated. 1.d th typical 

111)'arm dry 1"eather over eastern 

United States. Ey the use of 

from a rather dense net-

work of pilot balloon stations 

it was :oossible to make a 



Ordirate"' r~nt ;ht- pctentid t~mpet~~.tun of tM dryt.i:r •• (on a; loprithmie ecai.,), 
Ab!!eiSSIIt' 1"4l~·~~ th•• w•ttr vnpot l'ontent Win ,varna pet kiloe:ram <l! dry air. 
SlopillJf UnM f<'JID'Sr'ltt ronrunt i!quivt.lent·pot~tid tmrl_JM!utun• 6~~:. 
They :~~h' t'o!:kuhtkd t~n llw llll.u'._ of pei:udo-e.diabatu: oon~n (\Mt..nl.aneola Pf't'cipiWiou Ql ~

~watl'r} 
In '<'lt<w ill tM :pTt'valenee ol aubcoolrd 'fttf!t in the dJm~~~phere, the hu.t (}I l'lDion hu not been 

t:ontidtred 

14 

~*. l(d 

6"-~.f: 

P,..-l¥•tn Ylp:lf J)UNUni (mh ) 
p,.(T.}..,utunttdvapo: p~re ~t terapentUN r~. 

T.-tnn~r..tl.ln' st OO."ldl!n .. ftOI:I kvt1 ("K.). 
L..-llHllli he&t ut <:ertd•m .. tion at Ump<emtun! 1' •. 
tJO""'~Itic M .. t af dry air unlk.r eouttwt. p~. 

15 16 ll 18 19 20 

detailed study of the mean motion ( *) in the lo\ver 8000 feet of the atmos-

5. 01 shows the ectory of air from the Gulf of Mexico trG 

eastern Kentucky in the ti;>JO anct one-half ending at 10 p.m., July 4. 

Radiosondes nearest this tra.jectory, at Oklahoma Ci on July 3 

and at Nashville on July 4 ( 5.02), show very similar characteristic 

(*) The position of points in Figures 5.01 and 5.03 to 5.07, inclusive, 
were computed graphically. Winds aloft were resolved into horizontal 
components, and lines of equal component velocities were dra'l;lm. From 
these, trajectories were conrputed a method similar to that used by 
J. J. (J. J. George Fog: Its Causes and For viith 
Special Reference to Eastern and Southern United States. Bulletin of 
the American i;ieteorological Soci April 1940. . 21, No. 4, 
pp. 146--147.) 
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curves (*). ··Nevertheless, the pressure difference betw·een 

significant points on the Nashville curve can be accounted for 

horizontal convergence and vertical stretching \'1Ti thin the air n1ass. Such 

vertical stretching steepened the lapse rate throughout the layer and 

increc,secl the relative humidi most appreciably near the top of the 

layer, so that a uniform lift could release the potential energy with 

almost sive abruptness. 

synoptic data for the od Jul~r 3-5, inclusive, shOI'IT a slow 

eastward. progression of a 1ftreak cold front. This front did not produce 

sharp 1·lind shifts at the surface, but sce:u1ty ractiosonde data suggest that 

aloft the front was follmvect a narro11>1 tongue of cold air. On the 

"night of l.J.-5' this '"as being displaced southeastward across 

Ohio and Indiana. 

5·03 shows three successive positions of a representative 

horizontal section in the from the surface t;o 8000 feet. 

at 4 p.m., 4, as a grid, the section was distorted into 

the of the dotted 4 a.m., July 5. The cold cir ~r.ras 

rota.ted cyclonically around_ a center in southern , ,,,rhile to the 

southeast the 11rarm air 1tfas an anticyclonic rotation. The net 

result of the hvo circulations 11!as to produce a field of strong conver-

gence over eastern Kentucky, which in turn caused the vertical motions 

necessary to set off the convective energy and to e the rainfall. 

It is interest to note that the ¥rhole grio_ 11>1as translatecl aunroximate 

160 miles from west to east in 12 hours, a rate of miles ~oer !lour. 

(*) s to FiB,ss imalysis, h.I.T. 
Papers, Volume I, No. 3, p. 
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Figure 5.03 

Figure 5.04 
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............ 4 A. M., .July 5, 1939 
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A line connecting any three corresponding :points on 

is the of a point on the representative section. These or 

trajectories are plotted on 5.04. Especially noteworthy are the 

crowding of trajectories in ea,stern Kentucky, the small eddies and 

counter-eddies in the region of maximum vorticity, and the anticyclonic 

flo1t1 with radii of curvature along the east coast. 

s 5.05 ~nd 5.06 outline the of convergence and 

divergence. The displacements of the centers of convergence and rain-

fall coincide. Over small areas the average rate of radial infl01pJ from 

the surface to 3000 feet for a period_ of 12 hours was approximately 5 

miles per hour. Such inflow velocities are sufficient to the 

rates of tation for the 6-hour period over the storm area as a 

1!1Thole, but the intense rainfall near the c of the storm would 

require higher rates of inflm,r or the transuort into the area of 

suspended liquid water. Either one or both of these could be possible 

in such a circumstance. 

s of the mean motion in the from SOOO to 12,000 feet 

above the storm area sho,ATed ipJeak outflow velocities before and weak in-

flow velocities after 10 p.m. Velocity les cor..mmted from the above 

data indicate that the upper limit of the convergence had risen 

approxima 1000 feet to a, height somewhat in excess of 10,000 feet. 

From the weather map for 7:30 p.m., July 4, 1939, the representa.tive 

C',e\'1 lltfas found to be 75°F. The theoretical value of the height 

f th 1 ~ 0 • -"" OF f o e convergence ayer Ior a aew po1.nt o.c 75 . rom 1.05 is 

10,700 feet, ;,.,rhich is in good agreement 1.,rith the above. 

shovts the motion of the air streEJms in the 8000 to 12, 000-foot layer. 
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Figure 5.07 

The outst features of this storm were: 

\ U:GFNO 
\ 
\ 4 A. M.~ Ju/)'5 
\ ~-_..--r 

L...-'<JOP.M. 
~- July4 

•4 P_ M., July4 

a. A rge su~o1JlY of convectively unstable tropical rn.aritime air, 
original characteristics and. transnorted. into the by 

circuletion previ accom1oaniecl \oreather. 

b. A flow of -elatively colder air into the area from the north 
or r.orth1,1est. 

c. The interaction 
tense convergence. 

these currents to 

d.. The 
turation. 

si ve relea~se of 

Thi storm occurrect vmst of the 

Eerid.ian ancl was therefore considered. 

The observed areal rainfall amounts (see 

in the 

a center of in~ 

air after 

theoret ed for inflow rates of moist air 

moisture , therefore no increase was justifi 
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· Type I Storms 

The rainfall data from two storms of this , ilf13,rch 1913 and 

1937, have been subjected to complete analyses. 

The [viarch 1913 storm resulted in several rather 

rainfall ,scattered over Ohio, Indiana, Illinois, 

vii th the most intense center near tl:e Indiana-Ohio 

centers of 

an.d Tennessee, 

In a I storm the ion of heavy rainfall s intense 

inter2.ction bet;pJeen oppo warm currents. The most marked 

aclvance of cold a.ir urecedes end es the ueriod of heaviest rain-

fall. Therefore, it seemed to assume that in the maximum storm, 

re:dnfall could not continue more than 24 hours after the of the 

maximum 24-hour Furthermore, since imum snmv melt periods 

made i desirable to have s for hours before the 

of heaviest rain, it 1,vas d.ecided. that the duration of the ma..xi-

mum I storm could not be extenO..ed 

fore, only the rainfall period of 72 hours 

1.Vith b inch ccmter at Richmond, Indiana, was 

72 hours. There

• m. , Ivie.rch 26, 

curves for the various clurations e:re shovm L1 Figure .01, with area as a 
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Fig"JJ.re 6.01 

Area-depth curves 
March 1913, Type I storm 

logarithmic coordinate plotted against average 

linear scale. These 1r1ere computed for the area 

superposed i'Ti thout rotation on the storm 

period was used as a guide, all other be 

orientation identical \ifi th that for hours. 

of rainfall on a 

'by the 'basin 

The maximum 24-hour 

obtained from an 

The 1937 storm produced a series of intense rainfall cen-

ters over Arkansas, Tennessee, and Kentucky, \'lith some1rrhat more uniform-

ity in rate and areal distribution than "!;ho IJlarch 1913 storm. The 96-

hour od of rainfall ending at noon, ovi th a 10-inch center 

at St. John, , was used in this the assumed limita-

tion that none of the rainfall ''1est of the 87th Meridian was subject to 

transposition to the proolem basin. 
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Are a-d 
1937, 

6.02 

curves 
I storm 

As in the the basin "'ras super:;oose& without rotation on 

po secl be. sin are sho111m in Figure 6. 

Ty:)e II Storms 

The March 1936 storm, the most critical of this , produced the 

greatest flood of record. L'li s storm ectecl to a de-

teiled an8 is of both rainfall and snmv melt. A lJercen of 

the preci}Ji ta tion in the northern p9rt of the basin fell as 

but after a s of distribution and wind direction 

it 1rras decided thc.t uncler slightl;;r more fe.vorable cordi tions all of the 

Dr i tat ion could have fallen as rain exce-·Jt that '··rhich occurred. over 
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100 
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6. 

Area-cteuth curve 
):Jiarch 1936,- II storm 

the northernmo t part of the basin. This small area ~'lets bounded on the 

south by a line and_ and Olean, Nev,r 

York. The curve for the maximum mid-

lviarch e 6.03) v;ras for the nortion of the basin 

south of this b 

T;)Tpe III Storms 

The contribution of Type III storms to runoff is 

melt, the rainfall ficant to the other storm 

curves are therefore shown. 

Type IV Storms 

One storm of this , that of September 1878, subjected to 

as c an is as was possible with the limited rainfall d_ata 

availa'ble. T:.'le 72-hour period at6a.m., em'ber , with a 

center of 14 inches located in the extreme northeast corner of Ohio, 

ipJas ed_. The curves for various durations are in 

66 



I i I I I I I I l l I 

ll 

.;·~1 I !Ill! li lllll1ll 14 ·-r-H-L ~'-- __ . -+-t-~--+--+-1 +-T-H-+-1 '-- AREA- DEPTH CURVES _l_ 
13 

I I I l--0- -,_. -t.., -'+-++++--i'-+-+1-+ c-SEPTEMBER 1878 
12 ~--l+i~l+--+-+~~~~~·~;-~~--~~,~~-r4-++l~-+ 

I ' , l · _ ·t-- f'E> I TYPE I2: STORM ! 
l i I I ~..:r: l'<\ c~-::r-r--.._-+--cl-t++-t-,- I I i ! 
! I~ · t-- I - 'I"' '·f-... i I I 

:--~-T~~ .:LJ': '"'-. -r.+t-+--.,-1 4-1--+1+-+·4-1-1-+!+--11--+-+ I, +-+-t-,+++-rl 
I : I ' ' ..,.__ ~ ... ~I i 4 ! '-k: i ' i I. I I i ' 

H-!r+-t-1 1---1,-+-tr- • 1 - 1. i r~r · ~~- I 
~ 9 1-t-r-+~-i-~-
(/) ! I I i I i -- -1-...J r-> ' I -- ·.J;E -. I I I .l i 
~ 1 1 • 1 · i 1 ! ":""- , 1 , , l'--l~' _j ~ 72110/Jrs,endmg 

~ 8 
' ' 1 I ! · I , i -...pJ ' , ' frw~-F1 I '

6
tAIM!, ~3~11 1 

H-+, +, ++ 1 1 · ! 1 1 ! , , -;- 1 [', '}., ,___ 48 hours, end. .. l.n~(l 
:I: 7 ~Tt11-t-,--t-H-h-t-rtrt-ti-+-:t-t·-+~~tHT:-tT ~ -r-J 6 A.M., 12th 
:;:w I II_ I:! ' I I I I II I I ' :h 1 l ' •. I• I I I 1 I 

1 .1 
i _ 1 1 

: 1 , 1 1 "!- I I ~I' F'-l36hours,ending 
0 6 I I • 'i-A I '~ ~, I~AiM.i l~t~ + -t··-i:-+, f+--L-4--'-f-'-+--''--+-1+-!!H---',--r--+--t-c+--+'--

1
-·+-+--+-',"-+ I+ 1

, "~-+""li--i"--',-++1+--'-;>.' '"'-~r,.r+·-:: 24 hi'JIJrs, endi~g 
5 ·: !' .,_""-~ II' I ,__, w,6,A,M.~t~t~+ 

1 1 1 
, • 

1 

' ,- ~-<->- .._._,_ -- I · 
1 1 

'l 1--ft -j'-..f8hours, endiJ,g 

4 I II . r- I""t:±:h I ' I I • '-' : j6, 4· ~-· ~3t~ I 

f--...,-t--t-+--'-'-i-·-+-+-+-+--,-·++-·t·--+-+-H---'-·+ "-ic-c-+--+ i- [[ -, · 1 i -- ·r... 12 110/Jrs endi 

3 ,' i i ,·.. I i ·., i: ' I . il'' ·1'0' I'-- 'I • 1'16A.M.,'t3t i 

1-~'--+--t-C' -j--l--j-f-+-i-1 +-+-"-+++--"--+-'~r--~' --t--L-!~1 
Y·-'--' : ' I : ...... I ' 6 h~ur$' ending 

2 i ' i 
1 I • I 1 I · ~~ I ' ~Midnight, 12th 

I+ I I I 1 1 
.. U1- I I I • I 1 -++,+1--,--+1---~~+-+ li---++~+1 -J.. +-+---'+--+--+-il-+-1-t-++++-1 

r-t-1 ++r--'-. +++++-+-+-+, -+1-+-+1 +-t--4,-11--"-+--!,-,-1, t-, '--I- I i : : I -rt-+-1-+-++++-+-H 

10 

0~~~~~-L'-+~~LLLt-I~·-1~! __ -L_,~I~-LL~I++IJ-~i·~ ~~~--4~~J~~~~~~ 
; 4 56789 2 3 4' 567891 2 3 4 56789[ 

100 1,000 10,000 100,000 
AREA (SQUARE MILES) 

Figure 6.04 

6.04. 'I·hese 1.tJere 1,1fi thout linli te.tion as to the or 

orientation of rainfall pattern. 

T;)rpe V Storms 

The re.infall data for three storms of this eel. In 

none of the three storms was there need to e limitations as to orien-

tation of the rainfall ern, curves constTucted for 

the desired center without to be.sin 

The 1932 storm consisted of several centers, all in Ken-

tucky, with the most intense center, 3.0 inches, at on. Area-

curves are shown in e 6.05. 

The portion of the August 1935 storm in the 
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Figure 6.05 
Area-depth curves 

August 1932, Type Y storm 
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Fig1.1re 6. 

Area-depth curves. 
T~roe V storm 
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occurred in central Ohio with 3 rainfall centers of about 12.0 inches near 

Ne11rcomerstoinrn. Area-depth curves for the storm are in 6.06. 

The July 1939 storm occurred in eastern 1tli th intense cen-

ters along; an irregula.r line from Taulbee to Trent to Red Wine and thence 

to Haldeman. The data available for the storm consisted of unof-

ficial reports strengthened a number of official records. s, 

covering; a rather large area, could be dra\m with reasonable 

for values as high as 7 and 8 inches. ifuen the storm is taken into 

consideration, it can be inferred that intense centers occurred within 

those isohyets. This inference seems to be ified di 

measurements, especially those made in the Frozen Creek watershed. Area-

depth curves for this storm are shown in 6.07. 

A!iEA (SQUARE MILES l 

.,.,. 6 07 .J! J.gu_re • 1 
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CH.APTER VII 

SlW\v !JIELT 

The of storm situations accompanied snovi melt over 

the Ohio tributaries above Pitt can De evaluatect from 

Figure 3· It will De e noted_ that the frequency of flooding 

as ':Jell as the maximum observed_ s s are highest the snmv melt-

season. The excessive s due to late \<Vinter and spring storms 

2.re in cases the result of a combina.tion of rainfall &J.d sno1.•T melt, 

1J1li th a runoff coefficient so characteristic snovj melting 

co:c1ditions. necessi to consider the nossibi of snmv melt aug-

the runoff froin critical rainfall is therefore evident. 

In the mua.u.vvSUC report it 'lpJaS found_ that a sufficient arr:.ount 

of snow could be available to sati theoretical melt rates. In this 

, however, there has been the necess for detailed studies of the 

:e"mount of snow 1AJhich could exist and melt at rates commensurate with 

critical met situations. 

A fum1amental theory of sno1r1 has -been reasonab c1efincd. 

largely on theoretical deductions which have been verified 1rJi thin 



HEAT AND MOISTURE FLOW DIAGRAM 

SNOW MANTLE 

RUNOFF 

Figu.re 7. 01 

the limits of existing data. 

The lvJ:echani sm of Snov.r lvlel t 

MELT 

_____,... Tnmsf11r of moislvrtl 

- -+- Transfer of !leo! 

In an analysis of the mechanism of sno\,r melt, consideration must 

oe given to the quantitative effects of various factors involved in the 

he&~t and moisture excilange beti:Jeen the sno1:1 mantle and its environment. 

The block cLiagram of Figure 7. 01 illustrates the case of heat 

soil through the basic processes conduction, convection, and 

racUation. 

For critical snm,v melt and runoff the conditions are 

assumed: 

a. That the snow is in a state; that is, ous heat 
transfer has raised the temperature of tb.e entire sno1,.r mass to the 
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; any further heating therefore melting. 

of frost exists in the soil 
to infiltration melting 

c. That rain occurs simultaneously cvith melting. 

Under concH tions (a) and (b) no (J.iscontinui exists 

at the soil-snmv interfac . This eliminates soil conduction as a factor 

In ordinary circumstances, there is an heat 

clue to radiation. SnmrJ absoros a varying amount of solar energy or 

inso:ation ending on the character of its surface and of the 

sun. At the same time it radiates oack to as a n-olack 11 Both 

the anct radiation are affected the cloud cover which 

acts as blanket to su:poress racHational loss or ga.in. Continuous rain 

s an overcast and hence reduces the possiole radiative heat 

transfer to a negligible amount. 

The discussion of rates that follows will therefore 

·oe limited to conclensation or evaporation, convection, and the 

effect of rain. Condensation or evanoration, and convection are 

de"1t on atmospheric turbulence. 

Point Rates 

moist air s heat to direct 

heat due to b.e t c1ifference between the air and snow, 

ancl the release of heat through condensation on the snow surface. 

This tr2,21sfer of heat results in melting, or the conversion of the solid. 

of the snow into form a.t rate of one gram ner 80 

calori s, the latent fusion of ice. Since the of fusion of 

- 72 -



ice is 80 calories anct the heat of vaporization of "\vater is 600 

calories per gram, the moisture concLensed on the snoU>r surface melts 7-1/2 

times its own of sno"''. 

In air the vertical flow of hoat and moisture on 

the of turbulence of the air. At high ildnd velocities, 

to the of atmo turbulence, temperature, humidity, anct 1J;Jind 

velocity measured near the are ely logarithmic functions 

of On this oasis has derived general eQuations of heat 

and moisture oet1.veen air and snov.r ( *). The eQuations are ex:-

pressed in terms of elements at a particular elevation, 

of instruments aoove the grounc_, air (1ensi ty, and roughness ~oarai'n-

eter. The of surface roughness determines the roughness 

The ace value for a flat snow· surface is 0.25 em. 

ablation and sho11vn to be reasonably accurate for cvincls above moderate 

speed. This is done in Technical Paper No. l, ap1Jended, where 8> 

formula is devel the total contribution tu runoff of snow melt 

and ion due to turoulent exchange, as a function of instrument 

levels aml station elevation. For the purpose of t~'lis s an anemom-

eter elevation of 50 feet and a hygrothermograph elevation of 10 feet 

~<vere selected ancl sea level observations assumed_. Those instrument 

s seem to be representative of observation levels for most stations 

and the assumntion of sea level applied to the Ohio 

introduce a 

(*) 

cant error. Using these values the 

Air Over a Smooth Sno1ftl Fi 
oner XI: No. 7, 1934. 
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tllen "becomes 

D=U 

TEMPERATURE ( DEGREES FAHRENHEIT) 

e 7.02 

Effective snow melt due to 
turbulent exchange for saturated air 

.00184 (T - ) + .00578 (e- 6.11 

itJhere D is effective sno1rr melt in inches for a period of 6 hours, U 

is the average wino. velocity in miles per hour, T is the average tem-

perature in fahrcn_~eit, and e is the average vapor pressure in 

millioars od. 

Figure 7. the effective snovJ melt during a six-hour period 

as a function of tcm~Jerature and 11.rind velocity for saturated concli tions. 

Curves are not shown for light 1,dnds since the assumption of logarithmic 

variation of t , humicH ty, and \dncl velocity is not valid under 

se conditions. 



Effect of Rain 

T~e formula for the melt due to rain falling on snow at 

]) -
P (T - 32) 

144 

where D = snow melt in inches of water 

T = rain in es t 

is 

Evaporation from raindrons cBnses 'chem to the "~?ret oulo 

tcmJJCrature of t:O.e surrouc'l.ding air. T ~as therefore "been assumed 

to the 1rlet oulo terrilJerature 

opecL on that oasis. 

Rates 

In re lJoint 

snow melt rates to aver~ge 

r<:1.tes over a natural "basin 

four fE'.ctors must 

be consi(lered: 

a. tion of 

the air me.ss the snotlll 

m£tntle. 

As warm st ctlr 

moves over a snow field it 

lc es h<Je.t a11d 1PT8ter ve1Jor 

oy edcly conctuction to the 

Sl'lOV surface. This es 

a continuo;..1s reduction in 

t~1e air and curves of Figure 7. (level-
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ectory, and a correspond-

ing reduction in melting rates. For maximum rates 

rainfall, the air is close to saturation and therefore the dew point 

s the d.ry -bulb Hence, the vdnd velocity and surface 

temperature c characterize the air next to the sno•11. 

By the in this manner the decrease in dew 

of warm moist air along its traj may be comrmted. The mass of air 

involved in transmitting heat a...YJ.d moisture to the snow cover can be deter-

mined from the height of the frictional Ro (*) has developed 

ons ancl that relate this height to surface ioTinCi. velocity,· 

anemometer height, a1.1d latitucte. From these the total heat content of the 

frictional can be obtained as a function of \vind velocity and tem-

perature, and therefore rate of reduction of temperature can be re-

lated to the rate of heat loss. the time rate of 

decrease and the of air transport, the reduction of temperature 

the air ectory is readi obtained. Cooling curves 
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Curves for obtaining the cooling of satu-
rated air over a snow field 
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air temperature of The use of is illustrat by an 

sho1,m in in initial . 51°""' l s J:l., 

distance traveled miles, and the average 1Hinc~ voloc 10 miles per 

hour. The linc be represents the distanco of travel, a the initial tern-

e 51°F., and b the final t 

b. HocUfication through of tho air 

Elevation differences in a basin result l• c~ ,L.:.. cUffcrences 

in a homogeneous eir mass passing over it. Assuming e, concH tion of satu-

ration, the temperature clecrcases •1d th elevation at the pseudo-adiabatic 

rat , or . -ocr 300 foot. Tho area-elevation curve of a 

basin can no\v be transformed 

50 
into an arca-tcrrm 

curve. These curves are 
45 

shown in Figure 7. for tho 40 
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not·availablo to evaluate this effect in terms of areal extent of forest 

cover so that an enmirical 1rms necessary and its value is 

incluc'ted in the factor K discussed bel01ftT. 

d. Surface roughness. 

T~c theoretical formula for molting ra,tes (.'J.ue to turbulent 

iftras dcvelopccL on the assumption of a ss uarameter of 

0.25 em., the ace od ve~luc for a smooth snmv field. Since the 

ness uare.mcter of a sno1,v-covered basin is somo1.1hat grce.tor than this, 

rates by the formula would tend to underestimate the true 

rates t\rero it not for tho effect of forest cover. Inasmuch as basin 

ss cannot be determined from available data it must be evaluated 

cal methods. 

The method used here was to assign a value of K 

all of the effects of surface characteristics of the basin such thnt 

Basin snow melt = K D 

where D is theoretical sno'liv melt. 

Since in general the influence of forest cover exceeds that of 

surface vu."""""""ss, act-ctal snoc,r melt will be less than the theoretical 

value, and K ;,;rill be less than one. 

Conditions in the 

Records of observations of vmter cont of snm;r on the in 

this basin arc; almost nonexistm'lt. This necessitates available 

observations to empirical factors in order to obtain the necessary 

information. 

a. irlatcr content as function of th and clensi ty. 

Snmv density is a function of a number of influences 
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Figure 7.06 

York snow survey, March l, ( apyrox.) 

season, of time since sno1f,rfall, air temperature during eriocl of 

Sl10\'! cover, encl other factors. These influences have ""::leon 

examined unclcr a vari of cond.i tions, and it has "been conclucLcd that 

the lifmnT York snO'\·J survey data for csscd in - oc 
( • 0 ' 

arc to the Ohio tributaries above Pitt Observations of 

illustra-

over a 

area may be assumec1. From an examination of snov1r and stre:,.mflo\·J 

records it has been COl1cludcd that a snow in the ba.sin 

could hevc average c1onsi of line in relation 

to the Harch l, sn01i·J cover is also shown in 7.06. 

b. The of tho snow cover. 

The snow cover is :not only composect of ice , but includes 

- 79 -



varying amounts of associated ~1ater. This liquid water may be released 

vli th no expenditure of heat other than that required to melt the matrix 

of ice crystals of the sno1r,r structure. It may also be released an 

accretion of liquid water from melting and rainfall beyond the water 

storage capacity of the snow cover. 

c. Area-depth curves of snow cover. 

Isochion maps (contours of sno1N" cLepth) for selected instances of 

sno"lftr cover have been 

ISOCHIONS, UPPER OHIO RIVER 

BASIN, FEBRUARY 13, 1910 

Figure 7.07 

30 -

Figure 7.07 showing the isochions of 

February 13, 1910, is 

believed to represent the 

maximum sn011l cover of 

record in the basin. 

Examination and com-oari-

son of a number of 

isochion patterns have 

failed to sho1,v any al ti-

tud_e-depth relationship) 

or any other reason why 

the distribution of snow 

cannot be expressed as 

curve for 

tne entire bctsin or sub-

ba.sins. 

Sll01r!S curves 

for the six or in-

stances of sno1,,r cover 
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of record over the Ohio ·basin above Pittsburgh. 

A study of rainfall, sno\Jlrfal1, and runoff recorcis for Jam12cry 8.J.'lCL 

on 

Snow Density 

Basin 6.0 inches 23 inches 26fb 

Basin 3.6 inches 12 inches 30fb 

Combined Basins 5.0 inches 18 inches 28fb 

7.09 shows the isochion curves for 

, and February 15, 13, 1910, represents the 

maximum observed depth of sno',il[ \·Jhi1e Februc:try 15, sho1.•IS the 
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greatest 

An excessive 

greatest initial 

of snow on the portion of the basin the 

woulc1 delay the sno~or melt contribution because of 

store.ge. The maximum sno\v melt contribution to a. therefore, may 

not neces result from a. maximum snovv cover, but from a snov,r cover 

1,v~1ich 1Jvould re and st pronmtly enct cor:mlet to possible critical 

melting conditions and to basin characteristics. Ull.der conditions 

governed 

optimum 

of snow, in contrast to limited rates, the 

of snow is the"t vvhich most satisfies the maximum 

melting rates for the duration of time throughout which such re.tes can 

preve.il. 

Snow Eel t ancl Runoff 

In order to confirm the theory of sno~oJ melt which has been out-

linec1 ~orevi , anct to ascertain the relation between snow melt and_ 

runoff, it has been :necesse.ry to ene.lyze of actual occurrences 

of runoff from sno1:1 c:nd. corrroere these results with the theoretical 

melt. To elimine.te as far as possible the errors to be from 

such an am: s, ods characterized. amounts of snow melt and 

relatively amoru1ts of rainfall were selected. A search of stream-

flow records for the up;;er Ohio tri-oute.ries above Pitt 

only three occurrences sati sfyil1g these concH tions: 

Stren11 Station Period Sno\'T 

French Creek stown lviarch 16-27, 4.0 

Fran ... ldin 3·7 

Recibank Creek St. Charles Fen. 5.0 

the 

revealed 

Rainfall 

1.4 

1.9 

1.1 

s, t~1.e 



results obtained showing a satisfactory agreement. In the first method, 

the hydrogreph of surface runoff is converted to a hydrograph of channel 

infloi'>! by a channel analysis ( *), the inflow due to snm-r melt 

being obtained by this from that of coincidental rain-

fall decreased a suitable runoff coefficient, from the total channel 

inflow. 

The second method_ is similar to the one described in the Ompom-

panoosuc report. The of ra.infall is reduced by the runoff 

coefficient ancl subtracted from the hydrograph of surface runoff to 

obtain the hydro graph of snmv melt. Through a trial-and-error process it 

is then possible to derive a series of snoV>r melt increments which, ivhen 

to the distribution 

graph, give the snow melt 

Since a portion 

of the melt appears as ground 

1J1!8ter, the rates computed 

both methods were increased 

by the ratio of total runoff 

to surface runoff. 

s 

the results of both an~ s 

for French Creek above 

stown. The mass curves 

of sno1!'T melt as eo. 

(*) \LB. Langbein, Transactions, 
.A.G.U., , p. 
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each method are sho\·m, together with the values of snow melt computed 

from theoretical considerations using the formula on page During 

periods \vhen a portion of the area was bc.re the increments were corrected 

to give s of melt in terms of average depth over the total area. It 

is seen that the quantity of melt computed by the formula is in excess of 

that indirectly obtainect from the discha.rge hyd.rograJJh. As has been 

pointed out in the discussion of the theoretical factors influencing snow 

melt, this formula mu.st be modified 

be expressed as the ratio: 

an empirical fa.ctor, 

The curve shown in the figure is obtained by mult 

which can 

the com-

values of melt by this ratio. Analyses of the records for the 

basins above Pittsburgh resulted in values of K from 0.60 to 

0. 72. An average value of 0. 65 has been used. in maximum sno\or 

melt vs.lues given in this report. This average value for the coefficient, 

has been further substantiated by data from basins of similar charac-

teristics in :t:Te~er Present O.OeS not h01J1Jever 1~Jarra.nt the 

to basins outside these areas. 

It should be emphasized that the release of 1~rater stored in 

the sno\v is not represented in the value of K. Such water can be re-

leased the melting of small e.mounts of snov.J and the values of 

K may thus exceed. its true value for sub-intervals of the melting od. 

The outflm<V of stored water nm.st, therefore, be added. to the com·outed 

melt in 

considered. 

the contribution to runoff during the neriod 
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The follo1.ving rules should govern the Cl.etermination of the critical 

sno'lftr melt runoff in the oasins aoove Pi ttsourgh: 

a. Total or increment snow melt is to 0.65 times the snow 

melt oy the formula. 

o. Total runoff from melting snow is to total snow melt 

water stored in the snow prior to the 

c. stored in the snow orior to the is 

assumed to oe released cturing the final o snow melt at a rate 

onal to that of areal disaupeara..11ce of sno'l!>r over oasin. 

S5 -



CEl\PTER VIII 

DEVELOPh:illFT OF 1-iAXUillli POSSIBLE STORMS 

Duration-De:oth Curves 

Duration-denth curves of rainfall for T;~rpe s I and II, IV, and V 

are sho,,m in Figures 8.01, 8.02, and 8.03. Curve_§: or~ represents the 

duration curve envelOJJing the ooservect data; curve E_ or ~ the curve 

acljusted according to meteorological considerations discussed previously; 

curve c the curve of maximum nossiole rainfall, i.e., the adjusted curve 

E_ plus the reliaoili ty factor. Curve o is not shown for storms req_uiring 

no meteorological adjustment. The reliaoili ty factor varies 111ith storm 

duration ancl is derived from a consideration of the factors ,,vhich produce 

stat.istical variaoili ty in the results. The systema.tic variaoili ty has 

oeen compensated. for in the meteorological acijustments applied to the 

contriouting storms. 

The adcli tional poiats plotted for the entire oasin at 24 hours in 

Figures 8.01 ancl 8.02 1r1ere ootained from the seasonal curve of theoreti

Ccll n:dnfall on Figure 2. OL!.. For storms T;ype I and II the theoretical 

vah1es for late liarch 111ere used., lrJhile for TYJJe IV storms the peak values 

for the hurrice.ne season 11Jere used. 

Duration-depth curves were not preparecl for the Tyne III storm 
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Curves 

curves shown in Figures 8.04, 8.05 and 8.06 were pre

pared :from the values taken from the cluration-depth curves of maximum 

nossible rainfall of 8.01, 8.02 and 8.03. These 

curves are icable to areas from 400 to 19,117 square miles. 

Snmv Hel t 

The upper limit values for the snow melt.contribution will result 

from a com"oination of maximum melting rates, maximum stora.ge of free 1,vater 

in the snow, and a snmv cover. From a distribution 

of snO'Iftl cover and a sequence of meteorological events a series of 

increments of snow melt be derived by a co~outation ill us-

to follow (page 93). 
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Figure 8.07 

The melting ~orocess is illustrated by the of Figure in 

>vhich the isochion-area curve of the February , 1940, snmv 

cover is drawn c·ii th area and clepth expressed as s. The average 

of liquid water in the sno\·1, as \vell as the rate of melt, are 

assu:oeCL to be uniform over the area a,nd as melt progresses the sloue 

of the encomn<w i so chi on curve remains constant. -As the sno1H cover 

disappears the isochion curve for the partial basin (Figure 6.07) shifts 

into successive parallel ions. Stored 1 vvater is released when 

the snow column is reduced to a critical minimum The volume of 

Viater so released is equal to the average of the stored water times 

the area ed of snovJ. T:Yle melt during a particular oct is equal 

to the melting rate times the average area of the snow cover during that 

This can then be expressed as an average over the entire 
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6 

12 

18 

24 

EXAJ."VVPLE OF SNOW' MELT COMPUTATION 
(MOliJ'ONGAHEL.Ii.. BASIN) 

Storage = 1.10 inches; i'J'ind Velocity = 10 M.P.H. 

(1) (2) (3) (4) (5!1 (6) (7) (8) 1(9) (10) (11) (12) (13) (14) 

34.3 .08 .05 .2 .ooj .05 .05 1 :100 100 o .05 .oo .05 

38.8 .24 .16 ·3 [.011 .1711 .22 4 100 100 0 .17 .oo .17 
I I 

43.3 .42 .27 .4 i.03 .30! -52 9 100 100 0 .30 .00 .30 

47.8 .60 ·39 ·5 i.05 .44! ·96 171100 100 0 .44 .oo .44 
I 

30 50.0 .70 .46 .8 .10 

36 50.0 ·70 .46 1.4 

28 95 1 

.64[2.16 39. 83 

.7212.88 52 .44 

981 5 

891 12 
I 

. . .06 

·571 .13 

.61 

.70 

(1) Read from Figure 8.08 
(2) Read from Figure 7.02, 

using (1) and correct 
\.vind ve1oci ty 

(3) = (2) X 0.65 
(4) Derived from Figure 8.04 

·57 13.45 

.55 i4.oo 
I 
i 

·52)4.52 
l 
i 
I 

.51 15.03 91 2 

.48 !5.51!100 0 
' I 

COMPU~ATION PROCEDURE 

(5) Read from Figure 7.03 
(6) = (3) + (5) 
(7) = (6) accumulated 

64 1 39 

18 11 

10 7 

4 4 

1 2 

.46 .43 .89 

.19 .22 .41 

.10 .12 • 22 

.05 .o8 .13 

.02 .04 .06 

.01 .02 • 03 

2.91 1.10 .01 

(10) Average successive 
values in (9) 

(11) Subtract succe~sive 
(8) = (7) x 100/Tota1 of (6) 
(9) Read from Figure 8.07, 

values in (9) 
(12) = (6) X (10) 
(13) = Storage x (11) 
(14) = (12) + (13) 

using (8) 
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area. In this manner the combined effect of melt and outflow· from 

can be computed from the beginning of melt to the final dis-

ap:oearance of sno\·l on the basin. 

Figure 8.07, it will be noted, has isochion curves for selected 

times during the storm sequence for the and for the 

as a of the Upper Ohio. Since the distribution of snow 

melt varies slowly 1.vi th dew point, the curves of Figure 8. 07 for 

the Ivionongahela (50°F.) may be used for de~v points between 50°F. and 

. t'lhile the 

0 than 50 F. 

An example 

curves (40°F.) may be used for dew points less 

the computation for the 

as of the up~oer Ohio basin is shovm in tabular form on page The 

results of computations of sno>v melt for the as basins are shown in 

the form of block in Figure 8.08. Dew point curves are shown 

above the block for each basin. No snov1 melt blocks for 

III storms are shown for reasons stated 

Possible Storms 

Figures 8.09, 8. and 8.11 show block diagrams for maximum possi-

ole storms of Types I, IV, and V for the as basins. For the Ty~e I 

storm the rainfall blocks have been in an order which associates 

the st rate of snow melting with the st rate of rainfall, both 

b compatible 1Pli th the meteorological features of storms of this type. 

Since the first hours of the storm sequence is fixed by the meteoro-

situation and the accompanying sno\v melt, the rainfall-snow melt 

increments of this periocl should not be interchanged among themselves or 

with those of the last hours of the storm. Increments within the lest 
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48 hours of the storm may, h01r1ever, oe interchanged as desired. The 

individual sno11V melt and rainfall increments must oe considered 

ole, the neces for vifhich is readily seen from a considenttion of the 

sno1,v melt ion procedure. These restrictions apply to all sizes 

of "basins. There are no restrictions on the of the 

rainfall increments for the Types IV and V storms. 
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HIDEX TO .APPEnDIX 

SY~ffiOLS USED on SYnOPTIC CHARTS 

(Maps and charts arranged in chronological order as indicated oe1ow) 

STORM OF SEPTElcffiER 9-14, 1878 

i'J'ea ther lJiap 
7:00a.m., Septemoer 13, 1878 

Storm Tracks (Shown on weather map for Septemoer 13, 1878) 
Septemoer 15-18, 1876 
Septemoer 9-13, 1878 
August 17-21, 1888 

STORN OF FEBRUARY 25-HARCH l, 1902 

vveather Map 
8:00 p.m., Feorue.ry 27, 1902 

STORH OF JYIARCH 23-27, 1913 

\\feather Iviaps 
8:00p.m., Narch 24 to 8:00p.m., Iviarch 26, 1913 

STORH OF ~lARCH 12-15, 1918 

iN"ea ther Iviap 
8:00a.m., Harch 13, 1918 

STORlvi OF AUGUST 6-7, 1935 

iveather lviap 
8:00p.m., August 6 to 8:00a.m., August 7, 1935 

Isentropic Chart 
August 7, 1935: 

0 G = 315 A. 



STORM OF MARCH 9-22, 1936 

Maps 
8:00p.m., iVIarch 16 to 8:00 :p.m., March 

Isentropic Chart 
March 17, 1936: G = 

Horizontal Cross Section 
March 17, 1936 (5 above Sea Level) 

Cross Section 
17, 1936 Ci to Lakehurst) 

STORiJI OF J ALT\JARY 1937 

Horizontal Cross Section 
January 21, 1937 (5 above Sea Level) 



SYMBOLS USED ON SYNOPTIC CHARTS 
STATION MODEL 

} 
f ~ TemperS~ture 

Current and • • 51 ·4 7 ..,..._Dew Point 
Past Weather, ~ /6 { Pressure tendency <::~nd change (hu;dredths of 

/ J. 72. inch) for 3 hours preceeding time of observatiOn 

Pressure om/tted '{Precipitation (r'nches and hundredths} for 12. and 
2..4-hour periods ending at 7:30P.M. and 
7: 30 A.M. respectively. 

WEATHER 
~ WEATHER at time of observation is shown aT !err of station circle thus: 

32 (Snow) ~ Roin ; 

• Rein ? Showers 
* ' Drizzle v Snow) 

Number of !ijmbo!s 
6. Sleet-
.6. Hoi/ 

relative inrens/fy o-r preciprtofian 

* Soow ) 

-f:J Modera-te 

Fog 

Ground Fog 

PAST WEATHER is shown near, and ger.eraiiy at left' of siat10n circle. thus: 

~ 78 (Thunderstorm within lost 12 haur.s) 
R 

SKY 
SKY COVERING is shewn within the srat;o,., circle, thus: 0 ~ () a • 

(Amount of' circle shaded lndicotes c;;;,oroximote amount ct sky covered l::y c/o(.ldS) 

WIND 
DIRECTION AND FORCE OF WIND is shown by the BEAUFORT symbol, pro

jecting from the station circle. ! n this symbol only the shaft and one side of the 
taii of the arrow m-e sf-]own: the arrow flies w1th -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 WINO 

0 Less than 0 Calm 
6 25 t"O 3! ~}srrong 

3 ~\L/qht 
7 32 to 38 

I I to 

~}Gale 2 4 7 
8 39 to 46 

to 
3 8 to 12 

~) 
Gentle 

9 47 to 54 

4 13 18 ~ Moderate 
10 55 t0 63 ~}Whole to 

~Gale. 
5 19 24 ~ Fresh 

I! 64 TO 75 
to 

12 Over 7 5 ~ flurricone 

MAXIMUM WIND VELOCITY (M.P. H.) within last 12 hours. and DIRECTION. 
are shown in parenthesis below the station circle, Thus: ~ 72 

('>..60) 

FIGURE A-1 



UPPER FRONTS 

COLD----- = = c:::::::;J = = W A R M 

SURFACE FRONTS 

COLD QUASI-STATIONARY 

W A R M c:::~-.. ,, - :==--=·==-=--::1 -•-•- - - -OCCLUDED 

FRONTOGENESIS FRONTOLYSIS 

• • • • • • • • • 
0 0 0 0 0 0 0 0 0 ' 

-xxxxxxxxx 
.. --# # * * * * ~ ~ * 

e o e o • o e o e QUASI-STATIONARY- X·~ X ~X >'fr X·-% X 

1 ~ OCCLUDED--- ~/.~X~Y~~~ 

0 
.. ,,_ CYCLOGENESIS 

AIR MASSES* 

CAW CONTINENTAL ,ARCTIC AIR, warmer than the surface 
over which it lies (stable m the lower layers). 

CAK CONTINENTAL ARCTIC AIR, colder than the surface 

over which 1t 15 passing (steep lapc;e rafe ;n the lower foyers) 

MAK MARITIME ARCTIC AIR, 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 (stable in the lower layers). 

CPK CONTINENTAL POLAR AIR, colder than the surface 
over which it is passing (steep lapse rote). 

MPW MARITIME POLAR AIR, warmer than the surface over 
which it is passing (stable in t-he lower layers). 

MARITIME POLAR AIR, colder than the surface over 

which !t is passing (steep lapse rate). 

MTW- MARITIME TROPICAL AIR, warmer than the surface 

over which it is passing., (stable in the lower layers). 

s 
MARITIME TROPICAL AIR, colder than the surface 
over which it lies or is passing (steep lapse rote). 

SUPERIOR AIR, which includes all air masses -tha-t 

appear warrn and very dry because of, principally, subsi

and divergence. 

* S££ MONTHLY WEATHER REVIEW, VOL. 67, JULY 1939, pp. 204-218. 

FIGURE A 2 
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.Al~ALYSI S OF HIGH RATES OF SNOW MELTING 

Introduction 

The Hydrometeorological Section of the ~'leather :Bureau has been 

engaged in a study directed towards a determination of maximum possible 

snow melt rates over selected drainage basins. Since snow melting is 

a thermodynamic process the investigation pertained largely to a con

sideration of the various factors influencing the transmission of heat to 

the snow mantle. Of these factors, it was found, that for high melting 

rates, the heat contributed by convection and condensation of moisture 

through turbulent diffusion of warm moist air are the important heat 

sources. The problem is then, largely a consideration of the upper limit 

values. of air temperature, humidity, and 1.,rincL velocity compatible with an 

ade~uate snow cover, and the relationship of these values to the rate of 

sno111" melt. 

To meet the problem of predicting the melt resulting from a given 

meteorological situation, a theoretical melting formula has been devel

oped utilizing modern theories of atmospheric turbulence. In order to 

apply this formula to actual drainage basins it was necessary to develop 

a procedure for determining areal melting rates, taking into account 

over-all changes in the air mass, produced by melting snow and by surface 
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characteristics of the oasin. It is to oe understood that this paper 

deals only \vith actual snow melt, that is, the inflow of melt-water to 

the snow cover, and not with the suosequent disposition of the melt

ivater. 

Effective Sno1v Melt 

V'iarm moist air over a snow field transfers heat to the 

snow in tvw ways. First, there is the direct heat due to the 

difference in t oet1treen the air and_ snovv. , moisture 

is orought do>m to the snovv surface and cond_ensed, latent heat 

of condensation amount to 600 calories per cc. of 1nrater sited. 

Since the heat of fusion of ice is 80 calories per cc., the moisture con-

densed on tD.e sno~v surface melts 7. 5 times its own of snow. 

Defining the effective snow melt as combined melt and condensate, 

tD.ere follows the 

D= (Q,+ + F = (Q + 680 F) (1) 

i'lhere D is the effective sno;,v melt in centimeters er s 

transfer oy convection in calories per sq_. em. per sec,, and. 

transfer in cc. per second. 

Q, heat 

water 

The above can be generalized to include tD.e case of 

reverse moisture transfer or on from snow to warm air. 

l shovJs the t and vauor pressure distribution of the 

of air above snow for the two cases of condensation 

and eveporation with a melt snmv surface. mel , the sno1,v 

surface temuerature remains constant at 32°F. A thin film of air in 

contact with the snow is 

the snow surface. This 

turated_ with moisture and in librium 1t!i th 

s a vapor ten.sion of the snow surface 

- 2 -
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Figure 1 

0°C. T _...__ 
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Evaporation 

equal to the saturated vapor pressure of air at 32°F. t 6.11 millibars. 

Above this air film the t~mperature inc~eases with height in both cases 

but the vapor pressure increases 1ATi th for condensation and de-

creases \ori th for evaporation. Evaporation signifies a loss of 

both heat and moisture from the snmv cover and is indicated ·oy a nega-

tive value of F in equation (1). 

Theory of Heat and Water Transport 

In a solid body, heat flows from ons of high temperature to 

regions of low temperature through the process of molecular conduction. 

The quantity of heat transported through a unit cross-section is propor-

tional to the :product of the molecular heat conductivity of the material 
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and the temperature gradient normal to the section. While molecular 

conduction of heat also occurs in the atmosphere it may be considered 

negligible in this discussion, the important mechanism of heat conduction 

in the atmosphere being eddy diffusion. Analogous to molecular dif

fusion, heat transport across a horizontal section of turbulent air 

results from vertical motion of eddies and is proportional to the product 

of the coefficient of turbulent exchange and the vertical temperature 

gradient. Likewise, since vertical movements of air particles are also 

responsible for diffusion of moisture from one to another, the rate 

of moisture transport is determined by the product of the vertical 

moisture gradient and the coefficient of turbulent exchange. 

The coefficient of turbulent exchange, or eddy conductivity, 

depends on three factors: wind velocity, surface roughness, and the 

stability of the layer of air next to the sno1i.r. Since it is clear that 

an increase of \·Jind velocity or roughness is accompanied by an increase 

in the of turbulence, it follows that at a fixed level there must 

be a corresponding increase in eddy conductivity. In the literature of 

atmospheric turbulence, the term of roughness parameter has been adopted 

to des the degree of surface roughness and is proportional to the 

average height of roughness elements of the surface. It may be obtained 

in the following manner: wind observations at several elevations above 

a given surface are plotted against the curve is extrapolated to 

zero wind velocity, and the height intercept denotes the roughness param

eter of the surface. The average roughness parameter of a level snow 

field, determined by Sverdrup (l) as a result of numerous ej~eriments, is 

0.25 em. 
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Since vertical air motions in the atmosphere take place adiabati-

cally, continued action of turbulence within a air mass will 

eventually produce an adiabatic lapse rate of temperature in that air 

mass. Conversely, any action which decreases the rate, such as 

dovmward heat transport, stabilizes the air mass and inhibits turbulence. 

Therefore, a cold surface tends to produce stability in a warm air mass 

flowing over it and thus acts to dampen turbulence. Rossby (2) has 

shown, that for an adiabatic atmosphere, or in other words, air in i'lfhich 

no stabilizing influences are present, eddy conductivity varies directly 

with wind velocity and , which necessitates a logarithmic distribu-

tion of wind velocity with height. Neglecting the effect of stability 

and assuming that the processes of momentum transfer and heat and mois

ture transfer are the same, temperature and vapor pressure iorill also 

follo\'l the logarithmic lm'lf. 

Theory and observations both indicate that strong winds counteract 

the effect of stability and that with increase of velocity the vertical 

distribution of meteorological elements near the ground 

logarithmic law. This may be seen in Figure 2, showing 

the 

of average 

wind velocity, temperature, and vapor pressure at several elevations 

during various periods of melt from observations made by Sverdrup over 

a level snow field. Height is plotted on a logarithmic scale and wind 

velocity, temperature above freezing, and vapor pressure in excess of 

saturated vapor pressure at 0°0. along the linear scale. Straight lines 

have been dravm connecting the zero values at 0.25 em., the roughness para

meter, to the upper observations. If 1rl8 examine periods 1, 2, and 10, \11Jhich 

are marked by comparatively high '~:rinds, it can be seen that observations 
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at intermodiatd levels fall close to the lines repre l 

distributions <.d th 

Further evictcnco is cdfordod by an invest -oroser:tod 

by at tl"ro levels I:IiEd VS 

cbservc.,,t:i.cns at lEJvel, to ther with snol'! surface 

are availa"Dle for non-1Yt0l ~<iee.sl1reE1811ts l'lere i11 tb.o 

during COC'ling out 

tion is balanced heat from tho air so thDt the 

surface t the incti viduD.l 

of observation. This made it possible to 

s on the basis of an as logari ttnic distrib-o.ticn of tempera-

ture bet1·.roen thG snoenr surface <:l.nd the upper thermometer and comptHC thesc 

values to actual gradients representecl the air tu_re ciifferences 

at tho two levels. The ratios between the two s are plotted 

against wind velocity in 3 and show a clefini to trend tovards unity 

vs. 
W!f'IS \/E _>JCil'Y 

Wind Velocity (Meters/ second) 

3 

7 



with increase of veloci theory of logarithmic distri-

oution vlith for \vinds. 

to the 

, in the form given are 

U (T T ) 
0 

(2) 

F = • 622j-p 

1t!here Q, = heat 

F == ,,vat vEmor 

specific heat of 2ir at constc:tiJ.t uressure = 0.24 

p = densi of air 

=von Karman 1 s coefficient= 0.38 

u at anemometer level 

T = air temperature at level 

To :::: Sn0\'1 surface t 

0 vapor pres of air, mo.' at hygro level 

0 = vapor tension of snov; surface, mo. 0 

:p = atmo pres sure, mo. 

a elevation of anemometer 

'b = elevation of thermometer and 

= roughness parameter = 0. 

ln 

All values are expressed in c.g.s. units. 



For a melt snow surface, T
0 

= 0 and e
0 

= 6.11 millibars. Suo-

stituting these values together vvith Q, and F by equations (2) and 

(3) in equation (l) 1,1e obtain for the rate of effect 

2 
pk 

0 
U [epT + (e - 6.11) 

snow melt 

As a further check on the applicability of the theory, s 

sets of computations were made of total heat transfer for each period 

(4) 

tted in 2 means of equations (2) and (3), us bvo differ-

ent levels of observations. These values are plotted t observed 

values of heat transfer in Figure 4, and close agreement w~y 

be noted for periods of relatively wind velocity. Other s, in 

, shoc\T 

deviations between oo-

served_ and computed values 

1.nri th a tendency towards 

agreement for ons 

c e 
' ~ .,. 

Hyqrolhermoqraph Heigh! 

5 meters 

~ .. oe~~~~·-----4---~----r-~,~~~--~----~----~ 

based on observations at ! 

the lower levels. This 

indicates that 

(4) is cable, within 

a reasonable limit of 

error, for ordinary levels 

of observations 1rJi th con-

ditions of moderate to 

strong wind velocities, 

" . 
~ 

~.02~~~~------~~L---~r------!~--~----~ 

" 

Observed Heat Transfer (caf / sq em/ min ) 

4 

Computed transfer vs. observed 
heat transfer for various melting period,s 
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but for winds of lesser int accuracy of the formula is dependent 

on closer proximity of instruments to the snow surface. It should be 

zed at thispoint~ that the formula is presented as an approximatce 

relation, to be used when observations at a level only are avail-

able. For greater accuracy, particularly in the case of light 11linds, it 

is necessary to make use of turbulence formulae records for at 

least tvw levels above the snmv surface. 

adopting reference elevations of instruments of a = 50 feet 

and b 10 feet, it is possible to reduce the expression for snow melt 

to a simplified form. 

D I L.OOlS4 ( ) .0000156h + .00576 (e - 6.11)] 

where D is the effective snow melt in inches nj or six hours; U the aver-. m 

age 111ind velocity in miles per hour; Tf, air temperature in degrees 

, e, vapor pressure in millibars; and h, station elevation 

Figure 5 

snow melt due to turbulent 
for unit wind velocity 

10 -

above sea level in feet. The 

station elevation correction in 

the final formula is based on .a 

simple relation between atmos-

pheric pressure and elevation 

which is suffici accurate 

for the purpose. neglecting 

the elevation factor, working 

curves shown in 5 have 

been develoued for on 

to lo1rdand basins, 



giving snow melt as a function of temperature and relative humidity for a 

unit wind velocity. rates are a linear function of \vind velocity 

so that values read off the curves are simply multiulied the ooserved 

\~Tind veloci In connection \vi th the curves, a graph is shown 

in Figt:tre 6 whereoy ooservations at the actual levels may "be corrected to 

the reference elevations of instruments the.t form the oasis for these 

curves. The adjustments are direct to lflrind veloci out for 

temperatures, corrections are·made to the quantity, Tf- , and for vapor 

pressures, corrections e.re made to the value e - 6.11. 

The curves of 5 have "been drawn for negative as well as 

positive values of the vapor pressure gradient, a~d the assu~ption has, 

therefore, "been made that 

the tl'.wnic la\1! also 

apulies to evaporation from 

sn01ftJ. The "boundary oehJeen 

condensation and evapora- 140 

tion is denoted a dashed 

line \orhile the oalcmce 

between evaporation loss 

and heat "by convection 

is represented "by the zero 

melt axis. It is note-

worthy, that air tempera-

tures up to are 

possible without the occur-
Corr~c1ior. l'aclor 

renee of melt, if the air Figure 6 
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is sufficiently cLry. For higher elevations, the evaporation term in the 

formula oecomes more dominant and still greater temperatures are possiole 

1ruithout melting. This is in accord with since it has oeen 

noted that late in the melting season the influx of 'l>rarm air over moun-

tainous watersheds 1pJill at times reduce the snow cover at the upper 

elevations vd th little or no re runoff. 

ons of Elevation 

In applying theoretical melting rates over a drainage oasin con-

sideration must oe to s in the air produced oy differences of 

elevation in various uortions of the oasin area. For a homogeneous air 

mass the decrease in dry-bulb and dew-point temperatures with increase of 

elevation is related to the dry-adiabatic se rate for unsaturated ai~ 

and. to the pseudo-adiabatic lapse rate for saturated air. These rates 

are constant with elevation and temperature and can be summarized 

as follO"loJS: 

Unsaturated air: 

lmlb decreases 5.4°F. per 1,000 feet. 

De\v-point temperature decreases 1.0°F. per 1, 000 feet. 

Saturated air: 

Dry-bulo temperature decreases 3.0°F. per 1,000 feet. 

0 Dew-point temperature decreases 3.0 F. per 1,000 feet. 

For lowland basins of level topography, observations of 

dry-bulb and_ temperatures can be corrected to the mean eleva-

tion of the basin and average rates determined to a sufficient 

of accuracy on the assumption of uniform 1rJind velocity in the 

region. Mountainous watersheds \vi th variations in elevation 

- 12-



necessitate a division into zones •.vi th separate melt computations 

for ea.ch zone. :Ho1~rever, \·lind velocity at a valley observation station may 

not be representative of conditions at the higher elevations and consid-

erable ions may be involved in the calculations of melt for the 

upper zones. The is illustrated in the area-elevation curve 

for the Cottonwood 7. Here the basin is subdivided into 

five zones of area and the vertical scales on the right hand side 

the bulb and temperature reductions for each zone to be 
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Area-elevation curve of Big Cottonwood Basin above 
Cottomrood vreir, Utah. _A.rea of basin 49.6 square miles 
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applied to observations at Salt Lake Airport, a station near the 

basin. 

The following table illustrates the of estimating average 

t e conditions in each melting zone from observations at the 

station. Hypothetical dry-bulb and dew-point temperatures at Salt 

City of 60° 0 
Lake and 40 , respectively, are selected. 

Salt Lake City Zone l Zone 2 Zone 3 Zone 4 Zone 5 

Dry bulb 6o 43 36 34 33 30 

De\·J point 40 37 36 34 33 30 

The adiabatic se rate is followed from the station to Zone 2 where 

the dry-bulb and dew-point temperatures coincide. From that for 

the zones, co proceeds the saturated se rate. 

Effect of Air Trajectory over Snow 

Loss of heat and or loss of moisture by warm air as it 

travels over the snow causes variations in temperature and humidity 

the air trajectory. This produces a continuous reduction in the 

poV>rer of the air from tho snow line into the interior of the sno\rr field, 

an effect that must -be taken into account for a ,,vatershed of large areal 

extent. In order to compute the rate of temperature decrease and humid-

ity increase or decrease vdth length of air travel, the thickness of the 

turbulent layer of air as well as the distribution of elements throughout 

this layer must be kno<:m. Very little data of this sort are available 

and so ter has ed to estimate the cooling and or 

moist effect an anE' s involving the use of certain 

simplifying as 

- 14 -



Available upper air 

soundings of vmrm turbulent 

air over snow were examined 

and showed the characteris-

tic vertical temperature 

distribution illustrated in 

Figure SA. At the bottom 

of the turbulent a 

shallow inYer-

Temperotvre-

A 

I 

I 
I 
1-Adiabotic 

Lcipse Rote 

Snow Surfa~C'i::;r-t~__J,.,""---
Potentiof 

Figure S 

sion is formed that extends 
& potential temperature dis

tribution above a melting snow surface 

1pJell above the 

thermometer level. The temperature reaches a maximum and then to 

decrease th height at a rate ap:oroaching the ac1iabatic lapse rate up to 

the limit of turbulent influence, which is marked by the formation of a 

second inversion. Hear the surface, the t ent determines 

the of heat but for vertical sections of the atmos-

, the potential temperature gradient is the governing factor in heat 

tre.nsport. An. adiabatic se rate corresponds to a line of constant 

potential temperature and. herce e the t distribution 

'into one of potential temnerature as sho1.m in BE, it is seen that 

the potential temperature ent is d.irecte:i d.oc~-rnvard. throughout the 

turbulent Therefore, the total height of turhulent 

le.beled. H in the , represents the colum .. n. of air involved in trans-

mi tting heat to the sn01;v. Since the processes of heat and moisture 

transfer are the same, the specific humid.ity distribution is similar to 

the potential t e distribution and the height of the turbulent 



also determines the of air involved in transmi mois-

ture to the snow. 

Rossby has developed the follmving formula for the of the 

frictional or turbulent layer in an adiabatic 

li = 246 u 
sin 1 log(a/z

0
) 

(6) 

where L is the latitude in degrees. Stability turbulence, and 

hence vdll act to red_uce the of turbulent influence. H01,vever, on 

the basis of the t distribution assumed here, the or on 

of the turbulent is close to a state of adiabatic equilibrium m1d, 

therefore, to an degree, on (6) is still applicable. 

For middle latitudes, this relation can be roughly in terms of 

wind veloci if vJe assume a latitude of 40° and substitute for the 

reference anemometer elevation of 50 feet. 

H 124 u 

If we let G the averag9 potent e of the layer, 

then the heat content of a column of air, is tely, 

E :::: pGH (S) 

to (2), the rate of heat loss to the snow is 

(J:Ej c1t UT (9) 

1rrhere k is a constant that inclucles the effect basin characteristics 

on the average rat of The value of this consta.'lt for the 

Ohio on is 0.65, determined method to be 

clescribed short Substi tut for z0 , ;;met the reference elevations 
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of instruments, 

dEjdt = -.00232kcp pUT (10) 

Differentiating (8) with respect to time with p approximately 

constant and equating to (10), 

l24c pUd8/dt = -.00232kc pUT p p 
(ll) 

At this point the assumption is made that cooling results in a 

uniform decrease of temperature along the vertical axis. This is a sim-

plification which appears reasonable for a short distance of travel or 

time interval. 

Then, 

and, 

dG/dt = dT/dt 

dT/dt = -l.89kT•l0-5 

(12) 

(13) 

The average velocity of the frictional layer may be taken as equal 

to the gradient wind velocity. The proportionality factor behreen sur-

fa"ce and gradient wind_ depends mainly on the roughness parameter. Hence, 

for a value of 0.25 em. for the roughness parameter, there is a fairly 

constant ratio between surface and gradient wind. From graphs developed 

by Rossby, 

Gr2"dient wind velocity = l. 56U (14) 

By use of the above relation, equation (13) can be converted into 

an expression giving the temperature reduction per unit d_istance of air 

travel along the snow cover. 

dT/dx = -.0437k(Tf - 32)/Um (15) 

where Tf is temperature in degrees F2hrenheit, x is distance· in miles, 

and um is wind velocity in miles per hour. 

The same procedure can be used to obtain the rate of drying or 

- 17 -



moistening of the air as it traverses the sno~'' surface. The 

here is that the humidi and ential e distribu-

tions are analogous and a similar assumption can be made regarding the 

in fie humidity at a cular level. Hence the formula for 

rate of of specific humid.ity is the same as that of t 

and 

dq/dx = -.0437k(q - q )fum 
0 ' 

·where q is the of the air in and is the satu-

rated c humidity at 32°F. in 

On the basis of ons and ), curves have been devel-

OJJed, shown in 9, the decrease in the melt p01nrer of 1:1arm 

air ·per unit distance of air travel a me snow field. These 

curves, ther with corrections for elevation differences discussed 

previously, are rJresented as a method of est 

~ .012f-------+------+-/----~~------'-.~::.__---J 
.£ 
'--" 

.. 
~ .004-----~-7f~~:-··-~~~~--9C-------~~~~ 

4.0 

Effective Snow Melt ( in/6 hrs) 

9 

5.0 

ion of melt uower of a1r over snow 
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melt factors for 

basil1 from 

mete oro observa-

tions in the immediate 

vicini of the ter--

shecl. 

Basin lviel t 

In 

theoretical 

n!elt rat to an actual 

eration must be to 

two factors. 



One is the surface roughness, which may vary from basin to basin, but 

ahm.ys exceeds the ss of a level snow field. 

Another factor is the type and of forest cover within a 

basin. It is a 1r1ell known fact that sno\v melt rates in a forested area 

are considerably less than melting rates in non-forested areas. T'ne 

frictional effect of trees serves to reduce the wind velocity and hence 

decreases the intensity of turbulence underneath the forest canopy. 

Hmvever, sufficient data are not available by means of which a 

formula may 'be applied to evaluate this reduction in turbulent transport. 

The method adopted •vas to group the two effects of surface rough

ness and forest cover into a single constant so that 

Basin Snow Melt = kD 

To establish the value of k for an individual basin it was necessary to 

correlate observed snow melt 1;Jith theoretical sno1,;r melt obtained by use 

of the formule> submitted in the paper. In general, it can 'be stated that 

the value of k should be less than one. The effect of increased rough

ness is to raise the rates of melt above the values given by the formula. 

Ho1.vever, it is the small scale roughness and not the 'broad topographic 

features of the basin thP>t influences turoulent exchange. The effect of 

drifting of snow is to smooth out the basin surface, and hence the rough

ness parameter assumec1 here may not differ grecc.tly from that over an 

actual 'basin. Therefore, it seems reasonable to expect that the influ-

ence of forest cover exceeo.s that of surface ss and in 

the actual sno1p1 melt should be less than the theoretical melt. The theo-

retical formula sets an upper limit of for a given meteorological 

situation, or, in other 1pJords, gives values that for the 
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condition of a flat basin, covered 1!Jri th sno\v, Emd without sur-

face obstructions. 

Conclusions 

As mentioned k has a value of 0. for the Ohio 

A study of several of snm~T melt for various 

sub-basins in the Upper Ohio watershed sho 1:Jed uniform vBluos for 

the me constant, its use as a constant for the 

entire on. In each case, theoretical melting \vas comnuted after cor-

observations at the nearest regular Weather Bureau station by the 

method outlined above. Observed snow melt was obtained subtracting 

total rainfall from total surface runoff during the period, and. 

the constant k determined by di vi cLing the observed by the thee-

retical melt. To illustrate the application of this mass curves 

of melt corrrputecL by means of the formula a:;.1.d modified the empirical 

constant ther with melt 
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s curves of snow melt for French 
Creek Basin at Pa. 
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obtained runoff s 

are shovvn in Fig,ure 10 for 

the period March 21-23, 

in the French Creek 

Basin at Saegerstown, Pa. 

observations 

at Erie, Pa. were used to 

e the melting factors. 

Too many apDroxima-

tions involvec~ in the 

on of Sil01,v melt 



from discharge records to claim full verification of the theory on the 

oasis of the limited amount of data analyzed thus far. A thorough check 

would require complete ctata of snow depletion in a particular drainage 

oasin with simultaneous meteorological ooservations at several locations 

in the watershed during a period of rapid melt. 
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