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INTRODUCTION

The letter from the Office of Chief of Enginecers, assigning the
study of maximum rainfall over the Chio River tributaries above Pitts-

burgh to the Hydrometeorological Section, listed five tributary strcams:

Bagin Drainage Area in Sq.Mi.

Youghiogheny River above dam site near

Confluence, Pae: o o o o s o ¢ v o s o o o o » 430
Conemaugh River abové Bow dam site . . . . . . . | 1,357
French Oreck above dam site near Venango, Pa. . 591
Allcgheny River above Pittsburgh . . . + + + . 11,733
Monongéhelg River above Pittsburgh . ; e e e 7,384
Total area above Pittsburgh .« . . « + « . + + . 19,117

The Section, in complying with this and previous assignments has
had to begin with the umproductive end of the problem; that 1s, it had
to deal progressively with first, an crea sufficiently great to insure
the inclusion of the region of meteorclogical homogeneity embracing the
basing secondly, the major drainage area containing the assigned water-
shed in which orographic influences were to be evéluate&; and finally,
the assigned ftributary basins themselves, where the problem resches its

most difficult phase in that both vrea a2nd time arc reduced to units

-



smaller then fthose inherent in the available storm end rainfall data.

Fortunately, the reoport with its background of preparation has
paved the way for the prompt solution of other basin problems within the
region covered,

In this study 265 storms have been reviewed., Of this number 43
were found to be significant examples of types which have occurred or
could occur over the problem area although only six heve been found to
contribute to the valucs fixing the position of the area-depth-duration
curves of maximumApoésible rainfall.

Reports prepared by the Division and District Offices of the U. 8.
Enginecr Depzriment, containing precipitation data, isohyetal maps, and
mess rainfall curves for a large number of major storms in the central
and eastern United States, have formed a broad basis for the sindy of
storm patterns and precipitation characteristics. In addition to
published records, such reports include all precipitation data and
miscellaneous information on storms obtainable from the menuscripts of
original records, files of municipal agencies, newspapers, testimony of
witnesses, and similesr sources. Data assembled and organized by the
Engineer Officcs are reviewed by the Hy&rometeorological Section and are
supplemented by meteorological analyses. There has been profitable
collaboration with Gall A. Hathewsy, Principal Engineecr of the Office of
Chicf of Engineers, and with personnel visiting the Seciion from field
offices of the cooperating departments,

The following members of the Hydrometeorological Section contrib-
uted to the preparation of the final report under the direction of

Merrill Bernard, Principal Hydrologist:

-2 -



. Cameron, Meteorologist in Charge

. Showalter, Associate Meteorclogist

5. Thom, Associate Hydrologic Enginecer
. Brancato, Assistant Meteorologist
Jones, Assistant Metcorologist
Kenworthy, Assistant Meteorclogist
Lennahan, Assistant Meteorologist
Light, Assistant Hydrologic Enginser

., Solot, Assistant Meteorocloglst

. Wilson, Assistant Hydrologic Engineer
. Bray, Junior Meteorologist

. Gold, Junior Meteorologist

Iingley, Junior Hydrologic Engineer

. Rosenthal, Junior Meteorologist

. Shands, Junior Meteorologist

00, Junior Hydrologic Engineer

HopR o

- - -
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= o=
- » -
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O&Qbﬁtﬂ%ﬁm*ﬂ@*ﬂ*ﬁ@iﬂ{»@
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Very capable assistance was rendered by the sub-profegsional and

clerical staff.



CLIMATOLOGY

The general topographic features of the Ohio River tributaries
above Pittsburgh, Pennsylvania are mountainous in charscter, slthough
the major part of the Allegheny basin is more properly btermed "™ailly’ or
"rough" while the Monongahela basin is more rugged and mountainous.

The area is well watered throughout the year and on the average
precipitation shows little variation from one month to the nextvalthough
generally summer 1s the wettest season. The summer rainfall occurs
principally in thunderstorms or as showers in counnection with low pres—
sure systems whose centers pass eastward north of the basin. Heaviest
precipitation in other seasons is usually assoclated with low pressure
systems which move northeastward over the area from the west or south-
west, Occasionally, stagnation of these conditions may result in heavy
and rather prolonged rain, the runoff from which in the winter and spring
may be sugmented by melted snow. The annual precipitation averages
between 42 and U8 inches, being heaviest in the southérn half of thekarea
and decreasing northward. Average annual amounts at some of the ﬁore
elevated stetions are over KO inches.,

Average snowfall is moderate, between 30 and 4O inches, although

some higher mountain stations receive 100 inches or more per season. The

-



accumulations over the basin which gencrally reach & maximunm in late

b

gbruary or early Harch arc freguontly importent in flood sugmeantation,

The average aanual btempersturc is sround G0°F, The absolute

N

cxbremes range from —3503. to 109°F. The prevailling surfece wind dircc—

H

tion is west—-southwest, and velocities average 10 miles en hour or less,



CHAPTER I
ADJUSTLEYT AVD EXTRAPOLATION OF STCRMS TO PHYSICAL UPPER LIMITS

The most significant factors affecting rainfall depths have been
found te be the amount of precipitable water aveileble in the moist alr
column and the horigzontel tempersture contrast aloft between the warm
moigt and the cold dry air currents. In ordor 1o bex§ heavy precipita~
tion it is necessery te have vailable a large smount 5f water wapor in
the moist air. This water vapor cannot be precipitated at high rotes
over large areas without large-scale convergonce in the @oist air. The
dd%clopment and maintenrnce of such a convergeht}flow requires the
expenditure of considerable cucrgy, and this cnergy is limitced by the
heat and moisture contrasts between the cold and woarm currents.

The oxtreme temperntures observed ot § kilomcters”abave sea level
are considered represcantative of meximum tempersture contreasts to be
expected in the mid—troposphere during hesvy rains. Anelysis of such
situetions shows that the occurrence of extreme low temperaturcs at H
kilometers coincides with the occurrence of heavy roins. These tempera—
turcs, observed to the wost of the rain area, inveriably approached 6r
equrled the record low tempcrature of that vicinity. This is especirlly

true for the storms which occur in the colder helf of the year. The
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cold sir ot 5 kilometers to the west of flood-producing storms has 1ts
origin over the Pacific Ocesn rud the surferce occen tempersatures furnish
s meens of computing the minimum possible tcmporr turces at the S-kilometer
level. Since the ocern surfece temperoture crnnot be much below OOC.,
the minimum tegméreture at 5 kilometers with perfectly dry air end o dry
cdisbrtic lrpse ratc connot be below ~5OOC. When considerction is given
to the cffectsg of moisture in the column, the minimumrpQSSible tommera-
turc in ecny meritime air mess at b kilom%ters is neer -RBOC. The lowest
observed at this level in cny 2ir nmass in the Unitcd States is MM5OC. In
general the minimun volucs sre higher at lower latitudes snd follow a
secsonel trend. Minimum temperntures which hove bcén obhsecrved rre close
t0 the theoreticnal minine,

The meximun possible termperatures ot 5 kilonet.rs during henvy
rains cém bc determincd from the pseudo-sdiabetic lepse rote end the

o

meximun surfoce dew point. If o surface dew point of 82 F. ig considercd
the mexirun possible, fthe highest B-kilometer tompoersture under seturatoed
adisbatic conditions comnot cxceed 8°C. The highest obscrved S5-kiloneter
tomperature over the United States is 8°C.; the valuc is lowest end
decrenscs with increasing letitude during the coldest season but durin
nmidsummer the observed meximun velues show no rolotion to letitude.
Since the observed contrasts of temwerature ~loft cworosch the physical
upper linit, the precipitable woter becomes the nost significent varisble
in the modificntion of storm rninfall.

Theoreticel computations denonstrate theot norked convergence is
aecessrry to produce precipitation of flood meogaitude. Centers of

intense rainfoll susteined for short veriods are due to radinl inflow or
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Vertical cross—section through o center of radial inflow

the coavergence of rir towards o point. A schenatic verticol crosg-
section through » region of rodial inflow is shown in Figure 1,01, In
such o circeulation pottern with o given depth of convergence layer the
couputations indicate that o saturated column of cir with o dew point of
820F., which contains sbout four times s much precipitable water ng o
columm with a dew point of 5OOF., should pro&uce only twice as much
precipitation within a unit of time.  However, recent studies haove
denonstrated that it is not entirely correct to assume the seme moximun
depth of convergence layer for colusmns of rcir with widely different heat
end moisture properties. The first cluc to the inconsistency of this
assumption i1s the sescsonal variation in convective cloud depths., Cunulo-
nirbus tops in midsumner nay penetrate well beyond the averdge cirrus
level t0 heights of ten niles above the surface, while in nmidwinter they

do not reach heights of six miles. (Sce Figurc 1.02.) However, the
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clevation through its Comperative cloud helight dato

Northeastern United States
environment, is guite

different when the sir is seturated from whet it 1s before
that point is rerched... with satureted sir the reduction

of presgure ceuses condensation of water oad the 1aﬁent
hent of eveporation, which is set frce in the process,
opcrates o prevent the f2ll of temperature nefural to dry
air.., Under conditions of cuvironment which cre by no
mesns exceptionnl, in consecuence of the absorption of its
own latent heat, ascending seturried nir may lose so little
temperature thet storting from equality its temperature

cxcecds that of its environnent in its new clevation, and

it is therefore in a more favourable position for rising
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than it was when it started. Hence satursated air may

operate like an explosive, the higher it rises (within

limits) the more it is disposed to risc... " The encrgy

which it develops is really the gravitational encrgy of its

environment though conditioned by its own tempef%turo; out,

its temperature being what it is, it must respond to the

condition of the enviroanment and beccome the seat of the

energy which it has called forth. It is at once the powder

and the projectile.!
The greater the initial supply éf water vapor the greater the opportunity
for the rising saturated parccl to maintein a temperature in excess over
its surroundings as it rises,’hence the greater the height it will attain.

It takes a rmuch deeper convergence layer to support coanvection up
to ten miles than it does to support convection to less than helf that
height, Furthernmore, as the depth of the convergent inflow layer in-
creoses there must be a comporable increase in the depth of the layer of
compensating divergent outflow above and in the elevation of its base,
Ho convergent process can be maintained if there is not & balancing out-
flow 2loft. If there were no outflow alcft, pressure would rise so
rapidly in the average thunderstorn that the direcction of the pressure
gradient would be reversed in lese than an hour,

Since a saturated percel of air cools at its pscudo-adisbatic
rate while rising, its heat and moisture properties at cny elevation can
be computed by ncans of suitable thernodynenic diagrams. If sdaturated
columns of air are assuned to be in convective equilibriunm (pseudo—

adiabatic lapse rate), the total precipitable water in the columms above

- 10 ~
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35 35 shows the amount in a column

e 30_ five kilometers high. It is
Bas 25 g
: z cenvenient to identify the
- g :
g v potential moisture charge cf
g o a convective column by means

0.5 0.5

of the surface dew point
0 o

10 5 20 25 30 35 40 45 50 55 60 65 70 7% 80 85
DEW~-POINT (°*F.) AT 1,000 MILLIBARS

since that element is now
Figure 1,04 plotted on most synoptic
Amount of prebipitable water, sea weather maps.
level to 5 kilometers, (16,400 feet)
The surface dew point
is, however, not always representative of the total precipitable water in

the column above, since the temperature-height curve may be far from the

pseudo—adiabatic and the relative humidity considerably less than lOO%.

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

and in convective

uilibrium - the limiting conditions in centers of con-

. vergent activity associated with flood-producing rains.
As explained above, the depth of convergent inflow layer (see

Figure 1.05) and the upper

;:ll%
5! limit of convection both in-
o
gli 7
2 . ] . . . .
g, B crease with increasing mois-—
- | ’
;. e

7 L) o
3 e 1] ture charge. This of course
g s
£ . . .
g s implies that the deeper the
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increase in the amount of moisture precipitated by unit 1ift. The water

vapor capacity of any glven volume depends on the tempefature, and there-
foré 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 molisture precipitated from
a unit column by unit 1ift does increase with increased initial moisture
charge, As explained earlier, for a given depth, a column with a dew
point of go°F, precipitates about twice as much molsture per unit 1ift as
does one with a dew point of 5OOF., but the initial moisture charge of the
former is four times as great, It is the molisture which can be precipi~

tated to which the term "effective precipitable water! is applied.

In the adjustment of

. T
storms for higher representative &8 il w0tz Gomputations are based o9 the sssumpti
. 2.1 that 1it? ond depth of inflow layer are of
their 3
.dew points the effective pre- @ 20 7/
x 1.9
- . 2 s /
cipitable water should be used i
7
=z
. ~ 1.8
as a measure of the increase, €,
[T N -
Values for effective precipitable o
; 1.3 y O -
. < 1.2z
’ - s =
water, W,, are plotted against £, v,
o
. . . 6 E I-o //
dew points in Figure 1,00, In . y
g Q. yd
= o8
storms of small areal extent o7
i, P -
“ooe »
care must be exercised in exira— o5
0.4
polation since increasing the 0.3
N 50 55 60 65 70 75 30

SURFACE DEW-POINT (°F.}
depth of the convergence layer

may posit a flow pattern such Figure 1,06
that the vertical velocities Effective precipitable water as
a function of surface dew-point

" would be too high to permit rain in a saburated column of air
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to fall through the ascending currenteg.

In large-scale storms the average sustained rate of precipitation
depends on the rate of inflow of moist air into the storm area and the
law of continuity demends & relationship between the rate of inflow of
effective precipitadble water and the sustaincd sverage rate of precipita~
Yion. Another factor in the production of heavy rainfall is the strong
southward thrust of cold air aloft which induces a marked convergence in
the northward flowing moist current. Conseguently the columhs of air
with high precipltable water content occur coincidently with extreme low
temperature aloft. The aveilable precipitable weter in such o system cen
thercfore be en index of the system's potential cnergy. Thus the retes
of inflow of moist ail are probably highest when the effective precipi-
table weoter 1s at & meximum, As cxplained above, the rate of precipitae—
tion depends on both veleecity of inflow and value of W,. It is therefore

not surprising that aveilsble stotistical deta indicate a high corrcla-

tion bebween %e

and precipitotion inteasity.
In summery, the following must be considered to incrcasc as the
reprosentative dew point of the seturated column iacresscst
a. Total depth of precipitable water in the column (Figure 1.0@).
« Upper limit of convection.
c. Height of base of outflow layer,
d. Depth of convergent inflow loyer (Figure 1.05).
€. Averagce 1ift of coavergent inflew layer,

f. Depth of precipitablic water in inflow layer.

. Depth of precipitable water remeining in inflow column after
reaching uppor limit of convecticn,

Amount of moisture precipitated by lifting the inflow layer,

I
.
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CHAPTER II

THEORETICAL COMPUTATION OF RAIVFALL AVD THE INFLUENCE
OF SEASOFAL VARIATIONS IN HYDROMETEOROLOGICAL FACTORS
The area of the Pittsburgh basin is glightly less than 20,000

square miles; its east-west dimension is approximately 100 miles and its
north-south extent 200 miles, S0 for the purposes of this discussion it
will be assumed that the basin is a rectangle. The greatest quantities
kof moisture are transported into this region by southerly winds. For
durations of 2U hours it is assumed therefore that all the moist air
which causes precipltation must enter‘the basin across its approximately
east-west southern border: In order to make a theoretical computation of
the precipitation it will be necessary to assume a depth of inflow layer,
an average velocity thfoughout this depth, and a definite amount of pre-
cipitable water in the inflow columm, - When these are multiplied by the
_width of the basin and ﬁhe duration of the assumed storm, the product is
the total volume of precipitable water which passes into the basin during
the period of storm duration. To complete the computetion of the volume
of rainfall it is necessary to determine the percentage of the totsl
available precipitable water which can be converted into rain., This

involves a consideration of the fcllowing factors:
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Pactors

a. Available precipitable water which is readily derived from the
representative surface dew point.

. b. Depth of convergent inflow layer.

¢. Upper limit of convection.

e

Average 1ift of convergent inflow layer.

Depth of effective precipitable water.

lo

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

&. Southerly wind velocities at the earth's surface.
The importance of each of these elements is discussed in order
below:

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 temperaturss 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-~ J
oration from the ocean surface, the final moisture charge cannct be
greater than the amount contained in a saturated column of alr whose
surface dew point is at the same temperature as ﬁhé ocean surface. It is
obvious that if the saturated column of air had a dow point temperature
higher than the temperature of the ocean, condensation would occur on the
ocean surface. The height to which surface moisture can be carried aloft .
by penetrative convection in a meritime alr mass depends upon the rates

at which the air 1s transported across the ocean, on the stability of the
alr column, and on the amount of convergence which takes place. It may

be assumed that each of these three factors will be at or near its maximum
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cffectiveness during maximum storm conditions since the circulation

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

usually preceded or accompanied by strong winds over the Gulf of Mexico

with unstable moist air extending throughout the convergence layer.

Because of the modification which maritime air masses undergo as

they pass over continental areas, espccially during the winter months,

the ocean surface temperatures canncot be used for the maximum possible

dew points near Pittsburgh. For this reason the extremc cbserved dew

points at a number of stations from western Pennsylvania, Ohio, West

Virginia, Kentucky, Tennessee, Alsbama, and Mississippl were compiled.

maximum dew point profile for cach month of the year was then developed.

A

The next step was the development of cseasonal curves of extreme dew point

temperatures for several of the northern stations, including Pittsburgh.

The Pittsburgh curve was then smoothed
so as to make it comsistent with the
maximum dew point profile and with the
normal seasonal trend (Figure 2.01),
The final values were sufficiently
high to warrant the assumption that
they would not be exceeded durlng
periods of heavy general precipitation.
In this anelysis several of the re-
corded values Q@re disregarded because
they were not corroborated by obser—
vations at nearby statlions or because

there was reasonable evidence that the
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original wet buld readings were too high, The dcw points were converted

into terms of wrecipitable water by means of Figure 1,04 and the seasonai
variaticn in available precipitable water from the surface to five kilo-

metors is shown in Figure 2.01.

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

"Adjustment of Storms," it is necessary to assume a variation in the
depth of the convergence layer which will be commensurate with the vari-
ation of representative surfece dew point, Figure 1.05 wasg developed
from a study of the amnual range in the height of the clouds, the tropo-
pause, and the freezing level. This figure shows the meximum depth of
the convergent inflow layer for esch value of the representative surfsace
dew point and was used to develop the seasonal frend curve shown in
Figure 2,01, In all casges, the depth of the convergence layer is one-
third of the height of the upper limit of conveetion.

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

estimated from the annual range in the maximum elevation of cumilonimbus
tops. (See Figurcs 2.01 and 1.02.) This elevation was used for the top
of the outflow layer.

4. Average 1ift of convergent inflow layer, ©Since the depth of

the inflow layer is one-third the fotdl depth of the convective column,
the average 1ift of the inflow layer cannot exceed twice its depth.

¢. Depth of effective precipiftable water, The initial amount of

available precipitable water in the convergent inflow layer is fixed Dby
the depth of the layer and the representative dew point, while the amount
of precipitable water remaining in the column is determined by the 1ift

it undergoes. The difference between these twe amounts is designoted as

-1 -




the effective precipiteble water (Figure 1.06) and it is the term that is
employed in the final esquation. In defermining the maximum effective
precipitable watef for egach month of the yeaf (Figure 2.01), meximum
values of precipitable water, depth of convergence and 1ift were used,

implying peak efficiency in the precipitation process,

f. Horizontal temperaturc gradients aloft. The rate of'inflow of

the warm moist air depends on the velocity of the northwardécurrent in
that air. On account of the lack pf wind observations it is necessary 1o
detormine that velocity from the temperature contrast aloft,

The temperatures at the 5-kilometer level are used because they
arc more conscrvative than temperstures at the surface, therefore more
representetive of relestively large arcas. As explainad previously under

"Adjustment of Storms," therc exists
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Washington (Figure 2,02), both these stations having over ten years of
upper alr 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 éhecked
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 winds were
computed. The computed gradients are probably well in excess of any
which have yet occur?ed, since such combinations of extreme temperatures ‘
at the two pontrolling stations have not been observed concurrentlj.

After making the proper adjustments for varistions in air density,
the gecstrophic winds (Figure 2.02) for the assumed pressure gradients
were calculated. These provided a measure of the extreme southerly wiﬁd
velocities to Dbe expected at the H-kilometer level., The geostrophic
wind (*) is of course equivalent to the gradient wind wheﬁ’the isobars
are straight. However, during extensive storms the isobars at h kilo-
meters generally show'some cyclonic curvature typlcal of convergent flow,
In such cases the gecstrophic 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
teéhnique, it is almost impossible to find a calculated southérly wind
Verified by observation since strong southerly winds are invariably

(*) Petterssen, Sverre '"Weather Analysis and Forecasting.!" McGraw-Hill
Publishing Company, 1940,
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associated with deep cloud layers. However, the adopted values for
southerly winds at 5 kilomelters sppear reasonable when compared with
observations of velocities from cther directions.

g. Southerly wind velocities at the earth's surface. In the low—

est layers of the atmosphere the wind velocity increases rapidly with
height. Representative of inflow rates at these levels would be the
veleocity at several hundred feect azbove the ground, Since the anecmometer
expcsure at Pittsburgh was 410 feet for a number of yvears, 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 EQ—hoﬁr duration. There~
fore the wind factor recuired in the compubation was the averége southerly
velocity which could be sustained for twenty-four hours. This was
~derived from an ecmpirical relationship established between it and the
extreme Hh-minute south wind. A similar relationship was used to compute
the 2U-hour meximum wind velocity at H kilometers from the extreme geo-
strophic win&. The seasonal trends of the 5-minute and 2U-hour maxime,
at the surface and 5 kilometers, are shown in Figure 2.02.

Combining the rates of inflow near the surfacce and at 5 kilometers
by assuming linear veriations between the two, the average velocity was
plottcd against height for cach month of the ycar. It was not necessary
to weight the wind at cach elevation in terms of moisture content, tho
difference between weighted and unwelighted mean velocities being negligi-
ble. The average inflow velocity at the middle of the convergencc layer
is thercfore represcntative of the welghted average rate of inflow

throughout that layer. The scasonal range of the maximum mean rate of
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‘inflow is shown in Figure 2,02,
Method

With all seven factors properly weighted, the theoretical maximum
possible rainfall and its seasonal variationsg over the ldealized basin
can be compubed.

Given the rates of inflow and the depths of effective precipitable
water, the final step was to compubte fhe seasonal variations in the
maximum possible average depth of rainfall over the model basin for
twenty—~four hours. Maximum efficiéney of the precipitation process being
assumed, all of the effective precipitable water is converted into rain-
fall, o attempt was made to define the distribution of the rainfall in
aree or time.

The following equation’was used for the computation:

Vb We
Doy = &4 ——

where Do) = average depth of rainfall over 20,000 square miles in oW
hours (inches)
V = mean inflow velocity (m.p.h.)

moist column (miles)

by

b = width o

Fty

W, = depth of effective precipitable water (inches)

M = arca (square miles).

It ghould be emphasized that the results‘are not baged on any
specified flow pattern, the only restrictions being the surface dew
points 2nd the rates of inflow. The factors b and M in the equaticn

arc dependent upon the shepe, gize and oricntation of a drainage basin.

I
The ratio i is a good index of rainfall potentiality over a basin., For
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small areas and radial inflow

a -b 3
the ratio M becomes relatively T
Theoretical roinfall_| .
. . @ over 20000sq. mi. | >, \
large and thcerefore the intensi- w S \
[
z
ty of precipitation increases. -z \
N =g A
8 j/ and \\ NS
- The limits of precipitation 4 i S
< /
z3 = N
intensity for very small areas 2 4 \
g // \ o~
[~ \ b
do not depend so much on the g Sl s -
>
<

2
rates of inflow as they do on \\

™ Moximum observed 24- hour
point rainfall at Pittsburgh

the terminal velocities of rain-

drops falling through strong .

ascending currents of air.

Results Figure 2,03%
The results of the com- Scasonal variation of hydro-
meteorclogical factors,
putations are shown in Figure computed maximum possible average
rainfall depth in 24 hours over
2.0%, which gives the theoreti- the Ohic River tributaries

» , above Pittsburgh
cal maximum possible rates of

precipitation for a 2U-hour period over a basin of about 20,000 square
miles, supplied by a southerly inflow of moist alr 100 miles in width,
The computed values show a seasonal variation similar to that of the
observed meximum rates of precipitation at Pittsburgh. The maximum
obscrved two-hour amount at Pittsburgh is 1.93 inches in August and U7
inch in December. The greatest 2h-hour amount, 4.08 inches, was recorded
during September. The scasonal trend in observed maximum 24-hour émounts
is also shown in Figure 2.03.

A check on the theoretical computations was provided by data from

the Mey %1-June 1, 1689 storm in central Pennsylvania. During this storm
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a strong southeasterly wind was blowing along the castern border of the
storm area and it wes therefore necessary to assume that in the surface
layers inflow was taking place over a width of 200 miles, However, cloud
dircctions showed the air flow at high levels to be directly from the
south; therefore the rates of inflow at the S5-kilometer level were
assumed to be egual toyﬁﬁékexpected maximum possible southerly %elocities
for the season. The inflow velocity of 21 miles per hour at the surface
wag given additional weight because of ﬁhe greater width of inflow due to
gsoutheasterly direction. The moisture charge was compubted from the
observed dew point of 69OF. at Baltimore, The result was a value of 5,50
incheg of precipitation over the model rectanguler basin. An average
deptn of 5.13 inches over the Ohio basin above Pittsburgh was obtained
when that basin was superposed on the maximum 2l-hour ischyetal map.

In order to determine the limits of errorAiﬁkthe thecretical com—
putations, the adequacy of the factors involved should be evaluated.

The representative dew points, heights of convection, and depths
of effective precipitable water used in the calculations were all con-
gidered to be at or near thelr physical upper limits. However, because
cf the inadequacies of upper alr data previousgly mentioned, there is some
possibility that the assumed rates of inflow could be exceeded.

The model flow pattern assumes all the inflow across the basin's
southern boundary, represonting but cne-sixth of its verimeter. Theo-
retically at leést, inflow could take place BCTOSS thé entire perimeter
at any moment but it is highly improbable that such a flow would ever be
maintained for an entire day. PFurthermore, such a convergent flow

directed normally inward across all sides could nct be maintained with
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high inflow velocities. Xven in intense local convection the average
inflow across the circumference does not exceed 30 m.p.h. near the sur-
face aﬁd magt decrease to zero at the top of the inflow layer. The
maximum aversge velocity throughout the inflow layer would therefore not
apnreciably exceed 15 m.p.h.

If the entire basin were covered by one large convective cell,
“the aversge inflow across 1ts perimeter of 600 miles could not exceed
15 m,p.h,, which is equivalent to 90 m.vp.h, across,the‘soutﬁerﬁ’boﬁnﬁary
c¢f 100 miles extent., An exsmination of the curves for meximam H-minute
velocities at the surface and 5 kilometers (Figure 2.02) will show that
the assumed velocities imply that the average rate of inflow within the
convergence layer mey reach & peak velocity of about 80-90 m.p.h. in the
winter snd 55-60 m.p.h. in the summer. For a 5-minute period therefore
the assumed ideal flcow is apvroximetely egulvelent to redial inflow
across the entire boundary.

Analyses of upper air date for extensive storms show;that the
moisture supply for periods of 24 hours must be meintained by strong
southerly winds in the mid-troposphere. XNear the surfale the combined
effect of topograohy, surface Iriction, and the deepening of low pressure
centers 1s the developmené of a convergent flow. However, nct even
thunderétorms are supplied by inflow of moist eir from all sides through-
out thelr entire duration and 1%t 1s much less anpropriate to assume such
a flow pattern for large basins snd long durations.

In the storms of September 1878 and May-June 1889 there were
southeasterly winds in the low levels rather then southerly winds.

Because the model basin ig iwice as long ss 1t 1s wide, the rate of
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inflow of moist alr near the
surface with southeast winds is
a little more than twice that
with south winds. Under opti~
mum conditions therefore the
surface moist alr might be sub-
Jjected to a persistent conver-
gent flow and southeast winds
would prevail for twenty-{four
hours. Under these circum—
stances the southeast component
of the wind would begin to
disappear at or near the gra-
dient level probably becoming
due south at 5,000 feet.

At five kilometers the

H-minute maximum velocities are considered sufficlently high dbut the 24—

hour averege at that level might be exceeded.

When the above factors were carefully weighted, the results indi-

cated that the calculated 2l-hour smounts of rainfall could be exceeded

by 15 to 20% because of higher rates of inflow. Therefore a value of

20% was adopted as a possible error for all the calculated values

(Figure 2.04).
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CHAPTER III
THE SEASONAL VARTATION IN HYDROLOGIC FACTORS

The records of river stages at Pittsburgh show the greatest
frequency of floods during the spring months. In this connection it is
interesting to examine the seasonal trend of the controlling hydrologic
factors which exhibit their mosf efficient combination during the spring

of the year (Figure 3.01).

It will be necessary to

Percentage of

~1 Runoff L~
express all factors in terms of ™~ <// ’///

~
~ L

the average depth of water over

Moximum Possible
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three additional factors must
Figure 3.01
be considered as having impor-
Seasonal variation in hydrologic
tant bearing on the final factors, schematic chart
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contribution to/runoff:

a. Depth of snow which can accumulate over the basin.

Snow may be present from October to May with a maximum accumula-
tion on the ground in early March.

b. Rates of snow melt.

The assumptions regarding snow melt are discussed in greater
detail in Chapter 7, "Snow Melt." 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 reasonable values to the snow melt and runoff
coefficients they were combined with the meximum calculated rainfall
amounts to obtain the seasonal trend of maximum posgsible runoff shown in
Figure 3,01. On the same chart is shown a curve of the maximum river
stageé 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 observations. Also of significance i1s the high

peak of rainfall during the season of greatest probability for the

passage of decadent hurricancs over the area.
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CHAPTER IV

CHRONOIOGICAL LIST OF STORMS

Boses for selection

All of the storm periods listed chronologically in this chapter
were subjected to at lesst a vpreliminary examination in the course of the
Pittsburgh study. Any of three characteristics was considered sufficient
to warrent designation as a storm period.

a. The proximity of significant ischyetal centers to the PitﬁSr
burgh ba%in. A preliminary area of significant proximity was delimited
as extending from Indians eastward to thé Atlantic coast and froﬁ
Tennessee-North Caroclina northward to the Canadian border.

b. The occurrence of excessive point rainfall, i.e., 2.50 inches
or more per day.

¢. The occurrence of crest readings higher than flood stage at
Pittsburgh and at seversl other locations in or near the bagin. It/is
recognized that with changing river regimen, s%ages throughout the period
of reoofd are not clo;ely comparable. In this connection it should be
noted that there are historical records of a number of flood stages prior
to 187% that could not be subjected to analysis because of the paucity

of meteorological data. A list of such stages in the Ohio River at
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Pittsburgh is given in the following table.

Early storms

Year Day of Month Stage at Pittsburgh

£,
1762 Jamuary 9 39.2
1763 March 9 41.1
1806 April 10 37.1
1810 ‘ November 9 35.2
1813 January - 32.2
1816 February - 36.2
1832 Febrvary 10 38,2
1840 February 1 30.0
1846 March 15 28.2
18k47 February 2 30.1
1847 December 12 27.2
1848 December 22 26.2
1852 bpril 6 28.2
1852 April 19 35.1
1858 May 27 29.2
1859 April 28 25.2
1860 April 11 32.9
1860 November 4 25.2
1861 September 29 342
1862 January 21 33.2
1862 April 22 28.6
1865 March b 27.7
1865 ‘March 18 3.6
1867 February 15 25.2
1867 March 13 26.7
1868 March 18 25.2

Recent storms

A1l storms subsequent to 1872 were examined first for their hydro-
logic importance and secondly for their meteorological importance. Tests
for hydrologic importence were mede by examining total isohyetal maps or
2h-hour isohyetal maps and mass curves of rainfall for significant rain-
fall centers.

Tests for meteorclogical importance were made by studying the
location and movement of significant pressuré centers and currents of

moist air.

.



the estimate of either maximum possible precipitation or critical flocod

The storms that were found dsficient or inapplicable for use in

production were eliminated after preliminary study.

The reason for the

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

the following key:

A, Distribution of 24-hour rainfall too widely scattered or ares

covered too small.

L. ©24-hour rainfall too light.

L

bagin.

Major storm activity occurred too far east of the Pittsburgh

‘Storms that were found to be of significant meteorological impor-

tance are marked XX in the following chronological 1list, and are dis—

cussed later in Chapter V.
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Storm Period

July 26
Avg. 5
Oct. 3-H
Dec.12-14
July 26

1819,
1843,
1869,
1873,
1874,
1875,
1876,
1877,
1878,
1878,
1881,
1881,
1882,
1883,
1483,

Dec, 9-11
Teb. 8~-11
June 6~10
Jan ,10=-21
Feb, 2-8

July 2h-Aug.3
Sept. 16-18
Jan, 1417
Sept. 9-1U

June 23-28

Location of
Significant
Rainfall

New York
Pa,

New England
Ohio~Ky .~Pa.
W. Pa.
Ohio-Ind.
Pa.

Xy .~Ohio-¥W.Va,
E. Chio
Virginia
Chio—Pa.

Pg,

Ky .~Tenn.
Ohio-W.Pa,
Mich,

Amount for total storm period,

- 32 -

Point
Rainfall -~
Amt./

Duration

18.0/7-1/2h.
16,0%
8.,0/25h,
2.7/15k.
5.5/ 1k,
12,1%

Battle Creek,Mich,

Point Crest
Rainfall - Stage
Location Pittg~
burgh
(ft.)
Catekill,¥.Y.
Concord, Pa.
Canton, Conn,
Cincinnati, O, 28.9
Allegheny City, Pa.
"Kenton, O,
Erie, Pa. 28.2
Louisville, Ky, 27.8
Jefferson, O.
Wytheville,Va, 27.7
Wellsboro, Pa. 26,4
Franklin, Pa. 30.3
Auvustin, Tenn,
Franklin, Pa, 31.2
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Storm Pericd

Feb. 2-6
June 25-26
Jan, 14-17
Apr. U-7
Apr. 5
July 7-10
July 18-19
Mg, 20~-21

1884,
1884,
1885,
1886,
1888,
1838,
1488,
1888,

1889, May 30-June 1

1889,
1890,

July 18
Mar.19-23

1890-91, Dec.30-Jan.3

1891,
1892,
1892,
1893,
1893,
1894,
1894,
1894,
1894,
1895,
1895,
1896,
1897,
1897,
1897,
1897,
1897,
1897,
1898,
1898,
1899,
1900,
1500,
1901,
1901,
1901,
1901,
1502,
1902,
1902,
1903,

Feb. 15-18
Jan.1ll-15
June 10
Feb, 5-8
May 15-17
Apr. 29
May 18-22
Sept. 7-8
Sept.18-20
Jan., 6-11
Oct. 11-15
July 23-26
Feb.20-23%
Apr. 34
July 3
July le-1k
July 17-18
July 26-27
Mar, 15-24
Aug. 3-5H
Mar. 3"6
July 18-26
Nov. 2u4-27
Apr. 18-25
June 1%-18
June 22-25.
Dec. 11-16

Sept. 24-26
Sept. 30
Feb. 1-5

Feb,25-Mar.1

Location of
Significant
Rainfall

Ohio~-¥W.Pa.

E. Pa.

Ohio

Pa.

Mich.

W. Va.-Chio
W. Va.

¥y .~Pa.-¥W.Va.
Pa.

Ky.~Ohic-W.Va. 19.0/130m,

Ky.-Ohic-W.Va.
Pa.

Ohic-W.Pa.
Pa.~-W.Va.
Pa.
Ohic~Pa.
W.E. Chic
Pa.
Pa.-H.J,
Pa.
Peg.-H.J.

Ohio~Pa.-W.Va,
New England
Ohio
W.Va.~Ohio

Ky .~Tenn.

New York
Conn.-Mass.
Pa.

Md.

Ohic

B, Pa.

W, Va.

W. Va,

Ky.
Ohio-Pa.-W.Va.
W. Va.

W. Va.

Pa.

W. Va.

Md.,

Ind.
Ohico~Pa.~-W.Va.

Amount for totel storm pericd.

— 33 —

Peint

Reinfall ~

Amt, /

Duraticn
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) en.
/55m.

/ 9n.
5.8%

.

g.0/2kh.
2.1
3.1/2un.
3.5%

1Cloudburst!

2.8%
10.6%
6.0/2un.
10, b
%.2/40m.
7.7/2k%n,
2.2/24n,
g.5%

¢ — Charleston, W. Va.

Pcint
Rainfall -
Location

Erie, Pa.

York, Pa.
Marietta, O.
Wellsbero, Pa.
Adrian, Mich.
Grace, O.
Tridelphia,W.Va.
Pittsburgh, Pa.
Wellsbero, Pa.
Rockpoert, W.Va.
Scuth Fork, Xy.
Somerset, Pa.
Wew Alexandria,O.
Pleasant Mt.,Pa.
Moscow, Pa.
Millpcrt, O.
Wheeler, Ohio
Somerset, Pa.
Cagsandra, Pa.
Bethlchem, Pa.

Smiths Corners,Pa.

Huntington,W.Va.
Framingham, Mass.
Plattsburgh, O.
Portsmouth, O.
Harriman, Tenn.
Carmel, H.Y.
Southington, Conn,
Saegerstown, Pa.
Jewell, Md,
Warsaw, O.
Philadelphia,Pa.
Hinton, W. Va,
Huntington,VW.Va.
Hopkinsville, Xy.
Huntington,W.Va.
Oceana, W. Va,
Princeton, W. Va.
Mauch Chunk, Pa.
Princeton, W.Va.
Colora, Md.
Indisnapclis, Ind.
Martinsburg,W.Va,

29.0

26.2
3e.q

32.1

Lg .9¢

30.9
30.7

, stage.
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¢~ Charleston,

Storm Period

1903,
1903,
1903,
1904,
190k,
1904,
190k,
1905,
1905,
1905,
1905,
1905,
1905,
1905,
1906,
1906,
1906,
1907,
1907,
1507,
1907,
1907,
1908,
1908,
1908,
1908,
1909,
1909,
1909,
1909,
1910,
1910,
1910,
1910,
1910,
1910,
1911,
1911,
1911,
1911,
1911,
1911,

Feb.27-Mar.1
Aug, 28-29
Oct. H-12
Jan. 20-23
Feb.28~Mar.3
July 5-9
Sept.13-15
Mar, 19-22
June U-7
July 19

Mg, 6

hug, 12-16
Sept. 10
Dec. 1-4
June 6-7
July 16-17
ng. 26-27
Jan. 2-7
Jan. 12-19
Mar. 12-14
June 10-13
July 16-17
Feb. 13-17
Mar. 17-19
Mar. 29-&pr.2
June 20-21
Teb., 23-24
Mar. &-9'
Apr, 29-May 1
Aug. 15-17
Jan. 16-19
June 19

July 16
July 28
Sept. 18-20
Oct. 3-7
Jan. 26-31
Apr,28-Hay 1
fug, 28-31
Sept. 15-16
Cct, 1-2
Oct, 16-18

Tocation of
Significant
Rainfall

W. Va.

Pa.
Pe.-N.J.-N.Y.
Ind.~Chic
Ohio-Pa.
Ohio
¥d.-Pa.-N.J.
Pa.~W.Va.
Ohio

W. Va.
Indiana
Indiana
Indiana

W. Pa.

W, Pa.
Kentucky
Kentucky
Ohio-Ind.

V. Va.
Ind.~0Ohio-Pa.
W. Va.

W. Va.

Ing.

Pa.

W. Va.

Ohio
Kentucky
Ind.-I11.
Kentucky
Md.-Pa.-N.J.
W. Va.

W. Va.
Iilinois
Kentucky
Ky.-Ind.

Ark,.~I11.-Ind.
W, Va.

Kentucky
Va.-W,Va.

- Pa.

Ohio~Pa.
W.Va.-N.C,

Amount for total storm period.

W.Va., stage.

._314,~_

Point

Rainfall -

Amt.]
Duration
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- Glenville,

Point
Rainfall -~
Location

Myra, W.Va.
Freeport, Pa.
Paterson, N,J.
Princeton, Ind.
Beaver Dam, Pa.
Gratiot, 0.

Friesbureg, H.J.

Terra Alta, W.Va.

H. Lewisburg, O,
Grafton, ¥. Va.
Princeton, Ind.
Paoli, Ind,

Horthfield, Ind.
Greensborn, Pa.

Crest
Stage
Pitts-
burgh
(£ft.)

32.1

33.2
30.1

32.2

26.7

Parkers Landing,Pa.
Mount Sterling,Xy.

Falmouth, Ky.

Jacksonburg, O. 26.5
Pickens, W. Va.
Cincinnati, O. 38.7
Princeton, W.Va. 33.0c
Parsons, W. Va.
Princeton, Ind. 3%.9
Iycippus, Pa. 30.5
Williamson,W.Va.
Greenville, O.
Shelbyville, Ky. 25.5
Vevay, Ind.

Mount Sterling, Xy.
College Farm, U.J.
Sutton, W.Va. 26.0
Parsons, W.Va.

Cobden, I11,

Beaver Dam, Xy.
Lexington, Ky.
Golconda, Ill.

Terra Alta, W.Ve. 28.4
Edmonton, XKy.

Glenville, W.Va. 16.0g
Greenville, Pa.
Youngstown, O. 10.6y

Rock House, N.C.

&
v — Youngstown, 0., stage.

W.Va., stage.
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Storm Period

1912,
1912,
1912,
1912,
1912,
1912,
1912,
1912,
1913,
1913,
1913,
1913,
1913,
1914,
1914,
191k,
191k,
191k,
1915,
1915,
1915,
1915,
1915,
1915,
1915,
1916,
1916,
1916,
1916,
1917,
1917,
1917,
1917,
1917,
1918,
1918,
1918,
1918,
1918,
1918,
1919,

Feb.
Mar.
Apr.
June
July
July

Sept.
Sept.

Jan.
Jan.
Mar.
July
Kug.
Jan.

26-27
20-22
1-2
15-17
17-18
24
1-2
2%-25
3-8
9-12
23-27
13-14
1
%l

May 10-1Y4

July
Aug.

Sept.

Jan.

16

9-12

1
31-Feb. 3

June 1

July
July
Aug,
Aug,

Sept.

Jan.
July

Sept.
Sept.

Jan.

7-8
15-16
g
17-22
%0-0ct, 1
9-12
20-21
HeB
15-16
20-22

May 26-28

Aug,

Sept.

Oct,
Jan.
Feb.
Mar.
June
Aug.
Dec.
Jan.

21-23
6-8

18
28-29
19-26
12-15
17-18
26
1o-14
1-3

Location of
Significant

Rainfall

Pa.

W.Va, —Pa.
Kentucky
Ohio~Pa.
Ind.~-Xy.

W. Va.-Md.
W. Pa.-Md.

Md.,

Ky .-W.Va.
Ky.-W.Va.
Ohio-Ind.
Ohio

Pa.

Pa.

Mich.
Ohico

W, Va.
Mich,
Kentucky
Indiana
Indiana
Ohio
Indiana

Ark.-Mo.-I11.

Chic-W.Va.

Ohio-Ky.
Pa.

Ohio

E. Pa,
Pa.-W.Va.
Indiana
Pa.
Ohic-Zy,
Indiana
Xy .-Tenn.
Pa.-Ohio,
W. Va.

W, Va.
Kentucky
Illincis
Ky .-W ., Va,.

Amount for total storm pericd.
- Wesgt NHewton, Pa.,

stage
- Freeport, Pa., stage

W.Va.

Point

Hainfall -

&mt./

Duration

Lgn.,
/2Un,
/gah.

/2kn,
/2Uh,
/2bn,
/eln.
oln,
/ekn,
/eln.
/ 8h.
/ bn.
2ln,

.

»

.

Point
Rainfall -
Location

Confluence, Pa.
Lyeippus, Pa.
Hopkinsgville,Ky.
Johnstown, Pa.
Greensburg, Ind.
Deer Park, Md.
Deer Park, Md,
Baltimore, Md.
Franklin, Ky.
Taylersville,Ky.
Columbus, Ind.
Toboso, 0.
Stroudsburg, Pa.
California, Pa.
Kal amazoo, Mich,
Cambridge, O.

1.5/

3.0

6.3

H.O*

L.g

b1

3.6

6.1

5.8

L, h/

7.1

7.3

7.5

37

hel

Y"I

4,0 . Bancroft, W. Va.
1.0 6h. Cooper, Mich,

b 1x Hopkinsville, Xy.
4,0/30m. Monrce Co., Ind.
1.0/ 5m. Terre Haute, Ind.
b,1/2bh. Iima, O.

4.6/24h, Connersville, Ind.
6.0/12h. St. Louis, Mo,
4.,0/12h, Syracuse, O,
2.u/eldn.  Vaysville, Ky.
5.3/24h, Reading, Pa.
L.8/chh, Dayton, O.

5.1* Harrisburg, Ps.
3.0/24n, Spencer, W.Va.
4.7/24h, Butlerville, Ind.
3.8/24h. Vandergrift, Pa.
5.8% Fernbank, O.
6.4/24n. Kokomo, Ind.
3.5/24h., Burnside, Ky.

I o Parscng, W.Va.
Log/2lh., Sutton, W.Va.
L,0/2th. Rowlesburg, W.Va.
6.1/ebh, Calhoun, Ky,

5. Z/EMh. Anna, I11.

4, 0/olh.  CGreensburg, Ky.

k - Lock He. Y, Pa., stage
g —~ Glenville, W.Va. stage
p — Plkeville, ¥y., stage

Crest
Stage
Pitts ~
burgh
(ft.)

30 . bw
31.3

9f
3,5k

10,

34,

3]
O
N

33.

31.6

28.

o84

50.
30.

.

Op

—

26.0
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Storm Period

Significant
Reinfall
1919, June 26-27 Pa.
1919, July 1b-22 Virginia
1919, Aug. 4-6 N. Ohio
1919, Aug. 17-19 Pa.~Del.-N.J.
1919, Oct. 26-31 Illinois
1919, Wov. 26-27 Kentucky
1920, Mar. 9-13 Kentucky
1920, Apr. 15-21 Ky .~Onio
1920, June 16-17 Pa.-Ohic-¥W.Va,.
1920, July 2 Indiana
1920, July 6 Kentucky
1920, July oW-25 Pa.-W.Va.
1921, June 22-24 W.Pa.
1921, June 26-27 W.Pa.
1921, Sept. 3 Indiana
1921, Sept. 17 Pa.
1921, Oct. 30-Nov.,l Md.-Va,-W.Va.
1921, Nov. 26-29 Pa.-N.Y.
1921, Dec. 20-2 Ky.-Ind.
1922, July 1-3 Chio
1922, Aug. 1 Pa.
1922, Sept. 2-3% Ohio-W.Va.
1923, Apr. 28-30 Wew England
192%, May 15 Kentucky
1923, June 10-1U4 Kentucky
1923, July 3-4 Ohic
1923, July 28-3C Pa.-Md.
1923-24, Dec.30-Jan.i Ky.-Ohio-W.Va.
1924, Mar. 26-30 W.Va
1924, May 7-12 Va.-W.Va.
1924, June 28-29 Pa.
1924, Sept.29-0Oct.1  Pa.-W.Va.-N.Y
1924, Wov. 22-24 New England
1924, Dec. 6-8 Kentucky
1925, June 13 Kenbucky
1925, July 20-21 Ohio
1925, Sent.l12-13 Ohic
1925, Oct. 2-4 Ohic
1926, May 31 Pa.
1926, July 26-28 Ohic
1926, Aug. 1 Illinois
1926, Aug. 17 Illincis
1926, Sept. L6 Pa.

Location of

Amount for ftotal storm period.

Point

Rainfall -

Amt . /

Duraticn

n
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2ln,
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oln,
oln,
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oln,
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olin,
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oln,
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oln.
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Plin,
oln,

Point Crest
Rainfall - Stage
Locaticn Pith e~
burgh
(£t.)
Franklin, Pa.
Lawrenceville, Va.
Tiffin, O.
Reading, Pa.
Waterloo, 111,
High Bridge, Ky.
¥Middlesboro, Xy. = 28.3

Carrollton, Ky.
Wellsburg, W.Va.
Hartford City, Ind.
Bowling Green, Xy.

Parsons, W.Va. 23.9¢
Springdale, Pa.

Davis Is. Dam, Pa.
Crawfordsville, Ind.
Bradford, Pa.

Catawba San., Va.

Derry, Pa. 28.6
Carrollton, Ky. o6 . Yg
Hillsbore, O.

Pennline, Pa.

Oxford, O.

Millinocket, Me,
Blandville, Ky,

Berea, Xy.

Toboso, O.

Gouldsboro, Pa.

Bubenk, Ky. 30.6
Smithfield, W.Va., 32.4

Charlottesville,Va.29.6
Creekside, Pa.
Iykens, Pa.
Gorham, ¥.H.
Bowling Green, Xy.
Paducah, XKy.
Cincinnati, O,
Germantown, O.
Germantown, O.
Grove City, Pa.
Waynesville, O,
Deca tur, Il1l.
Cairec, I11.

Derry, Pa.

W.Va., stage.
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Storm Period

1926,
1926,
1926,
1927,
1927,
1927,
1927,
1927,
1927,
1927,
1927,
1928,
1928,
1929,
1929,
1929,
1930,
1930,
1931,
1931
1931,
1931,
1931,
1971,
1932,
1932,
1932,
1932,
1932,
1932,
1932,
1932,
1932,
1932,
1932,
1933,
1933,
1933,
1933,
1933,
1933,
1933,

Sept. 8-9
Sept. 23%3-25
Fov. 14-19
Jen. 19-23
Mey 28-30
June 18
July 2-3%
July 22-23
Oct. 16-20
Nov., 2-6
Dec. 10-14
Aag. 11-13
Aug. 14-18

Jhug. 2-3%

Oct, 1-3
Oct, 20-25
June 10
Sept. 15
July 3-4

, July 18

July 31
Aug., 20-23
Sept. 1-3
Sept. 1b-16
Jan. 29-30
Feb. 1-5
June 26-29
July U4-6.
Aug, 1-3
Sept. 1-U
Sept. 16-17
Sept. 20
Oct. BT
Oct. 15-18
Dec. 30-31
Mar. 13-1h
May 13-15
June 26-27
July ou-27
Aug, 10
Aug, 22-2U
Sept. 3-4

Amount for total

Location of
Significant
Rainfall

Iilinois
Pa.-W.Va.
Pa.-Md.~-Va.
Xy.~Pa.
Kentucky
¥entucky

W. Va.

E. Pa.
Pa.-M4,

New England
W. Pa.
Haryland
Va.~Pa.~N, C.
Indians
Pa.-W.Va,
Ohio-Ky.
Pa.

Indiana
Ky.—-Ind.-Pa.
Ohio

W, Va.
Va.-W . Va.
I11.-Ind.
I11.-Ind.
Ky .~W.Va.
W.Va.
Pa.-W.Va,
W.Va,
Kentucky
Ind.-Mich.
R.I.
Kentucky
N.Y.-E.Pa.
Va.-N.C.

I11.~Ind.~Er.

W.Pa.~0Ohic
Chio

W, Va.
Md.-Pa,.
I11.~Ind,
B.Pa.-W.Va,
Kentucky

storm period,

- 37

Point Point Crest
Rainfall — Rainfall - Steg e
Amt./ Location Pitts-
Duraticn burgh
(£t.)
6.1/13h. Griggsville, I11.
3.9/24h, Pennline, Pa.
L.9/okh, Iykens, Pa, 3%.6g
3.7/24n. Derry, Pa. 29.7
I, g/ehn, Williamstown, Ky,
4.9/oUn., TFrenkfort, Ky.
2.6/24n. Creston, W. Va.
§.0/24nh. Iykens, Pa.
5.8% Chewsville, M&.
g.8/o8h. Scmerset, Vt.
2.9/2kn, Grove City, Pa. 30,4
11.7/2%h, Cheltenham, Md,
g.U4/2un,  Rock House, N.C.
6.2/24n, Wincna lake, Ind,
5.0/24h. Bruceton Mills,W.Va.23.9g
L.g/okn. Jenkins, Ky.
3.8/24h. Derry, Pa.
5.3/24h, TForest Reserve, Ind.
5.7/ 8h. Onecnta, Ky.
I,9/2hn, Tippecanoce City, O.
4.3/24h,  Alpena, W. Va.
5.2/ebh. Xanawha Falls, W.Va.
5.6/2bh, Mount Carmel, Il1.
6.8/24n. Paris, I11.
4.1/24n, Franklin, Ky. 26.0¢g
2.8/24h. Cheat Bridge,W.Va. 26.2g
4,7/2bh. Clay, ¥W.Va.
6.2/24h. Clay, W.Va. 26.5a
g.1/24h. ILexington, Ky.
5.1/24h. Howe, Ind.
12.1/2bh, Westerly, R.I.
5. 6/2ub Paducah, Xy.
11.7* Elke Park, N.Y.
6.8/2bh., Rock House, N.C.
5.1/24h, FHuntingburg, Ind,
3.4/24h,  Clymer, Pa. 29.6
Lb,g/2bn,  Cincinnati, O.
F.6/2kn. Pt.Pleasant, W.Va.
5. 9/2Ln Snow Hill, Id.
6.5/24h. Chester, I11.
10. 7/2uh York, Pa.
5.3/2kh,  Mount Sterling, Xy.
g ~ Glenville, W.Va., stage

a

- Clay, W.Va., stage



Key Storm Period

Mar, -l
June 9-10
July 13
July 27-30
Avg., 9
Aug. 13-16
Aug. 19
Mar. 9-13
June 21-22
July 3-Y4
July 6-10
bug., 6-7
Sept. 3-4
Feb, 24.-28
Mar, 9-22
Sept. 1-4
Sept. 29-30
Dec. 19-21
Jan. 1-25
Apr, 2427
June 20-21
July L4-5
July 10
Aug, 24-26
Avg, 26-28
Oct. 26-29
Dec. 15-19
Mar. 28-31
July 1-3
duly 28-Aug.2
Auvg. b
Sept. 17-22
Apr. 15-19
May 25
June 22
July 4-5
Aug., 2-3
Avg, 21
Sept. 1

1934,
1934,
1934,
1934,
1934,
1934,
1934,
1935,
1935,
1935,
1935,
1935,
1%35,
36
1936,
1936,
1336,
1936,
1937,
1937,
1937,
1937,
1937,
1937,
1937,
1937,
1937,
1938,
1938,
1938,
1938,
1938,
1939,
1939,
1939,
1939,
1939,

1939,
1940,
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n - Logan,

W.Va,, stage

Location of
Significant
Rainfall

Tenn.-N.C.
Indians

Pa.
Va,-W.Va,
Pa,
I11.-Ind.
Indiana
Kentucky
Kentucky
Ohio

S, .Y

Chio
Kentucky
Missouri-Ind.
Pa,

Mo, -Ind.
Pa.-W.Va.
R.I,-Mass,
Ky.-Tenn,
Pa.-Md,-Va,
Ohio
Kentucky

W. Va.-Pa,
W, Va.
Va.-Pa.-N.Y,
Ma.,-W.Va,
Pa.,-Chio
I11.-Ky.-Ind.
Ohio
Kentucky
Ind.~-I11l.-Chio
New England
Ky .-Ohio-¥W.Va,
Virginia

Pa.

Kentucky
Tenn.

Maine

..
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Point
Rainfall -
Amt, [
Duration

.8/2kn,
.9/2¥h.
.6/24n,
.9/24n,
.3/24n,
.6/20n,
.1/euh
J1/2k4m,
©10.1/24n,
.9/2kn,
.5/ 2kh,
.7/ 24,
.5/2uh.
-9
.5
.0
il
pi
9
.8
-5
1
5
L 0

1

/chn,
[2kn,
[ 2uh,
/2n,
/12h,
.9/2kn,
/eln,
/eln,
.1/24n,
.5/H5m,
/eln,

1

.1/2un,
.7/24n,
.2/2kn.
.8/2mn,
5.5/ 24,
.2/ 2kn,
.1/2hh,
.2/ én.
L/ehh
.2/ en

.o/ M.
7.35/90m.
12.2/16h.
12,0/ 3h,
22.4/12h,
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Point
Rainfall -
Location

Sewanee, Tenn,
Boonville, Ind.
Somerset, Pa.
Kayford, W.Va.
Pennline, Pa.
Tuscola, I11.
Greencastle, Ind.
Farlington, Ky.
Barlington, Xy.
Bangorville, 0.
Delhi, N.Y.
Bernicey; O,
Greensburg, Xy.
Lafayette, Ind.
Salt Lick, Pa.
New Madrid, Mo.
Wellsburg, W.Va.
Fiskeville, R.I.
YMurray, Xy.
Clear Spring,Md,
Bucyrus, O.
Glasgow, Ky.
Elm Grove, Pa.
Sutton, W, Va,
Burdett, N.Y,
Bayard, W.Va.
London, O,

Fords Ferry, Ky.
Portsmouth, O.
Russellville, Ky.
Huntington, Ind.
Barre, Mass,
Portsmouth, O,
Lebanon, Va.

Crocked Creek, Pa.

Rodbvurn, Ky.
Lebanon, Tenn,
Baldwin, Me.
Ewan, N.J.

Crest

Stage

Pitte~
urgh

(£%.)

20.8n

26.%



METEOROLOGICAL CLASSIFICATION OF STORM TYPES

The Ohié Biver vasin above Pittsburgh is critically oriented for
gevere flooding since %wo main river systems of approximately equal
extent, the Allegheny and lonongshela, are éo situsted that their peak
runoffs can combine at their confluence in about one day after a heavy
general rain. But Nature has offset this critical arrangement by pro-
viding certain topographic and dynamic controls which do not favor the
oocurreﬁce of heavy general rains simultanecusly over both basins. The
dynamical factors which combine to cause heavy rainfall usually favor a
storm pattern oriented from west to east, normal to the principal axis
of the basin, while those storms which have patterns conforming to the
ofientation of the basin are devitalized by the Appalachian Range,

As explained in the preceding chapter, all the 265 storms listed
chronologically therein were subjected to at least & vreliminary study
and the more important storms were classified into five groups., On the
following pages are presented brief degeriptions of the five types and
lists of storms classified under each. UMore thorough discussions of each

type apvear at the conclusion of the listings.
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Chronological List of Classified Storms

<

A quesi-stationary front oriented from west-scuthwest to easi-
northeast across the basin.

Storm Dates

December 12-14, 1873 March 12-14, 1907
January 14-17, 1877 March 17-19, 1908
February 2-8, 1883 Janvary 9-12, 1913
February 2-6, 188L *March 23-27, 1913
February 15-18, 1891 *March 12-15, 1918
Fevruary 20-2%, 1897 March 13-15, 1933
January 2-7, 1907 *Januery 20-25, 1937
Type II

Deep warm moist tongues which are occcluded immediately west of
the Appalachians.

Storm Dates

December 9-11, 1878 March 19-22, 1905
May 18-22, 1894 December 1-I, 1905
January 6-11, 1895 October 7-7, 1910
March 15-24%, 1898 January 3-8, 1913
November 24-27, 1900 January 20;22, 1917
AApril 18-25, 1901 February 19-26, 1918
January 20-23%, 1904 *Harch 9-22, 1936
February 2&-karch 3, 1904 April 2u-27, 1937

* Weather charts in appendix.
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Type III
Deep occluded Lows which stagnate over the central United States.
Storm Dates
*February 25-March 1, 1902 January 31-February 3%, 1915

February 27-March 1, 1903

Type IV
Decadent tropical storms which carry deep moist currents to and
over the Dbasin.
Storm Dates
September 16-18, 1876 Mugust 17-22, 1915
*September 9-14, 1878 September 1-L, 1932

August 20-21, 1888

Type V
Stagnant anticyclonic eddies which carry potentially unstable
moist currents over the upver Ohio Valley.
Storm Dates
July 24, 1912 *August 6-7, 1935
July 1%-14, 1913 July b5, 1939

August 1~-%, 1932

Description of Storm Tyves

Type I
A quasi-staticnary front oriented from west-southwest to east-

northeast across the basin.
*  Weather charts in appendix,
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This type occurs whém the prevailing westerlies aloft are strong
and the north-south fluctvations or weves on the polar front ars of
moderate amplitude. Such a circulation brings into close proximity
currents of air of sharply contrasting heat and moistnre'properties, thus
providing a potent source of energy. The strong westerlies, however,
cause ropild translation of waves along the quasi-stationary front,
resulting in intense precipitation for short periods over a relatively
narrow band. This situation may wpersist for several days and produce a
Sefies of moderate rains in bands that move progressively southward., The
surface weather map during & Type I storm would show a frontal zone
extending from between Elkins and Frie towards St. louls and Oklahoma
City. The heaviest ralnfell would occur within the frontal zone but the
major axis of the isohyetal pattern would be normal to the axis of the
basin and thus lose some of its effectiveness. However, the genesis of
this ftype of frontal zone can be quite rapid and heavy rains could begin
over the Allegheny basin within 12 hours afiter the temperature rose above
freezing o%er the Monongahels valley. A Type I storm would therefore be
most effective with a light snow cover or frozen ground over the Allegheny
and & heavier snow cover over the Monongahela, The snow cover the
southern basin would not exert any appreciable stebilizing effect since
the moist air would De coming from southwest or west-southwest and could
retaln its instability untilkit resched the quasi-stationsry front near
Pitteburgh. This type has the m?st favorable trajectory for bringing
moigt alr to the upper Ohio Valley during the serson of greatest per-

entege of runoff. This synootic pattern is not as effective for snow

melting as Type III.
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The following comments refer to the more significant storms of
Type I:

December 12-1L, 187%. This storm became Type II in its latter

stages.

February 2-8, 1883, This storm was significant since the itempera-~

w

ture rose from 18°F. to 60°F. in 2U hours at Pittsburgh.

February o-6, 188L, Melting snow made an imporitant contribution

to the flcod produced by this storm,

?

Yebruary 15-18, 1891. The Monongahela contributed little runoff

to this flood.

February 20-23, 1897. Rainfall was light over the Allegheny basin.

March 12-14, 1907. This storm produced the second highest flood
crest stage at Pittsburgh within the period of adecuate record. Thers
was considerable contribution from snow melt but an important fesbure
appears to have been the fact that the axis of heaviest rain lay over the
central portion of the basin. This storm is a good example of Type I and
shows the poseibility of such storms actually producing appreciable quan-—
tities of rain in twenty-four hours by wave action as far south as the
Monongahela basin. As is charscteristic of this ftype, the heaviest rain-
fall center in the March 1907 storm was located west of the Dbasin.

The observed dew points in the warm sector were not particularly

high and it can be reasonably assumed that higher dew points in the warm

b=
< Lo

-

gsector could heve accompanled a storm of similar characteristics. The

. o ex . o
highest reported representative dew point was 56

¥, at 7:00 p.m., March
1%, 1907, at Parkersburg, West Virginia. Analysis of maximum pcssible

dew points indicates that a dew point of 63°F. could cccur in the same
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area during the same season. This would give an incresse of QC% in the
effective precipitable weter. If upver olr data were available for this
period, it would have been possible to make recsonable sdjustments in the
other meteorological factors, thus bringing about a balanced dynamical
system. lacking such information, a simple lineer increase of Lo% was

epnlied to the actual rainfall over the basin.

Mereh 2%-27, 191%. This storm is wmost reopresentative of Type I

because the cuesi-stationary front was displaced very slowly southeastward;
the temperature contrasts across the front were sharp; the wave actiocn
along the front was very pronounced; and the 24-hour smounts of rainfall
over an area of 20,000 gscuare miles were unusually heavy.

This storm began with the rapid northeastward movement of a low
pressure area and a relatively slow eastward movement of the cold front
which finally became statlonery over the ndrthern tributaries of the Ohic
River.

Wo upper alir data are aveilable for March 1913, but by comparison
with storms of recent years 1% can reasonably Dbe inferred that there musit
nave been an intense cyclonic circulation of cold air aloft over the
Central Plains and upper Mississippi Valley region, and a sitrong west-—
southwest to east-northeast flow of molst fropical air over the Ohioc
Valley. The sharp contrast of heat properties between these two air
masses made avallable large quantities of potential energy which could be
utilized in releassing excessive amounts of precivitetion over a narrow
band. The boundary between the two alr masses was obviously unstable,
thus tending %o be broken intermittently by intense wave developments of

small magnitude. These ceaused sharply alternating fluctusiions of cold

<
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dry and warm moist alr to move along the frontal zone. The large-scale
up-glide motion of the warm alr over the cold alr tended to prolong the
rainfall, but it was the sudden 1lifting and intensely localized conver-—
gence associated with the minor waves waich caused intermitient
occurrences of intense rainfall,

Such minor waves appear 1o move in a general eastwarcd direction,
but it is almost impossible to predict at what point they will reach the

.
maximum of their intensity. Also, in the extreme case a numbcr of
these weves may successgively concentrate thelr sctivity at gpproximaﬁely
the same point, thus asccumulating a small but intense center of rainfell,
Fortunately this concentratiocn of rainfall on small areas usuelly occurs
at the expense of rainfall over the surrounding areas and for basins as
large as 20,000 square miies.it ig reasonable to asgume‘that in a period
of 2I hours or less the concentration observed in March 1913 was near the
maximam,

In consicdering the transvosition of the March 191% storm to the
Ohio tributaries above Pittsburgh there were two qﬁestions to be answered:
(a) Could the storm have been grester in its original position? (b) How
mach decrease should be applied Tor transposition?

The following steps were token toc answer these guestions:

a. JAnelysis of the weather charts on the dates of heaviest rain-
fall showed that a dew peoint of 6HOF. was recresentative of the moisture
charge of the warm sector in the storm area. This corresponds to Wy of
0.88 inch., (See Figure 1.06.)

b. The analysis of meximum possible dew points from the Gulf of

Mexico to Pittsburgh for various seasons revealed that in late March in
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the vicinity of the 1913 storm, a dew point of 690F. (W, = 1.13) wes
possible. In other words, the March 1913 storm rainfall could have been
28% greater or 128% of the observed average depths.
¢. The curve for maximum possible dew points at Pittsburgh (see

Pigure 2.01) indicates a dew point of 6303. (We = 0.8Y4) for late March,
Therefore the meximum possible storm of Type I near Cincinnati would have
to be reduced in the ratio of 1.13% to 0.84 in transposing it to the
Pitteburgh area. This represents a 26% reduction in reinfall amounts.

4. It ig realized fhat no statistical approach can provide a
valid adjusiment factor for(Type,I storms occurring near Cincinnati and
transoosed to the Pittsburgh area. However, the following comarative
data are in general agreement with the fact that the meximum possible

storm values will be grester near Cincinnati then near Pittsburgh:

Ratio
Cincinnati Pittsburgh Pittsburgh/Cincinnati

Average Annual Precipitation 38,41 in. 35,81 in. ©0.92
Average Merch Precipitation 3.82 in. 3,10 in. 0.81

Average Type I Storm Rainfall
(Greateet 35 Storms) 1.4 in, 1.05 in, 0.7%

Average Type I Storm Rainfall
(Greatest 10 at Pittsburgh) 2.7% in. 2.14 in. 0.78

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

_The value of 26%, computed by the dew point technique, was accepted
and used in the following adjustment: Considering the observed depths in
the Merch 1913 storm equal to 100%, the maximum possible Type I storm in

the same locality would be 28% greater or equal %o 128%. However, this

. . o . s
maximum possible storm must be decreased 206% when transposing it over the
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EOhio above Pittsburghk. The maximum possible transposed storm therefore
ébecomes 95% of the observed.
| 128 - (128 x 0.26) = 95.

The same result can be arrived at gquite simply Dby adjusting the
iobserve& 1913 depths te the maximum possible dew point at Pittsburgh.
EThe effective precipitable water for the regpective areas was 0.88 in the
éactual storm and O.84 inch, the maximum possible, at Pittsburgh. This is
ia 5% decrease. Therefore, in transposing the 1913 storm over the Ohio
gtributaries above Pittsburgh a decrease of 5% was applied to all depths
ifoy all durations, on the assumpition that the storm could have been
i greater in its origirnal locality but could not have been so great if the
storm had centered over the Ohio tributaries above Pittsburgh,

In regard to the orientation of isochyetal patterns resulting from
%Type I storms it must be emphasized that they occur with upper air
gcurrents from the westmsouthwest or southwest, and rainfall must neces-

é sarily take place along a band which is at right angles to the major axis
E of the Plttsburgh basin. Since this particular direction cof flow is
éﬂecessary to bring molsture, unaffected by topography, into the basin,
éthere can be no justification for changing the orientation of the

i origihal gtorm pattern. For the above reasons & mechanical transposition
iwithout re-orientation was considered most representative of the March

- 191% storm over the Chio tributaries above Pittsburgh.

March 1215, 1918, The one weather map for this storm, shown in
. the appendix, is a good example of a relatively stationary front extending
Ethrough the central portion of the basin, and ceausing at least twelve

" hours of intense rainfall.
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Januvary 20-25, 1937. In some respects this storm might be con-

sidered a2 hybrid of Types I and II, since a great deal of the moisture in
January 1937'was brought in with currents almost directly from the south.
The weather situation accompanying the January 1937 storm has been dis-
cussed in Supplement No. 37 of the Monthly Weather Review and it is
believed unnecessary to rereat that discussion. However, the flow
patterns, especially for the a.m. map of January 21, suggest a definite
clue to the position of & western limit of the area within which storms
can reasonably be transposed over Pittsburgh.

Ags discussed later under Type II storms, the Appalachian Range,
which extends its effectiveness as far south as northern Georgia and as
far west as central Tennessee, tends to cut off the supply of moist air
after cyclonic centers pass east of the 87th Meridisn, However, it is
generslly true that when storme are still west of the &7th Meridian they
get an appreciable contritution of moisture from currents cbmiﬁg directly
from the south, such a flow not being possible east of the 87th Meridian,
This is gquite obvious on the westher map for 7:3%0 a.m., January 21, 1937
(see page 30, Supplement No. %7, Monthly Weather Review). The wind
directions and velocities at Meridisn, Miss., and Birminghan, Ala., show
that moist air was moving rapidly northward over these stationsg and it is
believed that the strong northward flow unaffected by tovography was
effective in causing a high concentration of rainfall in western Kentucky.
Since there was a contribution from the south directly into the Xentucky
rainfall center, it was not considered rezsonable %o transpose any of the
January 1937 storm which occcurred west of the 87th Meridian.  The most

intense rainfall centers east of the 87th lMeridian were transposed to the

_hg



Ohio above Pittsburgh. Representative dew points in the warm sector
supplying the ares from which weinfall was traunsposed averaged sbout
63.50F. The maximum possible dew point near Pittsburgh in the éame
season 1s 6003. The respective values of W, for these dew points are
0.86 inch and 0.73% inch. Therefore all values for the transposed 1937
storm rainfall were decreased 15%.

Type 1T

Deep warm moist tongues which are occluded immediately west of the
Appalachians,

Type II storms occur when a deep cold mass of air moves far south-
ward over the central United States behind'é low pressure system which isg
moving northward or northeastward west of the Appalachian Range. The
cyclonic circulation aleft, typical of cold alr masses, seems to be an
initiating force o pull warm moist alr northward in front of the cold
air. In the northern hemisphere air moving northward should curve anti-
cyclonically to the northeast and east but when the cold cyclonic circu~
lation 2loft 1s very pronounced it causes the northward moving warm
tongue to curve cyclonically northwestward. However, northward moving
air cannot follow this cyclonic trajectory without undergoing convergence.
Furthermore, if the warm air is potentially unstable and heavily charged
with molsture, convergence will render 1t actually unstable and intense
convection mey produce coplous amounts of rainfall. (See discussion of
the March 1936 storm in the Ompompancosuc Report.)

For 2 basin with a north-scuth msjor axis, a Type II storm should
be particulerly critical since 1t ig¢ possible for rein fo occur simul-

taneously over the entire basin. However, the Appalschian Renge presents
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an effective barrier as far south as northern Georgia and actusally "cuts
off" the lower 2,000 feet of the moist air column in a north-south moist
tongue after the cold front passes Chattanocoga. 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, 19%6, cyclogenesis begins
along the southern part of the surface cold front, just before the front
passes the Appalachians. The new cyclone then deepens and moves north-
ward immediately east of the range. The circulation pattern which causes
northward movemént 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 deep moist currents
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 a2loft. In fact, the mean pressure distri-
bution for five days showed a pressure gradient in‘middle latitudes which
called for a movement westward rather then the normal eastward movement.
The major cyclone which produced the rainfall during this period remained
practically stationary east of the Pititsburgh area end the circulation of
moist air from the south and east caused rainfall over the upper Ohio

(*) See Rossby - Quarterly Journal, Royal Meteorological Soclety,
Supplement 66: 68-87, 1940,
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basin, but as in the MHay 31-June 1, 1889 storm, the greatest concentra-
tion éf reinfall occurred over central Pennsylvania. 3Because of the
irregular topography along the eastern boundary of the basin, it is
difficult to establish the western edge of the zone of orographic
influence. However, persistently strong southeasterly currents of moist
air tend to produce greater 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 ridge
and moisture which is condensed by lifting on the windward side is nre-
cipitated on the leeward side. The western extent of the heavy rain in
these situations is approximately the 79th Meridian., Somerset and Brook-
ville, Pennsylvania, and Jamestown, New York, are representative rainfall
stations along that boundary.

In the typical rainfall patiern resulting from the northwestward
flow of moisture, the mejor axis has a cyclonic curvature, so thet the
heavy rains extend farther west in the north than in the south. Two
small basins of the assigned group which are subject to flooding from
major storms of this type are the Toughiogheny above Confluence and the
Conemaugh above Bow Dam gite.

An investigation was made of the May 1894 storm because the weak
circulation suggested & possibility for warm moist air to be carried
westward from the Atlantic to the upper Chio basin. In fact, it is
reasonable to assume that no better ovportunity for the moist air in the
lower levels to move westwerd could ever occur. It is noted, however,
that even in this storm the concentration of rainfsll was still greatest

over central Pennsylvania,
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For the above reasons it wes considered illogical to transpose
rainfall patterns from any storm sssociated with s low pressure center
located on or east of the Appalachian Range,

October 3-7, 1910, This storm (discussed in the Wappapello report)

was a major storm of Type II, The rain center unguestionably received an
appreciable contribution of moisture directly from the south. Asg the
principal center was located west of the 87th Meridian the storm was
excluded from those subject to transposition to the Ohio basin above
Pittsburgh.

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

of record on the basin under consideration. The meteoroclogical situaition
during ﬁhis veriod is discussged in detail in the Cmpompancosuc repori and
rather complete charts of surface and upper circulation patiterns are
shown in the appendix of that report. The charts for MHarch 17, the day
of this report.

The rainfall on March 17 and 18 was caused by a northward conver-
gent flow of warm moist air induced by a southwsrd thrust of cold air
aloft which produced very low temweratures st five kilometers over
Montgomery, Alabama on March 17.

Representative surface dew points in the warm sector during this

0
pe;iod were ghout 56 F,, (W_ = 0.60). {see Figure 1.06). Since this

e
storm developed shorily after another of comparable magnitude, a dew
point of 62°F., (We = 0,80), is considered & reasonable meximum. The

2i-hour average depth of rainfall over the total arca above Pittsbhurgh was

increased by the ratio of 0.80 to 0.60 or 33%.

- 52 -



Type III

Deep occluded Lows which stagnate over the central United States.

The upper air circulation in Type III storms is similar to Type II
except that the cyclonically circulating cold air pushes southward
farther to the west, causing both cyclegenesis and occlusion to occur
over central United States with little displacement during the process.
The deep cyclonic currents of cold air aloft move arocund the surface low
pressure ccnter; the Low deepens considerably and develops an almost
vertical axis. Such low pressure centers move very slowly, gencerally
northward, but they can move in almost any dircction. 3Because of the
very low pressure at the center of these storms, they usually cause
strong currents of warm, reletively moist air to move northward over the
Ohio basin. The best opportunity for rainfall in Type III storms occurs
in the early occluding stages when an upper cold front swings eastward
ghead of the surface Low. The upper front is preceded by convergent flow
within a narrow warm moist tongue, thus frequently causing 2 nerrow band
of nmoderate preciplitation to move rapldly eastward across the Pittsburgh
drainage arce.

Type III is definitely the most favorable for homogencous snow
melt over the entire basin because mederately high temperatures and
cloudy weather can persist fbr more than 72 hours, accompanied by at
least a,short period of moderate rain.

For a typical pattern of this storm type see the weather map for
February 27, 1902, in the appendix.

Tvpe IV

Decadent tropical storms which carry deep moist currents to and
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over the basin.

The upper Ohic Valley is definitely beyond the range of the devas-
tating effects of a full-force tropical hurricane since tbe dynamic
energy of the winds‘in the lower levels would be\dissipated by fricti on
over land before reaching the Pittsburgh area. HoweVer,.ﬁropical storms
invafiably carry large quantities of potentially unstable moist a2ir up to
very high levels. When the dissipating hurricane moves inland and
assumes extra-tropical charactcristics or moves up an old pressure irough,
the interaction between fresh or modified polar air and the potentially
unstable deep molst tropical air frequently produces mo&erate\to heevy
precipitation over relatively large areas. Normally, tropical storms
crossing a mountain barrier produce torrentisl rainfall on the windward
side as did the storm of July 1916 in western North Carolina. However,
the storm of September 1878 not only deposited enough rain over the
Appalachisn Renge to send the Great Xenawha to its highest stage of
record at Kanawhe Falls, West Virginia (discharge 32.2 c¢.f.s. per sguare
mile from §,3567 square miles) but it carried enough moisture over the
range to cause severe flooding in ecastern Ohio and Ontario after develop—-
ing interaction with coocler alr from polar sources. The storm tracks
shown on the weather map for September 1878 (see appendix) are considered
sufficient precedents for assuming that a Type IV storm may some day move
directly northwsrd over the Chio tributarieg above Pittsburgh and cause
hesvy general rains. A $ypical feature of tropical storms moving inland
is that they ftend to move up old pressure troughs in which above-normal
precipitation has been occurring. Therefore it is very likely that rain-

fall from a Tyne IV storm will fall on ground that is exceptionally moist

- B4 —




for the season,

The most dniense rainfall snd most criticsl isohyetal pattern of
any of these storms was that of September 9-14, 1878. As the rainfall
actually occurred west of the Appalachian Range, it Qas congidered a very
reasonable possibility that a storm having similar cheracieristics could
occur over the basin. This storm produced 6.40 inches of rainfall in 24
hours when superposed over the basin. Using a representative surface dew
noint of ?EOF. and the observed surface wind velocities, the theoretical
formula (unédjusted for possible error) gives 6.24 inches over 20,000
sguare miles, Therefore no adjustments of the rainfall amount were
considered necessary.

The storm of September 1938 over Wew England hes many features in
common with that of September 1878. However, the September 1938 storm
remained over open water and rctained hurricane intensity much farther
north then would ever be possible on the overland route to Pittsburgh.
For this reasson the New England hurricene was classified ag occurring oo
far east to be applicable over thc Pitisburgh area: Furthermore, all
available datae indicate that the obscrved rainfall depths iIn September
1938 are not as great as those of September 1878 for an&yduration or any
area under consideration in the present study.

Tyve V

Stagnent anticyclonic eddics which carry vpotentially unstable
moist currents over the upper Ohio Valley.

Type V storms are typical of stagnant circulation patberns aloft
and are likely to occur following veriods of normal or less than normal

precipitation. In midsummer, under these conditions, large anticyclonic
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currents of moist air from the western Gulf of Mexico may arrive at
Pittsourgh as a westerly wind aloft. If this moist air has not been
affected by interaction with cold air, it may reach the Pitisburgh area
still having a high moisture content and potential instability. If at
this point it is forced to move upslove or undergo convergence, & con-
centrated area of intense thunderstorms may develop. A good example of
this is the August 6-7, 1935 storm near Fewcomerstown, Ohio.

Weather maps and isentropic charts for this storm (shown in the
appendix) serve to illustrate typical flow patterns which can bring
potentially unstable moist alr to the Pittsburgh basin, Since the flow
of moisture assoclated with this storm type is unaffected by topography,

any such storm cccurring with-

° o * 3
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in a reasonable distance of the
basin could be transvosed to it.

July 45, 1939. This

storm, which occurred over
eastern Kentucky, may serve as
a model for storms of Type V.
On July 2 a widespread stag-
nant anticyclonic circulation
was assoclated with typical
warm dry weather over eastern

United States. By the use of

data from a rather dense net-

work of pilot balloon stations

Figure H,01 it was vossible to make a
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detailed study of the mean motion (*) in the lower £000 feet of the atmos—

vhere. Figure 5.0l shows the trajectory of air from the Gulf of Mexico to

eastern Kentucky in the two and one-half days ending at 10 p.m., July L.

Radiosondes nearest this ftrajectory, at Oklahoma City on July 3

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

(*)

The position of points in Figures 5.0l and 5.03 to 5.07, ianclusive,
were computed graphically. Winds aloft were resolved into horizontal
components, and lines of equal component velocities were drawn. From
these, trajectories were computed by a method similar to that used by
J. J. George. (J. J. George ~ Fog: Its Causes and Forecasting with
Special Reference to Hastern and Southern United States. Bulletin of
the American Meteorological Society, April 1940, Vol. 21, Wo. L,

pp. 1W6-147.)
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curves (*). ~Nevertheless, the greater pressure difference Dbetween
significant points on the Fashville curve can only be accounted for by
hofizontal convergence and vertical siretching within the air mess. Such
vertical stretching steepened the lapse rate throughout the layer and
increzsed the relative humidity most appreciably near the top of the
layer, so that a uniform 1ift could release the potential energy with
almost explosive abruptneés.

The synoptic data for the period July 3-H, inclusive, show a slow
eastward progression of a weak cold front. This front did not produce
sharp wind shifts at the surface, but scenty radiocsonde data suggest that
aloft the front was followed by a narrow tongue of cold air. Onvthe
night of July U-5, this tongue was being displaced southeastward across
Onio and Indisna.

Figure .03 shows three successive positions of a representative
horizontal section in the layer from the surface to 8000 feet. Starting
at 4 p.m., July 4, as a rectengular grid, the section was distorted into
the shape of the dotted grid by b a.m., July 5. The cold 2ir was Deing
rotated cyclonically around & center in southern Michigan, while to the
southeast the warm air was undergoing an anticyclonic rotation. The net
result of the two circulations was tokproduce a field of strong conver—
gence over easterﬁ Keﬂﬁucky, which in turn caused the vertical motions
necessary to set off the couvective energzy end to produce the rainfall.
It is interesting to note that the whole grid was trenslated sprroximetely
160 miles from west to east in 12 hours, a rate of 13 miles per hour.

(¥) Rossby, C.G., Thermodynamics Applied %o Air lass Analysis, M.I.T.
Meteorological Papers, Volume I, To. 3, p. 15,
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A line connecting any three corresponding points on Figure 5.03
is the path of & point on the representative section. These paths or
trajectories are plotted on Figure 5.04. ZEspecially noteworthy are the
crowding of trajectories in eastern Kentucky, the small eddies and
counter-eddies in the region of meximum vorticity, and the anticyclonic
flow with large radii of curvature along the east coast.

Figures 5.05 and 5.06 outline the regions of convergence and
divergence, The displaceménts of the centers of'convergeﬁce end rain-
fall coincide. Over small areas the average rate of radial inflow from
the surface to 8000 feet for a period of 12 hours was approximately §
miles per hour. Such inflow velocitles are sufficient to explain the
rates of precipitation for the 6-hour period over the storm area as a
whole, but the intense rainfall near the center of the storm would
reguire either higher rates of inflow or the transport into the area of
suspended liquid water. ZIEither one or both of these could be possible
in such 2 circumsitance. |

Analysis of the mean motion in the layer from 8000 to 12,000 feet
above the storm area showed weak outfiow vélocities before and weak in-
flow velocities after 10 p.m. Velocity profiles computed from the above
date indicate that the upper 1limit of the counvergence layer had risen
approximately 1000 feet to a height somewhat in excess of 10,000 feet.
From the weather mep for 7:%0 p.m., July U, 1938, the representative
dew point was found to be 750F. The theoretical value of the height
of the convergence layer for a dew point of ?EOF. from Figure 1.05 is
10,700 feet, which is in good agreement with the above. TFigure 5.07

shows the motion of the air streams in the 8000 to 12,000-fcot layer.
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The oubtstanding features of this storm were:

a. A lerge supply of convectively unstable tropical maritime alr,
retaining its original characteristics and transported into the reglon by
a widespread stagnant circuletion previcusly accompanied by dry weather.

. A fiow of relatively colder air into the aresa from the north
or northwest. i

t

¢. The interaction of these currents to produce a center of in-

tense convergence.

d. The explosive release of energy in the tropical alr after
saturation. '

This storm occurred weet of the Appalachians and east of the &7ih
heridian and was therefore considered applicable to the Pilttsbursgh area.
The observed areal rainfall amounts (see Chapter vI) apnroach values
theoretically computed for meximum inflow rates of moist air carrying a

meximam moisture charge, therefore no increcse was justified.
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CHAPTER VI
AVALYSIS OF MAXIMUM RECORDED RATFFALL

* Type I Storms

The rainfall data from two storms of this type, March 1913 and
January 1937, have been subjected t0 complete analyses.

The March 1913 storm resulted in several rather deep centers of
rainfall;scaﬁtered over Ohio, Indisna, Illinois, Xentucky and Tennessee,
with the most intensé center near the Indiana-Ohic boundary.

In a Type I storm the production of heavy rainfall requires intense
interaction between oppnosing cold and warm currents. The most marked
advance of cold air precedes snd accompanies the period of heaviest rsin-
fall. Therefore, it seemed logical to assume that in the maximum storm,
rainfall could not continue more than 24 hours after the ending of the
meximum 2U-hour period. PFurthermore, since optimum snow melt periods
made it desirable to have increasing temmeratures for 24 hours before the
beginning of heavies?t rain, it was decided that the duration of the maxi-

mum Type I storm could not logically be extended beyond 72 hours. There-

£

fore, only the rainfall period of 72 hours ending at 6 a.m., March 26,

ot

Wi,

”

h & 10-inch center at Richmond, Indisna, wes employed. Area-depth

4

curves for the various durations are shown in Figure 65.01, with area as a
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Figure 6.01

Area~depth curves
March 1913, Type I storm
logarithmic coordinate plotted against average depth of rainfall on a
linear scale, These were computed for the area encompassed by the basin
supe rposed without rotation on the storm pattern. The maximum 2ﬁ~hou?
period was used as a guide, all other periods being cbitained from an
orientation identical with that for 2k hours.

The Januvary 1937 storm produced a series of intense rainfall cen-
ters over Arkansas, Tennessee, and Xentucky, with somevhat more uniform—
ity in rate and areal distribution than the March 1913 storm. The 96—
hour period of rainfall ending at noon, Jamuary 23, with a 10-inch center
at St. John, Kentucky, wa; used in this study under the assumed limita~
tion that none of the rainfall west of the &7th Meridian was subject to

transposition to the problem basin.,
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Area~depth curves
Jenuvary 1937, Type I storm
As in the 1913 storm, the basin was superposed without rotation on
the storm pattern using the critical position of the meximum 2U-hour

period as a gulde. The srea-depth curves for rainfall within the super—
vosed basin are shown in Figure 6.02,

Tyve II Storms

The March 1936 storm, the most critical of this type, produced the
greatest flood of record. This imnortant storm was subjected to a de-

-

teiled snelysis of both rainfall and snow melt., A large percentage of
he precipltation in the northern part of the basin actuslly fell as snow,

but after a thorough study of temperature distribution snd wind direction

it wag decided thet under slightly more favorable conditions all of the

-

vrecipitation could have fallen as raln excent that which occcurred over
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Area~depth curve
March 1936, Type II storm

the northernmost part of the basin. This small arsa was bounded on the
south by a line through Franklin and Warren, Pennsylvanis and Olean, New
York., The area-depth curve for the maximum 2l-hour veriod ending mid-
night March 17-18 (Figure 5.03) was prepared for the portion of the basin
south of this boundary.

Tvpe III Storms

The contribution of Type III storms to runoff is preponderantly
snow melt, the rainfall being insignificant compared to the other storm
types. Mo area-depth curves are therefore shown,

Type IV Storms

One storm of this type, that of September 1878, was subjected 1o
as complete an analysis as was possible with the 1imitedrrainfall data
available. The 72-hour period ending at & a.m., September 13, with a
high center of 1& inches located in the extreme northeast corner of Ohio,

was analyzed. The area-depth curves for various durations are given in
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Figure 6.04., These were prepared without limitetion as to the shape or
orientation of rainfall pattern.

Type V Storms

The rainfall data for three storms of this fype were anaslyzed. In
none of the three stormg was there need to place limitations as to orien-—
tation of the rainfall nattern, ares~depth curves being construcied for
the desired centers without regard to basin shape.

The August 1932 storm consisted of several centers, all in Xen-
tucky, with the most iuntense center, 5.0 inches, at Lexington. Area-
depth curves are shown in Figure 5.05.

The portion of the Angust 1935 storm employed in the analysis

.m67ﬁ



DEPTH { INCHES)}

DEPTH { INCHES)

-]
8
S e s B
B LR s O e Ty e O
7 N£§§~‘vksz“\.‘
ReNn N
6 NS T
5 s SRTER NS
: g . ~9 o
4 i ™~ Syl LN
) ~ I~ 36 hours, ending 9 A. M., 3rd
AT e 24 hours, ending 3 A. M., 3rd
3 < T I I
s 7 /8 hours ending 3 P, M., 2nd <1
i C T e SR
4 1 72 hours ding3 P. M., End 41
[T W
. & hours ending QA M.,2nd
o]
2 3 4 5 67889 2 3 4 56789 2 3 4 56789
100 1,000 10,000 100,000
AREA (SQUARE MILES)
Figure 6.05
Area~depth curves
August 1932, Iype V storm
RN ENNE I
| IRERRENREEN !
l ‘V\.\ /—-24 ﬁou{s, ending Noon 7 ith
10 ‘w“ﬁkz\‘\\
/ =~
g L /8 hours, ending L
Naon 7ih ™ \G
6 iy Mol
Mo~ ] RN Py
. -...._\ <4 B
~ |
6 ol [ P N
R 4 R
4 P
e s
5 I~ \\\ N o
4 ‘@\ g T S
™ B | S e 24 hours, ending Noon 71| |
- TN M /8 hours ending Noon 7 th
3 =~ Nk 72 hours ending Noan7 th
» | [T hours ending 6 A M, 7H
U8 hours ending 6 A M, 7Hh
|
o] g -
2 3 4 5 6 7883 2 3 4 5 8789 2 3 4 5 6789
100 1,000 10,000 100,000

AREA {SQUARE MILES)

Figure 5,06

Area~depth curves
Augugt 1975, Type V storm



occurred in central Ohio with 3 rainfall centers of about 12.0 inches near
Newcomerstown. Area—depth curves for the storm are given in Figure 6.006,
The July 1939 storm occurred in eastern Kentucky with intense cen-
ters along an irregular line from Taulbee to Trent to Red Wine and thence
to Haldeman., The data avallable for the storm consisted largely of unof-
ficial reports sirengthened by a number of official records. Ischyets,
covering a rather large area, could be drawn with reasonable reliability¢
for values as high as 7 and & inches. When the storm type is taken into
considerétion, it can be inferred that intense centers occurred within
those ischyets. This inference seems to be Justified by slope-discharge
measurements, especially those made in the Frozen Creek watershed. Area-

depth curves for this storm are shown in Figure 6.07.
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CHAPTER VII

SYOW MBLT

Introduction

The importance of storm situations accompanied by snow melt over
the Chio tributaries above Pittsburgh can be evaluated from examining
Figure 3.02. It will bve esvpecially noted that the frequency of fioccding

as well as the maximum observed stages are highest during the snow meli~

ing season, The excessive stages due to late winter and spring shorms

o

re in meny cases the result of a combination of rainfall and snow melt,
together with a high runoff coefficlient so characteristic of snow melting
conditions. The necessiéy to consider the possibility of snow melt aug-
menting the runoff from critical rainfall is therefore evident.

In the Ompompanoccsuc report it was found that a sufficient amount
of snow could be available to satisfj theoretical mélting rates. In this
report, however, there has been the necessity fér detailed studies of the
amount of snow which could exist and melt at rates commensurate with
critiéal meteorological situations.

A fundamental theory of snow melting has been reasonably definced.
The analysis of snow melt presented in the followling discussion waé based

largely on these thceoreticel deductions which have been verified within
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the limits of existing data.

The Mechanism of Snow Melt

In an analysis of the mechanism of snow melt, considersation must
be given to the guantitative effects of various factors involved in the
heat and moisture exchange between the snow mantle and its environment.
The block disgram of Figure 7.01 iilustrates the general case of heat
and water flow between the snow and atmosphere and the snow and under-
lying soil through the basic processes of conduction, convedtion, and
radistion.

For critical snow meli and runoff the following conditions are
assumed:

a. That the snow is in a ripened state; that is, previous heat

transfer has raised the temperature of the entire snow mass to the
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melting point; any further heating therefore produces melting,

b. That sufficient denth of frost exists in the underlying soil
to check infiliration during the melting period.

¢. That rain occurs simultaneously with melting.

Under conditions (a) and (b) no temperature discontinuity exists
at the soil-snow interface. This eliminstes so0il conduction as a fazctor
in either melting or absorbing heat from the snowv.

In ordinary circunstances, there 1s an appreciable heat exchange
due to radiation. Snow absorbs a varying amount of solar energy or
insolation depending on the character of its surface and angle of the
sun. At the same time it radiates back to space as a "olack bedy." Both
the incoming and outgoling radiation are affected by the cloud cover which
acts as a blanket to suppress radiational loss or gain. Continuous rain
predicates an overcast sky and hence reduces the possible radiative heat
transfer to.a negligible amount.

The discussion of point melting rates that follows will therefore
be limited to condensation or evaporation, cdnvection, and the heating
effect of rain. Condensation or eveporation, and convectlon are deven-
dent on atmospheric turbulence.

Point Melting Rates

Warm moist air transfers heat to the snow in two ways: by direct
heat exchenge due to the temperature difference between the alr snd snow,
and by the release of heat through condensation on the snow surface.

Thig traasfer of heat results in melting, or the conversion of the solid
porticn of the snow into liguid form &t the rate of one gram mer 80

calories, the lstent hcat of fusion of ice. Since the heat of fusion of
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ice is only 80 calories and the heat of vaporization of water is 600
calories per gram, the moisture condensed on the snow surface melts 7~1/2
times its own weight of snow.

In moving air the vertical flow of heat and molisture depends on
the degree of turbulence of the alr. At high wind velocities, acccerding
to the theory of aimospheric turbulence, temperature, humidity, and wind
velocity measured near the ground are approximstely logarithmic functions
of height. On this basis Sverdrup has derived general equations of heatb
and moisture eichange between air and snow (*). The equations are ex—
pressed in terms of meteorological elements at a varticular elevation,
height of instruments above the ground, air densiiy, and roughness param-
eter. The degree of surface roughness determines the roughness parametber,
The accepted value for a flat snow surface is 0.25 cm.

Sverdrup's equations have been checked against observations of
ablation and shown to be reasonably accurate for winds above moderate
gpeed. This is done in Technical Paper No. 1, appended, where & gcneral
formula is developed giving the total contribution to runoff of snow melt
and condensation due to turbulent exchange, as a function of instrument
levels and station elevation. For the purpose of this study an anemom-
eter elevation of 50 feet and a hygrothermograph elevetion of 10 feet
were selected and sea level observations assumed. These instrument
heights secem to be representative of observation levels for most stations
and the assumpition of sea level applied to the Upper Ohioc region docs not
introduce a significant error. Uslng these values the general formla

(*) Eddy Conductivity of the Air Over a Smooth Snow Field, E.U. Sverdrup,
Geofysiske Publikasjoner XI: No. 7, 1934,

HYE_



~
\
\

ouf L

velo%=] =

EFFECTIVE SNOW MELT
(INCHES PER 6 HOURS)

\ )

0-
32 36 40 44 48 52 56 60
TEMPERATURE { DEGREES FAHRENMEIT )

Figure 7.02
Effective snow melt due %o
turbulent exchange for saturated air

then becomes

D=y [ .00184 (T - 32) + .00578 (e - 6.11) |

where D is effective snow melt in inches for a period of 6 hours, U
is the average wind velocity in miles per hour, T is the average tem-
perature in degrees Tahrenheit, and e 1s the average vapor pressure in
millibars during the period.

Figure 7.02 gives the effective snow melt during a siz-hour period
as a function of temperature and wind velocity for saturated conditions.
Curves are not shown for light winds since the assumption of logarithmic
variation of temperature, humidity, and wind velocity is not valid under

thege conditions,
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Eeating BEffect of Rain

The formula for the melt due to rain falling on snow at BECF. is

P (T - 32)

S

where D = gnow melt in inches of water

g
!

= precipitation in inches

=
1

rain temperature in degrees Fehrenheit

Evaporation from raindrops causes them to approach the wet bulb

N

temperature of the surrounding air. T Thas therefore been assumed egual

vo the wet bulb temperature of the alr and curves of Figure 7.03 devel-

oped on that basis.

Are melting Rates SNOW MELT FROM WARM RAINFALL
WITH SNOW SURFACE AT 32° F.
N e
In relating peint FOR RAINFALL DEPTNS OF LESS THAN ONE INGH, DIVIDE
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temperature and vapor pressure along the air itrajectory, and a correspond-
ing reduction in melting rates. For maximum meliting rates accompanying
rainfall, the air is close to saturation and therefore the déw point
approaches the dry bulb temperature. Hence, the wind velocity and éurface
temperature éompletely characterize the alr layer next to‘the snow,

By simplifying the problem in this manner the decrease in dew point
of warm moist alr along its trajectory may be comyute&. The mass of ailr
involved in transmitiing heat and moisture to the snow cover can Dbe deter—
mined from the height of the frictional layer. Rossby (*) has developed
equations and graphs that relate this height to surface wind velocity,’
anemometer height, and latitude. From these the total heat content of the
frictional layer can be obitained as a2 function of wind velocity and tem-
perature, and therefore the rate of reduction of temperature can be re-
lated to the rate of heat loss. ZXnowing the time rate of temperature
decrease and the velocity of air ftransport, the reduction of temperature
along the air trajectory is readily obtained. Cooling curves developed by

this procedure are shown

Rl I O O
w ~—— 7 in Figure 7.04. Tempera-
- &6\‘/"/"&&.: Z :
T < quwﬁw@ - ture of saturated air is
- 48 - N /0,; \\ B
5 ¢ . s 3 plotted against distance
<% = c .
& 44
& - M‘”\ 7
I T . of travel for various
» T
*r ] velocitics, with a meximum
32 —! Jormnd. loid I 3 o, L.l it bk | 2 34 S !»
¢) 40 80 120 160 200 240 2BO 320 360 400
DISTANGE (MILES)
(*) The Layer of Friction-
al Influence in Wind
Figure 7.04 and Ccean Currents,
19%5., Rossby and
Curves for obtaining the cooling of satu- montgomery, M.I,T.,
rated air flowing over a snow ficld V. III, ¥o. 3.



PR
air temperature of 60 F.

3

e
example,

distance

use of the graph is illustrated by an
e . . . . O
shown in the figure, in which the initial temperature is H51°F.,

traveled 100 miles, and the average wind velocity 10 miles per

hour. The line bc represents the distance of travel, a the initial tem-

perature 510F., and b the final

b. Hodification through

Elevation differcnces

in

basin result in

in @ homogeneous =2ir mass passing over

ration,

. R -
rate, or approximately 17F. per 300 feet.

basin can now be transformed
into an ares~tecmperature
curve. These curves are
shown in Figure 7.0% for the
six assigned basgins.
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not available to evaluate this effect in terms of areal extent of forest
cover g0 that sn cmpirical approsch was necessary and its value is
included in the factor K discussed below.

d. Sufface roughness.,

The theoretbical formula for meliing rates due to fturbulent
exchange was developed on the assumption of a roughneoss parameter of
0.25 cm., the accented value for a smooth snow field. Since the rough-
ness paremoter of a snow-covered basin is somewhet grester than this,
rates given by the formula would tend to undercstimate the true melting
rates were it not for the effect of fgrest covér. Inssmuch as basin
roughness cannot be determined from available data it must be evaluated
by empirical methods.

The method used here was to assign a value of XK  incorporating
all of the effects of surface characteristics of the basin such that

Basin snow melt = K D

where D iskthcoretical snow melt.

Since in gencral the influence of forest cover excceds that of
surface roughness, actual snow melt will be less than the theoretical
value, and K will be less than one.

Snow Conditions in the Basin

Hecords of observations of water content of snow on the ground in
this basin arc almost nenexistent. This necessitates relating available
observations to cmpirical factors in ordcr to obitain the necessary
information.

2

a. TWater content as & function of deoth and density.

Sncw density is a funciion of a number of influences including
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Depth~density reletion, New York snow survey, Merch 1, 1940 (apyrox.)

«

season, length of time since snowfall, alr tcmpcrature during period of
snow cover, end other metcorological factors. These influences have been
examined under a varicety of conditions, and it has becn concluded thatb
the Wew York snow survey data for March 1, 1940, expresscd in Figurc 7.00,
are applicable to the Chio tributarics above Pittsburgh. Obscrvations of
depth of snow on the ground show little relation to demsity as illustra-
ted in the figure. Thus ait any particular time a uniform density over é
given arce may be assumed. From an examinstion of snow and streamflow
records 1% has bocn concluded that & snow mantle occurring in the basin

. . o . . o . 5 .
could heve sn everage density of 28%. The 28% density linc in relation

gl

to the March 1, 1940, snow cover is also shown in Figure 7.06.
b. The liguid ccemponcnt of the snow cover,

The snow cover is not only composed of ice crystals, but includes

w‘{'g_.



varying amounts of associated water. This liguid water may be released
with no expenditure of heat other than that required to melt the matrix
of ice crystals of the snow structure. It mey 2lso be released by an
accretion of liquld water from melting and rainfall beyond the water
storage caspacity of the snow cover.

¢. Area-depth curves of snow cover.

Isochion maps (contours of snow depth) for selected instances of
‘heavy snow cover have been prepared. Figure 7.07 showing the isochions of

February 1%, 1910, is

AN
Y
ISOCHIONS, UPPER OHIO RIVER

/BASIN, FEBRUARY 13, 1910 Maximim snow cover of
| J ES h

record in the basin,

believed to represent the

Izamination and compari-
gon of a large number of
isochion patterns have
failed to show any alti-
tude~depth relationship,
or any other reason why
the distribution of snow
cannot be expressed as
sn area-depth curve for

the entire basin or sub-

besins. Figure 7.08
ISOCHIONS EXFPRESSED SCALE N MILES gu‘ 7

1N INCHES DEPTH OF 2 2 3°
SOl O THE GROUND 22,500,000 shows area-depth curves
for the six major in~
Figure 7.07 stances of snow cover
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of record over the Ohio bagin above Pittsburgh.
A study of rainfall, snowfall, and runoff records for January and
February 1910 geve the following values for the water content of the snow

on Febrvary 13:

Water Content Snow Depth Density
Allegheny Basin 6.0 inches 23 inches 26%
Monongahela Basin 3.6 inches 12 inches 30%
Combined Basins 5.0 inches 18 inches 28%

Figure 7.09 shows the encompassing isochion curves for February
1%, 1910, and February 15, 19L0. Februvary 13, 1910, represents the

maximum observed depth of snow while February 15, 1910, shows the

- g1 -



greatest uniformity.

An excessive depth of gnow on the portion of the basin having the”
greatest initial depth would delay the snow melt contribution because of
storage. The maximum snow melt contribution to a flood, therefore, may
not necessarily result from s maximom snow cover, but from a snow covef
which would respond most prompitly and complgtely to possible critical
melting conditions and to besin characteristics. IExcent under conditions
governed by the depth of snow, in contrast fto limited melting rates, the’
optimum quantit§ of snow is that which most readily satisfies the meximum
melting rates for the duration of time throughout which such rates can .
prevail.

Snow Melt and Runoff

In order to confirm the theory of snow melt which hag been out-
lined pnreviously, and to ascertain the relation between snow melt and
runoff, it has been necessary to snalyze hydrographs of actual occurrences
of runoff from melting snow znd comperé these results with the theoretical
melt., To eliminete as far as possible the errors to be expected from
such an anslysis, periods chéracierized by 1arge zmounts of snow melt and
relatively small amounts of rainfall were selected. A search of siream-

flow records for the upper Chic tributaries above Pittsbursgh revealed

only three occurrences satisfying these conditions:

Stresm Gaging Station Pericd Snow belt Rainfall
French Creek  Saegerstown March 16-27, 1936 4.0 1.4
Allegheny Franklin " %7 1.9
Redbenk Creek St. Charles Feb. 2b-March 7, 1910 5.0 1.1

Two independent methods were used in making the analysis, the
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results obtained showing a satisfactory agreement., In the first method,
the hydrograph of surface runoff 1s converted to a hydrograph of channel
inflow by & channel storage analysis (*), the inflow due to snow melt
being obtained by subtracting this graph from that of coincidentel rain-
fall decreased by a suitable runoff coefficient, from the total channel
inflow,

The seoond“method is gimilar to the one described in the Ompom—
panoosuc report., The pluviagraph of rainfall is reduced by the runoff
coefficient and subiracted from the hydrograph of surface rﬁnoff o
obtain the hydrograph of snow melt. Through a trial-and-error process it
is then possible to derive a series of snow melt increments which, wheﬁ

s

applied to the distribution

-3 -
| showtas
graph, give the snow melt z ,//’ o 7
) <]
b 5 . N T Rainfoll ~,
rydrograph. Since a portion g A N\
R /
of the melt appears as ground o
7 -
water, the rates computed by - -
6 P
both methods were increased s 7 Theoretical melt, (@) =~ 1
Ys
g
by the ratio of total runoff = 9x 065 7
. £
z ¥ 1A
o a r # /‘ f
to surface runoff. a, I
¢ 1/ / 1
. <<
Figure 7.10 presents &, 74
>
' RN : B
< I Distribution graph lys /I’/‘C\a”::;};;:;a” 1
the results of both snelyses i / &i/
Y /7 m
for French Creek above ol =
5 W 7 B 19 20 2t 22 23 24 26 286 27
MARCH 1936
Seegerstown., The mass curves ]
of snow melt as computed by Figure 7.10
. Snow melt analysisg
(*) W.B. Langbein, Transactions, French Creek at Sasegerstown,

A.6.U., 1938, 0. 435. 629 square miles, March 15-27, 1936
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each method are shown, together with the‘values of snow melt computed
from theoretical considerations using the formula on page ?@. During
periods when a porition of the area was bare the increments were corrected
to give values of melt in terms of average depth over the total area. I3
is seen that the quantity of meit computed by the formula is in excess of
that indirectly obtained from the discherge hydrograph., As has been
pointed out in the discussion of the thecoretical factors influencing snow
melt, this formula must be modified by an empirical factor, X, which can
be expressed as the ratio:

X = total observed melt
T  theoretical melt

The curve shown in the figure is obtained by multiplying the com—
puted values of melt by this ratio. Analyses of the records for the
basins above Pittsburgh resulted in values of E ranging from 0.60 to
0.72. An averasge value of 0.65 has been‘use@ in computing maximum snow
melt velues given in this report. This average value for the coefficient,
X, hsas been further substantiated by data from basins of similar charac-—
teristics in Eew Ingland. Present knowledge does not however warrent the
assumption thet this value is a2 universgl constant which can be applied
t0 basins outside these aréas.

It should be emphasized that the release of liguid water stored in
the snow 1g mnot represented in the value of K. Such water can be re-
leased by ﬁhe melting of small smounts of snow and the apparent values of
K may thus exceed its true value for sub-intervals of the melting period.
The outflow of stored water must, therefore, be added to the computed
melt in detvermining the coantribution to runoff during the period

consgidered.
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The following rules should govern the determination of the critical
SNOW melt runoff in the basins above Pittsburgh:

a. Total or increment snow melt is equal to 0.65 times the snow
melt computed by the formula.

b. Total runoff from melting snow is egual to total snow nelt
vplus water stored in the snow prior o the melting period.

c. Water stored in the snow prior to the melting period is
assumed to be released during the finel period of snow melt at 2 rate

proportional to that of aresl disavpearance of snow over the basin.
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CHAPTER VIII

DEVELOPLENT OF MAXIMUM POSSIBLE STORMS

Duration-Depth Curves

Duration-depth curves of rainfall for Types I and II, IV, and V
are shown in Figures 8;01, 8f02, and 8.03. Curve a or a' represents the
duration curve enveloping the observed data; curve b or b' the curve
adjusted according to meteorological considerations discussed previously;
curve ¢ the curve of maximuﬁ possible rainfall, i.e., the adjusted curve
b plus the reliability factor. Curve b is not shown for storms‘requiring
no meteorological adjustment. The reliability factor varies with storm
duration and is derived from a consideration of the factors which produce
statistical variability in the results. The systemetic variability has
been compensated for in the meteorological adjustments applied to the
contributing storms.

The additional points plotted for the entire basin at 24 hours in
Figures 8.01 and 8.02 were obtained from the seasonal curve of theoreti-
cal rainfall on Figure 2.0U. For storms Type I and II the theoretical
values for late Harch were used, while for Type IV storms the peak values
for the hurricene season were used.

Duration-depth curves were not prepared for the Type III storm

- %6 -



DEPTH (INCHES)

12 EEREEN N T
T T 1T 1T 1T 1 1 i
10 19,117 SQ. ML o 1,733 sSQ. ML
8 8 g =
,-'\'r"’ﬁ..: ' 6 o L W et -
¢ e o 27
4 2 L a /{/// e
% //" /, L« ]
2 < - 2 /
d 7 &) Theoreticol Volues /
X Vfrom Fig. 2.0%
fo) ]
12 7,384 SQ. ML 1z 5,600 SQ. ML
10 w
-m 3
ToemEm W e il Iy el
® B 5 P ]
L L z é’/// AT
8 3 -~ B S 2 O - ¢
/4; A/ ‘// ’/ ¥ ’ -
T e
A A - A . {
4 = 4 T
7 Y 474 NN
)%l % T
iy, % V%4 L
0 0 : —
12 2,000 SQ. Mi 12 1,000 SQ. M. —
T S B B
i0 10 s s
3z, o, g ’l“- t" ————— - ':::""
P L R e e e e P L i cat ER
8 ,d/;r;,/ = 8 = 'fg—, - — P
;:,///;/ L .- ///97 L '
A 1 e R :
é ,;{/ o - 6 : ﬁ z d : ;
P A
Tz N4
. LEA . LA
/4 /4 | :
o s » ‘ .|
o 24 48 72 96
i 500 SQ. MI DURATION {HOURS)
LEGEND
12 © March 1913
(@) e — March 1913,actuol roinfall
(B} e wm e Morch 1913, adjusted for Ironsposition
10 D e e T © Morch 1936, adjusted for transposition
S e o A Januory 1937
8 Pl - la§- - . January 1937, octugl roinfall
D - (b)-——— Jatrary 1937, ad fusted for transposition
/ggf,//h " &/ Maximum possible rainfall
6 7
Y. 4
, DURATION- DEPTH
CURVES OF MAXIMUM
POSSIBLE RAINFALL

24 48 T2
DURATION {HDURS)

56 STORM TYPES 18I

txf
fd

gure §.01

- 87 -



DEPTH (INCHES)

12 (N T T T T 2 T T 77T T
19,117 SQUARE MILES 11,733 SQUARE MILES
10 10
)/-—:3;—:"‘“’- -
8 — (o 8
G &
6 “ 6 | 4
4 :ﬁ
alf o F
2 f @) Theorstical Volves 2 I
X [Fig. 2.04 o [
o i o
7,384 SQUARE MILES 5,000 SQUARE MILES
12 i 12
s wng s e el S
10 E—— == - 10 =
pnt )r,‘
o A Lo
(>4 3
4 ; z
& }— : Z s
S
4 : 4 -
/ &
2 [ { z ,{ H
o o ;
1000 SQUARE MILES et
12 iz ke =
‘/I,O'
-4
io 10 {4/ .
V74 ;
8 8 I
/ | |
¢ .
6 6 | :
. i i
2 2 T
o o ‘
o 24 48 72
i DURATION (HOURS)
e M o ‘:—W ....,.;....
12 ;’j"’ ; LEGEND
2 §
/A ! fc} Maximum Possible Rainfall
10 ——--# {a) ~ — Actual Rainfall
l & September, 1878
8
.
7;5 DURATION-DEPTH
4
[} CURVES OF MAXIMUM
2 |f POSSIBLE RAINFALL
o TYPE I&L STORM
0 24 a8 T2 96

DURATION (HOURS)

Figure 6.02

96



DEPTH (INCHES)

48

* (T 1] S IR I I A I
1 7 1 i H T H I — i‘""fg :
10 7,384 SQUARE MILES __ 10| 5,000 SQUARE MILES
0 e - e ;
w j 3
8 I 8 !
o . ,
T 2 i ;
& T - s ‘ - :
ump==c_ == -
4 ¢ E e 7 s
2 4 2 : ;
/ ] I ;
o / : - Ot— — .
12 f——— 2,000 SQUARE MILES: 12 . 1,000 SGUARE MILES
10 i é 10 i
: . .. L X X 1 1N
. | NEDZdil 1
e} H
H f I &
oA d ; N AREEE.
/4 ¢ : :
2 2 |
o od—! J i ;
) 12 24 36
14 500 SQUARE MILES DURATION (HOURS)
12 LEGEND
1/&— o e e e e e e e fe) Maximum Possible Rainfall
10 7 {a} — —Moximum Actual Raoinfall
7 fi I & July, 1939
8 r—ft 8 August, 1935
/N & August, 1932
s I] B @ q
DURATION-DEPTH
4
CURVES OF MAXIMUM
2 POSSIBLE RAINFALL
0 TYPE X STORM
) 2 24 £ 48 '

DURATION {HOURS)

Figure £.0%

gince rainfall in this type is not significant end snow melt plus rain-—

fall is greatly exceeded by the Tyne I siorm.
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Area-Depth Curves

Area~depth curves shown in Figures 8.04, 8,05 and 8.06 were pre-
pared from the values teken from the duration-depth curves of maximum
vossible rainfall of Figures 8.01, 8.02 and 8.03. These area-depth
curves are apolicable to areas from L4OO tc 19,117 square miles.

Commutation of Critical Snow Melt

The upper limit values for the snow melt contribution will result
from a combination of maximum meliing rates, maximum storage of free water
in the snow, snd a uniformly deep snow céver. kFrom a given distribution
of snow cover and a given sequence of meteorological events a series of
increments of snow melt may be derived by a compubation procedure illus-

0

trated in the example to follow (page 93). i
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Figure 8.07

The melting process is illustrated by the graph of Figure 8.07 in
which the encompassing isochion-area curve of the February 15, 1940, snow
cover is drawn with area and depth expressed as percentages. The average
depth of liguid water in the snow, as well as the rate of melt, are
assumed to be uniform over the érea and as melting progresses the slope
of the encompassing isochion curve remains constant. - As the snow cover
disasppears the isochion curve for the partial basin (Figure &.07) shifts
into successive parallel positions. Stored liguid water is released when
the snow column i1s reduced to a critical minimum depth. The volume of
water so released is equal to the average depth of the stored water times
the area depleted of snow. The melt during a particular period is equal
to the melting rate times the average area of the snow cover during that

period. This can then be expressed as an average depth over the eantire
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EXAMPLE OF SNOW MELT COMPUTATION
(MONONGAHELA BASIN)

Storage = 1.10 inches; Wind Velocity = 10 M.P.H.

i t i

: + P ‘ W oW
| 3 | Aol S N
; » = | ‘ - < @ 4
o : EL] 42 o} 01 o
el R ! i — ot £ i = —
O o | 42 | e g | - = a1 8 Gy
oo = 5 S S Sl oewel © & W Eg
- = ~ = | [ 3 o] (o (6] o] 5 0 +2
v o] &y} 2 o o] =~ (O = [N BT 8
g =] O = +> e +> 0} a) o H @] M w
5] ] ot 4 o ! g o} > S > OO0 fas)
o +2 <1} [53 = -l —i (o] - O SRS O b [0} et
o] B) © = | é o] &) GOl O] O 80 y
[¢] @ i o 1 = ! ) o S @
=t S8l ala g z@L S8l <z Heme & +
b © L3 wu ared L] 4> [&] O (@] 5 i (o] i
[0} & e @ o ‘g o 3 Q o o Q3 0} 42 [0}
2y « 15 m ] = <1 <} w (2] [28] = (2} =
(W) [ (B)] (&) (7)](8) [(9)](10), (11) [(22) [ (13)] (11)
. . i
6 | 34.3(.08 .05| .2[,00/ .05} .05 1/100| 100 © 05 .00| .05
12 | 38.8|.24.16] .3..01 .17i .22 Ll100| 100 © | .17| .00! .17
_ , |
18 | 43,3 .4el. 27| JLiL03] 30! .52 9100, 100 O | .30| .00| .30
o4 | 47.81.60|.39| .51.05 44! .96 17/100 100, © | .44 00| .uY

30 | 50.,0.70| .46 .8&.10% 5611.,52| 28195 98 5 | .55 .06, .61
36 | 50,0 1,70 .46 1.Hi.18§ B2 16! 39 83| &9 12 | .57 .13] .70
Lo | 50.0|.70] .46 2.1;.26s 72 12.88 1 me | b4y e 39 | u6| .L3| .89
g 1 50,0 .701 .46 .9;.11‘ BT 13,450 63 24| 34| 20 | .19] .22| 41

B4 | 50,0 (.70 .46 .7/.09{ .55 4.00, 73| 13| 1g| 11 | .10| .12| .22

60 | 50.01].70 .46 ,5'.06) .52 4.,52| 82| 6, 10/ 7 | .05| ,08| .13

66 | 50.0(.70|. 46| 41,05 .B15.0% 91| 2| 4 4 | ,02| .o4| .06

72 1 50,0 .70/ 46! .2.02] Mgws.51100 0 1 2 | .01 .02l .03

Total ARG 100 [2.9111.10| 5. 01
COMPUTATION PROCEDURE
(1) Read from Figure &.08 (5) Read from Figure 7.0% (10) Average successive
(2) Read from Figure 7.02, (6) = (3) + (5) values in (9)
using (1) and correct (7) = (6) accumulated (11) Subtract successive
wind velocity (8) = (7) x 100/Total of (6) values in (9)
(3) = (2) x 0.65 (9) Read from Figure 8.07, (12) = (6) x (10)
(4) Derived from Figure 8,04 using (&) (13) = Storage x (11)

(14) = (12) + (13)
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area. In this manner the combined effect of melt and outflow from
storage can be computed from the beginning of melt to fhe final dis-
appearance of snow on the basin.

Figure &.07, it will be noted, has isochion curves for selected
times during the storm sequence for the Monongahela and for the Allegheny
as a part of the Upper Ohio. $ince the percentage distribution of snow
melt varies slowly with changing dew point, the curves of PFigure 8.07 for
thé Monongehela (5OOF.) may be used for dew points between HOPF. and
5ROF, while the Allegheny cur?es (u0°F.) may be used for dew points less
than 50°F.

An example showing the computétion‘procadure for the Monongshels
as part of the upper Ohic basin is shown in tabular form on page Y3. Thé
results of computations of snow melt for the assigned basins are shown in
the form of block diagrems in PFigure 8.08. Dew point curves are Shoﬁn
above the block diagrams for each basin. No snow melt 5locks for Type
III storms are shown for reasons stated previousiy;

Maximum Possible Storms

Figures 5.09, 8,10 and 8.11 show biock disgrams for maximum possi-~
ble storms of Types I,‘IV, and V for the assigned basins., For ﬁhe’Type I
gstorm the rainfall blocks have been arranged in an order which aésociates
thekhighest rate of snow melting with the highest rate of rainfall, both
beingVéemﬁatible with the meﬁeorological featnres of sﬁorms of this type.
Since the first 24 hours of the storm sequence is fixed by the meteoro-
logical situation and the accompanying snow melt, the rainfall«sﬁow melt
increments of this period should not be iﬁterchanged among themﬁelves or

with those of the last 48 hours of the storm. Increments within the last
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48 nours of the storm may, however, be interchanged as desired. The
individual snow melt and rainfall increments must be considered insepara-
ble, the necessity for which is readlly seen from a considerstion of the
snow melt computation procedure. These restrictions apply to all sizes
of drainage basing. There are no restrictions on the arrangement of the

rainfall increments for the Types IV and V storms,

- 98 -



APPENDIX






I¥DEX TO APPENDIX

SYMBOLS USED ON SYNOPTIC CHARTS
(Maps and charts arranged in chronological order as indicated below)

STORM OF SEPTEMBER 9-14, 1878

Weather Map
7:00 a.m., September 1%, 1878

Storm Tracks (Shown on weather map for September 13, 1878)
September 15-18, 1876
September 9-13, 1878
August 17-21, 1888
STORM OF FEBRUARY 2h-MARCH 1, 1902
Weather Map
8:00 p.m., Februery 27, 1902
STORM OF MARCH 23-27, 1913
Weather Maps
€:00 p.m., March 24 to 8:00 p.m., March 26, 1913
STORM OF MARCH 1l2-15H, 1918
Weather Map
§:00 a.m., March 1%, 1918
STORM OF AUGUST 6-7, 1935

Weather Map
8:00 p.m., August 6 to 8:00 a.m., August 7, 1935

Isentropic Chart o
Avgust 7, 1935 © = 3157A.



STORM OF MARCH 9-22, 1936

Weather Maps
8:00 p.m., March 16 to €:00 p.m., March 17, 1936

Isentropic Chart
March 17, 1936: € = 295°A.

Horizontal Cross Section
March 17, 1936 (5 Kn. above Sea Level)

Vertical Cross Sectlon
March 17, 1936 {Oklahoma City to ILakehurst)

STORM OF JANUARY 1937

Horizontal Cross Section
Januvary 21, 1937 (5 ¥m. above Sea Level)



SYMBOLS USED ON SYNOPTIC CHARTS
STATION MODEL

Temperature
Current and} . fsf:? *‘“‘“‘PDew Point .
Past Weather) /5 { Pressure tendency and changde (hundredths of
.72 inch) for 3 bhours preceeding time of observation
Pressure omitted \ Precipitation (inches and hundredths) for 12 and
Z4-hour periods ending at 7:30 P.M. and
7:30 A.M. respectively.

WEATHER
LK. WEATHER at time of observation is shown at /g7 of station circie thus:
* @32 (Snow) Foin \{
s foin o Showers
Y Orizzle Snow )

Number of symbols indicotes

ot i o<pk e

A Sleet tive intensity of ot Light *o Moderare Fog
. rEIRTIVE INTeNsTyY O ECIOITETIOT

A Horl ' 4 ree Dense Fog

* Spow ) Ground Fog

P

PAST WEATHER is shown near, and generally at /e
M 78 (Thunderstorm wirhin lost 18 hours )
R

of sration circle, thus:

SKY
SKY COVERING is shown wira/»n the station circls, thus: O & 0 @ @
(Amount of circle shoded indicares coproximate amount of sky covered by clouds)

WIND

DIRECTION AND FORCE OF WIND is shown by the BEAUFORT symbol, pro-
jecting from the station circle. In this symbol onjy the shaft and one side of the
tail of the arrow are shown: the arrow flies with the wind. The number of barbs
and half-barbs on arrow-tail indicates wind force as shown in the following table:

BEAUFORT SCALE AND SYMBOLS
FORCE M.P.H. SYMBOL WIND FORCE M.P.H. SYMBOL WIND

S5 0 ]
0 Less than | O Calm 6 5 ro 3

Strong
o 3 :1 7 32 t0 38 N\
4 Yo 7 \ O ] Light 8 39 to 46 \\\Lo}gm

8 to 12 QO Gentle 3 4T to 54

13 40 18 N0 Mocerote :? Zi io sg W{)}Zh;:/e
19 t0 24 N0 Fresh ' © are

12 Over 75 SNy furricane
MAXIMUM WIND VELOCITY (M. P. H.) within last 12 hours. and DIRECTION,

are shown in parenthesis below the station circle, thus: \T-O T2
; N60)

U N —

b FIGURE A-|



UPPER FRONTS

COLD weess sess ssses s e e B Tt 3 o WARM

SURFACE FRONTS

COLD e wm—m—— QUASI-STATIONARY
WARM =] — O mm—— @ - - - - ---- OCCLUDED
FRONTOGENESIS FRONTOLYSIS
® 3006038 e¢ 0 - - -COLD - - UXXXXX XXX
000000000 - WARM -+ - -=% % X X ¥ ¥ % % X

® O ® 08 06 O 8 QUASI-STATIONARY - X % X & X % X % X
OCCLUDED --- X £ %X X X » X X X
@ CYCLOGENESIS

AIR MASSES %

cAw CONTINENTAL ARCTIC AIR, warmer than the surface
over which it lies (sfable in the lower Jayers).

CAK - CONTINENTAL ARCTIC AIR, colder than the surface
over which it is passing (stesp lopse rote i the lower /ayers)
MAK  MARITIME ARCTIC AR, colder than the surface over
which it is passing (sreep /opse rate).
CPw - CONTINENTAL POLAR AIR, warmer than the surface
over which it is passing (stoble in the Jower layers).
CPK - CONTINENTAL POLAR AIR, colder than the surface
over which it is passing (srteep /opse rate).
MPW - MARITIME POLAR AIR, warmer than the surface over
which it is passing (stoble /n the lower /ayers).
MPK - MARITIME POLAR Al R, colder than the surface over
- which it is passing (steep /opse rate).
MTW - MARITIME TROPICAL AIR, warmer than the surface
over which it is passing. (sreble in rthe /lower layers).
MTK - MARITIME TROPICAL AIR, colder than the surface
over which it lies or is passing (steep /apse rafe).

S-—«- SUPERIOR AIR, which includes all air masses that
appear warm and very dry because of, principally, subsi-
dence and divergence.

¥ SEE MONTHLY WEATHER REV/IEW, VOL. 67, JULY /838, pp. 204-2/8.

FIGURE A-2
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ANATLYSIS OF HIGH RATES OF SNOW MELTING

Introduction

The Hydrometeorological Section of the Weather Buresu 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 wind’velocity compatible with an
adequate snow cover, and the relationship of these values to the rate of
snow melt.,

To meet the problem of predicting the melt resulting from a given
meteorological situation, a theoreticél melting formula has been devel-
oped utilizing modern theories of atmospheric turbulence. In order to
apply this formula to actual drainsge basins 1t was necessary fo develép
a procedure for determining areal melting rates, taking into account

over—all changes in the air masgs, produced by melting snow and by surface
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characteristics of the basin., It is to be understood that this papér
deals only with actual snow melt, that is, the inflow of melt-water to
the snow cover, and not with the subsequent disposition cof the melt-
water.

Effective Snow Melt

Varm moist air flowing over a snow field transfers heat to the
spow in two ways. First, there is the direct heat exchange due to the
difference in temperature between the air and snow. Secondly, moisture
is brought down to the snow surface and condensed, releasing latent heat
of condensation amounting to 600 calories per cc. of water deposited.
Since the heat of fusion of ice is 80 calories per cc;, the molsture con-
densed on the gnow surface melts 7.5 times 1ts own weight of snow.

Defining the effective snow melt as combined melt and condensate,
there follows the simple relationship

D= (Q+ 600 F)/80 + F = (Q + 680 ¥)/80 (1)
where D is the effective snow melt in centimeters per second, Q, heat
transfer by convection in calories per sq. cm. per sec,,and F, water
transfer in cc. per second.

The above eguation can be generalized 1o include the case of
reverse molsture transfer or evaporation from snow to warm dry air.
Figure 1 shows the temperature and vapor pressure distridbution of the
layer of air diréctly above the snow for the two caseg of condensation
and eveporation with a melting snow surface. During melting, the snow
surface temperature remains constant at BEOF. A thin film of air in

contact with the snow is saturated with molsture and in equilibrium with

Jerto

the snow surface. This requires a vapor tension of the snow surface
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equal to the saturated vapor pressure of air at 32°F., 6.11 millibars.
Above this air film the temperature increases with height in both cases

but the vapor pressure increases with height for condensation and de—

creases with height for evaporation. Evaporation signifies a loss of

both heat and wmoisture from the snow cover and is indicated by a nega-

tive value of ¥ in equation (1).

Theory of Heat and Water Transport

In & solid body, heat flows from regions of high temperature to
regiong of low temperature through the process of molecular conducti on.
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 alss occurs in the atmosphere it may Dbe conslidered
negligible in this discussion, the important mechanism of heat conduction
in the atmosphere being eddy diffusion. Analogous to molecular dif-
fusion,xheat 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 layer 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 veloeclty, surface roughness, and the
stability of the layer of air next to the snow. Since it is clsar that
an increase of wind velocity or roughness is accompanied by an increase
in the degree of turbulence, 1t 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 designate 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 height, the curve is extrapolated to
gzero 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 (1) as a result of numerous experiments, is

0.25 cn.



Since vertical air motions in the aitmosphere take placc adiabati-
cally, continued action of turbulence within a given air méss will
eventually produce an adiabatic lapse rate of temperature in that air
MASS. Ccnversély, any action which decreases the lapse rate, such as
downward heat transport, stablilizes the air mass and inhibits turbulence.
Therefore, a cold surface tends to produce stability in & 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, alr in which
no stabilizing influences are present, eddy conductivity varies directly
with wind velocity and height, 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 will also
follow the logarithmic law,

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 appréaches the
logarithmic law., This may be seen in Figure 2, showing graphs of average
wind velocity, temperature, and Vapor pressure at several elevations
during various periods of melting from observations made by éverdrup 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 09C. along the linear scale. Straight lines
have been drawn connecting the zero values at 0.25 cm., the roughness para—
meter, to the upper observations. If we examine periocds 1, 2, and 10, which

are marked by comparatively high winds, it can be seen that observations
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1= /ey U 5 =
2
okq _
F =622/ T i meray U e - o) (3)

where @ = hoat exchange
o

!

F = water vapor exehange‘
c,. = specific heat of air at constent pressure = 0.24
= dénsity of air
k, = von Karman's cocfficicnt = 0.38

U = wind velocity at anemometer level

T = alr temperature at hygrothermograph level
T, = snow surface temperature

¢ = vapor pressure of alr, mb.,, al hygroithermograph level

e, = vapor btension of gnow surface, mb.

o3
il

atmospheric pressure, mb,

a = clevation of anemometer

b = clevation of thermometer and hygrometer
z = roughness parameter = 0,2H

I1n = lOge
All values are expressed in c.g.s., units.
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For a melting snow surface, T = G and e, = 6.11 millibars. Sub-
stituting these values together with Q and F given by equations (2) and
(3) in equation (1) we obtain for the rate of effective snow melt,

2

pko —

D =80 1n(a/zﬁ} 1n (b/zc) U |ept + (e - 6.11) uQE/EJ ()

As a Turther check on the spplicability of the theory, separste
sets of computations were made of total heat transfer for each peiiod
plotted in Figure 2 Dy means of equations (2) an&’(3>, using two differ—
ent levels of observations., These values are plotted against observed
values of heat transfer in Figure Y4, and reasonably close agreement may
be noted for periods of relatively high wind velocity. Other points, in

general, show greater

Symbof Apemomelrer Height Hygrothermograph Height
deviations bhestween ob- o) 7 meters 5 meters
A 2 meters ! merer
g2
served and computed values
with & tendency towards ~ 10
£ S02
. ~ b & A? -
agrecment for computations g o
R e(xer‘\
based on observations at 5 L §v B
03 N
the lower levels. This 39 As Y
< A3
o e o
* * PRy » ':
indicates that equation 5 oa /
® " i
\ ® o+ A4
(4) is applicable, within = I N -
N 4 140 52 R%
g 02 A/Z
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- . ! ! i | | !
error, for ordinary levels 00 oz o4 6 08 10 12
Observed Heat Transfer Ccat /sq em / min )
of observations with con-
Pigure Y
ditions of moderate to
Computed neat transfer vs. observed
strong wind velocities, heat transfer for various melfing periods



but for winds of lesser intensity, accuracy of the formulae is dependent
on cléser proximity of instruments to the snow surface. It should be
emphasized at this. point, that the formula is presented as an approximate
relation, to be used when observations at a single level only are avall-
able. For greater accuracy, particularly in the case of light winds, it
is necessary to make use of turbulence formulese requiring records for at
least two levels above the snow surface.

By 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.

.0000156h

DU, [}0018u (T, - 32) 10 + .00578 (e - 6.11%] (5)

where D 1is the effective snow melt in inches per six hours; Uh the aver—
age wind velocity in miles per hour: Tf, air temperature in degrees
Fghrenheit, e, vapor pressure in millibars; and h, station elevation

above sea level in feet. The

- Y T T T ] T -
mhiwﬁ%gg;xr;;mvwﬂ  %. station elevation correction in
st i
,?é«
}ﬁﬁy, : the final formula is based on a
A
—~ ) ] s s -
; : | Yo s gimple relation between atmos—
® o7 / - §
- 0 . N
> - Ang ] pheric pressure and elevation
z A 1077 ot T
£ o 7 - i 2
0, bt . s . v
3 . :;Af ‘%/ § which is sufficiently accurate
, . H
g i / /7// L 19}/
o z2 S gt for the purpose., By neglecting
ik !
B o e the elevation factor, working

Temperoiure  [°F}
curves shown in Figure 5 have
Figure 5 V ‘
been develeped for application
Effective snow melt due to turbulent
exchange for unit wind velocity to lowland drainage basinsg,
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giving snow melt as a function of temperature and relative humidity for a
unit wind velocity. Melbing rates are 2 linear function of wind velocity
s0 that values read off the curves are simply multiplied by the observed
wind velocity. In connection with the melting curves, a graph is shown
in Figure 6 whereby observations at the actual levels may be corrected to
the reference elevations of instruments thet form the basis for these
curves. The adjustments are applied directly to wind velocity, but for
temperatures, corrections are made to the gquantity, Ty - 32, and for vapor
pressures, corrections are made to the value e - 6.11.

The curves of Figure 5 have been drawn for negative as well as

positive values of the vepor pressure gradient, and the assumption has,

therefore, been made that

CORRECTION FACTORS FOR ELEVATIONS OF

200
% 3 -4 WIND VELOCITY, TEMPERATURE & VAPQR PRESSURE
the logarithmic law also
INSTRUMENTS ABOVE SHOW SURFACE

18
apnlies to evaporation from \

snow. The boundary between i

condensation and evapora- 10

tion is denocted by a dashed o \
4l
80 5
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.
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beiween evaporation loss

and heat gain by convection

Height obove saow surface in feet
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- s Reference Thermometer |
0 Corr, — "»:1 tevel (1041)
tures up to K1 F. are “Leetle —— ]

I —
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s = Correction Factor
possible without the occur-
rence of melt, if the air Figure 6



ig sufficiently dry. Tor higher elevations, the evaporation term in the
formuils becomes more dominant and still greater temperatures are possible
without melting. This is in accord with experience since it has Dbeen

" noted that late in the melting season the influx of warm air over moun-
tainous watersheds will at times reduce the snow cover at the upper
elevations.with little or no resulting runoff.

Iffect of Variations of Elevation

In applying theoreitical melting rates over a drainage Dbasin con—
sideration must be given to changes in the air produced by differences of
elevation in various portions of the basin area. For a homogeneous air
mass the decrease in dry-bulb and dew—poiﬁt temperatures with increase of
elevatioﬁ is related to the dryfadiabatic lapse raté for unsaturated air
and to the pseudo-adiabatic lapse rate for saturated air. These rates
~are falirly constant with elevation and temperature and can be gummarized
ag follows:

Unsaturated air:

Dry-buldb temperature decreases 5.U°F. per 1,000 feet.
Dew-point temperature decreases 1.0°7. per 1,000 feet;

Saturated air:

Dry-bulb temperature decreases 3.0°F. per 1,000 feet.
Dew-point temperature decreases 3.OOF. per 1,000 feet.

For lowland drainage basins of level topography, observations of
dry-buld and dew-point temperatures can be corrected to the mean eleve~
tion of the basin and aversge melting rates determined to a sufficient
degree of accuracy on the assumpition of uniform wind velocity in the

region. Mountainous watersheds with large variations in elevation

- 12 -



necesgitate a division into melting zones with separate melt computations
for each zone, However, wind velocity at a valley observation station may
not be representative of conditions at the higher elevations and consgid-
‘erable aporoximations may be involved in the calculations of melt for the
upper zones. The procedure is illustrated in the area-elevation curve

for the Big Cottonwood Basin, Figure 7. Here the basin is subdivided into
five zones of equal area and the vertical scales on the right hand side

give the dry-buld and dew-point temperature reductions for each zone 1o be
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applied to observations at Salt lLeke City Airport, a station near the
basiﬁ.

The following table illustrates the method of estimafiﬁg average
temperature conditions in each melting zone from observations at the
valley station. Hypothetical dry-bulb and dew-point femperatures at Salt

)
Lake City of 600 and 407, respectively, are selected.

Salt Leke City Zone 1 Zone 2 Zone 3 Zone 4 Zone H
Dry bulb 60 Lz 36 34 3% 30
Dew point U0 37 36 34 33 Z0

The dry adiabatic lapse rate is followed from the station to Zone 2 where
the dry-bulb and dew-point temperatures coincide. TFrom that point, for
the remaining zones, cooling proceeds along the saturated lapse rate.

Effect of Air Trajectory over Snow

Logs of heat and gain or loss of moisture by warm air as 1t
travels over the snow causes variations in temperaturé and humidity along
the air trajectory. This produces & continuous reduction in the melting
power of the alir from the snow line into the interior of the snow field,
an effect that must be taken into account for a watershed of large areal
extent. In order to compute the rate of temperature decrease and humid-
ity increase or decrease with length of air travel, the thickness of the
turbulent layer of air as well asg the distribution of elements throughoutb
this layer must be known. Very 1little data of this sort are available
and so the writer has attempted to estimaie the cooling and drying or
moistening effect through an anslysis involving the use of certain

simplifying assumpiions.
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Avallable upper air
) Limit of Frictionol Influence——
soundings of warm turbulent {
|
air over snow were examined ’
Y \*—Adiabotic Lopse Rote ; Lv-Adicbmic
and showed the characterig- | | Lipse frate
] | !
. . i '
tic vertical temperature \ | '
Limit_of lnversion- \ - i ‘) 1
R . . N " . Thermomeler level o \ { —
distribution illustrated in o Trow  Surtass” =
Temparotyre s Potential  Temperofure mem
Figure 8A. At the Dbettom A B
‘of the turbulent layer a
Figure &

shallow temperature inver-

Temperature & potential temperature dis-
sion is formed that extends tribution above a melting snow surface
well above the ordinary
thermometer level., The temperature reaches a maximum and then begins to
decrease with height at a rate apnroaching the adlabatic lapse rate up to
the limit of turbulent influence, which ig merked by the formation of a
second inversion. »ﬁear the surfaee; the temperaiure gradient determines
the quantity of heat flow, but for large vertical sections of the atmos-
phere, the potential Temperature gradient is the governing factor in heat
transport. An adiabatic lapse rate corresponds o a line of constant
potential temperature and herce converting the femperature distribution
‘into one of potential temperature as shown in Figure 8B, it is seen that
the potential ftemperature gradient is directed downward throughout the
t&fbulent layer. Therefore, the total heizht of the turbulent layer,
lebeled H In the figure, represents the column of air invelved in trans-
mitting heat to the snow. Since the processes of heat and moisture
transfer are the same, the specific humidity distribution is similar vo

the potential temperature distribution and the height of the fturbulent
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layer also determines the ¢uantity of air involved in transmitting mois-
ture to the snow.
Rossby has developed the following formula for the height of the

frictional or turbulent layer in an adiabatic atmosphere:

;

sin L logla/z )

where L 1is the latitude in degrees. Stability deampensg turbulence, and
hence will act to reduce the height of turbulent influence. However, on
the basis of the temperature distribution assumed here, the major portion
of the turbulent layer is close to a state of adiababic @quilibrium and,
therefore, to an approximate degree, equaition (6) is still applicable.
For middle latitudes, this relation can be expressed roughly in terms of
wind velocity if we assume o latitude of 40° and substitute for the
reference snemometer elesvation of 50 feet.
H =124 U (7)
If we let © equal the average potential temperature of the layer,
then the heat content of a column of dry eir, B, 1s given approximately,
by
E=c,00H = 12_%,9011@ (8)
Referring to equation (2), the rate of heat loss to the snow is

2
.. 0k
T - P ©
4B/ab = k& T, Yin(o/7,) UF 6)

where k 1is & constant that includes the effect of basin cheracteristics
on the average rate of transport. The value of this constant for the
Upper Chio region is 0.6%5, determined by an empirical method o be

described shortly. Substituting for Zgs kog and the reference elevations
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of instruments,

aE/at = -.00232kc p UT (10)

Differentiating (8) with respect to time with p approximately
constant and equating to (10),
12ucp;>Ud9/dt = -.00232ke 0 UT (1)
At this point the assﬁmption is made that coocling 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 intervgl.
Then, ae/at = aT/at (12)
and, aT/dt = ~1.89KT+107° (13)
The average velocity of the frictional layer may be taken as equal
to the gradient wind velocity. The proportionality factor between sur-
face and gradient wind depends mainly on the roughness parameter. Hence,
for a value of 0.25 cm. for the roughness parameter, there is a falrly
constant ratio between surface and gradient wind. From graphs developed
by Rossby,
Gradient wind velocity = 1.56U (1)
By use of the above relation, equation (13) can be converted into
an expression giving the temperature reduction per unit distance of air
travel along the snow cover.
aT/dx = -.0437k(Te - 32) /U (15)
where Tf is temperature in degrees Fshrenheit, x 1is distance in miles,
end Uy is wind velocity in miles per hour.

The seme procedure can be used to obtain the rate of drying or

- 17 -



moistening of the air as it traverses the snow surface. The reasoning
here is that the specific humldity and potential temperature distridbu-
tiong are analogous and a similar assumption can be made regarding the
change in specific humidity at a particular level, Hence the formula for
rate of change of specific humidity 1s the same as that of temperature,
and

dq/dx = -.0437k(q - ¢ )/U, (16)
waere g 1s the specific humidity of the alir in g/kg and qo is the satu-
rated specific humidity at BEOF. in z/ke.,

On the basis of equations (15) and (16), curves have been devel-
oped, shown in Figure §, giving the decrease in the melting power of warnm
air per uﬁit distance of air travel slong a melting snow field. These
curves, together with corrections for elevation differences discussed
previously, are presented as a method of sstimating melting factors for

a drainege basin from

020 .
meteorological observa-—
'y
8 . e s L
. tiong in the immediate
016
g
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£ qOm
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Etfective Snow Mell  (in/6 hrs) * drainage basin, consid-
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Reduction of melting power of air over snow two modifying factors.
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One is the sﬁrface roughness, which may vary from basin to basin, dbut
alweys exceeds the roughness of a level snow field.

Another factor is the type and percentage of forest cover within a
basin, I% is a well known fact that snow melt rates in a forested area
are considerably less than melting rates in non-forested areas. The
frictionalleffeot of trees serves to reduce the wind velocity and hence
decreases the intensity of turbulence underneath the forest canopy.
However, sufficient data are not available by méans of which a general
formala may be applied to evaluate this reduction in turbulent transport.

The method adopted was to group the two effects of surface rough-
ness and forest cover into a single constant so that

Basin Snow Melt = kD o an
To establish the value of k for an individual ba#in it was necessary to
correlate observed snow melt with ftheoretical snow meli obtained by use
of the formule submitted in the paper. In general, it can be stated that
the value of k sghould be less than one. The effect of increased rough-
ness is t0 raise the rates of melt above fthe values given by the formula.
However, it is the small scale roughness snd not the brosd topographic
features of the basin thet influences turbulent exchange. The effect of
drifting of snow is to smooth out the basin surface, snd hence the rough-
ness parameter assumed here may not differ gresatly from that over an
actual besin. Therefore, it seems reasonable to expect that the influ-~
ence of forest cover exceeds that of surface roughness and in general,
the actual snow melt should be less than the theoreticsl melt. The theo-
retical formuls scbs an upper limit of melting for & given meteorological

sitvation, or, in other words, gives values that apply for the ideal

~ 19 -



condition of & Tlat basin, uniformly covered with snow, end without sur-

face obstructions.
Conclugions

As mentioned previously, ¥k has a value of 0.65 for the Upper Ohio
region. A study of several hydrographs of rapid snow melt for various
sub~basins in the Upper Chioc watershed showed fairly wniform valucs for
the melting constant, justifying its use as a general constant for the
In each case, theoretical melting was computed aftcr cor-

entire region.

recting observations at the nearest regular Weather Bureau station by the
method outlined above. UObserved snow melt was obtained by subtracting
total rainfall from total surface runoff during the melting period, and
the melting constant k determined by dividing the observed by the theo-
retical melt. To illustrate the application of this method, mass curves

of melt computed by means of the formula and modified by the empirical

constant fogether with melt

} obtained by runoff analysis
Snow Mel? computed by Fom!aj
) i ST
AT are shown in Figure 10 forx

¢ 3 o ,/”//’ : the period March 21-28,
£ 7 ) Snow Melt from Hyarogroph
£ ,’ Analysis . .
i ; 19%6, in the French Creek

! Bagin at Sacgerstown, Pa,

7 Meteorological observations

at Brie, Pa. were used to

22 e3 24 25 26 27 28
Merch, 1936 compute the melting factors.

el

Figure 10 Too meny apnroxima-—

Mass curves of snow melt for French tiong are involved in the
Creck Basin at Sazegerstown, Pa.

(629 sq. miles) March 21-28, 1936 determination of snow melt
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from discharge records to claim full verification of the theory on the
basis éf the limited amount of data analyzed thus far. A thorough check
would require complete data of snow depletion in a particular drainage
basin with similtaneous meteorological observations at several locations

in the watershed during a period of rapid melt.

Acknowledgments

The writer gratefully acknowledges assistance rendered by Mr.
Walter T. Wilson and Mr. Ray X. Linsley; and aid in preparation of the

manuscript by Mr. Herbert C. S. Thom.

Bibliography

1. H. U. Sverdrup, 1934: The Eddy Conductivity of the Air over a
Smooth Snow Field, Geofysiske Publikasjoner, Vol. XI, No. 7.

2. C. G. Rossby and R. B. HMontgomery, 1933: The Layer of Fric-
tional Influence in Wind and Ocean Currents, Massachusetts Institute of
Technology Papers, Vol. III, No. 3.

3. A, Kngstrgm, 1918: On the Radiation and’Temperature of Snow
and the Coﬁvection of the Air at its Surface, Arkiv for Matematik,

Astronomi och Fysik, Band 13, No. 21.

- 21 -





