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INTRODUCTION

When this study was undertaken by the Hydrometeorological Section
of the Weather Bureau at the request of the Office of the Chief of
Ingineers, it was to apply only to the Ompompanossuc Bagin above Union
Village, Vermont., However, after it was under way, due to the gimilar-
ity of conditions that would produce the maximum possible precipitation
over much of the northeastern sec@iom of the United States, it was
decided to include all the Atlantic drainage from the Kennebec to the
Hudson River Basin, inclusive, It was also decided %o make the study
gpplicable to areas of from 100 to 1,0CC gquare miles.,

Reports prepared by the Division and Tistrict Offices of the U, 5,
Ingineer Tepartment, contazining precipitation data, ischyetal maps, and
mass rainfall curves for a large number of major siormg in the central
and eastern Unlted States, have formed e« broad basis for the study of

storm patterns and precipltation characteristics. In addition to

43

published records, guch reports include =1l pre;ipitaﬁion dabe and
miscellaneous information on storms obtainable from the manuscripts of
originai records, files of municipal agencies, newspapers, testimony of
witnegses, and similar scurces., Data ascembled and organized by the
Engineer Offices are reviewed by the Hydrometeorological Section and are
supplemented by meteorological analyses. There has been profitable

collaboration with representatives of the Office of Chief of Engineers



snd with persennel visiting the Sectvicn from Plgtriet and Pivision
Cfficer of the Engineer Deportment.
The fcllowing members of the Hyvdrometeorological Section contrib--

uted to the preparation of the finel repcrt under the directicn of

bt
jo N

Merrill Bernard, Frincipal rologict:

C. Cameron, Metecrolegist in Charge
Bellay, Lssociate Meteorologist
Showalter, issociate Metecrologish

3. Thom, Associate Hydrologic Engineer
Brancate, Aesietant NeteoroTcgist
Jones, Assistant Meteorologist
Kenworthy, Assictant Meteorologict
ight, hseistant Pydrologlc Jnglneer

. Solet, Agsistant Meteorologist )
Sweet, Assistant Hydrologic ZEngineer
. Wllson, Agsistant Eydrolegic Zngineer
o0, Assistant Hydrologic IZIngineer

Bray, Junior Meteorclogist

Gilbert, Juniocr Meteorologisth

Gold, Junior Meteorologist

Rosenthal, dunicr Metecrologist
Shands, Junlor Metecorologist
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Ag esnow melt is a viital factor in producing floods in this region,
the storms were divided into %two groups: (1) storms that occur when nc
gnow is present, and (2) storms that occur when snow is present; the
runoif from enow mel: ig added to that from storm rainfall, The muximuw
amount of water that can be present in the form of snow and the maximum
rate at which 1% cun melt is a problem that will require more research
and study than has been possible in this reporit., An exawination of snew
melt literature discloses a § ucity of data and lack of adegquate tech-

nique for determining rates of snow melt, In thig report, however, an

spproach has been mude by estimating snow melt rates from u study of the



D,

March 1936 records of snow cover, precip
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data for various Yew England basing,

After all the basgic data were completed, eavelcopling duration-depth
and area-depth curves were prepared. These curves were verified through
comparison with the enveloping curves derived by increasing the stormg
on the basis of the maximum smount of precipitable water,

This report, originally issued March 18, 1940, is reprinted in its
original form, More thorough treatments of the problems of snow melt
and theoretical adjusitments of glorm rainfall are contazined in subse—
gquent reports entitled "Maximum Possible Frecipitation over the Chic
River Basgin above Tittsburgh, Pennsylvania" and "aximum Fosgible

Precipitation over the Sacramento Basin of Cslifornia M



Topographic influences

The OUmpompanocosuc Basin ig located in the upper Connecticut River
watershed in east—central Vermont, This area lies in the upper Appa-
lachian Mountain chain, between the White and Green Mountains; the
exbreme upper reaches of the Umpompancosuc Basin arve a part of the
former range., Flevations above mean sea level within the basin range
from 550 feet at the dam site to 2,412 feet at the summit of Colton Hill
near the northwest edge of the basin. The terrain is extremely hilly

n hardly Dbe termed mountainous,

et

and irrvegular, bult ca
The general area while located well within %he northern Appalach-
lan highlands ig not particularly affected by orographic influences,
since nearly =11 precipitation in Wew England is produced by cyclonic or
frontal action and the relatively low mounitain ranges are a minor factor
in augmenting cor diminishing precipitation. The exceptions msy be found
in gome headwaber regions of the principal rivers of New England where
the valley is open to the southeast or south and is flanked by mountaing
which crest between 4,000 and 6,000 feet, such ag the Merrimac Basin,
In the warm gector of u cyclone, convergence of the very moist tropical
‘air 2t the heads of such valleys may result in an appreciable increase

in the local precipitation as compared with the general ischyetal

A



pattern of the storm,
Climatology

This general summary includes the climatology of the Atlantic
drainage area of New England and the Hudson BRiver drainage area in New
York State.

The entire region 1ls so situated geographically that 1t receives
a maximum frequency of visitation of cyclonic storm activity through the
entire year, in fact, this area eventually comes under the influence of
the majority of cyclonic disturbances which affect the United States,
No seasonal variation in precipitation is important, annual rainfall
being evenly distributed throughout the months., In general, short
period ralnfall inftensities are greatest in late spring and summer and
excegsive rainsg of longér durations occur in late summer and early fall,
The extremes of average annual precipltation in New England range from
35 inches in northern Vermont and New Hampshire, with the exception of
Mt, Washington where i%t is considerably higher due to orographic effects
in the White Mountains, to 47 inches in southwestern Connecticut and 48
inches on the central coast of Maine. Excessive 2d-hour amounts during
winter months, December to March, of more than three inches are rare,
but summer rainfall excesses are more freguent because of high intensi-
ties experienced in thunderstorms. A very even distribution of thunder-
storm occurrence makes all parts of the region liable %o high shori-
period rainfall intensities during the summer months,

Since great accumulations of snow may cccur and since the types of
cyelonic disturbances which visit this region may result 1n rapid meli-

ing, enow is an extremely important factor in flood production., 4t

-5 -



Boston, Massachusetts, the average annusl snowfall is 43,8 inches, with
extremes of 96.4 inches during the winter of 1873-74 and 1C inches
during the winter of 18T5~76. The average sezsonal snowfszll at first
order Weather Buresu stations ranges from 5C.4 inches at Albany, New
York, 60,4 inches at FPortland, Maine, and 73.0 inches at Concord, New
Hampshire, to 38.0 inches at New Haven, Connecticut, and 32.¥ incheg atb
Providence, Fhode Island. The greatest average seasonal snowfall from

any reporting station is 168.3 inches at Pittsburgh, Few Hampshire,

[0



CHAPTER II

TYFES 0F STORMS

There are four types of storms which couwld produce heavy rainfall
over small areas in New England:
Stationary fronbal type
Rapidly moving intense cyclones
Hurricanes
Thunderstorms, local or frontal

Stationary frontal tyve

When a continued supply of cold alr at upper levels develops a
cyclonic circulation centered near the Lskes region, a stationary
frontal ﬁone tends Yo develop parallel to the Atlantic Coast, This
stationary front marks the boundary between two northward-moving
currents with sharply contrasting healt and moisture properties. On the
“Left is & cold dry current, and on the right a warm moist current which
must have s greater northward velocliity than the cold alr under condi--
tions of balunced flow., (Brunt, D., Physical and Dynamicsl Meteorology,
2nd Edition, Chapter X.) At the surface & cold anticyclone tends 1o
develop Dbeneath the upper cold cyclone, and s Strough of low pressure
tends to develop beneath the upper warm moisht tongue., There is also a
tendency for cyclogenesis o occur near the southern end of the

Lo

stationary trough. The combinagtion of all these factors results in the

-7 -



establishment of an inverted V-shaped pressure trough over New England,
Convergence ls very proncunced in such a trough and creates a typical
flood situstion,

V-shaped troughs pointing northward have also been noted as
factors in the production of flood raing in the Sinsai Teninsula.(ﬁshbel,
D., Great Floods in Sinsai FPeninsula, Quarterly Journal of the Royal
Meteorological Society). However, Ashbel states that V-ghaped troughs
are not found in North America; this is contrary to our findings.

Buch inverted V troughs with a stationary front may develop to the
north of & hurricane as well as an extratropical disturbance. The
heaviest raing cccur when the moist alr mass to the right is potentially
unstable and usually occur prior to the passage of the main cycleonic
center,

Rapidly meoving intense cvclones

When & mass of cold polar air pushes far south of its normal
position and develops a ecyclonic circulation aloft there is a pronocunced
tendency for surface cvclogenesis to occur at some distance eas? of the
center of the cold cyclone aloft, This happened during the November
1927 storm, and also during March 1936,

If the cyclones which develop do not become too large, they may
move rapidly northward and produce heavy rain with their passage., In
some cases, such as March 17, 19356, the cyclone deepens rapidlyg'
occludes, snd tends to develop a stationary trough to the norith.
Hurricanes

The normal path of northwerd moving hurricanes carrieg them come

distance off-shore at the latitudes of Wew Bngland. (Mitchell, C. L,



West Indian and Cther Tropical Cyclcnes of the Nerth Ltlantic Ocean.
Konthly Wewther Review Supplement No. 24, 1924,) However, under the

.

influence of intense cold cyclonic circulation zloft over the Greatb

]

¥
effect which caused the hurricane to move inland will cause %ts north-
ward veloclty %0 be accelerated. In other words, the hurricane comeg
under the influence of a strong cycleonic gradient aloft and tends to be
deflected to the left of ite normal path with an accelerated motion,

his is an effect similar io that explained for & northward moving moist

tongue in the discussion of the March 1936 storm (Cha,der Iv). It is

now fairly well established that hurricanes move with the speed and
direction of the "parent! moist tongue abt intermediate levels so 1% is

5

tc be expected that they would show similar trajectories under the

influence of a strong cyclonic gradient. The September 1938 hurricane

by

furnishes an gxcallent example of accelerated motion with deflection to
the left of the normal path., The cold cyclone aloft af that time was
centered near Sault Salnte Marie, Michigan.

Hurricanes %tend %o move through the stationary frontal zone or
inverted V pressure trough, so they can be treated in the same cabtegory

485 intense cyclonic disturbances.

Thunderstorms, 100&1 or frontal

Leoeal thunderstorms are produced vnder relatively guiet conditions,
Because of Wew England's geographical location between the relatively
cool waters of the Atlantic Ucean and the Great Lakes, local thunder—
storms do not usually attain any great intensity. Frontal thunderstorms

abttain considerable intensity in this reglon when sssociated with

-9 -

cmkes, & hurricane can movely directly over New Bngland. Ugually the very



conditions described in the discussion of stabtionary frontal types and

rapidly moving intense cyclones,

~ 10 -



CHAPTZER I1X

ADJUSTMENT CF STORMS OF BASIS OF PRECIPITABLE WATER

U

There are two principal types of motion which produce liftin

of

alr masses to heights sufficlent to result in condensation and preciplia-

Sion. First a large scale movement up an inclined surface which may e

colder air. The sccond type of

5

gither a mountain barrier or s dome o
mosion is almost directly vertical due to convergence of alr inio a

voriex which may be either moving or statlonary,

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

reglon is precipitated over that region and no suspended water (cloud

particles) is carried into or away from the area, the rates of precipita-

Sion can be analyzed as follows:

Consider the first case, namely motion up an inclined surface:

FIGURE a
B i N
v
h
Fwor l
/
VERTICAL SECTION
b 9

2

o] - Yy -
HORIZONTAL SECTION

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

- 11 -



bagin,

p—
=2y
)
et
1
H

depth of precipitable water in alr column on entering above

tasin

by

precipliable water in air column on leaving basin

e = depth o
fWﬁl - Wég} = depth condensed and precipitated over the basin

height of maximum 1ift

F
2
i

e
i

level of condensation for entire column,

Then each column of unit cross section will deposit <W§1 - wpg)
inches of precipitation in moving from point Le to level h, If the
current takes trajectory A, the precipitation can be assumed to be
deposited uniformly over the area xy. If the current undergoes convec-
tion and takes trajectory 3B, the precipitation will be deposited over

he area xy'.

o+
¢

¥
[}

The intensity of precivitation can be expressed in terms of v,
Wy, %, ¥, as Tollows:

= the intensity of precipitation in inches per hour

H
-
bte

Wﬁ = precipitable water in inches
v = wind veloclity in m.p.h,,

x v (T"‘fpl - W’pZ:} v ( W“pl - Wp2>
Xy - v

[

This gives the average intensity over the area xy. Howsever, if
the alr mass should become unstable and undergo convection along ﬁhe
trajectory B the moisture would be deposited in the disitance ¥' and
the average intensity over the area xy' would equal

v (W1 - Wyo)

<l

o

- 1P -



In either case the average intensity of precipi;{:aw‘;ion is directly
proportional to the precipitable water removed which in turn 1o propor—
tional to the amount in the column before condensation.

The actual relation%hip for a given slope and horizontal distance

would be a relationship as indicated graphically below:

T

(Wpi~ Wp2)

FIGURE b

W) —_—

Within narrow limits therefore a linear relationship can be

agsumed,

The second type of 1ift is caused by convergence and can be

treated as inflow across the circumference of s circle,

FIGURE ¢

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

r= radius in niles

=,
i

depth of precipitable water in column
i = intensity of precipitation

err v, | 2v W,
mre r

~13% -
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In this case the average Intensity cof precipitation is again
directly proportional to fthe grecipitable water. This convergence
toward a point is more nearly the true pabttern when convection obtalng
than ie trajectory B illustrated in the upglide flow in Figure (a).
This simple upglide motion probably never produces more than light rains.
1@ actuel cace straight parsllel flow does not exist during moderate

raing, but rather a convergent flow which produces an added component 1o

wflow velocity,

b
s
®
jia

For very large areas undoubtedly the general upglide flow accom-
panied by horizontal convergence for long pericds tends 1o produce the
greater amounts of rainfall, However, within the general upglide flow
local insgtability may produce scaitered areas of the convective type of
precipitation, But these émall concentraticns will net affect the
average depths over large areas because concentration over very small
areas occurs at the expense of the surrounding region.

The average intensity of rainfall over a large area therefors
depends on the quantity of moisture available and the rate at which the
molsture bearing air can be brought inte the rain zone. Hot all the
moigture can ever be precipitated from an alr mass and quantitiés of
sugpended ligquid water can dring only temporary increases in intensity
when released. If a given intensity is to be maintained over a large
ares for an appreciable time, the intensity of precipitation must de
directly proportional to the rate of inflow of precipitable water.

In connection with variations in the rate of inflow it is impor-

tant to remember thai most of the molisture for precipitation comes from

the warm moist current which is usually a maritime tropical mass moving

—~ 14



northward., As explained luter, in the discussion of the March 1936
storm, the immediate control of the circulation intensity seems To lie
in the cold air west of the moipst tongue., If the northward velocities
of the moist current are to undergo accelerations, there must be a prior
increase in the circulation activity‘or cyclonic vorticity of the cold
alr aloft to the west or northwest of the molst fongue. Thig results in
an increase in the rate of easiward translation of the cold air which
displaces the rain zone sastward and reduces the possibility of further

critical rainfall rates over ore Ttasin unless that Dasin ig go crierted

o

that the center of most intense rainfall could move downstream with the
flood crest.

The above explanation of the dynamic procesges which tend to cause
rainfall to cease if the rates become too intense has of course been
adequately demonstrated by hydrologists in statistical studlies of
intengity~duration relationshiyps {see Meyer, ??rnell, Bernard, etc,),

For very small areas the rate of inflow depends on the isallobaric
component (see Brunt and Douglas) which according to Fetterssen rrobably
has a maximum value of about 15 m.p.s. Further, the rate of deepening
of a cyclonic system which conftrols the isallobaric component ig direct-
1y related to the rate of cceclusion of the system. VWhen the system is
completely oncluded, the\high rates of precipitation tend Lo diminish
rapidly, Thus the known intensity-duration relationships are again
demonstrated to be entirely consistent with what 1g kunown of metecro—
logical dynamics,

It ie quite obvious that over very large basing the upglide

£

formula le the beltter approximaticn and over very swmall Yacing the

- 15 -



convergence formula more nearly fits the problem. For extremely small
basins and for very short durations the amount of liguid water in
suspension must be considered an important factor. The maximum possible
depth of precipitable water in a column of air 5 km, deep is approxi-
mately 3,00 inches for very warm molst tropical air., A fall of 1.00
inch in one minute has been observed at Opid's Camp, California. The
meximum rate of fall for very large water droplets has been shown To be
about & m.p.s. This means that the observed 1.06 inch in one minute
must have fallen from g layer 480 meters or approximately 1,500 feet
deep. In other words, this column of air must have carried enocugh
guspended ligquid water to produce the eguivalent of approximately 30C%
saturation, Neglecting the possibility of abnormally large hailstones
it can be seen that a rate of one inch per minubte could not be sustained
much longer than % minutes since by that time practically all the liguid
water above the station would have been released and there would be some
time reguired for the reproduction of the cycle.

Any éomputation as %0 how rapidly such phencmenal rates could be
repeated would be pure fiction., However, the area must be of the order
of magnitude of an intense cumulonimbus cloud.

In most flood-producing storms over average size basins it must be
consideréd that both convergence and upglide are intermittently oper-
ative over the basin, The guantities of precipitable water can be
congidered to be approximately constant and the variations in average
intensity over the basin can be considered a function of the rate of
nerthward transport of warm molst ailr into the Tasin and of the rate of

convergence and 1ift of that air mass. The variation in localized

- 16 ~



intengities can bve congidered & function cof the rates of inflow into
localized convective zones,
If the depths of precipitables water during an aciual storm can be

g

obtained, it is relatively easy to estimate whether or noit the depths of
vrecipitable water might have been greater for the region and season,

If it ig demonstrated that the depths of precipitable water could have
been greater, & proportionate linear increase in the volume of precipi-
tation can be assumed., In cther words, i only z small increase is
rade, 1% can De assumed that the solenocidal field and the energy from
labtent heat will not bve appreciably affected. Both these factors would
tend to produce increased circulation which would accelerate the inten—

gities DLeyond the rates obtained by extrapolation; and further, this

incressed activity would result in shortening the durabtion. However,

when adjustments on & percentage basls are applied to the duration-depth
curve of the storm, some of the obvious discrepancies are eliminated,
Increasing the intenegity of circulation ususlly resulits in produc-
ing z greater concentration of the relnfall and & shortening of Ihe
duration snd thus for a very large ares the resultant average depth
might remain approximately the same. Oonsidering the general deficiency
of storm data, and the logical relationships between rainfall rates and
preciplitable water as demonsirated by seasconal trends in both, the
wrecipliable water methed seems the besut available spproach.

It ig feasible to make an estimzte of the maximum possible depths

of precipitable water. Olnce it can be shown that warm zir masses pick

o

up thelr moisture by evaporation from the surface, the surface dew point

in o saburated alr mass can ncet exceed the tcomperature of the moiet

- 17



surface, If the dew point were higher, cordensation rather than
evaporation would occur, DlTuring heavy rain sifuations the precipitation
falls from the warm molgt alr mass which has picked uwp most of its
moisture by evaporation over tropical ocean surfaces. Ocean water
temperatures do not vary much snd rarely exceed $2°F, in midsummer;
relative humidity does not reach 1@0% in air at those temperatures,
Lssuning a saburated adisbatic lapse rate with the maximum pcssible
surface dew point of 8C°F, the maximum pogsible depth of precipitable
water between sea level and 5 km., can be computed,

For different localities and different seasons it can be statis—
tically determined what surface dew point can be congidered a maximum
during a rainy period and the depth of W? for that maximum dew point
can te computed, This computed depth can be compared to the observed or
estimated depth of W@ during a major storm period and the actual sitorm
values can be extrapolated proportionately.

In the absence of upper alr soundings for a major storm a very
close approximation can be made by assuming a saturated adiabatic lapse
rate with Surface temperature equal to the representative dew point in
the warm gscior, becaﬁse if intense convergence and convection are
present the warm air at the surface in the warm sector will eventually
Le contributing its moisture as precipitation, and the final saturated

adiabatic lapse rate wlll be determined by the initial surface dew

Shown in Table I is a comparison of W, as computed from the
representative dew points with that computed from actual soundings when

they were available for the storms used in this study. Wp was also

!
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TABLE I

Represen—  Maximum Wfl from ng Compu- WD3 from % Increase % Increase
Storm tative Poseible Observed ted from Maximum Using Using
~x P y “ [ s A 3 oo
Dewb£o1nt DQWOPOlnt Dev Point u?unﬁlng Dey’P01nt W§3 gpl WﬁB - W@g
B, F, inches inches inches W i
"pl P2
Oct. 6-11, 190% 67 70 1.84 — 2.07 12 __
Nov, 1-6, 1927 62 67 1.4k — 1.84 28 -
Sept. 15-17, 1932 67 71 1.84 — 2.18 18 —
July 6-10, 1935 68 73 1.91 1.93 2.40 25 ol
Sept. 17-21, 1938 68 71 1.91 * 2.18 14 —
March 9-1%, 1936 54 60 0.95 0.90 1.27 %l B ]
March 16-19, 1936 56 50 1.07 1,00 1.27 19 27

* W from sounding at Washington, D. C., for the 20th was 1.56 in. The center of the moist tongue was

B

off the coast so that this value csannot be used for comparative purposes.

Wote: The March 1936 storms occurred with the ground snow-covered; the other storms shown in the
table occurred with no snow precent.



computbed using‘the maximum dew point possible and assuming a saburated
adiabatic lapse rate as explained in the previous paragraphs., Finally
the percentile increase of the volume of precipitation on the basisg of
increased precipitable water 1s shown; a comparison is shown of the
increase using W? as computed from the observed and maximum possible
dew point and alsc using Wp from the actual soundings when available
and the maximum poséible dew points. It can be shown that during flood
conditions if scundings are made in or near the center of the moist
tongue the values of Wp as computed from the representative dew point
and that coﬁfuted from the actual sounding will be approximately the

sale,
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MAJOR STCRMS

4

Storm of Uctober b-11, 190%, (See Westher Maps in Appendix.)

On the morning of Cectober 6 & deep low was ceniered in socuthern
Albverta, Lin extensive mass of transitional polar alr covered most of
the eastern half of the Uniﬁed States and was rapidly bvecoming Sroplecal
maritime air over the western Gulf states. The deep low progressed
‘regularly eastbward and occecluded and on the morniﬁg of the &th was
centered near White River, Ontario, with the cold front extending south
and southwestward from Ontario %o northwést Florida. Active convergence
and Lifting of the tropical maritime air by the colder air resulted in
showers and thunderstorms in and. near the frontal zone,

Since the rate of decrease of pressure with elevation varies
inversely a$ the temperature, the most rapid decrease of pressure with
elevation exlisted in the cclder alr mass. The pressure was therefore
lower abt intermediate lovels over the cold air, and the strong cyclonic
circulation which developed slofi caused the fropical air to be
deflected to the left ag 1t was lifted, This produced horizontal con-
vergence, vertical divergence, and decreasing stability. The deflection
of & molst current to the west with horizontal convergence is apparently

by horigontal divergence and falling pressure to the sast,

gince rapld southward thrusts of cold air are frequently accompanied by



cyclogenesis some distance to the eastward., In this case marked cyclo-
genesis ocourred near the North Carolina Coast and was followed by the
development of a major wave along the front,

The two sets of special reports from coastal stations at 1 and
4 p.m, of October €th showed the marked development of this weve. By
the evening of the 8th it had deepened considerably and was centered
about 75 miles east of Kitty Hawk, North Carolina, The cold front which
had been progressing regularly esastward to the north of this developing
disturbance came under its influence and became an effective warm front,
becoming practically stationary near the cocast. As the cyclonic distur-
bance developed, increasing smounts of moist tropical alr were forced up
the frontal surface and caused almost continuous heavy rain immediately
west of the fromt. Heavy rain continued until the afterncon of the 9th,
with the maximum 2H-hour amount occurring between 1 p.m., of the &th and
1 p.m, of the 9th, During the afternoon of October 9, as the cyclone
deepened, the cold alr swept around it, thus occluding the system and
~diminishing the intensities of rainfall,

The evening map of October & showed the disturbance had begun to
i1l and its northward movement was blocked by a cold mass of air. Ship
reports for the morning of the 10th indicated that either a tropical
disturbance had moved into the vicinity south of the filling low or that
cyclogenesis had occurred, since a well-developed disturbance was
centersd about 200 miles southeast of Cape Hatteras.

From the mdrning of October 10 to the evening of October 11 this
new disturbance moved north-northeastward and filled slowly. The amount

of precipitation produced at coastal stations due to this storm was

— 22 -
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This storm is a good example of a combination of events which

w

could produce the maximum possible storm for either large or small area

s

for the northeastern section of the country. These events arer (a) the
occurrence of heavy rain over & given wrea due to an exira-tropical dis-
turbsnce and the combinaiion of elements such as ocourred on the &th an
9th; (b) the following of the first storm within a short %ime Ty =
tropical disturbance such ss the one that developed by the morning of
the 10th. It should also be mentioned that one of the factors necessary
to sustain the first storm was the supply of cold air to the northwest
and north which also was effective in causing the tropical disturbance
to move northeastward so that comparatively light amounits of precipite-

£
B
4

[N

tion fell along the coast. It can, however, be assumed in the limiting

ase that the combination of elements could have been such as to allow

o

ot

he path of the center to be along the coast, thus producing moderate to -
heavy rain within six or twelve hours after the first storm., BSuch a
sequence actually occurred during September 1938 but as is well known

the arrival of the tropical storm over the rain zone resulted in an

Pt

acceleration of the general circulation and a cessatlion of the rainfal

»

Storm of Wovember 1-7, 1927. (See Weather Maps and Upper Alr Data in

Appendix.)

-

his storm was characterized by a cold front in arn elongatbed

]

pressure trough which moved relatively slowly eastward during Fovember 1
and 2, finally becoming & guasi-stationary front from Georgia to HMaine
by the morning of November 3.

The zir aloft behind this front was guite cold and a cyclonic

~ 2% .



circvlation was indicated at 10,000 and 14,000 feet above sea level over
the Lakes region on the morning of Wovember %. Upper alr temperature
data were limited tc a few scatiered kite observations, but a sounding
for the morning of November 3 showed a temperature of -21°C. at 4 74C m,
above sez level over Royal Center, Indiana. The circulation at 14,0CC
feet indicated that Reval Center was probably nct at the center of
lowes?t pressure and femperature, so 1t is assumed that it must have been
unusually cold aloft behind the quasi-stationary front,

The warm alr mase to the east of the stationary~front was quite
moict and unstable as evidenced by the existence of a tropical storm and
by the fact that cyclogenesis took place so readily. However, it should
be emphasized that the tropilcal storm itcelf never merged with the
pressure trough; quantifties of water vapor in the moist current could
have been much greater 1f they had merged.

The processes which lead to the development of a gquasi-stationary
front and cyclogenesis will be covered in the discussion of the Earch
1935 storm,

During the day of November 3, 1927, two small cyclones developed
along the Atlantic Coast and moved quite rapidly northward along the
quasi-stationary front through Vermont. The precipitation as a whole
was produced by the gradual lifting of warm moist alr as it moved north-
ward over cooler and more stable alr. The concentration and intensifi-
cation of rainfall was caused by the general convergence asscciabed with
the inverted V-shaped pressure trough and the local convergence accon—

panying the passage of the smsall intense cyclones,

There ig an important feature of this and all other storms which

) TR



should be emphasized: As long as the cold alr zleft to the resr of
front was moving 1n at & slow rate the cold front moved slowly

with no centralization of activisy. DPubt when the cold air =lcft
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as evidenced by & drop of temper
of 160, at 4,000 m, from Wovember 2 to Hovember % above Royal Cent
waves Degen to develop along the quasi-gtationary front,

Another important feabture of the synopitic situation on the mo

the

tward

ature

er,

rning

of November % wee that the supply of cold alr aloft had been brought

into close proximisy fo the supply of warm moist alr over the Atlantic

o

Ucean, This increased the intensgity of the solenoidal field and caused

{

an increase in circulation intensity (see March 1936 discussion),
the ﬂlfcu? icn accelerated, the warm moist current moved northward ¢

more rapid rate, cyclonic activiity increasged, and precipifatlion bec

more intense. However, the west to east velocliities of the cold dry
behind the front aleo increased and the axis of the mceist tongue an

hegvy reinfall was pushed eastward, Thus it evident that there

ot
L
0

very good dynamic reasons for the intensity-durstion relationships

have been statistically demonsirated. An increase in intenslity of
demends an scceleration of flow in the warm molist air wh
is accompanlied by an acceleration of the west to east flow of cold

thus limiting the duration of rain when the intengity increases.

Storm of September 15-17, 193%2, {(Sce Weather Maps in w@peréix.>

The heevy preclpitation in this storm was asscclated primaril

the tropical disturbance that had its origin in the southwest Gulf

Yexicc on September 9th, This storm progressed very slowly northward

until the evening of the 14
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Appalachee Bay. It crossed northern Floridsa during the night of the
1ﬁth~15th, and by the evening of the 15th was centered about 100 miles
goutheast of Wilmington, Worth Carolina, moving north-northeastward
about 25 miles per hour.

High pressure was centered over Nova Scotia with a wedge of rela-
tively cool air extending southwestward over most of New England. A
region cof low pressure was centered over northern Untario with a weak
cold front which extended from the center goubthward along a line just
east of Toronto and Cleveland and thence southwesiward through southern
Indiana and Illinois.

By the morning of the 16th the tropical disturbance was centered
about 15C miles east of Norfolk, Virginia. The digturtance over Untario
had moved eastward so thalt its trough extended southward fthrough eastern
New York toward the tropical storm, The surface front asscclated with
the low had moved eastward with the trough bubt was nct very sharp and
could not be identified south of the St, Lawrence River, However, the
upper zir soundings made at Cleveland on the 16%h and 17%h show & marked
cooling off at intermediate levels with the temperature of -18,3°C. a3
5 km, on the 17ih beirg the coldest ever observed =t that elevabtion
above Cleveland in September.

The inflow of colder zir into the northwesit guadrant of the tropi-

it
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cal gtorm induced cyclonic vorticity in the fropical ai

which resulted in the deepening of the disturbance as it moved northward,

[ N

The path of the storm after 1t crossed Florida was far encugh from lund

-

so that little energy was logt due to friciion., These effecis caused

.

the strong horizontal convergent flow in the trough jusi norih of the



~disturbance which resulted in vertical divergence, decreasing stabllity,
and heavy rainfall in that area as far north as noftharn Maine.

On the evening of the 16%th the iscbars over New England showed
marked convergent flow over the area of heaviest rainfall. As the storm.

moved inland, the effect of friction dissipated 1ts energy and also the

:

intensity of the rain,

The effect of the colder air to the west was still apparent on the
morning of the 17th, The disturbance was centered south of Eastport,
Maine, and filling rapidly but a region of marked cyclogenesis and a
developing low center existed in the vicinity of Father Point, Quebec.
Frontogenesis in the trough from this center southward through sastern

Maine was also evident.

Storm of July 6-10, 19%5. (See Weather Maps and Upper Air Data in

Appendix,)

On the morning of July 6 comparatively low pressure covered most
of the eastern half of the United States. One weak center was over the
Carolinas and another center over Sault Sainte Marie, Michigan. In con-
nection with the latter, a weak frontal system extended eastward through
Wew ¥ngland into a minor wave offkthe New Fngland Coast, North of thig
frontal system was an extensive mass of cool polar air, While the sur-
Tace map was characterized by relatively weak circulation, the isentropic
chart showed that the cool air from the region ndrth of the Great Lakeg
extended southward as a ridge into the Gulf of Mexiéo. Hast of the
ridge was a trough with a tongue of moist tropical alr extending north-

ward from Florida into Wew York, Thunderstorms were reported generally

in the area covered by the moist tongue,
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Throughout the series of maps from the morning of the 6th to the
morﬂing of the 8%h, no significant changes in the surface presgsure
distribution had taken plaée. The low that was centered over Sault
Sainte Marie on the morning of the bth moved slowly southeastward and
was centersd over northwestern Tennsylvania on the 8th, The isentropic
charts however showed that the trough with the attending moist tongue
and convectively unsiable air had pushed northward into the St. Lawrence
'elley but had remained nearly stabtionary over the Atlantic states,
Tohundershorms with varying amounts of raln were general throughout this

-

entire ares and were neavies?t over Wew York State due to the steeper
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slope of the cold air over this region. The torrential rains in west—

central New York State were coincident with this stage of the development,
The ftropical air associated with these thundershowers was nearly

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

Rossby diagrams — Figures 1 and 2, and Table 1 on page 19.) A small

amount of heating from below or a slight 1lifting of the air maess would

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

L

thunderstorm activity. It has Dbeen shown by Rossby (1) that the

(1) Rossby, C.G. Thermodynamics Applied to Air Muss Anaslysis, Magsachu—
setts Institute of Technology Meteorological Papers, Vol, 3, Ho, 3,

193e.
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convective instabllity of an air mass is determined by the vertical dig-
tribution of the equivalent-potential temperature. If the equivalent-
potential temperature decreases with height in the layer, then, when the
entire air mass isg lifted, the lower part of the air mass will reach

saturation first and assume a slower rate of cooling after condensation
begins, while the upper part of the alr mass will continue to cool at
the dry adiabatic rate, Additional 1lifting therefore tends %o steepen
the lapse rate and meke the alr mass unstable and capable of internal
convection, Figures 1 and 2, which are soundings of July 7 and 8 for

Forfolk and Washington, respectively, plotied on Rossby al grams, show

not only a rapid decrease of equivalent-potential temperature for

w

various layers but also a lower equivalent-potential temperature at tas

dn

ton of the flight than at the surface in each case, wiich means that the
entire column was convectively unstable,

The map for the evening of the 8ith shows the development of a wesk

wave near ¥orfolk and by the morning of the 9th 1t was centered off the

-

Hew Jersey Coast, having united with the dissipabting weak svsiten that

was over norbhwestern Pennsvivania on the morning of the &th., The JeT
PO IN arta Lo =Y o B t‘q aly P o e E =t A H oot At ot o am
al1rx te for the a.,m, of the Yth show the ver; ow eastward displace-

ment of Dboth the fongue o

resultant ezstward dicplacement of the area of heavy raln

i

England.,

lg storm serves well o 1llustrate a combination of circumsisnces
which could produce a more intense storm, The can be enumerated as
follows: (1) stagnation of the circulation systems such as to allow &

N 1 4 i

ongue of moigt znd convectively unstable zir to
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particular reglon with & series of storms of the

higher moigture content; and (3; an arrangement of the ilgentropic

pattern such zg to give steeper slopes over the region. Thic would

necessarily require the maintenuance of & supply of colder air o
northwest and would result in more rapid displacement of
would also produce rainfall of greater intensity.

&

Storms of March 9-22, 1936, {(See Weather Maps and Ugper Air Dats in

Lppendix, )

There were three separate pericds of heavy rainfall during Mareh

whick had their pesks on *the 9th %o the 13th, the 16th to the 19%th, and

the 20th to the 22nd. The antecedent conditions have been discussed in

gome detall in U, 5. Geological Survey Water.Supply Fapers 798, 799, and

800, so thab discussion will be confined to a comparison of the

5
b

surface and upper alr dats during the three sbtorm pericds.

The firet period was characterized by the formation of a deep ccld
cyclone over the Lgkes regioh with a development of secondary wave dis—
turbances on the cold fronmt along the Atlantic Coast., The 8:00 az.m, mayp
for March 12 illustrates the syncptic cituation which produced the heavy
prendix g

rains over New Frgland. The horizontal cross section {(nee Apy a

\
/}
5 kilometers for ¥March 12 showed the center of lowest pressure and like-

wise of lowest tempersbture over the upper Missiscippl Valley. This

vroduced a strong gradient from north to south over the Middle Atlantic

h

States in the upper levels of the froposphere, The horizontsl crogs
section at %,000 meters for the same date algo showed thig souith o

north flow over the Atlantic States., The high values of the peotenti

serperature of the dew point show that there was o maximum of meisture



along the Ltlantic Coast, The decrease of potential temperature from
soubth to north cver llew England implies the necessity for upglide motion
of warm moist air in that vicinity. The upglide motion is better illus-
trated by the isentropic chart for March 12 (see Appendix), This chart
identifies the distribution of molsture on the potential temperature
surface of 295°L, The significance of the chart lies in the fact that
mgsses of air maintain the same pobtential itemperature, regardless of
lifting or lowering, as long as radliation or condensation processes zre
not active., The order of magnitude of radiation processes is so small
that they can be neglected for 24-hour changes., The charts are drawn on
the zgsumption that if the flow patﬁérn of the moist currents can be
identified before condensation takes place, a reasonable extrapolation
of the flow patterns after condensation takes place can bte obtained from
the shape of the area of ccndenssailion., The solid lines of pressure ave

almogt a direct measure of the elevation of the potential temperature

i=

surface, The distribution of moicture on the potential +empor@+ure
surface ic best identified by specific humidity. The specific humidity
is o welght raltic beitween the mass of waeter vapoer and ithe mass of alr
and is usually exyrossed in grams of molsture per kilogram of melst alr,

Since for any given potential temperature surface a given valus of

¢ humidity can have only one pressure &t which saturation will

oed
o
0]
(@)
;._1.
;_1,

result, the lines of specific humidiiy can be labeled in ftermg of the
pressure st which caturastion will be reached., (Byers, H., R., On the

Thermodyreric Interpretation of Isentropic Charse., Monthly Weather



of elevation and moigture showed o maximum of molsture moving upslope
over the Atlantic Coast and, since the lines of elevation pressure and

condensation pressure intersected over eastern Pennsylvania, condensa—

:

tion was indicated for that region. Upper air information was rather

limited for the Wew England States on this day and it seems probable

f=3
hat the actual area of condensabtion on the 295°A. potential temperature

L

surface was much more extensive than indicated.

7,

The synoptic sivtuation as poriyrayed on the maps of Merch 12 ie

quite typical of the three major storm periods. The immediate causes of
this type of situation are believed to be as follows: A strong scuth-

ward thrust of cold air acquires an increased cyclonic circulation

=

o~

tecause of its southward movement. This development of a cyclonic
circulation ic accompanied by the development of = center of low pressure

in the upper elevations. JAn exsmination of the hydrostatic equation for

et

the rate of decrease of pressure with helght, dp = - pgdz, shows that

the greater the density, the more rapid- PRESSURE AND TEMPERATURE

AT 5 KM. ABOVE SEA LEVEL

A P PR s el b JAN. 1938 GROUPED MEANS
ly does pressure decrease wilth height, 155 WEATHER SURESU ALAPLANS

OESERVATIONS FORM 109 AER}

HEO -
In other werds, pressure decreases most

550 /8
rapidly with height in the colder air

- 1/
mase, Thig offers a simple explanation v /
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of low temperature. In fact, a very
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a correlation are shown graphically in Pigure 3. However, it must anot
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be construed that the simple hydrostatic relationshij

the sole cause for the development of & sirong cyclorpic circulabtlion

above a mazs of cold sir. According io the latest developments Ty

Lo

- £ N - . e E .. PR ; .
Roseby {npe veib unpubllsheé) a southward meving current acqulres an

« o

increasing cyclonic or positive vorticity if its lapse rate remains con-
stant, znd & ﬁortnward moving current under the same conditions would
acqulrs an increasing anticyclonic or negative voriticity.

ir Z = the vorticity (positive for cyclonic circulation)

k= a constant

;]

o

b= the depth of the alr mass

[~

the Coriolis, or deflective force of the earth's rotation,

th
i

= kD

st}
i

then

The Coriclis force f increases with increasing latitude, and if
D remzins constant, Z or the positive vorticity decreases for north-
ward motion, If D increases without a compensating increase in lati-
tude, the positive voriticibty or cyclonic tendency also increases.

If the lapse rate does not remaln constant during a purely
adiabatic process, the change in lapse rate must be due to an increase
or @ecr@ase in the horizontal’ extent of the air mass with an accompany-
ing decrease or increase in the vertical depth of the air mass. In
other words, horimontal divergence is accompanied by vertical conver-
gence and tends to stabilize the lapse rate and cause an incresse in the
anticyclonic or negative vorticity. Horizonital convergence is sccom—
ranied by vertical divergence and tends o decrease the stablilify and

cause the alr mass to acquire a cyclonic or positive vorticity. During
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flood situationsg the initiating impulse gceems %0 De a rapid southward
thrust of cold alr with very little change in its lapse rate. The cold
ailr mass therefore brings with it low pressuresaloft and the air mass
acquires an increasing cyclonic circulation as it moves southward.

As Rossby has explained (Rossby, C. G., Sears Foundations, Journal
of Marine Research, Volume I, Fo. 1, 193%7. On the Mutual Adjustment of
Pregsure and Velocity Distribution in Certain Simple Current Systems),
there 1s an interdependence of the dynamic and the hydrostatic processes.
A strong current of air tends by dynamic process to develop a balancing
pressure distribution in much the same manner as the pressure distribvu-
tion will develop a balancing circulation. The southward moving cold
air mass tends to circulatve cyclonically about the center of low pres-—
gure and the increase in cyvclonic circulation tends to produce a pres—
sure system which will bring aboub balanced flow conditions. The
gsouthward thrust of cold air at high elevations therefore distorts the
entire circulation pattern at higher elevations and produces a compen—
sating northward flow of warm moist alr some distance to the eastward.
The distribution and circulation of the alr mass in the lower levels
will not be so much affected by this abnormal disgtortion of the circu-
lation pattern aloft and this results in a greater latitudinal displace-
ment of alr masses aloft than in the lower levels. This causes a very
active northward movement of warm moist air gliding upward over the more

&

stable cold air in the lower levels. Such a process of course leads %o
condensatlon and precipitation.

As explained earlier, northward moving air should tend to acquire

anticyclonic vorticity and increasing stability. However in the flood
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gituations the intensifying cyclonic circulation in the cold alr west of
the warm alr mass seems to induce an effect similar to the isallobaric
effect explained by Brunt and Douglas. (Brunt and Douglas, Memoirs of
the Royal Meteorological Soclety, 3 Ho. 22.) The deepeniﬁg pressure

distribution tends therefore to produce convergence in the warm molst
current which enables it to mainitain its stabllity as 1% moves north-
ward, In unusual cases, such ag during these storm periods of March

19%6, the deepening effect was so pronounced as to cause the northward

moving warm molist current to acquire increasing cyclonic vorticity and

1 T

decreasing stablility as 1t moved northward. hig can be seen by the

T

(@]

¢cyclonic curvature of the moisture lines on the isentropic charts T
March 12, 15, 18, and 21, The rain results from the lifting of masses
rrecipitation are increased

of warm moist alr and the intengities o©

he development of instablility which creates internal convec-

i

becouse of
tion in the air mass.
In some storms such as during January 1937, the southward adévance

o

of cold air occurs as a more gradual and sustained movement with the

tendency for the development of a quasi-stationary cold cyclone aloft,

o

In such a case the instantaneous deepening effect is never very pro-
nounced and not much convergence occurs in the northward moving warm
moist air mass. However, if the northward moving warm moist current is
conditionally unstable, not much convergence is required and if the alr
mass is convectively unstable {Byers, H, R.,, Synoptic and Aeronsutical
Meteorology), then all that is required to develop convection is a 1ift-

ing of the air mass., In fact, in a convectively unstable alr mass

1ifting plus horizontal divergence tends to incresse the convective
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instability.

The period from March 9 to March 12 was characterized by very
intense circulation aloft., In other wordé, the mean velocities from
west to east in the upper levels were greater than normal for the season,
Superimposed on this intense west to east circulation was a serieé of
very active perturbations which produced oscillations of cold air far to
the south and of warm moist alr far to the north. But since the mean
west to east velocities remained high, the disturbances moved rather
rapidly from west to east until they reached the Atlantic Coast. Along
the coast the increased temperature contrast between land and water
surfaces seemed to develop a solenoidal field (V. Bjerknes, J. Bjerknes,
E. Solberg, and T. Bergeron, Physikalische Hydrodynamik, p. 672; 1933)
which intensified the cyclonic activity.

The actual sequence of events was as follows: The first southward
thrust occurred on March 11 and was clearly evident on all the charts
for March 12 as a cold cyclonic circulation center over the upper
Missiseippi Valley. The surface synoptic situation hag been discussed
in the opening paragraphs. The next major southward thrust of cold air
occurred on March 15 and was evident as a cyclonic circulation aloft on
that date centered over Minnesota. Jrom March 15 to the morning of
March 16 this cold cyclone remained relatively stationary but during
March 16 the cold dome of air with its increasing cyclonic circulation
moved rapidly southward and by the morning of March 17 was centered over
northern Alabama. As is usual with a rapid southward thrust of cold alr,
active cyclogenesis took place some distance to the eastward and the

» < 1 ” s - . .
cvclone which was over northern Georgia at & p.m., March 10, intensified

- 37 -



considerably and moved northward along the’Atlantic Coast producing a
period of heavy rain.

In the inverted V-shaped pressure trough north of the center the
oolé front became stationary and developed warm front characteristics
early on March 17. Active convergence and warm front 1ifting in this
trough caused moderate to heavy precipitation from the moist tropical
alr which was moving northwestward over the North Atlantic States. The
stagnation df the trough maintained a strong persistent flow of warm
tropical air which supplied considerable heat for melting the deep snow
cover which had been ripened by the rainfall and warm air during the
preceding storm., The inverted V pressure trough and its statlonary
front were maintained in practically the same position until March 19,

The next southward thrust of cold air was first identified as a
cold cyclone aloft over North Dakota on the morning of March. 19, This
cold mase pushed rapidly southward and by the morning of March 20 wag
centered over northern Alabama. Cyclogenesis again took place and the
low pressure system developed over southern Indiana and moved. slightly
eastward with a secondary development along the Atlantic Coast which
moved northward causing another series of moderate rains. A comparison
was made of the intensities of precipitation during each of the three
storm periods with the amounts of precipitable water available and with
the rates at which the alr containing this moisture was Deing transported
northward. These comparative data are shown in Table II, The peak 2U-
hour rainfall amounts over all of the sub-basins in the major storms
discussed in Geological Survey Water—Supply Papers 798, 799, and 800

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

MARCE 1936 STORM - COMFARATIVE TATA

March March
10-13% 16-19
1. Lowest Fressure at Surface (Inches) 29.2 29.2
2. Lowest Pressure at 5 ¥m.{(Millibars) 516 528
3. Lowest Temperature at 5 Km,
Observed During the Three
Storm Periods -29,8°C, ~25.,3%C
Station and Date Washington Montgomery,

D,C., Mar.13 Ala. Mar.17

Lowest Temperature Ever Recorded

at These Same Stations at 5§ ¥m,

During March —30,3%00,
b, Average Maximum 24 Hour Amounts
of Rainfall Over A1l Sub-Basins
(Inches)
(a) Wew Fngland 2.9
(b) Potomac and Rappshennock 1.2
(c) Fudson and Susquehanna 2.0
5. Means of All Three Areas 2.0
6. Ratio of Geostrophic Winds at
5 Km. over Virginia. ¥-5 Gradient 21 to
7. ZRepresentative Dew Points in Warm
Sector FUCT,
8. MW, Surface to 5 Xm. from APUB Data 0.90
9. W, for Saturated Adiabatic Lapse
Eate Surface to 5 Km, for Observed
Dew Foints 0.9
10, Row & x Row 9 18.9

W, = Depth of precipitable water in inches.
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storm pericds. The average over all sub-basineg was considered a falr
estimate of the large-scale intensity of rainfall during each storm
period., Depths of precipitable water from the surface to % kilometers
were computed from the asrological soundings and compared with the
amounts that would have been present in a completely saturated air mass
with a pseudo-adiabatic lapse rate and a surface temperature equal to
the dew point actually observed in the warm sector. As seen in the
table, these values agree guite well. ZXowever, since the rates of pre-
cipitation were also considered to be a function of the rate at which
the moist alr was being transported northward, the pressure gradients at
5 kilometers were used as a measure of the rate of northward flow, This
is considered reasonable because it is quite safe to say that at an
elevation of 5 kilometerg over Virginia on the dates used the observa-
tion would be well within the warm moist current.

As mentioned earlier, internal convection within the alr mass may
produce locally intense showers and therefore the comparative data, as
computed above, could not be expected to apply consistently for small
areas, However, in a large-scale continuing process the effects of
increased transport and more available moisture tend fo preduce greater
amounts over large areas. During the two storm periods March 9~13 and
16-19, the greatest amounts over large aress for all durations occurred
during the latter period. Eéwever, over small sreas for durations of 38
hourse and less, the intensities were greater during the period March 9-
1%, It seeme reascnable to expect therefore that if the original column
of air during the first storm period had contained as mach moisture as

did the column in the gecond period, the amounts of precipitation during



the first storm would heve been greater,

Storm of September 17--21, 1938

The heaviest rainfall in this storm occurred just prior to the Hew
Fngland huorricane. The major festures of the weather during thie period
have been discussed by O, H, Pierce in "The Meteorological History of
the New Fngland Hurricane of Sevtember 21, 1973%8," Monthly Weather Review,
igure B-c on page 252 of Plercels article, the
isentropie chart for September 20, 1938, is typical of the major
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Liake Michigan was inducing a pronounced northward w of warm moist alr
over New England, The weather map for 7:30 p.m., September 20, 1938,
shows the typical inverted V pressure trough over central Connecticut
and Massachusetts, and it was near the front in this frough that the
heaviest rain occurred. The circulation which caused the.froni to stag-
nate over New England also caused the hurricane %o move through the
frontsl zone., High intensities of rainfall were caused by sirong wind

o

velocities aleft which alsc caused the hurricane to move rapldly through
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wgland, Therefore it would not be logical to assume the game
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intensities of rainfall to be followed by a more slowly moving burricane
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which would deposit more rainfall than did the ome of September 21, 1938,
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CHAPTER V

NEW ENGLAND SHOW MELT RUNOFF RATE

Introduction and summary

An examination has Deen mede of precipitation and stream discharge
records for a number of basing in northeastern Unlted Stabtes in comnec—
tion with the March 1936 floods,

Snow melt runoff rates were obtained by deducting computed rainfall
runoff and estimated base flow from the observed total discharge in six-
hour increments,

Reversing the normal procedure, the resulting snow melt hydrograph
was analyvzed by s distribution graph for each tasin, giving the average

b
effective rates of gnow melt on the Dbasin.

After a careful consgideration of factors relating to snow melt, in
the light of existing as compared with maximum possible conditions,
extrapolations were made, giving the rates shown in Table III., BSubject
to limitations of the present knowledge of gnow melt hydrometeorology,
these rates are believed fo De the maximum possidble for the shaded arsea
shown on Figure Y.

Basin records

An enveloping curve of snow melt vs. area of basin in northeastern

nited States in the sccond March 1936 storm is shown in Figure 5.

The data plotted are from U, 38, Geclogical Survey Water-Supoly
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TABLE III

ACCUMULATIVE AVERAGE DEPTHS OF SNOW MELT IN INCHES

Time in Bagin Area in Square Miles
Eours 100 200 500 1,000
6 1.9 1.6 1.3 1.1
12 3.8 3.2 2.6 2.2
1€ 5.6 L.8 3.8 3.2
24 7.8 6.3 5,0 L2
30 9.2 7.8 6.2 5.2
36 11.0 9,3 7.4 6.2
b2 12.7 10.7 8.5 7.1
kg 14,3 12,1 9.6 8.0

Papers 798, 799, and 800, Data for basins with less than two inches of
snow melt were not plotted. No points were plotted for basing with
areas exceeding 800 square miles tecause storage corrections had not
been made, The second storm discharge was used because of the fact that
on many basing the first storm sebt the stage by loading the snow cover
with water so that ﬁhe effect of the second storm was almost that of two
gimiltaneous storms plus heavy snow melt,

Five basins were studied in detall:

Saco River at Conway, New Hampshire

Dog River at Northfield Falls, Vefmont

Mad River at Moretown, Vermont

Pemigewasset River at Plymouth, Few Hampshire

EBast Branch of the Pemigewasset River at Lincoln, New Hampshire.
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Data from the last two
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Figure 6 shows average precipitation over the basin, stream
discharge, rainfall pluviagraph, and estimated base flow in six-hour
increments for the period March 10 through 24, 1936. Average precipita-
tion over the basin was determined by means of mass curves and isohyetal
maps. Stream discharge figures are from Water-Supply Paper 798. The
pluviagraph is Dased on a synthetlic unit hydrogreph developed by the
Snyder method and on the assumption that representative infilfration
rates are those.of frozen ground conditions. The correspondence of the
pluvisgraph to the observed stream flow of March 12 can be seen. DSoil
priming by excessive fall rains followed by a hard winter freeze indi-
cates very nearly 100% runoff, The soll was froszen during the entire
month of March,

A correction for twg incheg of infiltration during the storm period
is included in the base flow estimates, which otherwise would have more
closely followed a ground water depletion curve., The final result would
be no different 1f the infiltration had been handled as runcff deficit
instead of as base flow accretion, Further, due to the small magnitude
of the infiltration and b&se flow relative to total discharge, ordinary.
errors in infiltration and Dbase flow estimates are not serious,

In Figure 6 reference is made to the observed enow melt discharge
hydrograph, computed snow melt discharge hydrograph, and the observed
rates of effective snow melt for the periocd March 17 through 20, The
observed snow melt discharge is obtained by deducting, by b-hour incre-
ments, estimated base flow and the rainfall pluviagreph from the
observed total discharge. The computed snow melt discharge hydrograph

is obtained by applying the basin distribution graph to computed rateg
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of effective snow melt for the pericd during which appreciable snow
cover remains on the ground. Effective show melt is the water actually
released from the snow mantle, The correspondence of the observed to
the computed spow melt hydrograph serves as a check on the method of
computing the rate of snow melt., OSnow melt rates on the other four
basing were determined in a similar manner.

Thermodynamics of snow melt

The following discussion includes the derivation of the snow melt
formula by means of which rates of snow melt have been computed and can

be extrapolated,

Five factors related to snow melt are as follows:

1., Insolation.
This can be ignored during heavy storms.
2. Heat conduction from underlying soll.

In March 1936 the soil was frozen, and frozen soil is a
necessary assumption for the maximum possidle flood, thus
eliminating conduction from the soll as a significant cause
of snow melt, :

.

3. Heating effect of warm rain.

This can be shown most simply in the formula D= P ELﬁEég

1

D is rate of snow melt in inches of water per hour.

P is rate of precipitabtion in inches per hour.

T is Fahrenheit temperature of rain falling on snow ourfm

4, Conduction of heat from passage of alir over snow surface.
This can be expressed in terms of the ordinary convection
formula: D= Ky (T - 32) (1 *+ K,V) .

D is rate of esnow melt in inches of walter per hour.

T is air temperature, °F,

¥V is wind velocity in appropriate units,

K2 ig & velocity factor, giving the necessary conversion of

units and including an empirical convection coefficient,
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Xy is s proportionality factor of rate of snow melt to heat
supplied, conversion of units, and heat transfer

moe

coefficientco,

=
o

. Condensation - Latent heat of vaporization liberated by water
vapor condensing on the cold snow surface,

An extension of Dalton's law expresses this as follows:
_ % + T . Y
D= K3(1 + Ky7) (e - ey,

o KB’ V  and Ku are defined as corresponding uwnits in the

3

convection formula above, e and e, are vapor pressures
of the air passing over the snow, and of saturated air at
30°F,, respectively.

Eeferring to these formulas for convection and condensation, 1t
can be shown that for the range of wind velocities involved, (1 + K8V>
ie very nearly proportional to V. It can also be shown that for the
range of temperatures involved, the expression (el - 92) is nearly oro-
portional o T - 729, where Tw is wet bulb temperature of the alr,

Therefore these two formulas can be combined and reduced to the
fellowing simple form:

D= KV(Ty - 329

During the second March 1936 storm period the wet and dry bulb
temperatures were not greatly different. Maximum possidle conditions
would include 100% relative humidity,

This formula involves data that are nearly always available, It
remains to evaluate X and to compare the resulits of this formula with
field observations to determine whether or not the assumptions made
permit resulits to be within reasonable limits of asccuracy for the
purpose involved.

Thig is the formula used in computing the rates of snow melt

referred to previously, and can be evaluated by examination of Figure 6,
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Neglecéing the heating effect of the warm ralin is evidently
Justifiable. Maximuw flood conditions reguire rain, and the fact that
rain runoff and snow runoff are usually concurrent is well known, The
thermal effect of rain is relatively small, and may be compensated'for
by the heat transmitted to the frozen soil, It can be zssumed that the

original snow btemperature is not far from 320 throughout, and maximum

o
b

possible conditlons can require this as a prerequisite,

Mechanics of gnow melt

Figure 7 shows the effect of melting on snow depth, density, and
depth of suspended liquid water in a hypothetical column of one gram of
snow, origirally 1C em, high, assuming no drainage from the colum, The

snow is said to ripen as its density increases due to melting., Field
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observations and laboratory experiments show that as snow melts, the
water percolates downward through the snow column and builds up a
capilliary head.

Digcharge of the suspended water does not ccour until the capil-
lary head is balanced by gravity. This head is rarely greater than one
to two inches, its magnitude being related o the snow density, which
seldom exceeds 50%. Figure 7 shows that, after antecedent melting has
increased the snow density to 40%, the conversion of snow entirely to
water requires only 20 cal./gram. This is only 25% of the total heat of
fusion. Actually, it can be reduced further, because, as slush is
formed, the snow structure Decomes very unstable and with very 1ittle
additional energy the snow structure fails., At this point, snow
particles are carried by the water and contridbute to runoff before
completely melting. Under these conditions ripe snow cen be a pre-
reguisite to the maximum possible winter flood.

Ked
{

The time coordination of snow melt runoff with rainfall runcf

by

appears to involve the process of flushing or eroding the snow siructure.
Ag the weakened snow structure erodes, the suspended water is released
and. augments the volume and further eroding power of the runoff water.
Percolation and other flow through the snow structure erodes and melis
channels in the snow, increasing the size of the capillary pores, thus
decreasing the capillary storage. This is reflected in momentary rates
of discharge from the snow*éolumn which exceed the average melting rate,
cand is accompanied by a decrease in density.

Maximum rates of snow melt

Maximum rates for 10U sguare miles were obtained by extrapclation
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of snow melt on %t Branch of the Pemigewasset
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of observed ra

River Basin above Lincoln, FWew Hampshire, Dy means of the formulsa

D= ;v(;w - 320), In the March 193%6 storm the observed maximum Ty was

=y

51.5% and maximum YV wag 13.5 m.p.h. For a 36-hour period, under maxi—

mum conditions, with snow cover and heavy precipitation, the average

serature could be as high as 55%F,, relative humidity 100%, and

o

+em

average wind velocity 15 m.p.h. Eigher wind velocities could not be

meintained without decreasing the storm duration over & glven basin.

k]
3

4
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rom the 36th to the U8th hour, the rage temperature would have to be

less, probably going down to 50° at the end of the Y8 hour period.

Figure & shows the observed values of wind and temperature at

nearby Northfield, Vermont, this being the best availlable source of the

55
& o]
50 ot __._%,,,_* \
| i ! -
t oo .
| {
o as po — ‘_.,4‘_._“*%__;“_1'- 1 Af=—F %
. Dry Bulb i | ”
o Wet Bulb _Lri~ T oy
= Temp. L«——”W” Bulb } § ! emperature ! H 4 { Il
a0 / ?’emperamre ”I“'T_“é_'T‘"T'”‘*—_T" & Hour Means~ ]
' N §b L of wer Butb Temp.
r_[ ’ i | i { 1 I § : H i : > IG e
35 e } \;\ B
> 15 = s wam VN :I o
-
- I o o
8 ({J %P, 1o |® o° a Qf)dto—
S CR G qof‘—i"”a"**“““”‘zs"?a“‘ 3 © 50 ey
S ) 9 1 6 ps
Hour Mearrs
e e 2 o |
o s Bhg—n - L O
g o} o > ?I"‘ o A T| or';Wmdl Velocity i “opo-
E o go o { i ; ; | i ‘ |
o “_“{E’—‘_l-"“' il * 363:\ L L }
i
' 4¥ Hour Increments ! T
150 b= of V(T -320)=T
S oy P
oo . "ny Wind Ve/aaty, mp!t__ o [ Sy
2 N f'u@rsww* ! l ] !
Lt 1 { i i 1 -
e e =
I S A T T T R A S S S TN A T N S S SRR R
° i i I £ i | ! i ! I { } | l I i i i 1 I
8AM 12M 8PM BAM 12M 8PM BaM 12M 8pM gamM 12M 8PM
17 18 i9 2C

MARGCH, 1936
Figure 8

Observations of temperature and wind velocity at Northfield, Vermont
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necessary data.

ments and observations at other stations.

Careful attention was given o exposure of the instruo-

The results of the analysis

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

in the basin, indicate that the data are applicable.

The value for X

of 0,0065 for the Bast Branch of the Pemigewas—

set River is believed‘to result from optimum conditions favoring rapid

snow melt and is not increased in the synthesis of the maximum possible

rate of snow mels,

Worth of this basin snow remained after the critical

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

veriod, o other determined values of K
14 /
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Figure 9

Doration-depth curves of maximum
possible snow melt over selected
basins in the New England region
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even approach the value found

for the Eagt Branch of the
Penmigewassetb,

Figure 9 shows
duration-depth relation-
ships for 100, 200, BOO,
and 1,000 square miles, and
Figure 10 shows area-depth
curves in b6-hour increments
up to 48 hours. These
curves have been obtained
by straight line interpola-
tion and extrapolation on
log peaper of the wvalues fer
104 and 622 square miles.
(See Figure 5.)

Records indicate that



15 inches average depth of

water on the ground, in the
form of snow and as water
suspended in the snow, 19 a
distinct possibility for the - jie
x - HOURS
g ‘
Ompompancosuc Basin, For = 98
x
& 42
other areas in the Connec— W
» 38
3 o 0 - * a - ©
ticut River Basin above 2 30
5
T W < 24
Northampton, Massachusetts;

18
in the Merrimac River Basgin L2
above Manchester, Hew Hamp- 5
shire; in the Hudson River o 1 2 3 4 5 & 7 8 8 10

AREA {HUNDREDS OF SQUARE MILES)
Basin above Poughkeepsie,
Figure 10

Few York; in the Housatonic

' Area-depth curves of maximum possible
River Basin above West Corn- snow melt over selected basins in the

New England region

wall, Connecticut; and in

the Lake Champlain ares, the total amounts required in Table III were
present in 1935 or at other times and can occur again for the sizes of

areas shown,
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CHAPTER VI

MAXTMUM POSSIBLE RAINFALL OVER THE OMPOMPANOOSUC BASIN

Area—depth curves

Representing as 1t does the functional relationship between aver—
age depth and accumulated ares beginning with the largest isohyet, the
area-depth curve has the property that the é;erage depths defined by it
increase in reliability with area. Thus, in a storm area having a ste-
tion network density of one gage per 200 square miles, an ischyet having
an enclosed ares of 1,000 square miles will have five gages defining the
average depth within it, whereas an isohyet having an area of Loo square
miles will have only two gages defining the average depth within it. In
order to correct for the inaccuracy in the average depths for small
areas, 1t is logical to extend the area-depth curve to smaller arsas by
the same functional relationship which fits the data for larger areas.

Studies of area—depth curves engaged in Dy this section for about
100 storms occurring in different parts of the country show that an
exponential function (straight line on semi-log pa§er) of the average
depth fits area-depth data very well for durations of less than 48
hours and for areas greater than about 10 percent of the storm areas
considered. No case was found where the average depth for small areas

neay the center of the storm exceeded the extended exponential curve

fitted to average depths for the larger areas embraced by the storm,
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Figure 11 shows area~depth dabta plotited on semi-log paper for the

gtorm of September 12, 19%8, for various size areas ranging from 500,000

square miles for the northeastern United States to 8,000 sguare miles

for the Muskingum Basin. In Figure 12 are shown average depths plotted

against number of gages for & portion of the Soil Conservation Service

Muskingum network for three consecutive hours on January 24-25, 1938,

The departure of the curve from the plotted points is always positive

and is believed to represent & reasonably small increase due to failure

of the maximum measurement to coincide exactly with the storm center.
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The gages in the Muskin-
gum network are so evenly
distributed thet their
number may be considered
directly proportional to
areca.,

The expongntial
function, therefore,
gseems to be a convenlent
and Satisfa@tory‘rela~
tionship for comparing
and extending area-depth
curves. The curve of
maxinum possible rainfall
for the Umpompanocosuc
Basin has been developed

on the basis of the



¢

seven larger storms located as shown in Figure 13, namely the October

l,)

903, November 1927, September 1932, July 1935, March 9-1%, 1936, March

fk

on

16-19, 1936, and Sepbvember 1G3%% storms., Maximum 6, 12, 18, 24, 36, and

4¢ nour neriods were selechted in each storm and lsohyetal maps were

iy

drawn for the ares in the vicinity of the center. Area-depth values for

these storms were computed and plotted on semi-log paper as shown in
[eng o

Figures 14-20, inclusive., Straight lines were fitted to points of equal
duration, more weight being given to values for large areas. In all

cases the area~depth curves arrived at in this manner conform %o or

exceed

values obiained from isohyetal maps for areas greater than 100
square miles, It should be noted that the differences in value Detween
curve and plotted points, expressed as percentages of total depth, are

-

his is in accordance with the procedure of semi-log
EN

!3

relatively small,

extrapolation of ares-depth curves, as previously explaincd.
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Lrea-depth curves, October 1903
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Area-depth curves, November 1927
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Area-depth curves, Sepbtember 1932
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September 1938
curve of maximum rainfall,
viz,, the September 1832
and Cctober 1903 storms.

Reliability factor

Thne reliability fac-—
tor accounts for three
sources of error involved
in the analysis of storm
rainfall, nemely (1) the
error in construction of
the mass curve due to the
deficiency in the number of
points defining the curve,

(2) error due to inadequacy

Maximum recorded rainfall

Average depths for 124 square

miles, the areaz of the Ompompancosuc

Basin, have been obtained by construc-—

ting a horizontal line denoting that

particular area and reading off values

at the points of intersection with the

area~depth curves.

These depths were

plotted against duration in Figure 21

and Curve A drawn enveloping maximum

points,

Two storms gave values which

served to determine this enveloping
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Pigure 21

Bnveloping duration-depth curves of
maximum possible rainfall for the
Ompompanocosuc Basin, (124 sg. mi,)

above Union Village, Vermont
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in the number of rainfall stations to define the storm pattern, and {3)
the usual errors in messuring and recording precipitation. In & given
storm study the total mass curve error depends on the relative number of
recording gages in the network, the quality of non-recording station
records, and the magnitude of the storm. The error is maximum for shori
duratlions and obviously becomes zero for the total storm period, After
congideration of all these factors it was decided that a logarithmic
curve descending from 20% at O hours %o 5% for & 48-hour duration repre—
sented a reasonable estimate of the mass curve inaccuracy.

In the determination of the error due to inadequacf of rainfall
gtations use was made of Soil Conservaticn Service Muskingum records to

determine the order of its magnitude., Half-hourly precipitation data

avle, The arithmedic aversges of this nctwork, which can be assumed b0

represent the true sverage deptn of

- 30 . .
28 \\ i
2 o he] 1 R N A g 2 s N
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Figure 23

Duration—~depth values adjusted for
greater possible depth of precipitable
water for the Ompompanocosuc Basin
(124 sq.mi.), above Union Village, Vt.

was decided to assign a con-—
stént factor of 5% as the
inadequacy of data error,

An instrumental error
of 5%, constant for all
durations, has been added
%o the other components and
& total.reliability factor
obtained as shown in Figure
22, this factor varying
from 30% to 15%.

Maximum possible rainfall

Curve B of Figure 21,

representing the enveloping

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

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

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

representing actual rainfall amounts increased by the preciplitable water

adjustment discussed under "Adjustment of Storms on Basis of Precipitable

- Water,"

The table shown on page 65 summarizes the results,

Point rainfall

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

point rainfall records which exceed amounts from record storms. In

Figure ol 5311 the extreme rainfall amounts for various durations known

to have been recorded in the Unitved States are plotted on log-log paper.
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TABLE IV

Duration Maximum Actual Curve A  Reliability  Curve B Incrementsg

Hours Depths Inches Inches Factor % Inches Inches
6 7.40 7.4 30 9,6 9.6

12 11,10 11,1 25 13.9 L3

18 12,45 13.1 22 16.0 2.1

= 14,30 14,3 20 17.2 1.2

30 - - - 17.5 0.3

36 14,90 15.0 17 17.6 0.1

Uo _ ~ - 17.6 0.0

Lg 15.05 15.3 15 17.6 0.0

One curve has been drawn enveloping all the points and ancther eaveiop-—

ing rainfall in the New Zngland region, The latter duration-depth curve

T YT
TR NI AT

AN FALL

; A POSSIBLE
HSTORM FOR DAROMEL
UEANCOSUC BASIN

(124 SQUARE MILES):

OEPTH (INCHES)
oS DO

EN

DURATION {HOURS)

curves of point ra
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shown in Figure 26 which gives a lower
value for 80 square miles than the Sep-
temver 1932 storm for a similar period,
On the Dbasis of the znalysis of

was decided that

type would not be the most

over the Umpompancosuc Basin,
Also plotted in Figure 2 are maximum
from Miami Conservancy

data from 7,561 station years of record

in the Yew England

is determined by the Csbskill,

[#]

Wew York, storm of July 20,
1818, which is reported to have
lasted 7~1/2 hours and produced
18 inches of rain at the center,
Fortunately a description of
this storm 1s available which
gives estimates of rain atb sev-
eral poinis and outlines the
limits of heavy rainfall. From
these data it

was possible to

prepare an isohyetal map which

[

s reproduced in Figure 25. A4An

area—depth curve was derived as
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100—year Yarnell frequency curve derived from coefficients for the
territory in which the basin is located., The maximum possible storm
for 124 square miles, drawn for comparison, exceeds both of these

CUTVES.,
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MAXIMUM POSSIBELE PRECIPITATION PLUS SWOW MELT
OVER THE OMPOMPANOOSUC BASIN

Of the critical storms considered in this study only two, those of

s

March 19%6, occurred during a period of melbing snow or in a season when

antecedent meteorological conditions permitted the existence of a criti-

cal snow cover.

The rainfall analysis of these storms formed the basgis

for determining maximum possible precipitation coincident with maximum

rate of discharge from a snow cover,

From area—-depth curves of Figures

18 and 19 average depths of rainfall over 124 sguare miles were obiained
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Figure 27

Enveloping duration-depth curves
of maximun rainfall for the
Ompompanoosuc Basin (124 sq, mi,)
above Unlon Village, Vermont

_——

and plotted against duration in
Figure 27. Curve A was drawn en-
veloping actual values of rainfall,
Duration-depth values adjusted for
greatest posgible deptﬁ of precip-
itable water were derived by in-
creasing actual values of rainfall
by the adjustment factors given in
Table I, and discussed in the
chapter on FAdjustment of Storms

!

on Basis of Precipitable Water.!

These rainfall amounts are also
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plotted in Figure 27, and Curve B drawn enveloping these wvalues.

As in previous reports, the inadequacies in data and uncertainties
in analysis have been evaluated and combined into a reliability factor
by which the amounts to be added to Curve A in Figure 27 are determined.
The same procedure was followed in the consideration of maximum possgible
rainfall shown in Figure 21 of this report, Storms of great magnitude
have admittedly a lower frequency for the colder seasons in New England,
Hence, there exists a relatively shorter history of intense storms during
the winter months than for the warmer seasons, 1Lt has been concluded,
therefore, that a larger reliability factor should be applied to storms
that occur during seasons with snow on the ground,

It ig difficult to evaluate the difference between the relisbility
factors for the two seagsons; but since the adjustment for precipitadle

water for those storms not involving snow runoff agreed well with the

increases in the form of a relia- 22 4 —— ;
Lo ; _ieeewo ||
20 lcf‘ ‘ ERVED VALUES, DERTH OF 3NOW wrer,
bility factor, and as this curve, " g”ﬁﬁﬁggﬁﬁfﬁ;f?”f”
ES QAXIBUN POSSIBLE DERTHS OF SNOW WELY,
A N i6 l COMPUTED (R GASIS OF UPPER LINITS F
(B} s CNV eloped all values finng . TEWPERATURE 4ND Wikh VELOGITY. .
o oth b— A
e S &]
the position of a reliability S | e
: . . . . 0 SMOOTHED ¢ URVES £
curve as ordinarily defined, it = ; © b IR e
e NS
- 3 + 6 -\ Al Z -
was accepted as absorbing the R 20" sy i
4 £ z’ﬁ/ ! i
. . . . _;/é}/__” BN § . k SNOW COVER PRACIICALLY,
uncertainties entailed in the 2 to = : ng?'?wfﬁ
AL L L +‘ .
o 2 ‘ j ; ' I
inadequacies of basic data and o & iz 4B 24 30 36 42 4B

DURATION (HOURS)

analytical methods. For these
Figure 28
reasons Curve B is accepted as
Inveloping duration~depth curves

the enveloping curve of maximum of snow melt on East Branch of
Pemigewasset River Basin above
possible rainfall, Lincoln, N.H. (area = 104 sq.mi.)
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Figure 28 shows the enveloping duration-depth curves of snow melt
on the Eash Branch of the Pemigewasset River Basin above Lincoln, New
Hampshire (druinage ares = 104 square miles),

Curve C indicates the observed values of depth of snow melt,

Curve D shows the observed‘values plus reliasbility factor,

Curve E shows the meximum possible depth of snow melt computed on
the Dasls of wupper limits of ftemperature and wind velocity.

The value of the relizbility factor has been determined by study-
ing the effects of ervors in stream discharge measurements, in base-flow

and infiltration estimates, in rainfall observations, and in the selec—
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bution graph. The relisbility factor used is 15% for

the Tirst 24 hours, and increases

y ) N - 30
10 QO% by the H8th hour as shown
28
in Figure 28. 26
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104 square miles. TFigure 29
Figure 29
shows the corresponding curve,
Enveloping curves of rainfall and

namely Curve E, for the snow melt for the Ompompanocosuc
Y - 5
Basin, (124 sq. mi.) above
» 3 k3 >
Ompompanoosuc Basgin of 124 Union Village, Vermont
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square miles.
Vzlues of Curves B and F, representing maximum possible rainfall
and snow melt regpectively, have been combined to obtaln maximum

s : 5 ') . - - -
posgible rainfall plus snow melt over 124 gquare miles given by Curve F.

Table V shown on the following page summarizes the results,
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TABLE V

.«82__

Duration Maximum  Values Relia- OCurve A Precipita- Values Curve B Curve ¥ Increments
Lours Actual of bility + Reli- tion Maximum of Snow ¥elt  Rainfall Inches
Rainfall Curve A Factor ability Ad justed Curve B Inches Flus Snow
Inches  Inches % luches Depths ~ Inches of Yater Helt
Inches Inches
5 3,25 3.3 30 % 4,60 RN 1.8 5.4 "
12 4.90 5.1 o5 5. 6.90 7.0 7.5 10.5 b2
13 6.25 5.% 22 7.7 ' 8.80 8.8 R 14,2 3,6
ol 5.95 7.2 20 8.5 9,80 10.1 7.1 17.2 3.0
30 - - - 9.5 - 11.1 2.8 19.9 2.7
35 8.60 8.8 17 10.3 11.70 11.9 10.5 2o 2.5
L2 - - - 11,2 - 12.5 12.1 24,7 2.3

Lg 10.4%0  10.4 15  12.0 13,20 13,2 13.7 5.9 2.2




CHAPTER VIII

MAXIMUM PRECIPITATION OVER SELECTED DRAINAGE AREAS
IN.THE NEW ENGLAND REGION

By utilizing dastbta prepared for the Ompompancosuc situdy it has been
possible to determine rainfall and snow melt potentialities for other
basing ranging in area from 100 to 1,000 square miles located in the
drainage basins shown by the shaded area in Figure 4, The results given
here are applicable %o the Connecticut River Basin above Northampbon,
Massachusetts; the Hudson River Basin above Poughkeepsie, New York; the
Housatonic River Basin above West Cornwall, Connecticut; the Merrimac
River Basin above Manchester, Wew Hampshire; and the Lake Chawmplain
Basin, The principal difficulty in extending the area of applicability
is whether sufficlent water may ever be avallasble in snow deposits along
the coastal regions of Wew England to malntain maximum rates of snow
melt for 48 hours. This is a problem for future study.

The method of developing duration-depth curves of maximum rainfall

2

for the Ompompanoosuc Basin was used for the region wunder congsideration,
Areas of 100, 200, 500, and 1,000 square miles were selected as con-
venlent units, In the case of maximum possible rainfall, values of
reinfall depth were taken from the area-depth curves of Figures 14 to
20, inclusive, and maximum points plotied as shown in Figure 30. ZEnvel-

oping curves were drawn representing maximum actual rainfall. The
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rolichility factors of Figure 22 were appliced and the curves of maxin
possgible rainfall shown in Figure 31 were obtained. The same reliabili-
ty factors were applied to each curve for the following reason: average
depths for areas of 1,000 square miles anc less having been determined by
the extrapolation method described earlier, the results for areas of all
values considered here are dependent on the same data and the reliabili-
ty factor should be constant wlith area.
The enveloping duration-depth curves of maximum possible rainfall

were replotted.separately in Figures %2 to 35, inclusive, together with

duration-depth values obtained by increasing the actual values by pre-

clpltable water adjustments correspondl to the particular storms, As

before, these curves are confirmed by the fact that in all cases they

envelop the adjusted values of rainiall,
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ENVELOPING AREA-DEPTH CURVES

OMPOMPANQOSUC. BASIN OF MAXIMUM POSSIBLE RAINFALL

OVER SELECTED BASINS IN
THE NEW ENGLAND REGION
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Figure 36

Enveloping area-depth curves of maximum possible rainfall for suc-

c

cessive durations of 6 to 48 hours were derived from the corresponding
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Arrengements of maximum
possible rainfall over
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various slzes

RATE OF RAINFALL {(INCHES PER HOUR)

duration—-depth curves and are reproduced
in Figure 35 for convenience in interpo-
lating values to any size drainage basin,
A table of valwes is shown as Table VI.
Time patterns of maximum possible
rainfall, as block diagrams of six-hour
increments, are shown in Figure 36-a for
areas of 100, 200, 500, and 1,000 square
miles. For situations requiring consider-
ation of snow melt plus rainfall, similar
flexibility in arrangement can be uti-

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

(For Storms Without Snow Cover)

Ares Maximum  Zoveloping Reliability  Meximum
Square Miles Actual Curve of Factor Possible
Depths  Actual Rain- % Depths
Inches fall - Inches Inches
100 7.55 7.6 30 9.9
5 200 7.00 7.0 30 9,1
500 6.95 5.% 30 g.2
1,000 5.70 5.7 30 7.0
100 11,35 114 25 ik, 2
200 10,50 10.5 25 13,1
500 9,40 g4 2R 11.8
1,000 8,60 8.6 25 10.8
100 12.80 13,4 oo 16,4
200 11.75 12,4 22 15,1
500 10.40 11.1 22 13%.6
1,000 : 9,40 10.2 P 12,4
100 14,60 14,6 20 17.5
200 13.55 13.6. 20 15.3
500 12,20 i2.2 20 1,6
1,000 11.15 11,2 20 13,4
100 - - - 7.9
200 - - - 16.6
500 - - - 15.1
1,000 - - - 14,0
100 15.20 15,4 17 18.0
200 14,30 1.3 17 16.7
500 13.10 13,2 17 15.4
1,000 12.25 12.3% 17 R}
100 - - - 18,0
200 - - - 15,8
500 - -~ - 15.6
1,000 - - - 14.6
100 15,35 15.6 15 18,0
200 14,40 14,6 15 16,8
500 13,20 13.6 15 15.6
12,8 15 k.7

1,000 12,30
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Curves of maximum rainfall to be applied %o snow melt were ‘leber-

. s s P . e T N
mined by utilizing the area-depth curves of the two March 1930 sitorvs

(Figures 18 and 19). Values were increased by the precipita

b 3 3 g 4 ® T H ES P
adjustments for the respective storms. Figures 37 to 40, inclusivs,

show the zctual rainfall deptns, adjusted rainfall depths, and
T m s e o . s * i . s o o
ing curves of maximum possible rainfall {(shown as Tvrve & in each case).

Duration-depth curves of snow melt of Figure § are reproduced as Curves
B. OCurves O, maximum possible precipitation and snow melt, have been

obtained by summing up the values of Curves A and B,

hown in

5]

agaln, enveloping area-depth curves were Gebermined and are

il
]

» 1 o - ~ - v oo
igure 41, Table VII summariges the results for maximum rainfall and

snow melt,
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TABLE VII

(For Storms With Snow Cover)

Duration Area Maximum Enveloping Snow Melt  Maximum
Hours Square Miles  Adjusted Curve of Inches Possible
Bainfall Adjusted Bainfall and
Depths Rainfall Snow Melt
Inches Inches Inches
100 L, 70 by 1.9 5.6
6 200 L, o5 4.3 1.6 5.9
500 3.60 3.6 1.3 5.9
1,000 3.10 3.1 1.1 4,2
100 7.10 7.2 3.8 11.0
12 200 5.50 6.6 3.2 9,8
500 5.70 5.8 2.6 g,b
1,000 5.10 5.2 2.2 n:
100 9.00 9.0 5.6 14,6
18 200 8.730 g.% 4.8 13.1
500 7.40 7.4 3.8 11.2
1,000 6.70 6.7 3.2 9.9
100 10,10 10,3 7.4 17.7
2L 200 9.05 9.4 6.3 15.7
500 g.20 g4 5.0 13,4
1,000 7.35 7.7 L2 11,9
100 - 11.h4 9.2 20.6
30 200 - 10.3 7.8 18,1
‘ 500 - g.2 6.2 15,4
1,000 - 8. 5.2 13.6
100 12,00 12.2 11,0 2%.2
35 200 ! 11.00 11.0 9.3 20.3
500 9.80 9.8 7.4 17.2
1,000 8,90 8.9 6.2 15,1
100 - 13.0 2.7 25.7
Lo 200 - 11,6 10.7 22.3%
500 -~ 10,2 8.5 18.7
1,000 - 9.3 7.1 16,4
100 13,70 13,7 14,3 28.0
4g 200 12,20 12,2 12,1 oL, 3
500 10.20 10,5 9.6 20,1
1,000 9.15 9.6 8.0 17.6




CHAPTER IX
CONCLUSIONS

The limitations inherent in the physical analysis embraced by the
foregoing discussion have made 1t necessary to develop this study in
terms of average rainfall depths over the basin for six-hour periods
only., It is well known that on larger basins the natural equalizing
infivences of retention and channel storsge permit the application of
results expresged in increments of time as great as six hours. On
basins a8 small as the Ompompancosuc, however, physiographic and hydro-
logic infliuences may produce excessive concentration within periods of
less than six hours, While increments for lesser periods could be tsken
cirectly from the mass curves, such procedure would reflect a far
greater dependability in the data and in the technigues of plotting mass
ves than actually exists. It is therefore necessary %o resort to a

erocedure not based on & physical analysis of the date themselves,

».x.

tae typical duration-~depth curve, characteristic of a point or
locality, average rainfall varies as a power function of the duration

e :

i

t least twelve hours. Such a portion of the curve can

be extrapolated from the b-hour to the TWHO““ duratlon and remain con-

L-te

o0

tont with the probvable time pattern of vainfall. It is possidle,

Y

therefore, te cbbaln the mos the o-hour anounts

pars

into hourly increments Dy adopting a dlstribution through tiame fixed by



the duration-depth curve, This extrapolation has been made for the
range of areas involved, and is illustrated for the Ompompanocosuc Bagin
by the dashed line in Figure o4, The first S-hour period of the
duration-depth curves shown in Figures 23 and 31 have been replotted in
Figure 42 after expanding the time scale. In Figure 43 the time pabtern
of 5-hour increments for 12U square miles has been resolved into hourly
increments by the above procedure,

Table VIII (page 84) provides the data for preparing time pattefns
of maximum possible rainfall for basins with sreas Qf 100, 200, 500, and

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

snow melt by means of the technique described above,
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Enveloving duration-depth curves
of maximum possible rainfall for Maximum possible rainfall over
durations of 1 to 6 hours over the Ompompancosuc Basin (124
the OUmpompancosuc Basin and other sq. mi.) above Union Village, Vi,

selected drainage areas in the
Few England region



In Figure 44 are shown
area-depth curves for dura-

tions of 1 to B hours,

fodo

inclusive, for counvenience
in determining duration-depth

values for areas other than

those shown in Figure 42,
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maximum possible rainfall for
short durations over selected

basing in the Neéw England region

A



TABLE VIII

ACCUMULATED DEPTHS AND INCREMENTS (F TEE MAXIMUM PCSSIBLE STCREM
FOR DURATIONS CF 1 TO 48 HOURS, INCLUSIVE, FCR TARIOUS AREAS

Durstions 100 sq.mi. 124 sq.mi. 200 sq.mi. 50C sq.mi. 1000 sq.mi.

Hours Aee, Inc, Acc, Inc. Ace. Inc, Acc., Inc. Ace, Inc,
1 3.9 3.9 3.7 3.7 3.4 3L 3,1 3.1 2.7 2.7
' 5.7 1.8 5.4 1.7 5.1 1.7 hos 1.4 4,0 1.3
3 6.9 1.2 6.7 1.3 6.2 1.1 5.6 1.1 5.0 - 1.0
4 8.C 1.1 7.7 1.0 7.2 1.0 6.5 0.9 5.8 0.8
5 9.0 1.C g.7 1.0 g.2 1.0 7.4 0.9 6.6 0.8
6 9.9 0.9 9.6 0.9 9,1 0.9 g.2 0.8 7.4 0.8
7 10.8 0.9 10.5 0.9 9.9 0.8 8.9 0.7 8,1 0,7
8 11.6 c.8 11.3 0.8 10.7 0.8 9,6 0.7 g.7 0.6
9 12,4 0.8 12,0 0.7 11.% o©.7 10.2 ¢C.6 9,3 0.6
10 13,1 0.7 12.7 0.7 12.0 0.6 10.& 0.6 9.9 GC.6
11 13.7 0.6 13.3 0.6 12.6 .6 11.% 0.5 10,4 0.5
12 1,2 0.5 13,9 0.6 13,1 0.5 11.& 0,5 10.8 O,k
13 1.7 0.5 144 0,5 13,5 04 1z.2 0.4 11,1 0.3
14 15.2 0.5 1.8 0.4 1%.9 0.4 12,6 0.4 11,4 0.3
15 15.6 0.k 15,2 o4 1k2 c.3 12,9 0.3 11,7 0.3
16 15.9 0.3 15.5 0.3 14,5 0.3 13,2 0.3 12.0 0.3
17 16.2 .3 15.8 0.3 14,8 0.3 13,4 0.2 12.2 0.2
18 16,4 ¢.2 16.0 (.2 15.1 0.3 13.6 0.2 12.% «C.2
19 16.6 C.2 16.3 0,3 15.3 0.2 1%.8 0.2 12.6 0.2
2C 16.8 0.2 16.5 0.2 1.5 0.2 140 0.2 12.8 G.2
o1 17.C 0.2 16,7 0.2 15.7 ¢©C.2 14.2 0.2 13.0 0.2
22 17.2 02 16,9 0.2 15.9 C¢.2 144 0.2 13.2 C.2
23 17.4 ¢.2 17.1 0,2 16,1 0.2 14,5 0.1 1%.3 0.1
ok 17.5 ¢.1 17.2 0.1 16,3 G.2 14,6 0.1 134 c.1
25 17.6 6.1 17.3 G.1 164 0,1 1bk7 c.1 13,5 0,1



Durations
Hours

o
no =

nd
Sl

S
O

100 sq.mi.
Ace. Inc.
7.7 .1
17.8 C.1
17.8 0.0
17.9 C.1
17.9 C.0
17.9 0.0
17.9 C.C
18.0 0.1
18,0 0,0
18.0 0.0
18.0 0.0
18.0 C.C
18,0 C.0
18.0 0.C
18.0 C.0
18,0 C.0
18.0 0.C
18,0 0.0
18.0 C.C
18.0 C.0
18.0 0.0
18,0 0.0
18.0 C.0

TABLE VIII(Cent.)

128 sq,mi.
Ace,  Ine,
17.4 0,1
17.5 0.1
17.5 0.0
17.5 0.0
17.6 0.1
17.6 0.0
17.6  ©.0
17.6 0.0
17.6 0.0
17.6 0.0
17.6 0.0
17.6  C.0
17.6  C.0
17.6 0.0
17.6  C.0
17.6 0.0
17.6  0.C
17.6 0.0
17.6 0.0
17.6 0.0
17.6  C.0
17.6  C.0
17.6 0.0

200 sq.mi,

Aee,  Inc,
16.5 0,1
16.5 0.0
6.6 0.1
16.6 0.0
16.6  C.C
16.6 0,0
16.7 0.1
16.7 0.0
16.7  C.0
16.7 0.0
16.7 0.0
16,8 ©.1
6.8 0.0
16.8 0.0
15.8 0,0
16,8 0,0
16.8  C.0

16,8 0.0
16.8 0.0
16.8 0.0
16.8 0.0
16.8 0.0

i
T
63

}

15.6
15,6
15.6

15.6

0.0
C.1
0.1

G.0
0.0
0.0

G.C

1000 sqg.mi,
Ace, Inc,
1%.,6 0.1

13.7 0.1
13.8

3 G.1
13,9 C.1
e 0,1
1 0.1
2 o1
bz 0.1
4.3 0.0
i o
% C.C
14 0.C
b5 0.1
1.5 0.0
14,5 o.C

14,6 0.0
4.6 0.0
4,6 0.0
1,7 0.1
4.7 o.0






APPENDIX







INDEX TO APPENDIX

SYMBOLS USED O SYWOPTIC CHARTS

(Maps and charts arranged in chronclogical order as indicated below)

Storm of October &-11, 1903

Weather Maps )
8:00 a.m,, October 5, 190%, to &:00 p.m., October 11, 1903,

Storm Tracks .
October &-11, 1503,

Storm of Wovember 1-Y4, 1927

Veather Maps
8:00 a.m., Wovember 1, 1927, to 8:00 p.m., NWovember ¥, 1927,

er Alr Data
; ,000, 10,000 and 14,000 feet, a.m., Fovembder 2, 1927.
k,aooﬁ 10,000 and 14,000 feet, a.m., November 3, 1927.
4,000, 10,000 and 14,000 feet, a.m., Wovember 4, 1927,

Storm of September 1h-17, 1932

Weather Maps '
8:00 p.m., September 15, 1932, to 8:00 a.m,, September 17, 1932,

Storm of July 6-10, 1935

Weather Maps
8:00 a.m., July 6, 1935, to &:00 a.m., July 10, 1935,

Isentropic Charts
July 5 to July 9, 1935,

Horizontal Cross Section (Fixed Level Charts)

3 Km. sbove Sea Level, July 5 to July 9, 1935,

Storm of March 12-21, 1936

Weather Maps
§:00 a.m., March 12, 1935, %o 8:00 p.m., March 21, 1935,

Igentropic Charts
March 12 to 21, 1935,



Horizontal Cross Sections (Fixed Level Charts)
3 Km. sbove Sea Level, March 12 to March 21, 1936,
5 Kn, above Sea Level, March 12 o March 21, 1936.

Cross Sections Through the Atmosphere

Uklahoma City to Lakehurst, March 17, 1936,
San Antonio to Lakehurst, March 17, 1936.



SYMBOLS USED ON SYNOPTIC CHARTS

TEMPERATURE
TEMPERATURE at time of observation is shown at rjght of station circle,

thus: ™" ()72

WEATHER

K WEATHER at time of observation is shown at /ef7 of station circle thus:
*®32 (Srow)

L ] .
gy Rain
& Ko % } Showers
8 Drizzle -, g Srow
O Sleer Nu/mf:; (J;f\g/méo/sofa’/ca:?s# Hiom = Light to Moderate Fog
A Hoil rele ersiy precipira = Dense Fog
¥ Srow = Ground Fog

PAST WEATHER is shown near, and generally at /ef# of station circle, thus:
NQ 78 (Thunderstorm within last 12 hours )
R .

SKY
SKY COVERING is shown within the station circle, thus: O ® @ @ @
(Amount of circle shoded indicates approximate 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, only 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

0 Less than | O Colm 6 2510 3l Strong
1 v 3 7 32 t0 38
O Light 8 39 to 46 N

2 4 to 7 N—0 Gale

9 47 to 54 N
3 8 to 12 O Gentle

[0 55 t0 63 SNy ppee
4 13 to 18 >—Q Moderate D
5 19 to 24 NSO Fresh

12 Over 75 W\ 4 ricane

MAXIMUM WIND VELOCITY (M. P. H.) within last 12 hours, and DIRECTION,
are shown in parenthesis below the station circle, thus: W—Q 72

“60)
% g 54 A TYPICAL STATION with symbol designations would ap-
4 pear as in the accompanying diagram:
(\62)

CFIGURE A~]



UPPER FRONTS

COLD ==eu e oomes oo oo I 1T 1T 11 1 WARM

SURFACE FRONTS

CoLD L — - QUASI-STATIONARY
WARM oo s s @ s @uemmn - - - ---- - OCCLUDED
FRONTOGENESIS FRONTOLYSIS
@ ® ¢ 9 @ @ ® © - - - -COLD e XXX XX XXX
0O 0C O 000000 - WARM - ---%% ¥ X X ¥ % % X

@ O ® 08 O ® C & QUASI-STATIONARY - X % X % X % X % X
CCCLUDED - % # % X ¥ % ¥ X ¥
@-» CYCLOGENESIS

AR MASSES *

CAW - CONTINENTAL ARCTIC AIR, warmer than the surface
over which it lies (staoble in the lower Jayers).

CAK - CONTINENTAL ARCTIC AIR, colder than the surface
over which it is passing (stesp lopse rote /n the lower loyers)
MAK MARITIME ARCTIC AIR, colder than the surface over
which it is passing (sfeep /opse rofel.
CPwW - CONTINENTAL POLAR AIR, warmer than the surface
over which it is passing (sreble in the Jower Jayers).
CPK - CONTINENTAL POLAR AIR, colder than the surface
over which it is passing (steep /apse rate).
MPW - MARITIME POLAR AIR, warmer than the surface over
which it is passing (stble /n the lower /ayers).
MPK - MARITIME POLAR AlR, colder than the surface over
- which it s passing (sfeep /gpse rate).
MTW - MARITIME TROPICAL AlIR, warmer than the surface
over which it is passing (sroble in rhe lfower layers).
MTK - MARITIME TROPICAL AIR, colder than the surface
over which it lies or is passing (sreep /gose rate).
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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