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INTRODUCTION

Purpose

Water has often been referred to as man's greatest friend and
his worst ememy. Ample support of the first cleim is suggested by the
location of every great city on & navigeble waterway, while the cold
truth expressed by the latter helf of this trite phrase hes been for-
cibly demonstrated in recent years by the disastrous floods which awept
northeastern United States in 1935 end 1936, and by the great floods on
the Ohio &snd Mississippi Rivers in 1937, In the present movement to
congserve the naturel resources of the United States, such disasters
have given izmpetus to investigations for the conservation and control
of the water res-urces and heve resulted in the construction of a
number cf storage dams and the plenning of & great many more. These
projects range in size from the small earthern structures built by
fermers to check erosion on their fields to the huge multiple-purpose
projects &nd systems conatfuctod by verious governmentsl sgenciles to
provide integrated development &nd control of the 'étor resources of
&n entire dreinsge basin. A kmowledge of the meximum flow which each
of these structures msy be called upon to psss during extreme rsinfsll
and runoff conditions is vitel in &ssuring the safety of the structure
itself andi the life of the whole area which it is designed to benefit.

It 18 the purpose of this psper to present end discuss briefly
the more common mesthoda which huve been used to determine the spillwey
capacity thet should be provided in such water control projects and to
illustrate them by application to points in the Tennessee River basin.
The asuthor hes sssisted in similar investigations made in the Water

Control Plsnning Depertment of the Tennessee Valley Authority, and



fundamental date and methods availeble with the Authority heve beem
utilized in the preparxtion of this theais. Conclusions drawn and
opinions expressed, however, &re those of the suthor ani not cf the
Tennesses Valley Authority, slthough they msy be in substentisl sgree-
sent in some cases.
The Probles
| The design of any structure intended for impounding flowing
water must include an emergency gpillway for releesing flow exceeding
that which the structure is designed to store. If the feilure of such
e structure were to result in cnly & limited smount of property demsge
and no loss of 1life, the spillwey might be designed to carry & flow
which 1= likely to be exceeded only once in 25 or 50 years, as it
would be more economical to rebuild the structure and pay demages than
to provide the expensive construction necessary to meke it safe agsinst
;ny flood which might occur. Most of the structurea with which we are
concerned, however, zre not of this type--they are plenned to benefit a
large ar‘a and a large number of people, end falure would result in
great property desmege and possible loss of life. Thus, they must be
designed with spillweys sufficiently lerge to cerry with sefety any
flood which might ressonably be expected, A large spillwey is expensive,
ecpecielly when the limitetions of the site ere such that it is diffi-
cult to find space sufficlient for spillway, navigation lock, &nd power-
house, end the designing engineer is faced with the problem of providing
the necessary spillway cepecity end yet keeping the design prsctical
end the costs within reason.

If the spillway provided in & water ccntrol structure is

subjected to & le:rger flood than 1t wes designed to cerry, the heedweter
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elevation must rise to an elevation tbove thet ccnsidered in designing

the structure. This 1s not necessariiy sericus in & c-ncrete structure,
since the design ususlly provide:z egmple factors .f ssfety which will
cover such & contingency, but if the velocities produced below the dem
ere sufficiently high to csuse excessive ercvsion et the foot of the
spillway, the structure mzy be weckened to the p int of failure. In the
case cf sn esrthern atructure, headwater &pprecisbly ebove that ccnsidered
in the design, althouzh below top of the structure, mecy weeken the
structure and ccuse feilure. Fecilure is sure to occur if the hesdweter
rises sufficiently to overtor any portion of the esrth benks, as a
slight flow over the top produces sufficient ercsion to nermit an in-
cressed flow which then increeses the erosion, end s0 on until the
entire structure fails.

Fallure of a small water storzge cr nower dem 2uring the
passsge of & flood i8 apt to czuse some demcge to rosds snd builiings
izmediately below it, but its fecilure mey be psrticulerly serious if it
creates a sizeable flood wave which mey trevel downstreem to another danx
ani cause it to be overtopped, &nd so start a chain of fsilures which
grows progressively worse a8 the wave proceeds downstreanm.

The destruction resulting from the fcilure cf a weter control
structure generclily incresses greatly with the size of the structure snd
the amount of weter which it iapounds, and due to the lerge volume of
water atored &nl sudienly relezsed, 18 particulerly disastrous in the
case of a structure dbuilt to control flooda. The loss of life mey be
enormous, especially if a flood control res=rvoir of ccnsiderable storsge
cepacity is built to rrotect a city which then continues to expeni over

the river's flood nlzin formerly ccneidered unscfe for anything but those
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industries which could stend en occasionzl flooding, but now ccnsidered
secure in the protection affordied by the upstream reservoir. The
property daemuge in such & situsticn would £lso be enormous, ani it would
have been better if the structure designed tc control floods &nd to
protect the eity hed never been built at &ll. Demsges to highways end
railroeds psrelleling the river would be fsr grester for scme distance
downstream thsn the damege which might heve been produced by the uncon-
trolled flood itself, and the interruption to business caused by the
destructicn of the transpcrtation system would be & very re:zl loss, even
though it might be difficult to estimate. Although the lozs of the dem
itself end probebly the poserhouse is not to be overlooked, there is elso
the loas of the use of these structures over the time recuired for their
rebuilding. More importent 18 the loss of the confidence of the people
of the surrounding ares and posaibly throughout the whole country in
the orgznization opersting the structure, this lzck of confidence
probebly uffecting the success of that brganizetion over severzl genera-
tions in the future.

Another less sericus but very importent result cf a hesdweter
elevation zbove that considered in the design is the demsge tc privete
property along the river ebove the.dan. The height of e weter control
ptructure is often fixed to & lerge e;tent by thé‘presence of buildings,
roads, ani other improvements along the edges of the prorosed reservoir
which woull have tc be bought or reloceted should a higher 3em &nd pool
elevation be adocted. A flood which produces & hezdwster elevation
sufficient to deamszge such pronerties may result in demage suits and
litigation which are expensive in dollsre but perticularly expeneive in

the loss of the good will of those concerned.
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Spillway cepacity can be provided only by increesing sub-
stantially the totel cost of the project, and in some cases the eoat of
providing a spillway of proper sise msy be so greet as to mske the whole
project entirely unjustifiable. It is desirable thst the spillwsy dis-
chsrge direetly into the nesturzl chennel of the river, zlthough in many
cases this is not possidble 2nd & side chsnnel must be provided either
through the ebutments end thence back into the river or &8 open channels
sround the sbutments. Small flows may be discharged through gate-controlled
openings in the base of the dsm itaself, but this method is too expensive
te be considered in desling with the dischzrges th:=t zust be handled
during & flood.

If power is to be developed at the project, the chemnel portion
of the river must slzo provide room for & powerhouss. Dischsrge from
the turhines must be carried awcy &s rapidly es possible in order to
keep tailwater elevations low and to provide the maximum possible hesd
for power production, £nd direct dischsrge into the originsl river
channel 18 the most sztisfectory way of doing this. In the c¢ezse of a
navigable stream, & sizeable portion of the channel is occupied by a
navigation lock to 14ft boats cver the dam. Since sufficient depth must
be aveilsble below the lock for boats to enter even during periocds of
low flow, the lock should be located in the deeper portion of the chennel
and nmust be aligned with the chennel below to permit bouxts to enter
with ezse. Thus, the naturcl river ch:nnel must provide room for a
powerhouse and & nevigation lock, &nd since the demsite wae ~robebly
chosen because of the narrow vzlley snd river chennel at this pcint,
the width remaining for the spillway is apt tc be smzll. To obtain

grester spillwey width, either the powerhlouse or the lock must be moved
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out of the channel. This is likely to result in both &n expensive and
an impractical arrangement. The powerhouse might be moved downstream,
but a flume or tunnel would be necessary to convey water from the reager-
voir to the turbines, and unless addition:l head were to be gzined by
this arrangement, the cost would be excessive. The navigstion lock might
be located ocut of the old river channel, but this would require the
removal of enormous quantities of earth eni would be likely to result
in poor sligmment of the lock &nd the navigsation channel below. Other
spillway arrangements might be made, such as tunnels through the sbut-
ments, open channels around the sbutments, sluices end siphon spillways
throcugh the dam, etc., but ususlly these ere more expensive than zn
open spillway.

With the spillwey length controlled by the natursl width of
the river chsnnel &nd the spece thst must be alloted to the powerhcuse
and navigation lock, increased dischsrge capacity msy be obtained at a
glven headwater elevetion only by lowering the elevection of the s~illwsy
creat andi supplying crest gstes or by increasing the “eight of the geates
originally concidered. The heizht of gstes 1s limited by considerations
in their design. The 50-foot g:-tes propcsed by the Tennessee Valley
Authority for Kentucky Dem on the Tennessee River &re emong the highest
in the world. As gate heights e&re incressed, the intensity of pressure
at the bottom of tha gate increases as well es the totel pressure on the
gete. The grester g:te height results in greater weight, while the in-
oressed pressures near the bottom recuire & stronger design which further
adds to the weight. Incressed weizht of the gzte &nd increesed pressure

of the gate on its supports both la:d to more powerful lifting mechenisus
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and more complicated designs to reduce frictiocn, while the increased
pressures also require more eleborete gate seals. The increased thrust
of the gate against its supporting piers recuires thet the piers be
stronger, while the pressure differentizl on the two sides of a rier
created by zn oren gete on one side and a closed gete on the other
side result in another series of forces—=zll tendinz to incresse the
width of the plers and thereby reduce the net length of the spillway.
Bome of these difficulties zre eliminated by using roller or drum gates
in place of the ususl Tsinter or Stcney gstes, but these may not be
practicel for greest depth end their costs soon become excessive.

It 18 apparent, therefore, that the engineer designing e
water control project is often faced with the difficult problem of
providing a spillway which will carry with safety eny flow to which it
may be subjected, at the seme time keepinz his design practicel and his
coste within reason, realizing ell the time the disaster that might
result should he underestimate the flood-procducing ebility of the drainege
basin or allow hisjudzsment to be influenced by requests for & cheaper

d.lign.
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Jntroduction

A consideration of the problem of determining the spillwey
capacity that should be provided &t & water control project indicates
that it cen be divided into four parts:

(1) Determinstion of & discharge hydrcgra;h representing the
maximum flood reascnably to be expected at the site unier the conditions
existing prior to construction of the project or sny other water control
project within the dreinsge ¢res above. This mey be termed the ®"maximum
expected flood, natural conditions®™ or just the "meximum flood.®

(2) Determination of a discharge hydrograph representing the
greetest flood reasonsbly to be expected at the #ite under the conditions
existing just prior to construction of the prcject. The effect of up-
stream regulation is here considered. This represents the greatest
flood which must be considered in planning the project and muy be termed
the "project flocod.®™ The project flood mey be the maximum expected flood
a8 reduced by storage in upstream projects, or it mzy be the result of
a very heavy storm centering over the uncontrolled dreinrge srea
immediately ebove the project.

(3) Determinstion of the maximum outflow an’ the meximum head-
water elevetion thst &re likely to result under the prcposed scheme cf
operution of the project or under‘any operation thut is likely to take
place. This may be termed the "design flooi," inasmuch as it represents
the maximum flow for which the project must be designed. It will result
froa routing the project flood through the reservoir, conziderztion
being given to the effect of the nsturel end controlled storeges within

the reservoir upgcn the project flood. It is here thet the necessity



of considerins & project flood rether then just a project discharge
becomes apparent, &s the maximum outflow end meximum hesdwater elevation
are dependent upon the totsl volume of flood flow as well z2 the meximum
rcte of flow.

(4) Determination of the spilliwcy dimens%ene which will most
closely fit the functionsl design of the project. The spillwey of a
flood control project which does not have sufficient storsge capacity
to retain the entire flow of a single great flood not only must pass
the design flood at & high or maximum headwater elevaticn, but it also
must pass rather large flows when the pool is at & low elevaticn in
order thet the pool may be quickly drawn down upon the spproach of a
great flood to provide additionel flood storsge. It should also be
possible to hold the pool at a comparatively low elevation during the
passage of the first porticn of a flood wave, theredby reserving con-
siderable controlled storage spsece for use near the crest of the flood
when this storsge can be used to the greatest sdventcge in reducing
the flood crest. This investigation involves routing floods of various
types through the reservoir to note the effect of various heights of
gates and lengths gf spillwey upon the effectiveness of the flood control
operations of the roaervoir.. Speed with which the reservoir msy be
ezptied «fter it has been filled by & flood may enter the problem, since
it may be necessary someti-es to cuickly release the stored flood weters
in order to provide storage space for a second flood.

The design flood will have a maximum discharge considerably
1‘.0 than that of the project flood if the econtrolled storage is large,
and there may be some reduction if there is no controlled storsge, but

the wmcontrolled reservoir storege increment is greater than the natural
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channel storage increment for a given increasse in dischsrge. The ters
*channel storsge increment® as here used represents the volume of water
stored temporarily in the natural chunnel of the river within the limits
of the prooosed reservoir when & certuin chenge in flow takes plaece under
given conditions of {low. ®Uncontrolled reservoir storsge increaent® or
just "uncontrolled storsge increment" represents the volume of water
stored temporarily within the reservoir when a certain chenge in flow
tekes plece under given coniitions of flow with all spillwey gstes open.
The uncontrolled stor:=ge increment is normaelly greater thca the channel
storage increment since the reservoir ares is generslly much greater
then the naturel streem &rea, while the spillwsy ususlly limits the flow
to a certain extent and forces the reservoir surface to rise slmost as
repidly es it would rise under natural river conditions to accommodate
a oertsin increese im flow. "Controlled storuge® represents the volume
of water stored under given conditions of flow in excess of the uncon-
trolled reservoir storage under the scme coniitions of flow. This
volune mey be releesed or stored st will by opening or closing the spill-
wey gates, wherees the uncontrolled storaze cennot be regulzted by gate
operation.

The design flood may hsve & maximum dischaerge equul to or even
slightly greater than that of the project flood if there is no controlled
storsge under project flood conditions and the uncontrolled storzge
increment is not appreciably greater then the natursal chrnnel storzge
increment. This simplifies the problem to s determinstion of the project
flood, &nd since flood volume does nct enter the study, the problem is
further simplified to the maximum flow of the project flood. Since most
of the projecte built for pover s&lone belong in this class, the presctice

in the past often has been to compute the maximum flood to be expected
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at the site, considering sny reducticn in flow proiuced by the reservoir
or upstream reservoirs zs a factor of safety but neglecting the possi-
bility of discharges being increased by the reservoir. Accordingly, a
large number of ecuations eni practices have been developed for
estimeting the maximum expected flowv or the flow for which structures
should be designed. In the cese of flood control reservoirs and multiple
purpose reservoirs es constructed in recent yeers, the lerge amount of
spece reserved for retarding or storing flood weters may result in e
design fiood substentiz1ly sacller then the project flood or the maximum
expected flood, and more eleborate studies must be made to arrive st
the most reasonable outflow for which a spillwey must be desizned.

Like most other hydrsulic investigstions, there is no simple
sethod which cen be applied to 2ll projects to determine the maximum
expected flood or the project flood. The judgment of the designing
engineer must alweys determine the fin:l enswer—but there ere mzny
methods which he mey employ to assist his judzment. The difficulty is
tounderstsnd the aivant:sges and limitetions of each method im &pplying
it to a specific project. Certain of the methcds cennot be employed
beczuse of lack of necess:ry data, but lsck of time shouli never be an
excuse for neglecting sny of the methcds. There is too much at steke to
omit any study which might shed additicnal 1izht on the problen.
Empiricel Ecustions

The tera "empiriczl ecuations” is Leve used to cover the
sultitude of formules expressing maximum flood flow &s a function of
size, or size and shupe, of the draincge besin. The most commonly used

type considers draincge srez alone, enl mey be written 2s G = C AR,

where ®A® is usually the drsinege sree in sguere miles, "n®™ :n exponent
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varying froa about 0.5 to 1.0, anl "C" a coefficient which mey very from
about 3000 to 10,000, depending upon the verious factors influencing
flood runoff, such &s type «f storm, season of the yesr, tonography, shape
of the basin, vegetation, valley storege, and channel storege.

Several equetions of & slightly different type were formulated
by Kuichling from a study of drainsge areas up to 5000 square miles on
the Nohawk River. XKuichling gives the ecuations § = %§§A§?8 £ 7.4
for rare floods, and Q = ‘ﬁéggg% £ 20 for occasional floode.

A similar ecustion i3 propcsed by Murphy for drainasge ereas
up to 10,000 scusre miles from = study of New lcnl streams:

Q= éﬁjzg_go £ 15.

Those ecuztiicns which attempt to incluie the effect of factors
other than drainsge erea are generally lengthy and too involved to com-
paere without & detsiled plotting. The equation of C. R. Pettis, pub-
1ished privately in 1927, gives G = C P WLe25 ip which "Q* is flood
discharge in cubic feet per second, "¥" is the average width of the
drainsge area, "P" is a reinfall coefficient, and *C" is & coefficient
representing the combined influence of all the factors not mentioned in
the other terms. The ruinfall coefficient is the 100-year pluvial index
of a 6-day stors e&s computed in the studies of the Mismi Conservency
District for each of the quadrengles into which the ezstern half of the
United Stetes was divided. The basin width is the averzge width obtained
by dividing drainsge srea by the length of the main portion of the river.

A similer ecuetion was proposed in 1349 by Fe G. Switzer and
He Go Miller, with an sdjustment in the reinfsll factor to ellow for
size of drainrge ezrea snd differences in the time of concentretion.

Of the vsrious equstions involving frequency, that published

by W. E. Fuller in 1914 is the best known. There :re rezlly t=o
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equations. The first ststes ¢ = Cuye (1 £ 0.8 logyjg T) in which "Quye"
is the averesge maximum snnuel flood, snd "¢" is the probsble maximum
snnuel rete of flow during the period of yeers *T.® The avercge maximum
anmual flood is to be obtuined from & reccrd of steges st the site, or
if this 15 not &veilzble, from the second equetion projosed by Fuller,
which states Qyye = C 40-8 1n which "A® 15 the drainsge area in squere
miles and "C" i8 & coefficient whose value depends upon the flood pro-
ducing charscteristics of the drainege ares. The eqistion thus reduces
to g =C A0+8 (1 /0.8 log1p T). It should be noted, however, thet the
discharge givontby this equstion is the probsble meximum annusl flood
to be expected in & given number of years sndnot tho‘rlood to be
eualled or exceeded in the given number of years. The latter conception
1s included im most equations involving freguency snd in most of the
frequency methods to be discussed later.

Another type of ecuation thst should be mentioned here is thst
in which 1ntonsitf of reinfs1l is cne of the factors considered. The
equations is generclly written Q = C 1 A, in which "4A" is the drainsge
area in acres, "i%" is the intensity of reinfsll in inches per hour,

"C* is a coefficient of runoff, and "(® is the discherge in cubic feet
per second. This equation is often sroken of as the "rationcl method®

and is used in computing the runoff for which city storm sewers should

be designed. Vuriations of it sre commonly used in computing culvert
s8izes and the size of openings that must be provided in smsll bridges,

but it is essentially appliceble to very emall drainasge areas and not

to the drainsge srecs involved in reservcirs constructed for flood control
or power.

kny of the empirical e uations involving size &lone or size

and other chezracteristics of the drainsge sres should be used only after
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a considerazble stuly of the dsta on which it is begsed to muke certain
that 1t i3 epplicable to the éraincge besin in cuestion, and then great
cire ghouli be exercised 1n selecting the proper constants and coeffi-
cients.
Mzxiaum Flood of Record

- A knowledge of the lergest flood that has occcurred on the
strecm being investigated 13 useful in m:ny weter ccntrol studies and
shouli always be ccacidered in &ttempting to fix the maxisum flood that
1s to be expected, even though there can be no fixed relation betrxesen
the size of these two floods. A recordi of st:rges extending back from
80 to 75 yeurs is avelleble at one or more points on most of the lerge |
rivers in the eustern portiun of the United States, while newspaper
accounts an] private diaries often mention greszt floods which occurred
in the previous &5 or 50 years. If ihe greatest kxnown flood occurred
prior to the perivi of ccntinuous stuge records, érobubly‘littlo i=
gnown sbout 1t cther than the yexzr of i<s occurrenéo sni its height above
low water or ebove some othsr flood, cnd conflicting stories mey meke -
it 3ifficult to determine its height cn rresent g.ges with any degree
of asccuracy. If the largest known flooI hss occurred during tho.}oriod
covered by guge records, however, its height, duration, ani volume ere
aveilable, and such informstion will be exceedingly useful.

In most cases, informztion will be lacking as to the height
of the maximum flool of record at the prrticular point on the strean
where & wster control stiructure is proposed, but if the height is known
at points where the dreinecge srea is not too different or &t points
sbove and below the csite, some estimste of the size cof the flood et

the site m:y be msde.
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The Mizmi Conservancy District usedi the maximum flood of
record; that of 191Z%, &8 the basis for the desigyn of their entire flood
contrel systes. The discharge of the flood of 1913 wzs increased by
40 percent to obtuin the design flood used in plenning end desizning
flood control reservoirs and improving the river chennels at eritical
points. This wss done, however, only after a very careful &nd thorough
investigation of all storms Ihich'heve occurred over ezstern United
Stetes in 2n sttemnt to determine the relctiocn of the stora eaqsing
the 1913 flooi to the maximum storms th:t heve occurred over ereas
subjected to similer ne£eorological conditions.

8imilarly in other river basins, the greatest flood which has
occurred over a long period of record may be increesed by SO percent,
or perhaps more, to obtzin some measure of the maximum flooi to be
expected.

In addition to its use in determining crest discharge, the
hydrogreph of the maximum flood of record is often useful along with
hydrographs of other lerge flocds of recori in estimating the shepe of
the maximum flood hydrograph. The greatest flood of record on a
dreinsge area sug probably produced by the same type of storm thet is
likely to produce the maximum flood to be expected on this drainage
areu, end if this record storm of the psst were ressoncbly well centered
over the &rea, the shupe of the resultiug hydrogreph shculd be quite
similar to the shape of the hydrogriph of the meximum flood to be
expecteld. Thus, if the crest dischsrge of the meximum flood is fixed
by a series of studies, the daily dischurges of the maximum flood of
record may be increzsed by the ratio of the two crest dischsrges to

obtein & reasonable hydrograph for the msximum flood.
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In making uase of the maximuam flood cf record, it should be
remsmbered thet this flood is not the maximum thet is ressonsbly to be
expected on the draincge arez, nor does it bear any fixed relatiocn to
the uweximum flooi, even though the flood records mey cover a century or
more. Certain drainsge busins heve never experienced a flood comparsble
to the great floods which hszve occurred on nearby besins having similar
flood-producing charscteristics, probcbly due to nothing but the leck of
*rhyme ani rezson" which cheracterizes storms and floods, and caere must
be exercised that thia lack of grezt floods during the period of record
does not influence too greatly the fincl estimazte of the maximum flood
reason-bly to be expected on this drsinesge area.
Frequency of Past Floods &t the Site

A number of methods have been developed for determining the
meximus flood to be expected in & given period of time from & mathema-
tical study of flood records at the site or on a nesrby stresm heving
similsr flood-producing cheracteristics. These methods eare discussed
extensively in engineering literzture &nd hesve been followed in the
design of many weter control structures. The results obtained ere to
be trusted no ferther in the solution of the present problem thsn is
the mcximum flood flow shown by the sume recoris. Both are dependent
upon the length of record and upon the flocds that hapened to occur
during this period &nd sre completely chenged if different portions of
the record are used for the study.

The earliest of the frequency methods was thet used by
W. E. Fuller in developing bhis equsttions wmentioned previously. 1In
this method, & tsbulatiun is msde of the maximwm flood occurring in
each yeusr of the period of record, eni the floods ere listed in order

of magnitude and numbered serislly sterting with the largest. Either
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calendur or water yesr mey be used. The ever:sge annuuzl flood is computed
and the size of euch flood expreszed in terms of this averzge. These
retios are used in &1l following steps rether th:n the flood flows
themselves, meking the average‘annual flood the unit of flow. The
retios are cumulsted, sterting with the Lighest, &snd erch divided by
its serial mumber to obtain the aver:ge of all floods (expressed in terms
of the aversge annual) ecuasl to or exceeding each serizl number. The
totzl number of yea-s represented by the record is divided by each
serial number to find the corresponding pericd of yeers. This procedure
gives the averzge of the floods (expressed in terms of the meen flood)
occurring in varicus pericds of time up to the length of the record.
¥hen plotted on semi-logzrithmic psper with retio to the me=n as ordinsate
eni time in yesrs as sbscissa, the points form a resscnsbly strsight
line which cen be extended to resd the most probeble zaximum ennuzl flood
to be expected in sny given period of time. The line muzt start with a
ratio to the eversge of 1.0 for a tize of one yerr since the cversge
annual flood must occur once every year on the sverisge. Tha slope of
the line is the coefficient of the log term in Puller's originsl e uation
G = Quye (1 -/ 0.8 logjg T).

It ia to be noted that the discharge obtuined by this method
is the most probeble moximum ennuel flood to be expected in any given
number of yecrs eni not the flood to be ecu:tlled or exceeded once in

his period of time. The latter eonéoption i1s involved in most of the
other frecuency methodis.

Stetiatical methods heve been &pplied to flood rﬁcords in
many ways to determine more accurately the relztion between the size end
frecuency of floods. A special coordineate psper h:s & verticel scecle

which 13 either crithmetic cr logerithmic for plotting retic to the mesn
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annusl flood, and a horizontazl scezle for plotting percent of time, the
horizontel graduations sppesring close together nesr the center of the
sheet sndi incressingly ferther epert near the edies in sccordance with
the normel probebility curve. If ennusl flood sre studied &8s in the
Fuller method, the rstio of each flood to the aversge flood msy be
plotted egeinst the corresponding percent of time during which this
flood wes equaled or exceeded, the pointe frlling elong & reasonably
streight line which mzy be extended to read the size of the flood shich
is likely to be ecualed or exceeded & certrin percent of the tine or
once in any given number of yecrs.

A method wes develored by H. A. Foster for using the Pearsonien
frecuency curves for meathematicelly extending such & frecuency curve,
Fhen the ratio of each flood to the averege flood is tsken, the veria-
tion of each from the eversge wes founi and used to compute the
coefficient of variation and the coefficient of skew. Tables of factors
were prepered by Foster for various percentages cf time and various
coefficients of skew, the factors being multiplied by the coefficient
of veriation, added to unity, and plotted egainst the corresponding
percentages of time to obtzin an extemsion to the frequency curve plotted
as described sbove. The extension should be a straight line or should
curve ﬁpﬂard of downwerd depending upon shether the originel flood d=ta
follows e normel frequency curve or is skewed.

Annusl floods ere.alao used in a similar stztisticel method
presented by Allen Hazen. His tsbles give fuctors similar to those of
Foster, each fzctor being multiplied by the coefficient of varisticn and
added to unity before being plotted agsinst the percent of time to which
each fzetor corresponds. Refinements und varistions of these statiastical

methods have been proposed by later investigetors, including Goodrich,
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Slade, and Harris, while snother vericticn was published by the
California Department of Public Works.

A method of sampling which is szltogether different from the
®"annuel flood" system used in the wethcods just discussed may be called
the "basic stege" system. Insteed of considering only the lergest flood
occurring in esch celendsr year end eliminstinz other floods which mey
be only slightly smaller theon the meximum of the yeer, this system
incluies all floods sbove a certcin bzsic stsge, even thoush & large
number of floods may be included in certsin years while other yeers
&re not represented &t all. The method does include, however, #ll
floods which sre significsnt, since the busic stege msy be chosen by
the investigator. The only difficulty is thst & low besic stege
increases the length of the computaticns by increzeing the number of
floods, and s too high bzsic stzge does not give & feir sample.

In this method, &ll floods sbove the chosen bzsic stege sre
tabulatgd in order of msgnitude, and the size of each is plotted sguinst
the frequency with which each wszs ecusled or exceeded. This frecuency
is ususlly expressed in terms of the zverizge number of occurrences per
one hundred yeers, or its reciprocel, the sversge interval between
occurrences. Plotting may be on sny of the various forms of srithmetic,
logerithmic, or probsbility psper which will csuse the points to fall
along a straight line or smooth curve which can be extended tc obtein
the magnitude cf lees frecuent floods. The curve should be extendei by
eye, howsver, end no attempt shculd be made to £pply any of the proba-
bility methods, since the floods selected for the study occur et
irregular intervels of time and do not represent the averszpe sample

necessary for a true probasbility study.
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As a vaeriation of the basic stege method, 11 delly discharges
above the assumed besic stzge might be used insteed of only the.crest
discherge of esch flood. This is often referred to &3 the "complete
durstion series" &s contrasted to the "partiel duretion series" used
in the method described zbove. The occurrences ere agesin listed in order
of maegnitude and the percent of time thet easch is equaled or exceeded is
computed from the total number of deys in the period of record. Since
miny more items asre involved in the complee duration series then in
the partial duration series, the procedure becomes laborious &nd the
items are usuclly grouped into clesses snd the midpoint of each opercted
upon as though it repreczented ¢n item instesd of a large number of
items. A smooth curve is drzwn through the plotted pociats and extended
by eye. Here agsin, theoretic:zl probebility methods camnot be used in
obtaeining an extension of the frecuency curve since the originsl semple
does not represent a complete duration series but only the upper end of
such a series.

The relation between frecuency and wmagnitude of past floods
as determined by the methods just outlined does not entirely enswer
the question of necessary splllway cepaclity until & design freyuency
is fixed. A structure whose fzilure would involve enly a minor property
loss might be designed with & spillway which would psss floods likely
to occur every trventy-five or fifty years, &3 1t would be more economicel
to.rebuild thaa to support en expensive epillway. %hen great demege
or loss of life would be involved in the feilure of & water control
structure, it has been common practice to design the spililway for
floods of 500 to 10,000 yeer frequency, freq;ency curves generally
becoming s0 flat ot the very high frecuencies thet there is little

increase in msgnitude with frequency. The fuilure of a large storage
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reservoir in a densely populated ere, however, would be sc serious that
the spillwey should be ample to carry any flood which misht cceur
rether than a flood to which & definite frejuency c«n be assigned. It
thus becomes important to know the 1limit of e frecuency curve. This is
indeterainate in moct of the frequency methods, the flood msgnitude
continuing to increase scmewhsat with frequency, thereby leaving in the
sind of the investigetor considereble doubt a8 to the vuslue of frequency
studies in the present problem. Further, when the emount that the
original flood data must be extrapolated (by eye or by cne of the proba-
bility methods) is compered with the length of the availsble record and
the effect of a slight change in the curvature of the extended line is
noted, the inveastigator becomes &ll the more dubiocus as to the value
of his resulta. Besides these uncertasinties, it is to be remembered
thut the avalleble records on Americen streems are gensrally less than
100 yeurs in lengyth, auc more often in the neighborhood of 25 yeers, e
length which is eltogether too short to be of any velue in predicting
the egize of the 500-year flood (a flood having one chance in 500 of being
ecualed or exceeded in a certain year) ug has been demonstrated so many
times by prepuring frecuency curves from iifferent portions of the flood
record at & single guge :nd noting the veriatiogfin size of the pre-
dicted 500-year flood.
Unit Gra

The "unit graph®™ is & rether new tool of the hydraulician.
It made its firat public appearance in 1932 in e&n erticle by L. K. Sherman
and has since been investigated by many others with resulting improve-
ments and refinements but no bssic changes. The principal assumption
involved is that a uniform rain of & unit duration over & irelnage areas

will produce a hydrograph having a definite length, depending uz.n the
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run-off characteristics of the dreinuge besin, and heving ordinates pro-
portionel to the total volume of run-off included in the hydrograph. If
the ordinates of the hydrograph are modified by the ratio of the volume
corresponding to oue inch of run-off to the voluwe under the hydrograph,
the resulting hydrogrsoh will be & "unit graph®™-—& hydrograph represent-
ing & unit volume of run-off from a uniform storm of unit duration, the
unit of storm dursticn generelly being taxen ¢3 one dey to permit the
use of duily rainfall figures. Actuelly, it is impossible to find e
stora which i3 of uniform intensity over say sizeeble dreincge area
end which at the szme time hus e duration of exactly one dsy. Thus it
becomes necessaery to compute unit gra;hs from e series of storms which
epproech these recuirements, averaging the resulis to cbtain a reasonebly
accurate "unit grsph.®

The unit gruph once having been determined for & given drain-
age basin, run-off coefficients mey be computed from a series of storms
occurring during different seasons of the year and under varicus soil
conditicns end applied to the unit graph to determine hydircgraphs of
run-off from any sssumed r«infsll.e The deily emounts of raiufell are
multiplied by estimated run-off coefficients to obtain daily smounts of
run-off. The ordinatea of tae unit graph are zultiplied by each of
these amounts of daily run-off to obtein & series of overlapping hydro-
grephs of run-off. Ordinetes for corresponding deys cn the different
hydrographs are added together to obtein total flow on each dey, each
day's rainfall producing run-off over & number of deys. In this manner
it ia possidble to compute the hydrograph produced by a cingle storm or
varicus combinations of storms.

In the actuzl use of the unit ;reph method, vericus refine-

ments are made in the method just outlined. Base flow is generslly
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deducted frcm total flow to arrive at flood run-off in computing the

unit graph, and similar estimates of base flow are added to the storm
run-off computed from the unit graph when determining strezm flow from
ruinfall, Elsborate studies m:y &lso be mzde to determine the run-off
coefficients to be expacted for raing of various intensities occurring
in different seasons of the yesr with varicus emounts of rain on pre-
ceding days and verious ground-water eni scil conditions.

The unit graph provides & mesns of comuting run-off from
transposed and superimposed etorms, end from & hypotheticeal storms
estimsted to represent the meximum rzinfall to be expected over the
drainage basin. It should be possible to predict the maximum reinfall
to be expected over a given ares more accurately thin it is possible to
predict the wmaximua flood to be expected from this sume area. This is
partially due to the greeter number of reinfall stations end to the
longer periods over which they heve been opereting, but also to the fact
thut gresat floods occur less frecueatly than greet storms since esach is
produced by a grest storm (or & series of storms) having & center near
the center of the dralnsge area, a duretion compar:zovle tc the rericd of
concentration of the ares, and a distribution to produce coinciience
of floods from the trilutery draincge sreas, the soil end vegetation
conditions being just right over the dreinege area to produce a high
percentaze of run-off from the reinfall. The maximum reinfall to be
expected may be estimated &nd the run-off computed by the unit graph
.-othod if the ground is sseumed to be frozen or so saturated that the
run-off will be nesrly 100 percent of the rainfe:ll. In some areas, it
is necessary to ccneider & Leavy covering of snow which will be melted
by the reins &nd added to the sssumed meximum rainfczll. Similerly,

large storms which have occurred over cther aress having similar
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meterological characteristics mey be trans,csed to the area under study

end the run-off hydrogresh computed for assumed run-off coefficients, or
the area might be subjected to varicus combinstions ¢f storms which mey
be reasonably expected to follow each other.

The unit greph method of determining the maximum flood to be
expected hus several distinct sdvanteges:

(1) The maximum rainfsll to be expected over the srea can be
estimated with some degree of accuracy, snd a hydrograrh of run-off
can be computed for this rsinfall end sny desired assumpticn es to soil
saturation or smount of snow on the weatershed.

(2) If the area is subject to seasonul storms, a meximum
stors may bs deterazined for each season sni used with the proper run-off
coefficients to determine the maximum flood to be expected im the
different seaszons when reservoirs are held at different levels.

(3) The unit graph is derived froa run-off prcduced by atorms
which heve occurred over the &ree being investigeted and so tskes into
account the flood producing characteristics of the drainage &rea.

(4) The method gives the complete maximum hydrograeph, not
just the peak flow or the volume of run-off.

There are also several disadvantages:

(1) It ia difficult to determine a satisfzctory unit greph,
especially when reinfell recoris are scanty and the draincge ares is
80 large that storms are neither of uniforn intensity over the whole
area nor of a well-defined duration.

(2) The method seems to be limited to drainsge sreas less
than several thousend scuere miles due to the difficulty of finding

wniformn storms cf short duration over the larger areas.
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(3) The unit greph must be mude from relatively smzll floods
during which the effect of chunnel storege is proporticmally much less
than would be expected during the msximum flood.
(4) Application of the unit grepk method recuires thet run-
off coefficients be estimeted just as in other methods.

Meximum Recorded Rates of Run-off over Similar Basins

The empirical equations diacussed previously are based mcre upon

observed rates of run-off than upon theoretical ecnsideretions involving
rainfall, drainsge erea, &nd streea flow. Fach ecutztion represents the
conclusion reached by en investigetor using the data available to him
which he ccnsidered applicable to a certain river basin or to a certein
section of the country. The observed naximum rstes of run-off cver
dreinuge aress of &ll sizes were :robubly plotted in terms of cubic feet
per second or cubic feet per second per squsre mile of contributing
drainege ares against the drainage area in squsre miles. FEnveloping
curves could then be drawn to cover certein ranges in dreinage eres and
to include only certein types of drainege besina and bssins subject to
certain types of storms. A fector of sefety cculd be added if the
investigator thought it necesssry, and the resulting enveloping curve
could be expressed 8 an equation involving dreinecge ares and maximum
discharge, or length of the river, drsinege Lre;, snd dibchargo if the
investigator cared to introduce another variable into his plotting.

It is often desirsble to prepare similsr diagrems to show the
saximum observed rates of run-off in the drainege basin selected for &
water control project and in edjeceat besins having similsr rcinfell and
run~off characteristics. Such e diagram presents to the eye a good
plcture of the avsilsble informetion on flood flow, its veriation with

sise of drainsge area, and the agreement or lack of agreement between
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flood flows deterzined from empirical ecuxtions, or other methods, end
the saximum flows actually observed both in the erea being studied and
in surrounding regions. The plotting mey be either on plein coordinate
paper or on logsrithmic puper. The leter is prefercble, since observed
maximum flood flows generally fall so that a reasonably straizht line
represents their upper limit on thie peper, while meny empirical flood
flow equations are of the exponentisl type &nd, therefore, resresent
straight lines on logarithmic paper.

Considerable caution may be necessary in studying such &
diazram. If the available duta on flood flows in scenty, the uiger
1limit indiceted msy be too low, =nd if the discharges assigned to past
floods were not csrefully deterﬁined, the entire diegrem mzy be mis-
leading. |

tio Run-off Method

The so-cslled "rationcl®™ methods of computing flood flows
from rainfell are an adaptation sni expension of the method long used
in computing the flow for which city storm sewers should be designed.
The bssic ‘quation involved is that stuted previously: ( = C 1 A, in
which ®"A®" is the contributing dreincge ares, ®i® is the intensity of
rainfell, *C* is a coefficient expressing the retio of run-off to rain-
fall, and "Q" is the resultinz discharge. As originally used in sewer
design studies end later adspted to slightly lerger dreinsge areas, erea
18 expressed in acres, reinfull intensity in inches per hour, snd dis-
charge in cubic feet per second.

The basic assumption involved in the use of this equstion is
that maximum run-off will be obteined from & given druinusge srea when

it 18 subjected to & reiufell having a duration ecusl to the tize of
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eonsentration of the area, or the time required for water falling at
the coutermost limits to resch the geging station or dam site at the lower
end of the area. This brings up the corcllary assumption thut average
rainfsll intensity over & given area is inversely ;ropcrtional to dura- .
tion #0 that a higher intensity can be expected over a short interval |
of time than over a longer interval. Thus, in & drainasge area of given
sise and shape and having a givem tise of ccncentration, the meximum
flood will generslly occur when the antire area is contributing to the
flow st the lower end, and the run-off from a storm whoze duration is
less thun the time of concentration will be less then the meximum
. possible run-off since rain has ceesed to fzll on the lower areas by the
time rum—off from the farthest limits of the drainege srea resches the
lower end. If the durstion cf the storm is greater then the time of
concentration, the emtire drainage ares asy be contributing to the flow
at the lower end over a period of time, but the intensity of the reinfall
sud likewise the rate of run-off would have been grester if the duration
were soaewhat less ;ni sore neerly equel to the time of concentration
of the druinage ares.

It should be noted, however, that these statements are true
only in a general wsy end that certzin areas or certain storms say
prove to be exseptions. Drainege arecs which are long &nd narrow may
hl;i sach & long tiue of ccncentration that the intemsity is materially
reduced and greater {lows are produced by a more severe stors of shorter
duration covering only s portion of the drainage area. Large drainage
areas may have such a long time of concentraticn that no single storm
can be of sufficient duration, and the saximum flood will be produced

by one storm over the leadwaters and another stora &t a later tiue over

the lower end of the basin. [irection of travel of & stors may elso
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enter into the analysis of a large drainage aree, & storm which moves
downstresm so that it continually adds water to the flood crest produc-
ing a greater flocd than a more severe storm which moves up the drainage
ares 80 that rein fzlling in the headwaters tends to increase the dura-
tion of the flood crest without increasing its height.

The basic equation Q = C 1 A may be &pplied directly to small
dreipage ereas, values of "C" and *i® being obtained by estimete or
reference tc a handbook. Such & procedure czn herdly be called a
*aethod" and properly belongs with the ;npiricel e;ustions previously
given.

As an improvement over obtuining velues of ®*C® and "i" by
estimate, variocus disgrems have beea prepsred to give these factors
for drainsie sress of verious sizes snd in various locations through-
out the Urnited States. Of the two factors, values of "C" can generally
be determined with less uncertainty. The winter or spring of the yesr
is the floocd seeason in most sections of this country, and in consider-
ing en extreme flood, the ground may be expected to be either frozen
or nearly saturated with water at its bezinning, thereby giving s run-
off coefficient of nearly 100 psercent. In those sections where summer
storms such zs Wezt Indien hurricanes mey produce the greatest rainfsll,
the run-off coefficient is much more indeterminate. The sume 1g trus of
very smell sreas which mey be subjected to cloudbursts in any season
of the year. In bis work on the retionel run-off methcd, Merrill
Bernsrd has deterained limiting velues of the rm-off coefficient through-
out the eastern portion of the United States, the values being a full
100 percent throughout the Chio River Pasin end decressing towards the
southesst and morthwest to a minimum of €0 percent in Floride end 50 per-

cent in the western plain states. These velues ere cocnsidered to
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represent a frecuency of 100 yesrs and mey be reduced for less frecuent
storms.

The intensity of rainfull ®i® thet must be applied to a
drainage area to produce the maxizum flood is more difficult to &eter—
mine since it involves duratién, and this in turn involves the tize of
concentration of the drainage area. Merrill Bernsrd has expressed the
intensity as i = 5‘;.’5 in which "T*® 1s the frequency ani "t* is the time
of conceantretion. Meps of the eastern portion of the United States
are prepared to show vulues of "x® for different locazlities=, one chsrt
applying to duration periods from 5 to 60 minutes and another for periods
from 60 to 1440 minutes. Values of "e® ere shown in & similar fechion,
shile values of "K® are shown es dependent upon location &lone. The
| time of concentretion still remseins to be found, &nd Merrill Bermard
has prepared elaborste charts for estimating this from & knowledge of
the length end width of the draineze ares, the length, slope, and size
of the principsl chennel, and a series of factors covering other charec-
teristics of the watershed.

This method of determining rainfall intensity and percent
run-off &ppeers ressoneble and shculd be superior to any estimate of
these coefficients, although values of these coefficients ere dependent
upon records of somewhet limited length. The method, however, appesrs
too rigid to be practical in studying dreinage areas of &ny size.

The most elaborate of the so-celled "rationsl® methods of
computing flood flow divides the drainsge area into a series of sones
so that rein falling eny place within e sone will flow to the lower end
of that zone within a unit of time. The basic equation Q=C1iAis

applied to eech zone for each unit of time to cbtein & hydrogreph of

discharge from esch zone which cen be added to similar hydrographs from
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the other sonss, with proper time of travel allowance, to obtezim the
hydrograph at any point on the streaa. The method is very laborious end
requires considersbls data on the drsinage area and its principsl
streams, but once the besic information is gathered, rainfgll of any
magnitude and sny durstion may be applied to the drainsge erea and the
resulting hydrograph computed without wndue effort. Some adjustment
of the hydrographs may be necessary, however, since the method does not
take into account the flattening effect of channel storage, snd this
aust be estimated or desteramined by a process of routing the fleod flows
down the principasl chanael,

The first and most difficult step im the method is to divide
the drainage aree into the necessary sones. The time required for water
to travel froa point to point on the main channel and principsl tributaries
is computed froa a past flood whose profile is known so that aversge
velooities can be computed from known eross sectional areas and dis-
charges or is estimuted by means of the Manning eguation for open chanpel
flow end the assumption that the hydraulic radius is equsl to the flood
height abeve low water, or possidbly three guarters of this height, end
that the slope is the seme as the slope of the low-water profile. .
These velocity and time-of-travel computetions allow the main river
and principal tributaries to be divided into time scmes, and it remains
neoessary only to carry these sones to the edges of the basin. The
same methods are applied to all the mincr tributaries whose profiles
are available, wvelocities being estimeted in other streams whose pro-
files are not known.

The wnit of time to be used in laying ocut the asones requires
some consideraticn. Most records of rainfall hsve been cbteined from
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gages which were read decily, as automatic rainfall guges are too new and
Y00 widely separated to furnish the uecessary reinfall data on past
storms. With reinfall records limited to deily determinastions, the seame
it of time becomes convenient in studying run-off. Unless the drainsge
area is sufficiently large, however, to have a time of concentration of
something like ten days, a shorter time unit must be used in order to
obtain sufficient points on the finel discharge hydrograph, dcily
rainfs1l figures being split up into the shorter units of time. A time
unit of twelve hours, six hours, or even less msy prove successful for
the smaller drasinsge areas, with the obvious disadvantage that the
process becomes more laborious as the length of the time unit is
decreased.

With the time sones sketched on & map of the drainege besin,
each may be planimetered to determine its area. In the spplication eof
a oertain reinfall to the drainsge ares, run-off coefficients may de
chosen for each sone based upon the season of the yeer, coniition of the
ground, smount of cover, etc. The investigator would choose coefficients
o2 the basis of his judgwent and knowledge of the run-off characteristics
of each some.

The invutixator' mey apply eny ;'ainfan which he thinks
reasonable to the drainage basin, transposing past storms from other
drainage aresas or prepsarimg hypotheticel rainfall distributions. He
may assume any run-off conditions which appeer reasonable and may even
&dd in the effect of melting snows in certein sones and frosen ground
in other somes, compering the resulting hydrogrephs in terms of crest
flow, total volume, duration, and general shape. By meglecting the
ron-off from eertain sones, he may determine the effect of a storaoge
reservoir }holov those zones or compere the effects of various possible

storage ressrvoirs.
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Other difficulties ere generally encountered, however, which
prevent the problea from deing soclved so simply. Chennel storage
usuelly operstes to reduce snd broaden flood crests &s the floods move
downsirean, & considerable volume of water entering esch length of river
before any incresse in flow cen teke place out of the lower emd of the
length. This volume flowa out of the lemgth after the crest has
passed, thereby increasing the duretion and decressing the height of
the flood. 4 similar effect is produced by the difference in surface
slopes on the rising and falling sides of the flood wave, the steeper
slope of the front of the wave causing this weter to travel faster than
the wuter at the crest, end the flatter slope at the rear of the wave
causing that water to travel slower than the water at the crest.

An slaborate routing scheme might be set up to transfer the
water along the main channel fros sone to sone or fros the scuth of one
tributary te the mouth of the next, or am estimate might be made as to
the probeble crest reduction that is to be expected dus to the above
factors and the redustion expressed e&s & percentegs of the computed
orest discharge. 4 third poseibility is tc conaider the rstional
method a3 resulting in & hydrograph which is representstive of the shepe
and volume of the final hydrograph but is indicative only of the crest
@itchnrge; the crest discharge is estimated by some other method and the
gomputed hydrograph reduced to this crest diichargo without change in
voluse and without apprecisble chenge in shape.

The rationul run-off method eppears to furnish a very flixiblo
and important scheme for estimating the maximum flood to be expected
from a drainsge aree where rfinfall is the principal factor im producing

floods. The method also provides the basic informastion necessery in



computing flood hydrograph which would result from any rainfsll
occurring under any conditions of the dreinsge erea. 4 complete znalysis
by this method, however, requires very complete data on the drainaze
area sni its principal streams and very lengthy end laboricus computa-
tions. Eatimetes might be substituted for some of the comsputations,

the retional method controlling the shcpe and volume of the final
hydrogra;h while other methods are used to fix the crest diacharge.

The extensive study of the drainage area requirsd in the wmethod has the
decided advantage that hasty conclusions cannot be resched and the
investizator must become thoroughly familisr with all parts of the basin
and its flood-producing characteristics. The storms cr hypotheticsl
rainfall distribution which are to be applied to the ares and the run-off
rates which are to be used goquiro the csreful judgment of one having
long experience in this type of work and cannot be attempted by an
smateur. The rstional method is one of the newer methods of estimating
saximum flood hydrographs, snd elong with the unit grarh methoed, is
deserving of a caonsiderable amount of additional investigation.



| RIVER AT CHATTANOOGA

Introduction

Floods on the Tennessee River &t Chattancogza have been studied
by & great many investigetors. Writers of textbooks &nd srticles on
sethods of estimating flood flow have often used the records of floods
at this point to illustrate their jdeas, while more recently the problem
has been studied in detail by the Corps of Enzineers and the Tennsssee
Valley Authority in planning a system of reservoirs for the Tennessee
River Valley and locel flood protection works for the city of Chattanooga.

The eity of Chattanooga is located on the Tennessee River in
the sarrow portion of the Tennessee Vaslley just above the gorge which
the river has cut through Waldren's Ridge and the comnecting ridges
which divids the basin of the Temnessee River into two parts nearly
oqual in area, similer in shape, but altogether different in geology
and topography. The commercial and industriesl portion of the e¢ity and
s number of the residential secticns spread across the river's flood
plain, while a substantiasl share of the residemnces are located on the
surrounding ridges far ebove the reach of any flood waters. The city
has not suffered severely from floods in receant years, but there is no
reason to suspect that future floods will not equsl or exceed in mug-
nitude the large floods which occurred 50 to 75 yeurs ago. It has been
estimated® that a repetition at the present time of the flood of 1867,
the meximmm of record, would resul{ in a direct loss of $57,6000,000,
with an additional intsangible loss which might be even more sericus.
Thus, it is epperent that the city of Chattenocoga needs flood protection—
and a plsa for its protection involves first a determination of the
maxisam flood sgainst which the city must be protected.
#liouse Document Mo. 91, 76 Congres, lst Sessioa
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A knowledge of the maximum flood to be expected was essentiesl
for the deaign of Chicksmauga Dam, now nearly completed by the Temmessee
Valley Authority across the Tennessee River & few miles sbove Chettsnooga.
The determination of this flood at Chattenooga applies with slight modi-
fication to Chickamauga Dam.

| The record of floods at Chattanooge is one of the longest on
the Tennesses River so that flood estimates at other points along the
river must be based to a certsain extent upon this record. The location
of Chattanooge at the nxtm‘él division between the upper &nd lower
basins of the Tennessee River allows the results of these flood studies
to be adjusted to apply for some distance both above and dbeslow the city;
Chattanooga thus acts as a good refersnce pcint to which flocds on other
portions of the Tennesaee River cam be related.

The problem of determining the maximum flood to be expected
on the Tennessee River at Chattanocoga is therefore important in that it
affects the design of the flood protection works of the city, the
design of Chickamsuga Dem immedistely above the city, and the deter-
mination of the maximum flood to be sxpected within & considerable
distance slong the Temnessee River.

Pescription of the Besin

The drainage area of the Tennessee River at Chattanoogs is
21,400 square miles, or a little more than that of the Cumberlend River
at 1ts mouth and a little less than the Susquehenns River st Harris-
burg. The besin is somewhst elongated with a length of 260 miles, a
saximum width of 120 miles, and an average width of sbout €0 miles. The

topography is generally mountaincus. HMountsin ranges of the Appaleschian

system rise to an aversge elevation of about 5000 feet on the south,
southeast, and morth sides, while the Cumberland Houmtains form a 2000-
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foot divide aleng the northwest side. Within the basin, the Great
Smoky Nounteins risze to elevations above 6000 feet in the southern
areas, and a series of generally parallel ridges extends over a large
portion of the remainder of the basin and reaches elesvations between
1050 and 2000 feet. FExhibit 1 contains 1000-foot contours which show
the gemersl topographic features of the basin as well a5 its shape and
drainage pattern.

The Tennessee River is formed by the junction of the Freach
Broad snd Holston Rivers a few miles above Knoxville and sbout 190
river miles above Chattancozz to flow generally southwestward parallel
to the Oh;o and Cumberl:nd Rivers. The French Broad River, with &
generelly fan-shaped basin, drsins the eastern portion of the Grest
8soky Nountsins. The Holstom River flows between etraight, parellel
ridges throughout most of its length, although it branches into the
North and South Forks to make the upper portion of the basin fan-ghaped.
The Little Tennessee and Hiwzssee Rivers enter the Tennessee River from
the scuth to drain most of the remaining portion of the Great Saoky
Nountains; the Clinch River parallels the Holston River on the north to
snter the Tennessee River between the Little Tennessee and Hiwassee
Rivers.

The surface s0ils of the Teunessee River basin above Chattancoga
are generally of e cleyey nature, nesrly impervious to water, while the
rocks underlying the eastern portion of the besin are of the Pre-Cambrisn
era and therefore impervious and lacking in the sinks, caves, &nd
solution chammels which ere prevalent in the shale and limestone rocks
of the Mississippian era which cover the ressinder of this besin. A
small amcunt of surface storsge is provided by the limestone sinks, but
there are no lakes and swamps to furnish surfece storage coamparsble to
that found in most river basins.
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The average annual rainfell averages sbout 52 inches over the
basin, fros a2 minimum of around 40 inches at stetions in the sheltered
portiocn of the French Broad Valley to & maximum of around §0 inches on
the exposed peaks of the higher mountain ridges forming the southeastern
boundary of the French Broad area. Exhibit 2 shows the ischyetels
depicting varistions in the 350-year mesn annuel rainfsll over the basin.

The ares 18 subject to cyclonic storms of the type that eross
the eastern portion of the United States from the scuthwest to the
northeast, and some portions of the basin mey be subject to intese
storas coming fros the Gulf of Mexico. The subject of storms znd storm
rainfall will be discussed in more detail in oconnection with the rational
method of estimating flood rumoff.
v ¢ Hydrologic Dats

The record of stages of the Tonnessee River &t Chattanoogas 1is
practically complete from spril 1, 1874, when the first staff gage was
constructed by the U. S. Signal Service, the predecessor of the present
U. 8. Weather Bureau. Gage records sre not available for the flood of
1867, the greatest of record, but the height of this flood has been
determined quite accurately from flood marks, and the generel shepe of the
hydrograph hss been pieced together fros newspeper dqacrip’tioua of the
flood. éroat floods are knowm to have occurred im 1826 and 1847, but
neither of these rivaled that of 1667, and it is doubtful if any other
| great floods occurred in the period of legendary records, 1826 to 1867.
Exhibit § gives a summary of important dzta relative to the various
river gages operatel at Chattanoogaj Exhibit 4 shows the prinmcipal
floods of record.

Discharges of the Tennesses River at Chattanocoga have beea
measured by the Corps of Engineers and by the U. 5. Geologicsl Survey,
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but the stege-discharge relation has been complicated by beckwater from
Rales Bar Dam constructed by private interests in 1915, at a point
about 33 miles below the eity. Variocus stege-discharge curves have
besn drawn and extended to indicate the discharges reacked by high
floods of the past and the steges that might be reached by future floods.
These rating curves have been reviewed in the Flood Control Section of
the Tennessee Valley Authority, end & slightly different curve has been
prepared wvhich egrees reasonebly well with all discharge measureaents,
with the discharge indicated for great floods from a study of these
floods at other points in the Tennessee River basin, and with backwater
curves computed throughout the length of the Tennessee River. The dis-
charges indicated by thil'rtting curve are felt to be reasonably accurate
over the complete range of flow to be expected, one section of the
curve applying to conditions prior to the construction of Heles Bar Dem
and enother section to conditions after the construction of this dem.

Staze records have been kept et a number f other points on the
Tennessee River besides Chattanoogza. The following tabylation shows

the date of establishment of these early gsges, the river mile, and the

drainege aree.

Station River Mile Drainsge Area Established
Johnsonville 86.4 58,500 October 1, 1875
Riverton 22686 81,560 May 18, 1891
Florence 256.6 30,810 November 7, 1871
Decatur 304.5 26,800 October 1, 1875
Bridgeport 414.4 22,600 March 235, 1892
Chattanooga -  464.2 21,400 April 1, 1874
Kingston 568.2 12,500 October 1, 1874
Knoxville 647.2 8,900 Janusry 1, 1875

Reain gages have besn operated at many points in the Tennesses
River basin by the U. S. Weather Buresu, some of these records extending
farther dack than those of the river gages. WNost of the rain geges,
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however, have been located in the larger towns along the rivers and
very fow records are availsble from the higher end more inseccessible
areas. This makes it difficult to compute average rainfell over the
basin for any storm or any period of time, Many additional geges of
the autcmatic type have been installed by the Tennessee Valley Authority
in the regions having a deficiency of gages; Exhibit § shows the locetion
of both rein gages and stream gsges in the basin above Chattanooga;
lication cal Fqua

Bapirical flood flow equations are of little assistance in
estimating the zaximus flood to be expscted at Chattanooga. While the
elimatological and flood-producirg characteristics of the dreinsge ares
appesr cuite similar to those of other areas in ezstern United States,
the drsinege area of 21,400 sqguare miles is considerably larger than the
areas froa which {lood flow equations have been developed. Consequently,
most of these equations must be extrapolated beyond the limits of the
data from which they were derived--e process which is viry cuesticnable
with any data and very daengerous in this case.

Kuiochling's equations were derived from flood flow dats for
drainsge areas less than 5000 squere miles on the Mohawk River, and an
- attempt to extrapolate these equations to the drainzge area of the

Tomnssses River at Chattanooga gives the following absurd resultes

Rare Floods, Q = 127 £ 7.4 = 284,000 cfs
WAL
Occasional floods, Q = % /£ 20 = 470,000 cfs

The Xurphy equation developed for aress up to 10,000 square

miles in morthesstern United States givee

Q = 48,790 /15 = 570,000 efs
u £ 320
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The Fanningegustion for New England streams gives
Q = 200 ¥5/6 = 812,000 cfs, while the very similar Dickens ecuation
for the Central Provinces of India gives Q = 500 ' 885,000 cfs.

The Neyers equation for extreme floods es modified by Jarvis
gives Q = 10,000 ¥} = 1,460,000 cfs.

The Fuller equation with ®C" estimated at 70 and *T* taken
as 1000 years gives Q = C 40-8 (1 £ 0.8 log,, T) = €90,000 cfs.

Tho.gsneral width forsula of C. B. Pettis with a l-day rain-
fall of 7 inches and an average basin width of 47 miles gives a probable
100-yesr flood of Q = 480 P W25 = 415,000 cfs.

bserv tes of Runoff

The record of stages of the Temnessee River st Chattanooga
detes back less than 70 yeers, while the entire period over which there
are actual or legendary records of floods is less then twi;o this
length. The most reliable method of supplementing this record in
attempting to fix the maximum expected flood is through the collection
and compariscm of the rates of runoff experienced during mejor floods
which have occurred in drainage areas subjected to similar storms and
having similar runoff characteristics.

4 study of the storms which have produced the major floods of
record in the eastern portion of the United States indicates thet these
mey be divided into two genersal classes: those of the cyclonic type
which sove across the United States from west to east or fros the
southwest to the northeast, and the West Indien hurricenes which move up
inte the United States from the south or southeast. The mcuntain ridges
which surround the basin of the Tennessee River above Chattencogs are
high enough to force any Weest Indian hurricenes which may travel this far

inland to drop most of their moisture along the edge of the besin rather
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than over the baain itself in a general storm of the duration required
te produce the maximum flooi at Chattanocoga. This leaves only storms
of the cyclonic type to be considered es being capsble cof entering this
basin and producing the maxiwum flood and eliminates frcm our considera-
tion the floods produced along the Gulf and Atlantic Coaste by West
Indien hurricanes. The remaining portion of eastern United States is
subject to cyclonic storms and is therefore comparsble to the Tennessee
Valley in this respect.

The basin of the Temnsssee River above Chettanooga is generelly
mountainous with steep slopes, imperviocus soils and rocks, and leck of
surfaoce storage. MNoat of the rivers dreining the Anpclachian Hountains
are similar in this respect. Thus, the flood-producing characteristics
of the Comnecticut, Susquehanna, Delaware, Potomac, Hudson, Cumberland,
and upper Ohio Rivers are generslly similsr to those of the Tennessee
River above Chattanooga, sand the maxisum rates of runoff from theze
river basins may well be studied in attempting to fix the maximum flood
to be expected et Chattanooga.

An examination of the maximum recorded rates of runcff from
these rivers draining the Appalachian System discloses that practically
all have been produced by ocne of the following eeven‘great stormes

Nay %1-June 1, 1889-——8usquehanna Basin

Narch 23-27, 1913—0Ohio River Basin

Eovember 2-5, 1927—Ccnnecticut River Basin

Msrch <1-23, 1929—Tennessee and Cumberlend River Basins

July 7-8, 1935~-Upper Susguehannsa River Besin

Barch 14-22, 1936--Upper Ohio, Susquehanna snd New England

Jamusry 6-25, 1337--Lower Ohio River Basins

The maximum rates of runoff produced by these storms in the
variocus basins were éarcfully tabulated froam the records of the

U. 8. Geological Survey end other reliable sources. The entire tsbulation
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fills 62 sheets and is too voluminous to include here, but a sample sheet
is reproduced in Exhibit 6.

To provide a vigusl ecomperiscn of these various rates of
runoff, runoff in cubic feet per second per square mile of drainage
area was plotted sgainst drainage area on log-log paper, different
symbols being used for the different floods. The resulting diagram is
reproduced in Exhibit 7. It is noted that the highest points on the
diesgram define rather precisely a line passing through a runoff rate
of 60 efs per square mile for a drainage eres of 10,000 square miles
and 500 cfs per square mile for a drainsge area of 100 squsre miles,
this line having the equation Q = 42090 yn which *Q® 1s the rumoff
rate in cfs per scuare mile,and "A® is the drainsge area in square
siles.

A similar diagras showing observed meximus rates of runoff
was prepared from preliminary studies made in 1934-35 in comnecticn
with the detersination of the maximum floods to be expected at various
points in the Tennessee River basin. These studies were reviewed by a
special board of consultants composed of Harriscn P. Eddy, Ivan E. Bouk,
Gerard H. Matthes, end Daniel W. Mead, and & report was submitted by
this Board under date of May 29, 1856. Im this report the Board
recommended the above relation betwsen saximum flood rates and drainage
ares for gemerel application to drainage sreas in the Tennessee River
basin of more than 500 square miles. In making this recommendation,
however, the Board of Consultants recogniszed thet in deeling with
particular drainage areas "euch problem should be studied in detail
with the exercise of judzment in the light of the local conditions.®

For the Tennessee River at Chattanooga with a drainage area
of 21,400 square miles, this represents a runoff rate of 34 cfs per
square mile, or a total discharge of 730,000 cfs.
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It is to be particularly noted that the emveloping curve or
limiting line shown on Exhibit 7 is supported in the vicinity of the
drainage area at Chattenooga by a point representing a discharge rzte
of 30.7 cfs per square mile for a dreinsge area of 24,100 square miles,
the symbol indicating that this point belongs to the storm of March l4-
22, 1936, covering the mortheastern part of the United States. Actually,
this point refers to the Susqushanna River at Harrisburg. The flood-
producing characteristics of this basin are similar to those of the
Tennesses River above Chattanooga, as the watershed of each is principally
within the Appalachien Nountains with steep slopes, low infiltration
loss, and negligible surface storage. A second point is also noted at
the same drainage area but with & runoff rate of 29.0 cfs per square
niio. This point represents the 1889 flood on the Susquehanna River
at Harrisburg. 4 study of this flood and the storm which caused it
indicates that the greater portion of the rain fell im slightly over
24 hours—too short a period for the sntire drainage eres to be contri-
buting to the flood crest at Harrisburg. This ismediately su gests thzt
the 1889 flood is not the maximum to be expected, a conclusion which
bhas beea verified by the 1936 flood.
Frequeency of Past Floods

A long resord of past occurrences is often the best basis
for predicting future eventsa, but care aust be exercised to make sure
that the available zample is a faeir sample and that the data which 1t
presents is reasonably accurate. A record of floods at a single geging
station seldom, if ever, meets both of these requirements, and the record
of the Temnessee River at Chattanocoga is no exception. This is not
seriously obj.ctionabie if paat floods are to be used in formulating
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a reservoir operation plesn or in estimating how fregquently a highwey
m2y be flooded, but it becomes very sericus if s record having a length
of less than a hundred years is to be the besis for fixing the sise of
the naximum flood for which a water control structurs must be designed-—
a flood which might occur once in Sdb, 1000; or 10,000 yeers. Accordingly,
the record of pest floods at Chattznooza was not used &s the basis of a
statistical deternination of the maximum flood to be expected, but
studies were made to show the great inedequacy of this record for any
such purpose.

A gage hes been operated on the Tennessee River st Chattanooga
since 16874, end deily readings have been published by the U. S, Weather
Burecu over the entire period. Discharge meesurements were first made
by the Corps of Engineers and later by the U. S. Geologicel Survey,
the latter orgenization operating & recording gage for many years and
publishing daily discharges over the greater portion of the entire
period of record. Although a nuaber of gszges have been operated at
and near Chattanooga by both the Weether Bureau and the Geologicel
Survey, the Weather Buresu gages have been located relatively close
together and have been set to practically the same datum so thst gage
heights are generally comperable over thc‘period of reéord. Bimilarly,
although the discherges published by the Geolcgzical Survey have beea
determined from gages located at Hales Bar and Bridgeport as well as
at Chattanooga, the drainage ares at the various gages is not materielly
different and the discharge records are generally comparable. The
discharges of the great floods which have occurred at Chattanooga, how-
ever, are quite uncertein. Most of the Chattanooga discharge measure-
soats were gado &;ring recent years, ani the highest recemt flood is

that of 1917 with a discharge of sbout 541,000 cfs as compared with an
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estimated diascharge of 453,000 cfs for the maximum flood of record,
that of 1667. Further, the maximum messured discharge is only 276,000
cfs, and only 7 discharge messurements have been made for flows exceed-
ing 200,000 cfs. The discharge measurements themselves may be in error
by appreciable amounts, especially those made during grest floods when
the river velocities are high, the weather is cold and rainy, end the
water is filled with floeting and submerged debris of all sorts which
is apt to damege or carry sway the measuring equipment. The stege-
discharge relation probably has changed en spprecisble amount between
the early floods of record and the tize of the discharge mesasurements
upon which flood discharges must be based, steges at Chattanooga being
increased somevhat dus to the construction of Hales Bar Dam IS5 miles
below the city and toAtho encroachment of the city onto the flood plain
formerly occupied by the river. 8tsges mey have been reduced sosewhat
dus to improved zlignaent through the city and cleering of the wooded
portions of the overflow aree for some distence above and below the city.
The discharges published by the U. 8. Geological Survey are taken from
stege-diacharge relations prepared frowm time to time from the avsilable
discharge nessurements and sare not all tsken froa the game reting curve.
This procedure may tike into account some of the major changes in the
stage-discharge relation, but the resulting discharges are apt to be
- somewhat unreliable at high steges because the rating curves sre drawn
from insufficient discherge measureaments. Consequently, for the studieas
sade by the Tennessee Valley Authority, & particular rating curve was
adopted for conditions prior to the construction of Hales Bar Dam snd
another curve for conditiona after the construction of tbe dem, the

two curves uniting at a discharge of $40,000 cfs and resaining colnci-

dent at all higher flows. These curves are based upon all svsilable
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discharge measurements, upon a consideration of the crest discharge of
past floods as indicated by a study of these floods at othsr points in
the Teunessee River basin, and upon backnt.er curves computed throughout
the length of the Tennessee River for both natural and reservoir condi-
tions.

Although gages have beem operated at and near Chattanooga by
both the U. 5, Weather Buearu and the U. S. Geological Survey and studied
by both this agency and the Temnessee Valley Authority, it must de
recognised that the estimated discharges of the higher floods may be in
error by as such as 10 percent, and this possible error must be kept in
aind whea the data 1s used in studying past floods and in predioting
possible future floods.

The length of record at Chattanooga which is availabdble for
making ooiploto frequency studies is less than 70 years, although con-
siderable information has been gathered pertaining to the flood of
1867, and high floods are kmown to have occcurred in 1826 and 1847, This
is hardly sufficient inforsation to meke an estimate of the 10,000-year
flood or even the 500-year flood, especially when a study of the data
shows that it is not a 'fur sample.*

Te show the fallacy of atteapting to extrapolate flood dis-
charges from a frequency curve based on the record of past floods at
Chattancoga, a series of frequency curves were prepared using different
portions of the flood record and assuming that these frequency studies
night have been made at various times using the records aveilable at
those times. Exhibit 4 shows the magnitude of the past floods at

wooga; the top disgram gives a pieture of the distribution by
» lower portion shows the distribution by seasons. It is
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noted that the three greatest floods of record, those of 1887, 187§,
and 1886, all ocourred in a period of 20 years, while the 20-year period
following the flood of 1917 does not contain a single flood comparable
to any of these and only a few floods amounting to more than 50 percent
of the highest. Using the basic stage method and considering all winter
floods having a discharge of 100,000 cfs or greater, the resulting 500-
and 1000-year floods are as follows:

Period Considered HNumber of Jears 500-yesr Flood 1000-yesr Flood

1867 to 1886 20 750,000 ofs 840,000 efs
1887 to 1935 49 421,000 450,000
1867 to 1935 89 545,000 596,000

This 48 a variation of 78 percent for the 500-year flood and 87 percent
for the 1000-year flood. The discrepancy doubtless would increase to
even greater figures if an attempt were made to determine the maximum
flood to be expected. The various freguency curves and thoir extensions
are shown on Exhibit 8,

The record of floods on the Tennessee River at Chattanooga
has been used by seversl writers to illustrate the methods they have
proposed for estimating the magnitude of the meximum flood to be expected
or the magnitude of the fbod corresponding to any frequency. A compari-
son of these figures is interesting in that it shows the great variation
in the results obtained by the different investigators. It is to be
noted, however, that all of this variation is not due to the method used
in handling the d;t‘, but to the data that was used--the period of record
selected and the discharges adopted for the various floods. The various
frequency curves are reproduced on Exhibita's to 138, and the resulting
floods of 500,1000, and 10,000-year frequencies are shown together with
the reference, method, and period of record used. All the freguency
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curves taken from Water Supply Paper 771 are based on the same period
of record and the same discharge data so that variations in the results
are wholly due to the method used. In the case of the 500-year flood,
the variation is from 381,000 to 405,000 cfs, or about 12 percent,
while in the case of the 10,000-year flood, the variation is from
590,000 to 480,000 efs, or sbout 25 percent. The 25 percent variation
is remarkably small considering that a record of less than 100 years
has been extrapolated to 10,000 years, but any sense of accuraecy of the
results is short-lived when the remainder of the table is examined. As
previocusly explained, the frequency curves shown on Exhibit 8 are based
on different periods in the flood record at Chattanooga and show a
variation in thesselves of nesarly 90 percent for the 1000-year flood.
The saximum variation considering different periods of reecord and
different determinations of flood flows is from the 840,000 ofs shown
on Exhibit 9 for the 1000-year flood using the period 1867 to 1886, to
the 575,000 ofs shown on Exhibit 11 for the 1000-year flood as determined
by the Goodrich Type V method using the period 1875 to 1981, and dis-
charges as published by the U. 8. Geological Burvey. This variation
amounts to about 130 percent.

Further evidence of the erratic results likely to be obtained
by using frequency methods dased on relatively short records and dis-
charges which are of questionable accuracy is shown on Exhibit 14.

Here the magnitude of the 500-ysar flood expressed in cfs per square
mile of drainage area is plotted againat drainage area, the frequencies
having been ocomputed by the Corps of Engineers using the Goodrich method.
The points scatter rather widely about a mean lime having a slope which

. & uare root of
indicates that the discharge varies in mpb{"tion to the aq
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the drainage area. There should be some scattering of the points dus
te the difference in the flood prodwcing sharacteristics of the different
dreinege basins, but the variation of several hundred percent seems to
indicate that the frequsney method cannot be applied to records as short

and discharges as wmcertain as those in the Tennessee River basin.
' Discharge in 1

5 1000 000
Ehiklt  Bsference ¥sthod Period 388r e yebr
.9  Rydro-Electrie Handbook Basic Stage 45 470 570
Creager & justin, 1927 Yearly Flood 435 460 528
10 Water Supply P aper 771 TPFoster type I 1875-1951 871 578 390
i . 405 421 476
Haszen . 405 424 480
1 . Goodrich type VI  * 71 576 400
Iz e 380 398 428
v . 561 ST 594
12 . Slade . 416 428 474
18 E.D. 528 Goodrich 1875-1927 410
Corps of Engineers
8  TVA Reoerds Poster 1867-1886 750 850
1887-1955 4085 450
1867-1985 511 596
Bational Rmmeofl Eethod

The so-called *raticnal® method of estimating runoff frem rain-
£ill was deserided and scme of its variations were discussed under
*Common Nethods.® This method has been used to a coansidersble extent by
the Teunessee Valley Authority in estimating the maximum flood that might
mummhmnmtm. As previcusly explaimed,
the drainsge area is divided into a series of senes so that rain falling
any plase within s sone will flow to the lower emd of that sone within a
wait of time. The basic equation Q = C 1 A is applied to each seme for
eashk wit of time to obtain a hpdrograph of discharge from each seme which
mhwﬁhmwwlbuothcmuthmpnﬁnof
travel allowanss to obtaim the hyirograph at amy poiat on the streas.
Some adjustment must be made in the resulting hydrogreph sinos the method
dees met eomsider the flattening effeet of chamnel stersge wpon floed
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waves, or else an elaberate routing prosess must be arranged to transfer
the flew down the prinsipal stream from some to zems or at least between
pringipel triduteries. Attempting to routse the flows down the Tennessee
River and its principel tributaries is both laborious and ofmtpin
assureasy at the preseat stage of develogment along this line. Therefere,
srost dissharges édstermined by the ratiomal method were redused for the
offect of chammel storage. 7The rational method furnishes the volume of
rumeff and the shape of hydrograph, while the previcusly discussed disgram
of maxinum observed runeff rates furnishes the meximus expected flow,

The wait of time t0 de used in dividing the deain into scnes
was first takem as 24 hours, most of the available rainfall figures being
for 24-hour perieds. Later studies, however, indicated that the resulting
hydrographs are net well encugh defimed, due to an insufficient mumber of
points, and 6-hour semes were substituted. The flood of Decsmber, 1982,
furnished the basie dats for eemputing time of travel, as this flood ws
of suffisicnt magnitude to give reascmadly high velogities and eccurred
receatly enocugh to bave its profile and diseharges rather well defined.
Slopes and depths were pieked from the profils, and velocities were
oomputed by means of the Manming equation for open eshannel flow, The
river systea was divided into reaches sufficiemtly short so that peints
at 6-hour intervals of travel alomg the river systea above Chattancege
eould be interpclated. These S-hour travel distances were centinued uwp the
Teunessee River, its prineipal tridutaries, and all the minor tributaries
en which the meeessary data was available. 8ix-hour travel distanses were
ostimated over the remaining distanee to the basin boundary. %The points
deternined in this mamner define limes similar to ocontours except that they
represent time above Chattancogas rather than feet above a datum plans.
Exhibit 16 shows the resulting 6-hour time of travel sonmes above Chattanooga.
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The maximm flood to be expested at Chattancoga will be produced
by & storm having & duration about equal to the concentration period of
the drainage ares;, or about five days. A longer storm would have a some-
what less intensity, while a shorter sterm would not csuse all the
drainage area to eomtribute to the flood erest. JNo attempt was made to
work out the maximum possible rainfall to be expected over the drainage
ares, but great storms of the past were transposed over the basin and the
resulting hydrogrephs esmputed. This required a detailed study of past
sterns ever the Temnessee River basin and adjacent areas to determine what
types of storms might be expested to cscur in this basin and the magnitude
and prededle sessen of cosuwrrence of these storms.

The seasonal distridution of fleods at Chattancoga as pictured on
Exhibit 4 indicates that the Chattaneoga flood seasom exteads from about
the niddle of Desember to the Nlddle of April, the greatest floods
osourring in Nareh and the first week of April. This seasenal distribution
is explained to a oertain extent aad supported by the basis metecrologiecal
data shown ca Bxhibit 16. It is observed that the average monthly rainfall
as deternined from a large mumber of representative stations in the drainage
area sbove Chattancoga having lemg periods of record is greatest in Narch
but nearly as great in December, July, and August, there being mo great or
well-dafined seasonal veriation in raiafall. 7The similar eurve showing
average runoff at Chattamooge is high in January and Jebruary but reaches a
definite maximum in Narch, dropping to less than a third of this amount
during the summer months. The curve of average percent runoff is still
mere striking with & mexisum of about 70 peroent during the winter momnths
of January, February, Barch, and April, and a minimum of slightly over

25 perceat during the summer months of July, August, Septesber, and October.
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This lew pereent runcff during the summer months as compared to the winter
moaths appears legical when the other curves on this chart are oonsidered.
The day is seen te De over 50 pereent longer (sunrise to sumnset) in Jwme
Matﬁotbotoftbm,thmotawommumm
similar with a maximum in July. Leng days and high temperatures promote
drying of the soil which then requires greater raiafall $o produce satur-
atiom and high rates of rumeff.

Por the present purpose, storms may be grouped into three classes:
winter storms of the eyslonie type, West Indian hurricanes, and summer
thundershowers or eloudbursts. The last named storms are accompanied dy
very intense presipitatiom dut the duration is short and the area coversd
suall se that this type of storm eeuld not possidbly produce the maximm
flood %0 be expested from a large drainage area. Iseshyetal maps of typical
sterms of this type which have ocourred in the Teanessee Valley regioa
are shomn on B xhidbit 17. It is noted that the very intense rainfall
areas oover only a few square miles while each storm eevers a total ares
less than & hundred square miles.

West Indian hurrieanes are tropical storms which originate mear
the equator in the vieinity of the West Indies to travel morthward throwgh
the Gulf of Nexioce and asross the southera states, generally curving
towards the Atlantie Ocean and seldos ooming very far inland. They
preduse intemse preeipitation over short periods of time aad over relatively
large areas, but generally oecur in the late summer months when runoff is
a small percemtage of rainfall., 8Storms of this type are likely to
mmnmutyoam-m:mum-ma. There 19
eensiderable doudbt, however, that such a stors sould travel this far
inland and eross the mowntains surrounding the Tennessee River basin and

still retain suffieieat moisture to produce a maximum flood on a large



&8
draimege area. The storm of July 14-16, 1916, which prodused the greatest
flood of reecrd on the upper portions of the French Bread River was of
this type. 7The maximum rainfall was recorded at twe points in North Carclina
on the eastern beundary of the Temneseee River basin, these points being
on opposite sides of a moumtain gap sbeut aidway between Grandfather
Nountain with an elevation of 5964 and Neunt Mitehell with an elevation
of 6711. Altapass on the east slope recordsd a fainfall of 25.77 inches
in a period a little ever 24 hours, while Altapass Inn on the west slope
had 22,25 inehes. Rainfall statiens wers too few in this ares to give a
sonplete picture of the imtensity and duration of this storm, but an
isohyetal map was prepared by the Niami Conservaney Distriot im comectien
with their stora studies and is reprodused aleng with other storms on
Bxhibit 25. The studies of the Tennessee Valley Authority indicste that
a somevhat different rainfall pattera can be dedused from the same rain-
fall data; the resultis are shown on Exhibit 18. Consideritiom is here
givea to the effect ef topography om raimfall, resulting in a greatly
redused volume of reainfall within the Tennessee River basin. Gaging
stations in opsration at this tise were fow and discharge estimstes none
100 ascurate, but rusoff studies om the Freunsh Broad River indicate that
mtotthonhnuluntau-uthnmtmnudoof}tho-mum
rather than in the Temnesses River basin on the northwest side of the
moumtains. Exhibit 19 shows the paths of low pressure areas aeecmpenying
great hurrieanes whish have appreached or crossed the Tennessee River
basin while shaded strips indicate the areas of greatest rainfall.

The most important storms ss far as Chattanocoga is eoncerned
are these of the cyclonis type which travel across this country during
the winter season in a gensrally west to east or southwest to northeast
direction. 8torms of this type have produced mest of the great floods



of record in eastern United States as shown under "Naxiwum Observed

Rates of Runoff® end are likely to produce the maximus floods te de
expecsted on the Temnessee River. BExhibit 20 shows the paths followed by

s mumber of these storms passing near the Tennessee River basin while
Bxhibit £1 shows lew pressure movemeats and eorresponding rainfall aress
of a wmmmber of cyclonic sterms which have prodused heavy rains in the
Tennessee River basin. Exhibits 22, 23, and 24 show isehyetal maps of

the great sterms of castera United States, including the storm of July 14-16,
1916, as well as the storss of the cyslonic type. In order te get a better
pleture of the comparstive intensity of the various great sterss ccourring
over portions of eastern United States subjest to meteorclogical oconditions
similar to these of the Tennesses Valley, a series of time-aresa-depth
eurves are plotted en Rxhidit 25; the storms are separated into those having
a duration of 2 days, of 8 and 4 Jays, and of § days or ever.

Storms having a duration of about § days are of greatest
importance in the present study since the drainage ares above Chattanooga
has a eonesmtration time of about this length, but it is well 4o eonsider
also stexms of slightly greater or less duration. Bxamining the time-
area~depth curves for 8§ and 4-day periods, it is noted that for the
draimage arsa abeve Chattancoga (21,400 square miles), the 4-day storm
of January 21-24, 1937 with an average rainfall of about 10 inches is the
most severe; the B5-day storm of October 4-8, 1910 is less intense by only
half an ingh. The 1987 storm oevered a portion of the Tennessee River
basin and centered so close to the basin that there is little question
but that a repetition of this stors might reascnadly be expected in this
area. Jurther, this storm occourred during the early part of the flood
season at Chattanocoga, while the 1910 storm occurred cutside the
Chattanooga flood season, even though it also occurred within a reascnable
distance of the Temnesses River basin.
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of § days and lenger, 1t 1is seen that for e draimage srea the sise of
that sdove (hattamoogs, the 5-day storm of July 6-10, 1918, with an
sversge rainfall of about 15 inches, is far sbove all others. RExhibit 19,
however, shows this sters %0 de & West Indian hurricane which moved north-
wvard frem the Oulf of Bexies te drop most of its moisture before erossing
into the Temnesses River basin. %The 8-day steram of November 17-21, 1908,
snd the G-day storm of Januery £20-25, 1037, appear next on the chart,
eash vith an sverage rainfall of about 11.8 inehes over an area the sise
of that above Chattencoga. Hers again, the 1957 sterm was 80 losated and
occurred at sush 2 tine that ite repetition over the area above Chattanocoga
during the £f1004 sessen appears ressonsble. The 1906 storm oceurred ad
aone distenee from the Temnesses River besin aad outside the Chattanooga
fleod season s0 that there mey be sewe Soudbt as to the possibility of ite
recurrensd over the Tenneasee Valley.

Thus, in oemsidering all the past storms which have visited
eastern United States, the 1957 storm appears o be the nmost severe that
aight reascnably be expesied %0 resur over the Teunsssee River basim sbove
Chattanooga at a tine of the year faverable to produeing a great flood. It
18 also importent te sonsider that this storm did prodwes the greatest
fleod of resord on the Lewer Ohio River and that the occcurrense was reeeat
emcugh 00 that a2 large mess of relstively ascurate rainfall and runcff
data 1is available for further study.

The §-day storm of Mareh 23-£7, 19185, falls mext on the chard
uunMutuuty of about 9 inches over 21,400 square miles. It
coourred at the very height of the Chattancoga flood sesson and cevered
an aresa not far removed from the Tennessee River besin. It produced the
maximum f1lo0d of record on the Biasi River and a flood which equalled the
1884 £100d on the Lower Ohio River, the then maximws flood of record
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although 1¢ has sinee been exceeded by that of January, 1937. The great
damage e¢aused by this flood to industrial eities in Ohio led to the
formation of the NMissi Conssrvaney Distriot and the eonstruction of a
system of flood sentrol reservoirs. Thus, this stors also produced s
grest flood on a mearby drsinage arsa and has beem studied in detail by
eagineers of the Risni Conservaney District so that a large amount of
suthentie inforsation on both rainfall and runoff is availsble.

In the application of the rational runoff method, the percemtage
of stors rainfall which runs off as flood flow must De estimated. BSince
the maxisum flood must occur im the winter season when evaporation and
transpirstion are very low and is likely to be preveded by reins which will
leave the ground saturated, the peroentege of rainfall that finds its way
imnediately to the streams is likely to be large, Bxhidbit £8 conteins
hydrographs of the principal floods at Chattanooga with mass curves for
esch showing the gumulative rainfsll snd runoff, runoff here being stors
rumoff or the difference between the recorded flows ind an estinated base
flow or ground water flow. The total runoff for sach stors is seen to
be & large proportion of the storm rainfall. The following tsbulation
shows the total rzinfall and runoff of large floods at Chattancoge and the
percent of the storm rainfall which eppeared as flood runoff

Bainfell Runoff .
Btora Duration Inches Duration Inches Runoff
| Days (Totel) Days (Total)

Ped.-Mar. 1878 14 1l.4 L 34 7.8

FPob,-dar. 1917 10 5.6 50 8.8 70
Bar.=-Apr. 19g0 16 6.0 50 8.7 82
Dec.~Jan., 1987 b8 4 6.0 80 5.8 és
Nar.-Apr, 1929 ") 8.1 80 2.8 T4

These percentsges appear rether low when compared with those
givea in the following table extracted from "Surface Waters of Tennessee,®
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Bulletin 40 of the Division of Geology, State of Tennesses, by Warren
R. King, District Engineer of the U. 8. Goologionl Survey:

Drainage Aversge Perosmt
Biver  Location inf Fomeft

(.q.ni.) chu ft.) acro-ft.
Cumberland Barbourville 258 000 226,000
Cumberland Cum. Falls ,010 525,000 505,000 98
Cumberlsand Burnside 4,890 5.0 v 1,500,000 1,190,000 81.5
Cumberland Celina 7,820 4.56 1,780,000 2,515,000 #1350
Cumberland Carthage 10,700 5.28% 8,000,000 5,544,000 #118
Cumberlend Nashville 12,800 5.12 5,480,000 5,840,000 #110
Rockcastle Rockcastle Spg. 746 4.2 162,000 150,000 93
Nev River New River 32 8.0 133,000 125,000 94.5
8.Fork Cu. Nevelasville 1,280 6.08 408,000 586,000 94.6
Collins Nclinnville 624 7.50 249,000 226,000 91
Obey Byrdstown 416 5.28 117,000 114,000 97.5
8tones Sayrna 562 5.90 174,000 165,000 986
Caney Pork Rock Island 1,640 8.45 740,000 694,000 ©3.7
Caney Fork Silver Point 2,100 8.39 958,000 912,000 97.8
Bmery Harriman 798 9.00 524,000 507,000 94.8

#Rainfall figures for Celina, Carthage and Nashville do not include
3-inch of rain March 26-27 and 1.30 inches of rein March 30, but runoffs
from these rains are included in runoff figures.
This tabulation refers to the floods of March 235-31, 1929, on the Cumber-
land and Temnessee River basins. The storm producing these floods
centered over the Cumberland Nountains which form the divide between
these two watersheds. Maximum floods of record were produced on some of
these stiresms, but the storm did not cover a large enough area on either
the Tennessee or Cumberland Rivers to produce maximum floods on these
streams. Oa the basis of these figures, it would appear that 90 percent
of the rain falling during a storn period might appear as runoff in the
resulting flood period if the storm occurred in the winter season and
was preceded by minor stormss which left the ground well saturated.

The working data neeessary for computing flood runoff from
rainfall by the rational method has been asseabled, and this date must
no¥ be applied to the computation of the maximum flood to be expected

at Chattenooga. The storm of March 22-27, 1915, was transposed to the
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Tennessees River basin ebove Chattanooga, and a hydrograph was computed
by the rational method for an assumed runoff of 90 percent. Several
locations of this storm over the drzinage asrea were investigated in order
to determine the one producing the greatest discharge at Chattanooga.
In every case the storm was transposed without changing the direction
of its axis or the shape of the isohyetal lines—that is, the storm was
not rotated nor were the isohyetal lines shifted in order to make the
stora fit the shape of the drainage area more closely. The position
finally chosen is given by the solid isohyetals on Exhibit 27,

Previocus studies have showed, however, that the 1913 storm
had an average rainfall of only 9 inches over a drainage area equivalent
to that sbove Chattanooga, while the 1937 storm averaged 11.8 inches
. over a similar area. The duration of iho 1918 storm is generally given
as five days, or about equal to the minimum estimate for the drainage
area above Chattanoogaj various longer periods of rainfall may be
chosen for the 1937 stors. It is therefore reasonable to suppose that
the 1915 storm is not quite the maximum to be expected over a drainege
area of this size and that it might be preceded or followed by & secondary
stora which would bring the total rainfall up to an amount comparsble
to that of the 1957 storm. Accordingly, a hypotheticzl storm of maximum
intensity of 2.5 inches was assumed to ocour on March 29 and to be so
located that it would contribute to the crest of the flood at Chattanooga.
The isohyetals of this storm are shown as dsshed lines on Exhibit 27.
With this added rainfall and a runoff of 90 percent, the rational method
resulted in e flood at Chattanooga having a crest discharge of 850,000 cfs,
a total volume of 5,840,000 dey-second-feet, and a duration of 12 days.

The reduction in crest discharge caused by chennel storage

has not been considered up to this point. If this is assumed to amount
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t0 14 percent of the crest discharge, the cr;st is reducod to the
730,000 cfs given by the diagram of Meximum Observed Runoff Rates. A
crest reduction of this amount due to chennel storage may not be un-
reasonable, although it appears somewhat small, and the resulting dis-
charge is well supported by points on the diagram of observed rztes

of runoff. A new hydrogreph having this crest discharge wes sketched
from the computed hydrograph, the volume and durution being mede the
sane and the shepe similar to the computed hydrogreph. Care was
exercised to meke the crest of the new hydrogreph occur on the felling
side of the computed hydrogreph so that the area between the two hydro-
graphs (representing the volume of water held in channel storege) is a
maximum at the time of the crest of this edjusted hydrograph. The
final hydrograph is reproduced on Exhibit 28,

The storm of January 12-25, 1937, wes slso transposed to
seversl positions over the drainage arees above Chattanooga, and the
resulting hydrogrsphs were computed by the rationel method with a run-
off factor of 90 percents The position which results in the greatest
discharge is shown on Exhibit 28. The computed discherge of 930,000 cfs
wes oconsidered to be reduced to the previously fixed 730,000 cfs for the
effect of channel storage, and the hydrogrsph shown on Exhibit 30 was
drewn to have & similar shepe and the same volume and durstion.

Meximum Flood Rydrograph

In order to bring together for comparison various possible

flood hydrographs at Chattenooga, a mass-duration curve wes prepared
for each and plotted as shown on Exhibit 31, the daily flows being
sumned in order of magnitude downward from the crest of each hydrogreph.

Mass-duration curves were first computed for the floods produced by
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the transposed storms of 1915 and 1937, It is noted thet these curves
are coincident for the first three days, the mass of the 1913 flood
being considerably smaeller then thet of the 1937 fleod for longer dura-
tions. This appeers reasoneble inasmuch as the 1915 storm was much
shorter than the 1937 storm end conteined considersbly less volume when
the entire 1937 storm period is considered.

Mass-durstion curves were added for the four great floods of
record at Chattanooga. These curves fall far below those of the 1918
end 1937 storms, inasmuch as the crest discharges were much smaller
even though the durstions were ebout the same. The daily flows of the
great floods st Chattanooga were then increased in the ratio of the
estimated maximum expected discharge (750,000 cfs) to the actual dis-
charge of eech of these floods. This is merely an nppliéation of the
basic principle of the unit graph: a storm of given duration over a
dreainage area produces a flood hydrograph of definite length regardless
of the magnitude of the storm. The Qddod assumption here is that greet
floods are likely to be caused by great storms whose durations (duration
of the principsal rainfall period) ars epproximately equal to the time
of conocentration of the drainege ares. The duretion curves of these
enlarged floods all fall below that of the 1937 transposed, the enlarged
1875 and 1886 crossing the 1937 at & duration of 11 days end continuing
t0 rise somevhat above it. The masg-duration curve of the flood result-
ing from the 1937 trensposed storm thus forms an enveloping curve which
contains the mass-durstion curves of all the other floods over a ten-day
period surrounding the day of meximum discharge, the enveloping curve
being exceeded on the 1llth day only because base flow was not taken
out of the actual flood hydrographs and so was increased by the ssme

ratio as the crest flow to give unusually great volumes for long durations.
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The picture presented by the mass-duration curves is rather
reasrkable, The orest portions of the hydrographs produced by the 19135
and 1957 storms transposed to the Tennegsee River bagin are very similar
in shape, although the 1957 hydrograph is broeder--thet is, the length is
greater at low discharges. The mass-duration curves of the four great
floods of record at Chattenocogs fell generally between these two curves
when the daily flows of these floods are increased to bring their crest
discharges up to the estimated maximum discharge of 770,000 cfs. The
mass-duration curve of the 1937 storm can be considered &s the envelop-
ing curve of all these individual curves.

To summarise, it hes been shown that the storm producing the
flood of January, 1937, on the lower Ohio and Mississippi Rivers is the
greatest storm of record that hes occurred under conditions such that
its repetition over the Tennessee Valley sbove Chattanoogs at a season
favorable to producing a great flood &t Chettenooga 18 & reasonable
possibility. This storm has been trensposed to the dreinege area above
Chattanooga in the position which produces the greatest possible flood
at Chattanooge, and the resulting hydrograph has been computed by the
rational methods The crest discharge has been decreased for the effect
of channel storsge to 730,000 ofs, the maximua dischafge indicaeted for
this drainage area by the diagrem of Maximuam Observed Runoff Retes, and
a new hydrograph has been estimated which would have the same volume
and duration as the computed hydrograph, a similar shape, and the proper
treatment of channel storege. A similar hydrograph has been prepsred
for the 19135 storm trensposed to the basin with an sdded secondsry
storm. Mass—duretion curves were prepared for the floods rroduced by
these trenaposed étornl and for the four greatest floods of record at

Chattanooge with their delly discharges increesed in the retio of the
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maximum expected flood to the ectuel floods. The mass-duration curve .
of the flood produced by the 1937 storm transposed forms anenveloping
curve for the other curves. It is thus concluded that the hydrograph
produced by the 1937 stors transposed to the valley above Chattenooga
is 2 reascnable determinstion of the meximum flood to be expected under
natursl conditions at this point, and Exhibit 32 reproduces this hydro-
graph under the title "Hydrograph, Maximum Assumed Flood, Tennessee

River at Chattancoge, Tennessee.®
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0 INASSEE IR AT SSEE_DaM 8

Introduction

Hiwassee Dam is the second major tributary project to be under-
taken by the Tennessee Valley Authority. It is loceted on the Riwassee
River 75.8 miles above its mouth and about 113 river miles sbove the
city of Chattanooga. A knowledge of the meximum flood to be expected
at this point is of importance in plamning the entire project and in
determining the design flood on which the size of the spillway must be
based. The methods which may be used in arriving at a ressonable estimate
of the hydrograph cf this flood are similar to those discussed in connec-
tion with the determination of the maximum flood on the Tennessee River
at Chattsnooga and so need nct be repeated in detail. However, the
drainege area is much smaller, the topography much more rugged, &nd the
available rainfall and streamflow data less abundsnt and probably less
dependable than at Chattanocoga, so that the two situstions are not
altogether similar.
Description of the Basin

The Riwassee River is the first major tributary to enter the
Tennessee River above Chattanooga, and it is therefore important that one
or more storage reservoirs be constructed on this stream to assist in
controlling floods and thet these structures be made capsble of with-
stending sny floods which mey be reasonably expected to occur. The
river rises in the mountain ridges along the southern end of the Great
Smoky Mounteins to flow northwestward to the town of Murphy whef; it
is joined by the Nottely and Valley Rivers to form a fan-shaped drainage
basin. Below Murphy, the river continues to flow throuzh & mountainous

country until it is joined by the Ocoee River, #lso rising in the
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mountains and flowing roughly parallel to and west of the Hiwessee
River. Below the mouth of the Ocoee River, the mountain ridges become
less frequent and the river flows through 2 farming country to join the
Tennessee River about 37 miles above Chattanooga.

While the lower one-third of the basin is generally rolling
and suitsble for farming, the upper two-thirds is very rugged with sharp
ridges and deep velleys. The river cuts through a number of ridges to
form deep canyons which have been long studied as potential dsm sites.
The ridges forming the basin boundary on the south rise to elevations
between 2000 and 5000 feet, while elevations as high as 6000 feet are
r.lchod along the eastern divide between this basin and that of the
Little Tennessee River,

The gradient of the Hiwassee River is generally steep. The
slope avereges slightly over & foot permile over the lowest third of
its length, reaches 2 maximum of 500 feet in 10 miles where the river
passes through the more rugged country, end averages over 15 feet per
mile over 60 miles of its length,

The average annual rainfell over the Hiwassee River bszsin is
about 10 percent greater then that over the Tennessee River besin sbove
Chattanocoga, about 57 inches as compeared with 52 inches. The aversge
runoff is slightly over 50 percent of the rainfall,

The site of Hiwassee Dam is in the mounteinous porticn of
the basin where the stresm profile is steep and the valley narrow. The
selection of a site faur enough downstresm to control a sizesble drainage
area and yst not too far downstream to be out of the mountsinous section
with its narrow and steep velleys and ite zood dem sites places this

dam about 20 miles below Murphy and therefore immediately below the
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fan-ghaped drainsge ares formed by the Junction of the Valley and Rottely
Rivers with the Hiwassee River. The drainage area at this point is 9877
square miles.

Aveilable Date

A number of streamflow stations have been opersted on the
Hiwvassee River and its principal tributaries by the U, S. Geologzical
Survey. Of particular importance are the geges on the Hiwassee River in
the vicinity of Reliance. The drainage area at this point is 1180 square
miles, or only 12 percent greater thasn the drainsge area at the danm site.
The first gege was installed et this point in 1800, and stage records
sre continuous to date, although the gege has been moved several times
without obteining a sufficient number of discharge measurements at each
location to adequately determine a rating curve and without obtaining
overlapping records of sufficient length to determine the stage reletion
existing between gages at the different locations. A gage was eastablished
on the Hiwassee River at Murphy in 1837 and records have been kept to
date. The drainege area at this point is only 419 square miles, since
the gage is above both the Valley and Nottely Rivers, but the records
are of particular value in studying the backwater protection which must
be provided through the town of Murphy.

A third gage of importance was established at Charleston in
1898 on the lower portion of the river below the mouth of the Ocoee
River, with a dreinsge area of 2298 square miles. The period of regord
is not complete, but stages from & staff gage reed by the U. 8. Weather
Bureau in thie vicinity are useful in filling out the record. Flood

discharges determined from the recorded stages must be used with ceution,
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however, since Charleston is below the steep portion of the river and
stages at this point sre affected by backwater from the Tennessee River.

Prior to the establishment of a large number of reinfall
stations in the Hiwvassee River basin by the Tennessee Valley Authority,
the station &t Murphy was the only one within the drainage area above
the dam site. Only six stations wers operated at any one time within
or close enough to the basin to be of much assistence in estimsting
stora rainfall over the erea. Considering the great variation in eleva-
tion throughout the basin and the effect of the mountain ridges upon
moisture-laden winds, these stations are far from setisfactory in any
stora studies where it is necessery to determine average rainfsall over
the drainage area. The many additional gsges installed by the Tennesses
Velley Authority are a great help, but the resords from these gages are
too short at this time to be of much assistance.

14 on o irice 4

Although empiricsl flood flow equations were found to be of
little assistance in estimating the maximum flood to be expected on the
Tennessee River at Chattanoogs:, they should be more successful on the
Hiwassee River since the drainasge area involved is more within the limits
of the data from which these eguations were originally developed. The
mountainous drainage area above Hiwassee Dam 8ite, however, might be
expected to produce floods somewhat greater than those given by most
empiricel egustions.

Kuichling's equations derived from the Mohawk River give
Rare floods, Q = .::_2"7‘%3_3 £ 7.4 = 100,000 cfs
Occasional floods, Q = 3.4_)910% £ 20 = 57,000 ofs

The Murphy equation derived from northeastern United States
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gives Q = .:_57'.’_:_23 £ 15 = 54,000 ofs.

The Neyers eguation for extreme floods ss wodified by Jarvis
gives Q = 10,000 N3 = 510,000 cfs.

The Fuller equetion with ®C™ estimeted at 70 and *T* paken as
1000 years gives Q = C 498 (1 £ 0.8 log;, T) = 58,000 ofs.

The general width forsula of C. R. Pettis with a l-day rein-
fall of 7 inches and an average basin width of 14 miles gives e probable
100-year flood of Q = 480 P Wle26 = 91,000 efs.
Frequegoy of Past Floods

Stage and discharge records covering about 40 years are avail-
able on the Hiwassee River at Nurphy, Reliance, and Charleston. The
retord at Reliance is of perticular interest since this gage is neerest
to the dam site in both mileage and drainsge area.

Freguency curves were prepared by the Corps of Engineers for
the gages at Murphy and Reliance using the Goodrich method, and the
results were published in H. D. 328 as previously mentioned. The
500-year flood at each of these gages is plotted along with corresponding
floods at other gages within the Tennessee River basin on Exhibit 15,
and an average line is drawn to represent the relation between drainage
area and the computed 500-year flood, This line passes directly through
the point plotted for Relisnce and comes very closs to the point for
Burphy but falls considerably below the points representing long periods
of record at Knoxville, Chattencoga, and Florenes.

In the frequency studies described in connection with the
determination of the saximum flood to be expected at Chattanooga,

20 and 50-year periods selected from the 70-year record of floods at
this gage resulted in 500 and 1000-year floods of consideradbly differeat

.
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nagnitudes. The 40-year periods of record on the Hiwassee River can
not be expected to produse frequency ocurves which might dbe extrapolated
to 500 years with any degree of certainty, although they -ight be very
useful in studying the smaller floods that are likely to occur every
fou years. Further, an examination of the storm rainfall in the Hivassee
River basin indicates that this area has never been subjected to storms
as severs as those whish have hit surrounding areas in the Tennessee River
basin and which might be expected to ocour over this drainage basin.
Thus, the period of available records is not a fair sample of conditions
beeause it is short and does not contain storss as great as have occurred
over sdjscent drainsge aress.

The wnocertainty of the magnitude of the erest discharges of
the high floods of record at both Reliance and Charleston must also be
considered in attempting frequemecy computations based on available
knowledge of past floods. A discharge of 56,000 cfs has been estimated
for the flood of April 2, 1920, at Reliance, the highest flood of record
at this gage, while 85,200 ¢fs is reported for the flood of November, 1906,
Both figures are subject to correction in the future as more discharge
Beasuresents are made at high flows. The flashy nsture of the stream
makes flood peaks very short so that it is quite difficult for am
enginesr to reach the geging point and make s discharge measurement while
a flood is near its crest.

Unit Graph Methed

The "unit graph® and its various modifications have been
deseribed as one of the methods available to the hydraulician for convert-
ing rainfall into runoff, and cemputation of the flood produced when a
saximum storm is transposed over the drainage ares is one of the
possible applications of this method.



€9

As previously explained, it is often diffiecult to find floods
which were produced by storms of uniform intensity and duration throughout
the whole drainage ares for use in preparing a unit graph. This proved
10 De the problem in studying the Hiwassee River basin. Rainfall records
prior te the establishment of the Temnesses Valley Authority gages
were found to be of little value, since only one statiom was located
within the dasin and the great variation in elevations would not permit
stations seme distanee outside the basin to be wsed in ascertaining the
unifornity of the intemsity and duration of the rainfall over the
drainage area. In the short periods of reesord available since Tennessee
Valley Authority rain geges wers established, only a few floods of any
sise have oecurred, and the rainfall produeing these floods did not
have the required uniformity. OConsequently, the unit graphs which were
determined from these data did not have a great deal of similarity;
variations in peak discharge ranged as high as 50 pereent.

AR aversge umit graph constructed from these individual unit
graphs eould hardly be imoreased the amcumt neesssary to obtain the
neximm flood, nor could the unit graph having the saximus crest discharge
be inereased in this mamner without obtaining results which might be
sxpested to0 be in error by something like 25 or 50 percent because of the
inherent difficulty of obtaining a reliable unit graph.

The hydrographs of these floods and the resulting unit graphs
were useful, however, in checking the shape of the hydrographs obtained
by the rational method and in drawing the final hydrograph of the
maximm flood.

Naxiaum Observed Rates of Bunoff

The maximum recorded runoff at all gages in the Niwassee River

basin 1s shown on Exhibit 85. The short periods of record at these



70
gages and the spparent lack of any great storms over the basin within
this period make it advissble to consider the maximum rates of runoff
that have occurred in other basins having similar flood producing
characteristics. As previously discussed, Exhibit 7 represents recorded
rates of runoff throughout easteram United Btates, with the exception of
areas along the southeastern and southern coasts where heavy runoff is
prodused by tropical hurricames. The Hiwassee River basin is well
shielded by high mountain ridges so that these tropical storms are not
likely to produse heavy rainfall over large aress within the basin.

The low percentage of rainfall which appears as runoff during the summer
monthes when storms of this type occur will further tend to produce low
runoff rates.

The envelopirg line shown on this diagras was recomsmendsd by
the Gonsulting Board for general application to drainage areas in the
Teunessee River basin of more than 8500 square miles. As previously
noted, howsver, the Board reecognised that in dealing with partiocular
drainage areas "each problems should be studied in detail with the
exercise of judgment in the light of the local conditions®™ and added
furthers ®In some cases it may be necessary to materially incorease or
decrease the values so determined in order $o allow for special local
conditions.® _

. It is noted on the disgram of NMaximus Runoff Rates that the
storm of Narch 22-25, 1929, over the Tennessee and Cumberland basins
resulted in & point representing s discharge of 198 cfs per square mile
from a drainsge area of 800 square miles, this point lﬁg somevhat above
the emveloping line. This flood occurred on the Emory River at Harrimsen,
a draimage besin similar in shape and topography to that of the

Hiwassee River basin above Eiwassee Dam 8ite and not far distant from



this area. 7This rate of runoff is based largely upon discharge
neasuresent made under difficult conditions and is therefore subject
te some doubt. It may be either too high or too low. However, whea
this high rate of Tunpff &s comsidered along with the faet that the
Hivasseq River basin has steep slopes, no surfaes sterage, s fan-shaped
dreinage patteim, and & s0il and rock eover wMioh is highly impervious
to vater, it is reecsenable to expest this basin to produce floods greater
than those oocourring om most basins of this sise in eastern United States,
and the enveloping eurve on Exhibit 7 should be raised to inslude every
point rather than just the great majority of points. An euveloping
1ine having the equatiom Q - /QQQQ rather thar Q - S000 is considered
to represent a reasonable oati-a:o of the maximum di‘ah:igo to be expected
from drainege areas in the upper portion of the Hiwassee River basin.
This gives a ;unofr rate of 193 efs per square mile at the dam site of a
discharge of 188,000 ofs.
Batdona) Rmof{ Nethod

. The so-called "rational® method of computing flood flow from
rainfall say be applied t; the Hiwassee River basin in much the same way
that it was used in determining the maximum flood on the Tennessee River
at Chattanocoga. The general principles of this method were discussed
previocusly and need not be repested.

Tire sones were computed at 6-hour intervals over the Tennessee

River basin above Chattenooga, end thease sones on the Hiwassee River may
also be used in studying floods above the Hiwassee Dam 8Site. As shown
on Exhibit 15, there are only three tice sones above the.dau site,
indicating s period of concentration of between 12 end 18 hours. The

6-hour sones are rather largs for this smell dr&insgs area, but smsller

gsones would probably give an appearance of refinement which could not
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be attained with the available data.

Of the three types of storms previously discussed as occurring
within the Tennessee River basin, cloudbursts result in intense precipi-
tation over only a few square miles and generally spread over less than
& hundred square miles so that they need not be considered as possible
producers cf a2 maximum flood at the dam site with its dreinage erea of
nearly a thouaan& square miles. Both cyclonic s2torms and West Indian
hurricanes wust be considered.

The annual end seasonal distribution of floods at the Kelience
gage of the U, 8. Geological Survey is pictured on Exhibit %4, The
record is complete from 1801 to 1957, with the oxcoptiog of the period
from 1914 through 1918 when the gage was loceted et Apalschia, 16 miles
upstream, and stages could not be releted to the present gage with
reasontble accuracy for comparison with other floods. The seasonal

distribution of floods is seen to be similar to that of the Tennessee
River at Chattanooga as pictured on Exhibit 4, although the flood season
appears to be somewhat longer, sturting & little earlier in the fall and
continuing a 1ittle later in the spring. It is noted elao that the maximum
flood shown occurred on November 13, or very eerly in the flood seeson,
while the second highest flood occurred near the end of the flood season,
on April 2, There are only a few summer floods and none of eny magnitude.
This diagram suggests, therefore, that winter storms of the cyclonic type
are the principal producers of floods at Relience just as at Chattanooga
but does not prove that great floods might not be produced by summer
storms of the West Indien hurricune type.

An exsmination of the tabulation of the maximum floods of

record at the vurious gaging stations in the Hiwassee River basin as
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given on Exhibit 33 shows that the Weat Indian hurricane of'Jnly 6-10,
1916, produced the maximum flood of record on the Occee River at both Faf
and Parksville, even though all the maxima on the Hiwassee River itself
were produced by other storms. The path followed by this hurricane is
pictured on Exhibit 19, Here it 1s noted that this storm had an intensity
of about 15 inches just before it entered the Tennessee River basin,
dropping to only 8 inches in Tennessee. It was explained previously
that the West Indian hurricane of July 14-16, 1916, elso resulted in the
greatest rainfsll just outside the Tennessee River basin, although the
rain which fell upon the upper portion of the Fremch ﬁroad River was
great enough to produce the maximum flood of record et many points on
this streanm.

An examination of the contours on Exhibit 1 discloses a gap
in the divide along the aoutﬁern edge of the Ocoee River basin; the
elevation drops below 2000 feet for a short distance along this divide,
whereas the divide generally ranges from 3000 to 5000 feet above sea
level. There is some possibility that a West Indian hurricane might move
up through this gep to cause excessive precipitation in the valley, but
the narrowness of the gzp and the hizh and rugged ridges surrounding it
would doubtless prevent such a storm from covering an area the sisze of
that above the dam site with rainfsll of sufficient intensity and
duration to produce the maximum flood at this point.

It must also be conaidered thet West Indian hurricanes occur
in the summer and early fell months when the percentage of rainfall
that appears es runoff is low, even in the case of intense storms of
short duration. 7To produce the same :unoff, e West Indian hurricane
must therefore have eﬁ intensity almost twice as great as that of a

winter storm, end it is not reasonsble to expect a hurricane of this
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intensity to enter the Hiwassee River basin and to cover an area the
sise of that sbove the d;n site.

S8torms of the cyclonic type are the remaining clasz to be con-
sidered as being capable of producing the maximum flood at the dsm site.
As shown on Exhibit 20, storms of this type seem to follow up the bssins
of the Ohio, Cumberland, and Tennessee Rivers, and it is reasonable to
expect that one may center over almost any porticn of the Tennescee
River basin.

To be applicable to the present case, such a storm must have
a duration of less than one day, as the time of concentration for this
drainage area is between 12 end 18 hours. The storm of March 22-23, 1929,
previously referred to, which centered over the divide between the
Cumberland and Tennessee River basins is a good example. This storm
produced the meximum flood of record on the Emory River, a tributary of
the Tennessee River system, and on variocus tributaries of the Cumber-
land River system, csusing property damege epproaching $5,000,000 and
drowning at least 22 persons.

A considerable amount of data was collected on this flﬁod and
the storm which produced it by W. ¥, King of the U. 8. Geological Survey.
No recording rain gsages were in operation within the storm area, but
immediate field investigations were undertaken and the observations of
the regular Weather Bureau stations supplemented by the measurement of
rain ocollected in cans and tanks, The storm began om the morning of
March 22 and contipuod until the next morning, but local observers
reported that most of the rain fell within 18 hours and sbout helf of it
fell in something like two hours.

The isohyetals of this storm are drawn on Exhibit 23, and the

computed time-area-depth curve is shown on Exhibit 25. It is noted that
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the time-area-depth curve for this storm falls very close to curves for
the storms of May Zl-June 1, 1883, and November 3-4, 1927, and is exceeded
only by that of October 5-4, 1889, the maximum rainfall being about 11
inches while neerly 9 inches was averaged over an area of a thousand
square miles.

The storam of March 22-£8, 1929, appears to be a reasonable
storas to transpose to the Hiwassee River basin to produce the maximum
flood. The time-area-depth curves show it to have been exceeded only by
the storm of October 3-4, 1869, which occurred outside of the flood
season. The flood discharges caused by this storm plot very high on the
diagram of smaximum runoff rates. The storm had asbout the proper duraticn,
and it occurred on a eimilar dreinage area located very close to the
Biwassee River basin. Further, a considerable smount of reliable dats
has been collected on this storm and is availeble for study and use.

8ince no recording rain gages were in operation within the
area coversd by this storm, some assumption has to be made as to the time
of occurrence of the rainfsll before the storm can be applied to the
Biwassee River basin. Based on the available information regarding the
storm, it is assumed thet 2ll of the rsin fell in a 24-hour periods
20 percent within the first six hours, 40 percent in the second six,

80 percent in the third, and the remaining 10 percent in the fourth
six-hour period.

The percentage of rainfsll which is likely to appear as runoff
during & major flood on the Hiwassee River cannot be estimated from
available records of reinfell and streamflow in this basin. Rainfall
stations are too scattered prior to the esteblishment of a large number

- of stetions by the Tennessee Valley Authority to give an accurete
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picture of the average rainfall over the dreinage area, and a sufficient
number of floods of sny sise have not occurred since these stations were
established. The i :vestigations made in connection with the application
of the rational runoff method to the Tennessee River at Chattanooga
indicated that an aversge runoff of 90-percent during a flood period is
reasonable for that area, and the same figure appears reasonable for the
Riwassee River basin above the danm site.

The storm of March 22-235, 1929, was transposed to the basin
of the Hiwassee River above the dem site with the area of maxisum rain-
fall located immediately ebove the dum site, care being taken not to
rotate the axis of the storm in tfanapoaing it to this location. The
rain was all assumed to occur in a 24-hour period with the distribution
previocusly explained, a runoff factor of 80 percent being applied in
computing the flow at the dem site for each 6-hour period. The resulting
hydrogrsph does not ccntain the effect of channel storage in reducing and
broadening flood peaks but gives a ressonsble picture of the hydrograph
that might de produced by a stors like thet of 1929 if it were to occur
over the Hiwassee River basin in the position assumed.
Maximum Flood Hydrograph

The crest discharge of the maximum flood hydrograph has been
estimated at 188,000 cfs from a study of the maximum rates of runoff
obaerved on streans hawing similar flood producing characteristics, but
it remains to estimate the volume and duration of this flood and to
sketch a hydrograph having a reasonable shepe.

The hydrograph computed by the retional method for the storm
of March 22-23, 1929, transposed to the area above Hiwassee Dem Site
may have its crest discharge reduced by channel storasge to the 188,000 cfs

previously deternined without change in duration or totsl flood volume.



77
The resulting hydrograph appears generally similar in duration and sheape
t0 many of the unit graphs computed for the Hiwassee River at Reliance.
This hydrograph, therefore, has & crest discherge determined from maximum
floods which have occurred over similsr drainage areass on other rivers
in eastern United Stestes, a duretion egual to that produced by trans-
posing the 1929 storm over the drainsge area sni s shape similar to the
unit graphs at Reliance and the computed hydrogreph of the 1929 storm

transposed, and so represents a reasonable estimate of the maximum flood.
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PETFRMINATION OF DESIGN FLOOD
Qenera}
In discussing the methods commonly used to estimate necessary

spillway cepacity, the problem wes divided into four partss Determination
of (1) maximum flood hydrograph, (2) project flood, (8) design flood, and
(4) planning the spillway.

The various methods commonly employed in estimating the dis-
charge hydrograph of the meximum flood reasonably to be expected at the
site under the conditions existing prior to constructicn of the project
or any other water control project within the contributing drsinage erea
were reviewed in a general wesy and then illustrated by reference to the
Tennessee River at Chattenooga and the Hiwassee River at the Hiwassee
Dan 8ite, the firast representing a drainsge area of 21,400 square miles,
while the second represents less than 1000 squere miles,

The "project flood® differs from the "maximum flood®™ in that
it is the greatest flood reasonably to be expected at the site under the
conditicne existing prior tc construction of the project and thus in-
cludes the effect of any upstrecm regulation, while the maximum flood
is based on naturcl conditions without any upstresm regulation. The
projest flood may be determined from the maximum flood by computing the
offect of upstream storzge, or it may be the result of a storm centering
over the uncontrolled dreinage area betreen the upstrezm projects and
the point under study. Both possibilities must be investigeted. The
rational method of estimating runoff from rainfall mey be used with
hydr;grephl computed at each of the upstream projects end these routed
through the various reservoirs and finally down the river channels to

the site being studied.
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The "dewign flood® results from routing the projesct flood through
the proposed reservoir, consideration being given to the effects of
nstural and controlled storeges within the rezervoir upcn the original
flood hydrograph. B8ince the natursl ch:nnel storsge existing within the
length of river covered by the reservoir 1s displaced bty the reservoir
storege, the effect of this naturel storaze must be tzken out of the
bydrogriph of the project flood or it will de considered twice in the
routing cosputations. This requires another routing under nzturel
channel conditions to deteraine the hydrogrsph produced by the project
flood st the upper end of the reservoir under the natural chsnnel condi-
tions existing prior to construction of the project. In cese the next
upstre:a project is imsedistely above the proposed project, its outflow
hydrogreph will be the required inflow hydrogrsph, and in cese the natursl
channel storsge is small, the projesct flood may be teken &3 the inflow
hydrograph without serious error. The hydrograph of the locsl inflow
which is discharged 4directly into the reservcir is to be sdded to the
inflow hydrograph to obtain the totsl inflow. This hydrogreph is them
squal in volume te that of the projeot flood but hcs a shorter duration
aud higher orest discherge since the flattening effect of the displaced
channel stor:ge hss been eliminated. It is this totsl inflow hydrograph
which sust be routed through the reservoir to obtuin the design flood.

In routing the total inflow hydrograph through the reservoir to
obtain the design flood, the most severe oonditions that sight be
reascnably expected are sssumed to exist. The projest flood is generslly
assumed to ooccur with the reserveir at the highest level et which it can
be maintained with all the getes closed. The gates remain closed until

the storm hrs struck and then are opened, at first only sufficiently

to hold the pool elevation constant by making ocutflow equal to inflow
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and then fully as the seriousness of the flood becomes epparent, in order
to lower the pool and provide additional capacity for storing at the time
of the flcod crest. Some allowance should be mede, however, for difficulty
and delay in gete operations. It is often assumed that the power plant
is closed down so that no flow is discharged through the turbines and
that severzl, or &ll, of the sluices have become clogged with debris
or/tho gates stuck so that they csnnot essist in discherging the flood
wator;. If there ere a large number of gates to be bponod, it may also
be reasonable to assume that some of these gates are jemmed with debris
and cé;not be operated.

The roﬁting proceiure generally followed in determining the
effect of a reservolr upon a flocd or in éonputing the design flood
fros the total inflow hydrograph is ; step process using inflows at equsl
intervals of time and computing ocutflows at similar intervals, the
difference between inflow and outflow over the time intervel considered
being equal to change in fosorvoir storage. If inflows at the beginning
and end of a tize intervazl "t*® are denoted by "Iy" end "Ip" with *Qy"
and 'Qg' representing the corresponding rates of outflow, and "8;® and

8o representing the reservoir storages, the equality may be written:

AL (@ £Qt s, -8

2
If the time intervel is taken as 24 hours and the flows expressed in

eubic feet per second, the terms expresesing average inflow and average
outflow will be in day-second-feet, or since the flows are divided by 2,
each term represents acre feet., If the storsges are also expressed in
acre feet, the equality reduces to I} £ Ip - Q - Qp = 83 - 8. '
In the routing process, the inflows are alwayes known while the storage

and outflow at the beginning of each tine interval are obteined from the
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computations for the preceeding interval, and these values are assumed
for the beginning of the first interval—that is, the gates are usually
congidered closed so that there is no cutflow at the beginning of the
flood period, and the pool is considered at the top of the gates to fix
the storage. Thus Qp and 8p are the only unknowns in the equality. When
these uniknowns are transposed to the right side of the equation, there
resultss 11/12#61-91;%/82.

The storages here coansidered must be the total amount of
water temporarily stered in the reservoir at the instant of time being
considered. On a large river where the reservoir is long, the slopes
very flat, and the flow through the reservoir relatively large, the
sterage wsed in the calculations eannot be that under a level water
surface but must be that under a backwater curve for the headwater and
flow conditions existing at the time. In the case of a tributary
project, the steeper slope and smaller flow produce a smaller amoumt of
baskwater over a shorter distance and then only in the upper end of the
reservoir where the pool covers the river channel only, thus reducing
backwater sterage to an amount which can generally be neglected.

If backwater storage can be neglected, both outflow and storage
become a function of discharge when the spillway gates are opened, and
the right hand side of the equation, or the "outflow-storage facter,®
may be plotted against headwater elevation or against either outflow or
storage. B8uch a .curve enables both ocutflow and storage to be read
direstly after their sum has been caloulated by adding together the
knowa quantities on the left side of the equation. This gives a direct
selutiom of the storage equation and permits ocutflows to be computed by
cuccessive steps without the cut-and-try computations that would otherwise
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be neesssary to balanse the difference between inflow and outflow ageinst
change in sterags.

If backmater sterage is too large to be neglected, numerous
backmter eurves must be eemputed for variocus headwater elevations and
various inflows amd outflows. B8torage them becomes & function of the
three variablest headwater elevation, inflow, and outflow. If the
reservoir is mot too long, backwater storage will be dependent largely
wpon headwater elevation and inflow, and the effect of outflow may be
neglested, theredy eliminating cne of the variables and permitting
outflow-storage to be plotted against outflow in a family of curves,
osach eurve represeating a different inflow. This again gives a direct
solution of the equation of storage and permits outflows to be computed
in successive steps.

If outflow cammot be neglected in computing backwater
storege, the problem boo_onu one of plotting four variables, and
additional families of curves must be prepared. In the case of very
long reservoirs, storages become dependent upon flows and elevatioms at
varicus points along the length of the reserveir and a cut-and-try process
must be resorted to in arriving at changes in storage.

The storege equation may be handled by many other methods in
routing fleods through a reservoir, but the methods are basically the
same and the resulis generally identieal.

The outflow hydrograph produeed by applying the projest fleod
te the reservoir under the most severe cemditions to be reasonably
expected has besn termed the "design flood." If the elevation to which
the pool rises in these computations exceeds that previously fixed as
the highest allowadle pool elevation, the dimensions of the spillwey
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must Do ingreased by either lowering the crest or increasing its length.
Bew reuting curves must be prepared for the modified spillway, and the
prooess must be repeated until the most satisfactory and economical
combination of spillway length and gate size is found which will safely
pass the design fleed.

Further spillway investigations must be made in the fourth
step of the process if the reservoir is to be used for fleod control
and the sterage cspacity is not sufficiently great to retain the emtire
flow of a single great flood with the headwater at the beginning of the
flood at the elevation at which the projeet will mormally be operated
during the flood season. |
Himesees Eiver st Niwagsee Den

The hydrograph of the maximus flood ressonadly to be expected
at the Nivassee Dan Bite has been deeided upori, and it relains to determine
the project flood and the design flood before fimlly fixing the sise
of the spillway.

At the present time there are several hydro-electrie
deovelopments vithin the drainage ares above the Hiwassee Dem 8ite, Dut
these developmentis are all small and their storage capecities negligible
under flood conditioas. These would, therefore, have little effect
upon the maximum flood hydrograph at Eiwessee D am 8ite, and the project
flood is identiocal with the maximm flood.

The natursl channel of the Hiwasses River is very narrew and
steep with practically mo flood plain along a great portiom of its
lemngth, particularly in the mowntainous section of the valley where the
river passes through a series of ridges. This is equally trus of the
portien of the river wvhich will be flooded by the proposed Hiwassee Dam
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80 that the amownt of channel storage which will be displaced by the
reservoir is very small. If only flat pool storage is considered in the
flood routing computations, the neglected storage increments between
flat pool and the backwater curves prodused by the flows may be econsidered
to offset the increments of displaced chammel sterage and the inflew
hydrograph will be the same as the hydrograph of the projest flood.

It is proposed that flood flows at Hiwessee Dam de passed
by a spillway having a clear lemgth of 260 feet and by four sluices
having a total eapacity of about 20,000 ofs under normal heads. The
spillway crest is proposed to be at elevation 15085.5 and the top of
gates at elevation 1526.5, the pool being held just below the top of
the gates during the suamer season but much lower during the winter
flood seascn. The pool elevation is mot to exceed 1582 in order to
prevent excessive upstream damage. These spillwey dimensions provide a
disebharge capacity of 130,000 efs, or a total capacity for spillway and
sluioces of about 180,000 ofs.

A series of routing curves were prepared for these and other
proposed spillway and sluice cembinations, and the projeet flood was
routed through the reservoir wunder various assumed conditions to deter-
mine the maximum discharge and the pool elevation reached by the design
flood. Sample routing curves are shown on Exhibit 88 for a three-hour
time interval. A longer time intervel would not furnish sufficient
points to define the design flood hydrograph with sufficient accuracy.
In this diagram, the abcissae represents reservoir outflev in terms of
1000 day-second-feet per B-hour period of time, while the ordinates are
outflow-storage factor, or the sum of outflow and storage. An additional
ocurve is added to show the relation of storage to reservoir elevatiem.

As previcusly diseussed, the maximum flood is oonsidered to
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result from a winter storm of the cyclonic type, and the reservoir is
t0 be held at a rather low elevation during the winter seeson to provide
storage espasity for ecatrolling floods of this type. If the sluice
qﬁu are all assumed 10 be closed or the sluices clogged with debris,
mmg ecmputations indicate that the reservoir elevation might be as

‘
/
/

: /high as 1510 (6.5 feet above the top of the spillway) at the time of
"f';omo of the projest flood and still emable the spillway to pass

E ~ this flood without exoeeding the maximum permissible elevation of 15%2.
8ince it is proposed to draw the pool down to an elevation of about 1415
by the beginning of the flood season, the storage between this elevation
and elevation 1510 may be considered as a factor of safety.

If the projeet flood should occur (due to some peculiar and
unforseen combination of circumstances) with the pool at the highest
elevation at which it can be maintained, elevation 1528, routing
eomputations show that by opening all spillway and sluice gates this flood
could be sefely passed with a discharge mot exceeding 188,000 ofs and
a headwater elevation not exceeding 1580.5. With a reasonably reliable
forecasting system, the spillway gates might be operated to reduce this
erest discharge somewhat, by holding the ocutflew to 116,000 efs without
allowing the reservoir to rise above elevation 18352,

The proposed spillway has been found to be sufficiently

h.r‘go to pass the discharges resulting from the projest flood, but many

. additional studies must be made in connection with part 4 of the
investigations Planning the spillway. These studies must make certain

. that the proposed spillway and sluices are the proper combination to
provide the greatest possible flood eontrol benefits (at reasonsble
o0st) from the availsble storage capacity of the reservoir. %The oom-

bination of sluices and spillway must permit the reservoir to be drawm
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down rapidly upon the approach of a general flood over the drainage
ares above the points to be protected and between twin floods that might
ocour in quick suescession. 8uch studies present many new problems in
the choiee of twin floods, the possible spaocing of these floods, and the
propesed schemes of the flood coatrol operation of this reservoir and
other reservoirs in the systea for the flood control benefits to local
areas and to the Ohio and Mississippi Rivers. Such problems are beyond
the soope of this discussion.
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SEEERAL OPEERVAIIOND

The methods ecmmonly used in estimating the maximum flood
diseharge for which the spillwmay of a water control structure sust be
designed and the application of these methods to points withia the
Teanessee River basin serve to demonstrate the danger of a hasty and
incomplete investigation of sush a problem and point cut the need for
additional hydrologic data and improved methods of analysing such data.

Engineers engaged in hydraulic investigations are gemerally
appreciative of the immense amount of damage that can result fros water
which bfeaks away from the eontrols umder which it has been pleced and
mmtmw‘wmuummthmmupmntlah
sn oecurrense. The present day tendency towards the ecmstrustion of
reservoirs of all sises as a means of creating jobs for the unemployed,
however, is apt to result in hasty plamning of these strustures in an
attempt to provide immediate employmeant and in the selection of
designing engineers on the basis of political affiliations rather than
ability and experience. The studies and discussions here presented
demonstrate that necessary spillway capacity eannot be properly estimated
from a single method of study nor from the applicstion of handbook
equations but must result tro-‘tho experienced judgment of a eompetent
eugineer who has made a thorough study of the hydrological and meteorological
characteristies of the particular draimage basin.

Rainfall and streaaflow reoords are the fundamental data of
the hydreulieisn engaged in water comtrel studies, and although the need
for a greater quantity and better quality of these data have been
expressed by many imvestigators, it can bear repetition. Nany sdditional
rain gages were installed by the Temnessee Valley Authority throughout the
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Teunessee River basin a«s the existing gages were too widely separated
to provide a true picture of storm rainfell, particularly in a mountain-
ous area where elevation and exposure influence reinfall to n.high degree.
In & similar way, our knowledge of storm rainfall in,othof drainsge
basins may be increased by the installaticn of edditionel gages in those
areas where gsges are scarce, particularly if the topography is such as
to produce a considerable variation in rainfell over short distances.
Automatic rain gages are particularly useful es they may be installed in
isolated areas with only cccasional inspections. An accurate record of
rainfall intensities over short periods can thus be obteined as well
as the times of beginning and ending of rainfsll periods.

Nany additional recording streem gages have been installed
by the U. 8. Geological Survey in recent years, and an ever greater
number would be useful. It is important, however, that each gage instel-
laticn be so arranged that stsges will be recorded by the gage over the
complete range in water surface elevation that may be reasonably expected.
It is sometimes impractical to build the float well of a recording gsge
of sufficient height to allow the gsge to record the maximum flood to
be expected, but every effort should be made towards this result.

Stream guages are generally only a means to an end, the
results sought being a record of stream discharge. Accordingly, each
gage should be rated as accurately «s possible and deily dischsarge
measuresents (oftener on flashy stireams) made during the passaze of a
great flocd. It is often very difficult to make an accurate discharge
measurement during a flood, as the cablewsy or bridge from which the
neasureaents are made may be isolated by the high water, the river

filled with floating debris which is apt to damage or carry away the
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current meter, and the weather cold and dissgreeable. An accurate
knowledge of flood dischargea, however, is of prime importance in eny
flood control investigations, and the actusl measurement of these dis-
charges must be accomplished regurdless of the difficulties.

The U. S. Geological Survey is to be particularly commended
for the mass of rainfall and streamflow informeticn which it has colledt-
ed and published on the floods of 19%6 in northeastern United States
and the flood of 1957 on the Ohio and Mississippi Rivers. This practice
should be continued, even though & glsnce &t the volumes of figures
already collected may suggest that such a great mess of informetion has
been accumulated that more is unnecesssary.

Improved methods of analyzing rainfall and streamflow data
are continually being developed. It is well thet these be given circu-
lation emong engineers to ascertain the adventiges end weaknesses of
each. The theories of air mass analysis as developed by Norwegian
meteorologists appear to be a means of determining the validity of
storm transpositions as well as 1ndiéating the maximum amount of rsinfall
thet might be expected over sn area., The unit graph method of estimating
runoff from rainfall presents possibilities for determining crest dis-
charge as well as shspe of the maximum flood hydrogreprh. Methods of
routing floods through reservoirs and down natural channels to obtein
the effect of changes in surface slopes and storages is subject to a
great deal of improvement and simplificetion. The determination of
runoff coefficients from a knowledge of preceding weather conditions
and ground water elevetions presents 1ntoroating'poslibilitios; but these
are only a few of the many phases of the determination of necessary
spillway cepacity in which the existing methods of analyzing the basic

data are being improved and new methods originated.
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RAINFALL STATIONS

| Tracy City 23. Kingston 45. Newport

2 Chattanoogs 24. Loudon 46. Waynesville
3. Dunlap 25. Mc Ghee 47. Brevard

4. McMinnville 26. Andrews 48 Caesars Head
5 Rock lIsland 21. Clayton 49 Liberty

6. Sparta 28. Walhalle 50. Landrum

7. Erasmus 29. Rock House 5. Tryon

8. Decatur 30 Highlands 52 Hendersonville
9. Charleston 31 Cullowhee 53 Chimney Rock
10. Parksville 32. Bryson 54. Montreat

1l. Resaca 33 Elkmont 55. Asheville

12. Ramhurst 34 Gatlinburg 56. Mt Mitchell
13. Copperhill 35 Maryville §7. Marshall

14, Blue Ridge 36. Sevierville 58 Hot Springs
15. Diamond 37 Knoxville 59. Birds Bridge
16. Dahlonega 38 Clinton 60. Greeneville
17. Murphy 39. New River ©!. Rogersville
18. Etowah 40 Middlesboro 62 Speers Ferry
19. Tellico Plains 41, Tazewell 63 Kingsport

20 Rockwood 42 Springdale 64 Mendots

21. Crossville 43 Jefferson City 65. Bristol

22. Harriman 44. Dandridge 66 Bluff City

NOTE:

©7. Johnson City
68 Elizabethton
69. Banners Elk
70 Altapass

71. Linville Falls
T2. Gorge

73. Marion N.C.
74. Morganton
75. Lenoir

76 Caroleen

77. Jefferson
78 Mountain City
79. Parker

80. Dante

81. Saltville

82. Marion, Va.
83. Wytheville
84 Burke's Garden
85. Bluefield

Scale 20 0 20 40 Miles

The isohyetals shown represent the average
annual rainfall for the period 1904 to 1933, incl-
usive, and are based on the actual and computed
30-year values for the stations listed.

MEAN ANNUAL RAINFALL
UPPER TENN RIVER BASIN
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TENNESSEE VALLEY AUTHORITY
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TENNESSEE RIVER GAGES AT AND NEAR CHATTANOOGA, TENNESSEE

Toratrage|
m-.. Location “Anlm Oage Regulation Channel and Control Accuracy
Q[ (2) (3) (4) (6) (6) = (7)
|Established by U.S.Army
1,1874 Mot "‘“}:’}' ?:," Engineers and turned ¢ No discharge measuremsnts until
to Street below 21,400 |over to Signal Service |None Same as 1902-1913 1801, in charge of U, 8,
1875 Chatt Is : l ilut.hnr Bureau) [Weather o
150 feet above the Uocun established
1878 No discharge measurements until
- foot ‘:::i‘:{u 21,400 !f“lfw "'“" of |None Same as 1902-1913 1891, Oage in charge of U.S,
oct. 1884 Cha o neers and rmt in !&L [Weather Bureau,
Inclined T-rail bolted Ino
discharge measurements until
timber on eL1eE of lert|Nons Same as 1902-1913 1891, QOage in charge of U.S,
bank. ther Bureau,
Vertical brass scale None Same 902 Not reliable, Project base
bolted to piler. oA 108 of pler influences ueclur-.acy.
Tt et o e
o8 rock, gravel. (g, ..y
Automatic recordi downstream) began in |Fairly constant, on ratfng e has re-
Dec.30,1902|On '“" of Hamilton gage installed, e  [1906, In 1910 hydro- |Rignt bank s hign |Dained practically constant
bridge.|21,400 ~ During 1911 automatic gage
oet.e,1918| aaimt. Sereet) 3 of 1864 16 conal- |Erap o e | flood stacse. feles |FecOrds qusstionable and should
» ered stand: . cate no r 8 .
effect. Ocoee No.1 |Bar Dam is control |D° used with caution.
completed in 1911. after Oct,22,1913,
.t.-.w 22.660 |U: S. Weather Bureau i;l‘;.gu::xﬁ& to |Gravel and Rock shoal \l:ug. “33'5’;\ not rated ;‘;r’
WG o7 -nu — gags established In  |some extent bty the |about one-half mile |discharge. Discharges pube
’.....m below Hales gage z operation of po-or below gage. Permanent]lished by State Geologist in
plant at Hales Bar Bulletin 34,
used, No,l
m lo.z u Results considered good, ut.no:f‘
;:”htt tl No.l 1s 1884 ﬁ' S viraa iy lm‘;r;or in ut.}-im for indi-
Shave: B3 ’ 5 Channe v ays,especia during low
1,1915 |55, thern R.R. bridgs, 21-& }: g;ﬁc:zc:lom r" opwlun‘r.‘}:?:rglplalmow permanent, Control 1s|flow, Rating curve well defined
”wvummaﬂ .1 |tened to tiees on left |of water surface. Hales Bar Dam and between 11 and 363,000 cfs,
. « Hamilton County bank, Both have same power plant, Records fair but means lmgoct to
now referred to datum error, Discharge determi
L slope method,
g‘ution not rated for disc o
t curve constructed ty plot-
Flow during low t ttan a1
. 1,1918|Bridgeport, Alabama stages regulated :o |Gravel and rock shoal|%ing 00ga discharge nea-
TR to (Mile 414.0, 11 miles 3'“0 U. S, Weather Bureau. |some extent by opera-|about one-half mile ‘mu‘l'-‘“‘:ﬂg:}n“ Bridgeport gage
Jan, s.un below Hales Bar Dam) gage tion of power plant |below gage. Permanent, ni‘r‘u& Sy e .
at Hales Bar, o8 withln
z;}y discharges show greater
. erences, _
used, No.l No.l 18 installed |Flow during low |Three-foot flashboards used at
Jan, 6,1921 |18 1884 gage. No.2 1n-|21,400 [during 1564,used with |stages regulated to [Chercel PraCtiCY  lHales Bar Dem during low floms.
to 8 on the Cincin-|at Oage [Fulton recorder, No,2 |some extent by opera- Hales Bnr.m and Rating curve for this condition
30,1921 |nati Southern R.R. No, 1 |is chain gage set to tion of power plant |, or piant poorly defined. Records fair for
same datum as No,l at Hales Bar, ® other periods
. No.1 121,400 Cantrol for No,1,2 Slopo method u.od except d\l'im
« |at Gage Flow during low and 4 is Hales Bar |flashboard use at Hales Bar Dem,
e, 20 (B B2 10 o T it e misil (D0 et o (00 e Tor | | S e g e e
bank at Hales Bar Dem (21,800 No.4 18 & Bristol some extent by opera- No,3 is & rock bocunn
~30,1923 located on 8 hour recorder tion of power plant gravel shoal one- c" Dl!ll d
3 L e, 0880 . at Hales Bar, fourth mile below dam,|$or ,.. urr:r::
bank ot Hales Bar Dam, [° & 4 probadbly permanent. "S ped by &
~ “. co
Nos,3 and 4
Oct. 1, Un- |Ourley 7-day recorder [8t38e8 regulated to M i i
Locations unchanged. d some extent by opera-|Same as 1021-1923, |furnished ty Temnessee Electric
..u.ml changed |after August 23,1924. |.q 0 of power plant Power Company since they were
at Hales Bar, installed.
Flow during low
+4 bolted to re- Oage No.4 changed to Control for Gage No,3
Jan. 17,1925 mug nn on left | Un- |Qurley 24-hour recorder|Sta8e8 regulated to | rver yugust 14, 1925
'1: 1005 |Dank just above Hales |changed|in & corrugated iron e ::“"t g’ g;’;’;" formed ty Widows Bar |S2e s Jan.to Sept. 1821.
hig.14, Bar power house, stilling well, R Dam, 22 miles below,
u ot
Aug.15,1925 on
B s ceee ;; 21,400 [(See Colum 7) (See Column 7) (See Colum 7) gi“ c{,g{:ﬁ'&:‘“ Ciinton;
B gk,
ver .
Two used, No,l ouclto{“ggu:‘mto
15 at same site as June 15 ter Channel practically
inclined and vertical (21,400 [that dafe an’sutomatic (o) o 0o yio 0y permanent, Control 1s
on Left u:ntx -l ey Dor Shelter over e T |stages regulated to [(OTPYT meeiTing: by mo‘ém‘:\:v:d'-:' the. othar
‘ We (21,800 |1nch corrugated iron - :’;“pg:.?’pg?n{" backwater caused by |a stage-area curve, Both curves
-y u-xa.;‘)’c:o.z ;:.&zr ::.:ﬁiaumnnie, 6. [at Hales Bar :g.ag:rrunnor e IR S
at Hales Bar OGage No.2 is a vertical recud by water
staff gage. iwheels at power house|
Un- Oage No, 1 unchanged, |Santeetlah completed Records . Discharges esti-
Locations unchanged, Oage No,2 1s a water- |in 1928, Waterville |Same as 1925-1926. good
changed | grage recorder. completed in 1930, mated at various periods.
2 0: :n: :ﬁ:’ .lhlu Flow roaum to
w bove ome eXx t 0 -
to J tchie 21,800 |Water-stage recorder, :1on of .;21.3’5..'3"' Control is Widows Records good.,
miles power plant above Bar Dam.
gage.
at new state Flow regulated to
oy o R
tion o o8 Control is Widows
22,000 |water-stage recorder, |power plant above Records good,
th of ’ aon,“ Dan ag. [Bar Dam.
owrstre

ects stream flow
after June 10,1835,
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LEGEND
i TVA daily rain gages o
N TVA recording rain gages
#  TVA radio rain gages
° USWB and private daily rain gages
o USWB and private recording rain gages — ~ =
RAINFALL STATIONS
—'/
VA.
LEGEND
. Streamflow station AL
x Recording streamflow station
R Recording river stage.station
°©  River stage station . RN
N &
Pnt” KNORVILL C.
20 40 Miles
DISTRIBUTION OF.
HYDROLOGIC STATION
RIVER GAGES 4
UPPER TENN. RIVER BASIN
FLOOD CONTROL INVESTIGATIONS
TENNESSEE VALLEY AUTHORITY
WATER CONTROL PLANNING DEPARTMENT
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Masemn Creek

Sebarrese

D. A,
Statiom 8q. Ml =be
Bluffeom, Ind, Yot War. 26, 1913

. ko Jen. 16, 1957
Webash, Iad. 1,60 r. 26, 1913
. . Jem. 16, 1950
Poru, Ind. 2,810 mr. 1913
Logamspert, Ind. 3,760 Mar, 26, 1913
* . b, 27, 1936
Belphi, Imd. k570 Wr. 193
lafagette, Ind. 7,250 War. 26, 1913
. . ™, 27, 19836
Willismsport, Iad. 8,180 wr, 1913
Cevington, Ind. 8,130 Mar, 193
Nenteswma, Ind. 11,000 mr. 27, 1913
. . mr. A, 1953
Terre Bawte, Ind. 12,900 wr. 27, 1913
* * iy 15, 1953
Falostine, Ill. 13,370 ™, 1913
Vizeennes, Ind. 13,700 ar. 29, 1913
. / . Jen, 17, 1930

Mt Caxmel, I11. 26,600 mr. 30, 1913
. . Jen, 22, 1957

Bow Iarmemy, Ind. 29,60 ar. 193
&S mowth 33,100 ir, 153
Mariem, Ind. o =y 12, 1953
. . Jan. 15, 1957
Bmville, Ill. 1,800 b, 27, 1936

(o3 .

Bowe 3, 1936

Bridgeten, Ind. =»5 Jeme 157
8%, Marie, Ill. 1,50 by %0, 197
. . Jm. 16, 1957

2 e e e T Y e YR

% Tabsu frem & source other than the em imtieated,

c;mn—-mmwuumm.
g Bsad e erest of dm.

NAXINUM OBSERVED FLOOD DISCHARGE RATES ~ SELICTED ANEAS IN EASTERN UNITED STATES

Stage in ofs

Post . Reference
20,0 145,000  95.7%¢  H.D. 100
15.02 10,800  23.0¢ WP 823
28.7 60,000 35.9¢ P 838
2,65 3,100 18.6¢ WP 83

- 110,000 39.2e¢  N.D. 100
25.5 116,000 30.9¢ WP 823
17.85 63,700 16,90 '

— 135,000  29.6e H.D. 100
32.9 ks, 000 199+ WP 823
25.50 8,600 10,9 *

- 170,000  20.8¢ E.D. 100
35.% 175,000  £0.8e H.D. 100
349 | 192,000  17.5¢ WP 638
28.19 101,000 Gele . WP 823
3.0 0,000 164e WP 83
26.53 106,000 8a7¢ .

- 16.8¢ E.D. 100
23 200,000 Us. 60 wsP 823
25.25 114,000 8.3¢ .
27.65 L28,000 15.00e P 823
25,10 885,000 10,0¢ .

-— 105,000 13.Tee H.D. 100

- Lip,000 13300 H.D. 100
15.59 80,600 27.8¢ =P 823
Ueblh 18,700  25.3¢ .
22,7 22,000  17.2¢ WP 423
21.69 19,800 15elee .

5e08 9,700 3h0e =r 838
83 39,000 £5.3¢ WP 823
079 17,300 1.2 .
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NOTE .

Zones shown hereon indicate 1ime of
run-off fravel as computed from the
stform records of Dec 1932.

SYMBOLS -’

— o m— State boundary

Basin boundary
— — —  Tributary basin boundary
——————— 24 hour zone boundary
————— 6 hour zone boundary

Scale 10 o 10 20 Miles
B e e = —

RATIONAL METHOD
TIME ZONES
UPPER TENN RIVER BASIN

TENNESSEE VALLEY AUTHORITY
WATER CONTROL PLANNING DEPARTMENT

T Fodd
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JUNE 29, 1928

Ry = 181a
‘ln'm

Tullahoma
3 g:os Alto
o
Winchester :
1k ) /
2 n
NO. 3 WINCHESTER SPRINGS
JULY 8, 1938
4"
watauga

/4
ugan \
College 8
, Himpfon S @ 6 ;\ :

N S

NO.5 CARTER COUNTY
JUNE 13, 1924

NO.2 CRAB ORCHARD

MAY 22,1938

NO.4 BURNSVILLE, M/SSISSIPP/
AUGUST 29-30, 1938

Dante W\\Q{-ﬁcnmlo

and
Carbo Elk
St Paul
Castlewood
o -~
sonville

) '
Holst?®
Holston
O"

ALA.

AN
-

NO.6 CEDAR CREEK
MAY 25,1939

NOTE:

The storms shown are believed fo be typical of the
summer thundershowers and clovdbursts thet are
likely to occur over almost any section of the
Tennessee River Basin.

Scale 4 0 4 8 Miles
(== — o — ———— ]

Except as noted

TYPICAL STORMS
CLOUDBURST OR
THUNDERSTORM TYPE
TENNESSEE VALLEY REGION
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LOCAT/ION MAP

FLOOD CONTROL INVESTIGATIONS
TENNESSEE VALLEY AUTHORITY
WATER CONTROL PLANNING DEPARTMENT
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NOTE :

The isohyetals shown represent the highest
rainfall center resulting from the West Indian
Hurricane of July 14-16,1916. They have been

The high elevations northeast cf Acheville
resulted in the intense rainfall being con-
centrated in this area.

Topography of the area was carefully ~on-
sidered in determining The =hape of these
lines.
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plotted from data publiched by the U.S W.B.

DISTRIBUTION OF RAINFALL
WESTERN NORTH CAROLINA
STORM OF JULY 14-16,1916
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NOTE :

The hurricane paths shown represent the movements
of the low pressure areas which accompanied the
disturbances .

The maximum rainfall areas shown represent the
100-mile wide zone of maximum rainfall which
resulted from the passage of these storms .

Basic data for determining these paths and areas
were taken from published records of the U S
Weather Bureau .

Scale 200 0 400 800 Miles

WEST INDIAN HURRICANE
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ST Mokimum el are LOW PRESSURE MOVEMENTS
SN AND THE CORRESPONDING
— * Hurricane path RAINFALL AREAS
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NOTE:

The arrows shown indicate the location of

the center and the length of the rainfall

zones of the outstanding storms which Scale 50 0 100 __ 200 Miles
have occurred, or which it is believed may

reoccur, in the vicinity of the Tennessee

River basin. Data for this study were taken

from the publications of the Miami Conser- OUTSTANDING STORMS
vancy District and of the U.S. Weather Bureau.

OCCURRENCE AND PATHS
R s e e OF GREAT RAINFALL

AT N i ———
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= FLOOD CONTROL INVESTIGATIONS
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NOTE:

The peths of low pressure areas represent those
that accompanied the cyclonic disturbances shown .
The maximum rainfall areas shown represent the
100 -mile wide zone of maximum rainfall which
resulted from the passage of these storms .
Basic data for determining these paths and areas
were taken from published records of the U S
Weather Buresu .
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The Time - Area- Depth curves shown represent
storms which have occurred over areas in eastern
and northeastern United States, and which have run-
off characteristics similar to those of the Upper Tenn-
essee River basin. These curves therefore give

an indication of the rainfall which may reasonably be
expected to occur over this area. Storms occurr-
ing along the South Atlantic and the Gulf of Mexico
coasts have been excluded.

omwn 42 | compuTEn Data for these curves have been taken from published
ST B g data of the Miami Conservancy District, the US
. m Weather Bureau and the TVA.
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NOTE:
The solid isohyetal lines indicate the position

of the Ohio River Valley storm of March 22-27,
1913, as iransposed over the Upper Tennessee

River Basin in such a location as to produce

a maximum crest at Chattanooga, Tenn.

The dashed isohyetal lines indicate a hypothetial
secondary storm assumed to have occurred over
the basin on March 29, 1913, in the position shown.
The computed hydrograph, resulting from the
combined rainfall is shown on dwg. W-PP-0-1A63

/ Scale 10 0 10 20 Miles
Ca=ncaca e ——]

// TRANSPOSED POSITION
UPPER TENN. RIVER BASIN

STORM OF MARCH 22-27, 1913

FLOOD CONTROL INVESTIGATIONS

TENNESSEE VALLEY A
WATER CONTROL PLANNING UD'I;I-’GS:TI.‘.P.:T
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NOTE:
Ohio River Valley storm of March

© 22-27, 1913 assumed applied to the

Upper Tennessee River Basin in position
shown on dwg No. w-pr-0-1C54 together
with a one-day hypothetical secondary
storm assumed to occur two days after
the above storm and in the position
shown on the same drawing.

A 907% runoff factor was assumed and
the crest reduced to a discharge in
cfs equal to 5000 v Drainage Area (sq mile).
The drainage area above Chattanooga
is 21,400 sq miles.

ESTIMATED HYDROGRAPH
TENNESSEE RIVER AT
CHATTANOOGA, TENN

TRANSPOSED 1913 STORM

FLOOD CONTROL INVESTIGATIONS
TENNESSEE VALLEY AUTHORITY
WATER CONTROL PLANNING DEPARTMENT
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NOTE: et

The isohyetal lines shown indicate the
position of the Ohio River Valley storm
of January 12-25 1937 a5 transposed
over the IBl;mer Tennessee Basin in such
a location as to produce a maximum
crest at Chattanooga, Tenn. e
The computed hydrograph resulting

from this rainfall is shown on dwg.
W-PP-0- |A64.

Scale 10 0 10 20 Miles

TRANSPOSED POSITION
UPPER TENN. RIVER BASIN
STORM OF JANUARY 12-25,1937

FLOOD CONTROL INVESTIGATIONS

TENNESSEE VALLEY AUTHORITY
WATRR conTroL PLANNING OCPARTMENT
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The drainage area above Chattanooga
is 21,400 sq mifes.
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NOTE:
Ohio River Valley storm of January I12- ESTIMATED HYDROGRAPH
25, 1937 d lied to the U :
Tennesseaes;?vne‘f Baas?r‘: i|: po:itio: shp:v?l:\ TENNESSEE R'_VER AT
on dwg No. w-pp-0-1C56. CHATTANOOGA, TENN
A 90% runoff factor was assumed and
==l = i the crest reduced to a discharge in TRANSPOSED 1937 STORM
S i e cfs equal to 5000 VDrainage Area (sq mile).

FLOOD CONTROL INVESTIGATIONS

TENNESSEE VALLEY AUTHORITY
WATER CONTROL PLANNING DEPARTMENT
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EXHIBIT 33

MASS RUNOFF — MILLION DAY-SECOND-FEET
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NOTE:

The mass-duration curve for each flood was
obtained by summing, in order of magnitude, the
daily flows downward from the crest of the flood.
Mass-duration curves for the floods of 1867, 1875,
1886 and 1917 are shown as determined from actual
flows, and from the actual daily flows in each flood
increased by the ratio of the maximum assumed
flood crest of 730,000 cfs to the actual crest.

10 " R B K4 B

MASS-DURATION CURVES
HISTORICAL AND HYPOTHETICAL
FLOODS - TENN. RIVER AT
CHATTANOOGA, TENN.

FLOOD CONTROL INVESTIGATIONS

TENNESSEE VALLEY AUTHOR!TY
WATER CONTROL PLANNING DEPARTMENT
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NOTE:
It is assumed that a flood of this magnitude HYDROGRAPH
may o+ccur f?rougho:‘. the flo;d season MAXIMUM ASSUMED FLOOD
i | th h 15.
:Lllg;‘f'ars\frar;eglo::s o: :ormew‘l'r;f l:;: magnitude TENNESSEE RIVER
 EEE] A m-y occur as late as April I5. AT CHATTANOOGA TENN
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TENNESSEE &\nqw 359 NORTH_CAROLINA
GEORGIA 4 o GEORGIA
LEGEND
@ Stream Gaging Stahons
MAXIMUM_RECORDED RUN-OFF RATES :."7‘m i rcordd feod iy shoen were
stamion | AREaCs | Tvs Bea | oATE e S e o e ¥ 3
5Q. MILES SQ. MILE OCCURRENCE 'L' drainage .:|:d.q~.:l:m e
Charleston 2,%00 14 4-3-0 m""‘;‘ﬂ" 2300 Pw
Reliance 1,180 41 n-19-08
Murphy a0 564 31999
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T T L by v i
Scale 8 0 s 10 Miles
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NOTE * :
The ischyetals shown indicate the
- position of the East Tennessee storm
of March 22-23,1929 as transposed over
.-the Hiwassee River Basin in such a ; Scale 10 0 10 20 Miles
location @s fo produce maximum crests R
at Hiwassee Dam and at mouth of
Hiwassee F\"flve;{ g : ; v
The computed rographs resulting '
from 1hispramfalyar‘e shown on dwg TRANSPOSED POSITION
Sttt e Ll STORM OF MARCH 22-23 1929
Due to lack of satisfactory Topographic
L1 Maps relief shown was prepared from HIWASSEE RIVER BASIN
I "Aerial Mosaics with control from
o] Fan e Shasts prepered by TVA. | FLOGD CONTROL INVESTIGATIONS
X b ) WATER CONTROL PLANNING DEPARTMENT
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NOTE: .

Eastern Tennessee storm of March 22-23, | MAXIMUM ASSUMED FLOOD

1929, assumed applied to the Hiwassee

River basin in position on dwg w-ep1-322A8 HIWASSEE RIVER

A 90% runoff factor was assumed and
R ) (| the crest reduced to discharge in cfs HIWASSEE DAM N. C.
equal to 6000VDrainage Area (sq miles)

Drainage area at this point is 977 sqmiles. 'rF 00D CONTROL INVESTIGATIONS

REV TENNESSEE VALLEY AUTHORITY
1""]“4‘“"*“"1‘“' WATER CONTROL PLANNING DEPARTMENT
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PACITY
QUATIONS AND ASSUMED LOSSES:
PILLWAY 182
Q= CD“ * 569.36H "% (R N.Brudenell, Univ. of lowa)
RS ] F
Sasuseszus vesa. I eENt sveREEE s Ba: Where
reas . sEsssasssa) C=3.80 This value determined and the com,
CH discharge checked by model tests in the
HH TV.A Hydraulic Laboratory.
L=Length of Crest = 224"
D=Design Head on Crest =285’
H=Actual Head on Crest
REGULATING CONDUIT vz
Entrance Loss = 0.052—9
2] 2
Friction Loss -‘%%‘:—v— (Manning's Formula)
Nozzle L -(: -1)Y
ozzle Loss J’ )T;—
Where
V= Velocity in Pipe
Vi= Velocity at Small End of Nozzle (Dlo.-T'-lO')
n=0.0I10
L= Length of Straight Pipe= 180.5'
D= Diameter of Pipe = 8'-6"
Cy=0.98 (King's Handbook of Hydraulics, Pg.58)
1 - OITE=
- # T olid portion of tailwater rating curve is based on actual gage readi s
3 A ashed portion is estimated byngnm-mnn depth method. "
32 1 A 2 ] . . A;—;
: ; 52 205888sss,
T DAM
ssass as”qiuan, HHEH HYDRAULICS
IRy 49 888 B - 1% IS assws
17 s smaas; - e
i AREA, CAPACITY &
SSSSsSsssinsssaasit Curve.

HIWASS

TENNES SEE
ENGINEERIN

[ REcoumENdES |

EE PROJECT

VALLEY AUTHORITY
G DESIGN DEPARTMENT

APPROVED

KNOXVILLE

—



3O
N

I

|
—4-b LN
e

fog
A

i
-kl

|

S A |

LJHL-J«r

J.A.’LJ t

]

= N
J

i

&
o

.
|

}
1
[
]
4
s O E
.
i-t- ey
Skl

A; o
| R
T
|

|
Zf{’

oG /4

M lYnH g of J ’Lﬁrp.l.

]

ovy

BEEA S
it
B
L

e

B =

05/

%%

+
1

A




ROUN LUSE GILY




MICHIGAN STATE UNIVERSITY LIBRARIES

LSRR

3196 326

3 1293




