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PREFACE

There is abundant evidence that some prineciples of hydrology were known
and applied at the dawn of history. Modern hydrology, however, is a prod-
uet of the current century. In fact, the bulk of current theory and prac-/
tice_stems from_the great expansion in ﬂood-control and reclamation

programs smEé 1935 uring this penod the useful application of hydro]- .

ogy has bedn~demonstrated in many fields, such as highway and airport

‘drainage, small water-supply projects, storm-sewer design, and others.

As aresult of the rapid growth in activities within the field of hydrology
during recent years, many technical papers have been written for scientific
periodicals, and -numerous special bulletins have been issued by several
sgencies. These numerous papers on a subject which is still young, as ap-
plied sciences go, display considerable lack of standardization of terminology,
nomenclature, and techniques. Persons not.enpaged in. the_full-time_prac-.
tice-of hydrology often find it difficult.to.orient themselves in the field,

This book is designed to meet the demand for a convenient text - reference
for general data, basic theory, and methods of application. The emphasis
throughout has been on the presentation of methods for.practical applica-
tion of hydrology and on data which present the means and ranges of varia-.
tion. of the key elements in hydrology Basic data are limited to the conti-
nental United States except in so far as foreign data have been judged
pertinent to the practice of hydrology in this country. Techniques and
problems disecussed are those which are characteristic of hydrology in the
United States. It is the hope of the authors that this book will prove useful
as a text to the student in the field and a valuable reference and guide to
those engineers who devote all or part of their professional efforts to hydro-
logic problems. No claim is made that it presents a complete coverage of
the field. Much basic theory readily available from other sources has not
been included, in the interest of conserving space. Many highly special-
ized and unusual applications of hydrology have been omitted in favor of
detailed presentation of the more generally applicable techniques. It is
believed, however, that ample references have been supplied for those who
wish to carry their study beyond the seope of this bock. _}

Every effort has been made to adopt a standardized terminology and

nomenclature and to present well-established procedures. To this end the
v ,
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400 HYDROGRAPH ANALYSIS

from storm to storm, depending on the flow at the point of rise. As an
alternate, line A B is drawn from the point of rise to an intersection with the
recession N days after the crest, The time base can thus be limited 4o a
reasonable length and will not vary beyond the variation in duration of
rise. If the énitial flow, the discharge at the beginning of rise, is high be-
cause of a previous storm, neither of these two methods gives results which
are particularly realistic. The line ACB has been generally adopted as g
plausible, if arbitrary, mode of separation. The line AC represents an
extension of the recession existing prior to the storm to a point under the
peak of the hydrograph. From this point a straight line CB connects with
¥he hydrograph-at-a-point N days after the crest or after the end of runofi-

“producing rain. Yalues of N_yary with gl\oge;‘and df@jnqge_ ared, Approx-

imate values of N for various drainage areas are listed in Table 15-2.
‘While variations in slope and other factors will result in deviations from
these values, the selection of N is not particularly critical in most studies.
In mountainous areas, values of N shown in the table should be slightly
reduced, while, for long, narrow basing or basins on flat slopes, values of N
may be increased as much as 50 per cent. |

TABLE 15-2. Values of N for Various Drainage Areas (NM Aﬁu Y\‘U‘)

Drainage Area, N,
Square Miles Days

nnalxtigglﬁepugﬂg&ipngo two components. A groundwater deple-
tlon curve ¢ian be constructed for a basin by any of the methods discussed
earlier in this chapter. It should be prepared by use of data selected from
periods sufficiently, long after any. rain.to justify the assumption that they
represent groundwater flow exclusively. Beginning after a storm, when
-therecession is known to represéht only groundwater flow, and computing
successively earlier orq%?igi,{gom the groundwater depletion, it will be
found that the groundwatcr Tecession eventually falls below the observed
recession. The point of depar&;gng (Fig. 15-8) may be taken as the end of
direct runoff, and the depletion’cutve, extended back from this point, repre-
sents the recession of the groundwater hydrograph. The time of ground-
water peak and the shape of the rising limb must be selected arbitrarily.
A prepared template is useful in making this type of separation. =~

A modification' of the foregoing procedure is useful in separating the

1 Linsley, R. X., snd W. C. Ackermann, A Method of Predicting the Runoff from
Rainfall, Trans. ASCE, Vol, 107, pp. §25-835, 1042,

ANALYTICAL SEPARATION INTO TWO COMPONENTS
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402 HYDROGRAPH ANALYSIS ANALYTICAL SEPARATION INTO THREE COMPONENTS 403
2. Subtract the estimated direct runoff Ae’ from the total ordinate Ad.
- The balance ¢'d is a first approximation to the groundwater ordinate.
n 3. Determine the change in discharge corresponding to a groundwater
/ \ A /\ flow a’d from Fig. 15-10, and subtract this from the total change AB.
=} A The remainder is essentially the change in discharge for direct runoff
t ' / \ and may be used to determine a new value of initial direct runoff Aa.
> The ordinate ad represents groundwater flow.
i =3 \ g ' 10
TN % £
S0 60
l -~ \ 5o 50
l f"-.l'::ﬂ-_.._ P == .._:‘— 0 ] 40
A5 - S e I s = P 30 - 30
‘-——._.4/ ) :&’ 1?.., - o //
R 8 20 \ : 20
dl’ 2 // \<_/— TOTAL HYDROGRAPH
TIME —» =g A A\ 10
FIG.15-9.  Analysis of a complex hydrograph. g7 - ‘\“\:_‘. SURFAGE_RUNOFF PLUS —7
runoff from cf)mplex storms. Figure 15-9 shows two storms so close to- z : 1] A TN INTERFLOW S
gether that direct runoff does not end between the storms. The ground- 2 4 [ ] 8 O'QP\ \ 4
3000 : water recession cannot be extended 3 // — AT ‘\‘ﬁf—L‘?\? - 3
| to a time earlier than the peak of - r INTERFLOW ;\\K\—\GRQU:“LDWATER RECESSION
/] the second storm. A depletion 2 Y 1 | T T 2
) / curve for direct runoff is therefore ) SURFACE RUNOFF-a\g \ z\ c ,
el )4 required; such a curve can be con- ‘ LA | I ) N . T AL
f‘:s}aooc DIREGT RUNCFF — structed by using ordinates be- 6 17 I8 19 20 21 55 23 24 25 i
E tween the groundwater recession MARGH 1936
,F,E’: TR EpOUNDATE R f al‘ld the total hydrograph for sev- FIG. 15-11, Separation of hydrograph components using " semilogarithmic
g AT eral storms. Both the direct- plotting for Stony Creek at Johnstown, Pennsylvania.
R ¥ runoff and groundwater depletion 14 h
i ; 1600 / curves are then replotted to show Following the procedure outlined above, a ségment of the groundwater
| E [T Y , ) the change in d{S("h&rng per unit hydrograph underneath the recession of the first storm may be determined.
. | E [1/ time as a function of miti?.l dis- The balance of the groundwater hydrograph must be sketched arbitrarily.
LA charge (Fig. 15-10). A point on The divect-runcff recession of the first flood event can be extended under the
T the groundwater hydrograph be- second rise by use of the direct-runoff depletion.
Zé neath the recession AB (Fig. 15-9) ér}glx,tiqgl_sgparatign into three components. Tor research studies
0 - 3 may be located as follows: E in which it s desired o approximate the distribution of flow from each hy-
GHANGE IN DISCHARGE IN 1. Determine the change in dis- drograph component, an analytical procedure devised by Barnes' may be
SUCGEEDING 12 HRS, charge AB (in unit time), and adopted. The procedure is displayed in Fig. 15-11, where the storm hydro-
FIG. 15-10. Rdfe‘ of change in- flow read a first estimate of direct ] graph has heen plotted on semilogarithmic paper. The groundiater reces-
EU;:':E::T Valley River at Tomotla, North runoff corresponding to this 3 1 Barnes, B, 8., Strueture of Discharge Recession Curves, Trans. dm. Geophys. Union,
: rate of change from Fig. 15-10. I Vol. 20, pp. 721-725, 1939.
-
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404 HYDROGRAPH ANALYSIS

sion AB can be approximated by a straight line and, as such, can be ex-
tended back under the hydrograph. The residusl ordinates above the
groundwater hydrograph represent the combined surface runoff and inter-
flow. This combined hydrograph is replotted and a straight line fitted to
the interflow recession CD. This recession can now be extended as a
straight line to separate interflow from surface runoff. The rising limb of
the groundwater and interflow graphs must be estimated as in all other
procedures. In all logarithmic plottings, considerable care must be ex-
;rcised to avoid large errors developing in the very condensed scales at high
ows,

-1
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RUNOFE RELATIONS

In most hydrologic studies concerned with design, river forecasting, land
use, ete., it is necessary to develop relations between precipitation and run-
off, possibly using other factors as parameters. Moreover, precipitation
records are generally longer than those of discharge and, therefore, precipi-
tation-runoff relaticns can be used to extrapolate or interpolate discharge
records. ‘

Runoff relations may be classified in two ways, (1) according to whether
the precipitation is all in the form of rain or whether snow is involved and
(2) according to whether the relation deals with individual storms or the
total volume of runoff over an extended period of time. The nature of the
precipitation is of little significance in considering long-period runoff.
Therefore, runoff relations may be segregated into (1) storm-period rain-
fall-runoff relations; (2) short-period runoff relations involving rain and/or
snow; and (3) extended-period precipitation-runoff relations. This chap-
ter treats runoff relations according to this classification. However, before
considering the numerous types of relationships, the general aspects of
runoff are first discussed in order that the reader may become thoroughly
familiar with the interrelations of the relevant hydrologic phenomena.

THE RUNOFF CYCLE

The hydrologic cyele (Chap. 1) is the term applied to the general circula-
tion of water in jts various states from the seas to the atmosphere, to the
ground, and back to the seas again. The runoff cyele is the descriptive
term applied to that portion of the hydrologic eycle between ineident pre-
cipitation over land areas and subsequent discharge through stream chan-
nels or direct return to the atmosphere through evapo-transpiration.

The following discussion of the runoff cycle is similar to that presented
by HBoyt.! However, instead of considering the cycle to be comprised of five
rather arbitrary phases, depending upon the rainfall characteristics, the

LHoyt, W. G., An Outline of the Runoff Cycle, School of Engineering, Pennsylvanio

State College Tech. Bull. 27, pp. 57-67, 1942,
' 405




RUNOFF DISTRIBUTION

The previous chapter diseussed methods of computing the tot

v ; ] 0 total volu
of Tunoll associated with ‘& particular combination of storm Taniall and
antecedent weather. In certain problems, such as those involving the

que.a,ntities of water available for power or irrigation storage, this volume
estimate may be sufficient. More_commonly, however;-the-estimate-of
ot % AL AT

TR THETR PRV o .
A i G R

runoff volume is only, the firgf step In. the_determiation .of .the:outfl
i ‘ i i iy et A L P b L L S -‘N:Fﬂuhﬂ;ﬂmllgﬂ-
'H”d“ro rapﬂ ?ro Em. s chapter discusses techniques of determin;-

ing the pe.distnibution of flow from small and moderate drainage areas
generally under H0UD square miles). .
The unit hydrograph, The discussion of hydrograph shape in Chap.
15 leads naturally to the hypothesis that identical storms with the same
antecedent conditions produce identical hydrographs. This prineiple was
expressed by Sherman! in introducing his theory of the unit hydrograph, or
unit graph. pmnﬂ;g(_i__qut_ﬁha.t.,&Il,.h_v.drographs~r%um,fm‘;;iﬁ}aﬂs
o a given duration have thesame fime base, If the rainfall distribution
in the storms is similar with respect to time and area, Q&gﬁordinates of each
hydrograph will be ;%roportiopal to its volume of rupg The unit graph it~
self is the graph resulting from 1.00 1n. of runoff. = If the theory is sound, the
hydrograph for any other similar storm of the same duration will be estab-
lished by multiplying the ordinates of the unit graph by the storm runoff.
Theunit hydrograph has proved to.be a highly effective and simple tool for.
Jiydrologic work, It can readily be agreed that, within the limitations of &
fixed duration and similar rate and areal distribution of rainfall, the hydro-
graphs of various storms will be subsfantially similar in shape with ordinates
approximately proportional to the tinoff volumes. Obviously, this cannot.
. he-rigoronsly true, for the effect of channel storage varies with stage and the

-------- LISk

unit graphs of very large floods. will necessarily. differ. gomewhat from those

Tor small rises. The unit hydrograph assumes that the time bages of all .

ﬂouds‘caused by_@fmﬁé_ﬁﬁﬂﬂﬁiﬁtiﬁﬁ?ﬁi‘éiﬂl_@_g@mg, A direct-runcff
recession curve will show, however, that the time required for flows to

1 Sherman, L. K., Streamflow from Rainfall by the Unit-graph Method, Eng, News-
Record, Vol. 108, pp. 501-505, 1932, . B r T S
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recede to some fixed value increases with the initial flow. Since recessions
approach zero asymptotically, a practical chpronﬁse is possible without
excessive error. - © Bven

There are limitations to the use of unit graphs which must be recognized.
Reasonably similar rainfall distribution from storm to storm over very large
areasjsrare. Hence, unit graphs are best suited-to-areas-under abeut 2000.

gquare_miles, although they have been applied to fairly large areas with

varying success. Odd-shaped basins, particularly those which are long
and narrow, commonly have very uneven rainfall distribution, and hence
unit graphs are not well adapted to such basins. In mountainous areas
subject to orographic rainfall, the areal distribution is very uneven, but
the pattern tends to remain the same from storm to storm, and unit graphs
may be suceessfully applied.

Tt is almost-impossible to identify typical intensity patterns from storm,

to_storm,-and -uniform rainfall rates over an extended period of time are
ungommon. __T__h_is__jgmt..so_seriou&as;imighf&Eie_em,&t.ﬁrst,—fer—n&ture-eﬁ'ec—
tively smooths a very uneven raingraph~ Much of the variation in rainfall
intensity is smoothed out in the course of surface detention during overland
flow and further leveled by valley storage in the streams. Hence, short-

period variations in rainfall intensity have little effect on the accuracy of

the unit-graph method. Relatively long-period-variations-such-as-the-sue—

cessive bursts.of_ra.infall_accompangdng_&seﬁes_oiinontal-pa.ssa.ges.must.be
_reckoned with. This can be done by treating each such burst as an indi-
vidual storm and applying the proper duration unit graph, Asused in this
paragraph, “short” and “long” are relative terms. On a drainage area
of a few square miles, the short bursts of rain from one or more thunder-
storms oceurring within an hour or less may result in several streamflow
peaks and may require the adoption of a time unit measured in minutes.
On a basin aslarge-as-2000.square miles, 12 or even 24 hr may be an ade-.
quate unit. Experience has shown that the time unit should approximate
one-fourth the basin lag for practical application.

Derivation of the unit hydrograph from isolated storms. The
umit graph can be most easily denived from the iydrograph of an isolated
storm which meets the general requirements outlined in the previous section.
The steps in the derivation are as follows (Fig. 17-1}:

""(:23525@% the groundwater flow, and measure the volume of direct
“If, runoff from the storm.

1?Du__{l_g‘g. the ordinates of direct runoff by the runoff volume (expressed

in inches'over the drainage area "*The resulting hydrograph is a unit
,m:\‘_graph for the basin. .

i 3.‘5‘;Determine _‘the.effegtu;%:g, luration ‘of runoff—prodl_lcmg rain for which

“a¥ the unit graph 1s applicable by a study of the rainfall records.

{2
E




446 ’ RUNOFF DISTRIBUTION

General storms with runoff in excess of 1 in, are more satisfactory than,
smaller storms because.the.reduction to 1 in. tends to diminish the errors in
Zthe unit.graph... When possible, unit_graphs for several similar storms
should be determined and. averaged fo obtain a mean graph for the basin,
If several unit hydroeraphs for the same duration are superimposed go that, .
the beginnings of rainfall excess coineide, the peaks will' not necessarily
coffigide. If several hydrographs are averaged by averaging concurrent %41
ordinates, the resulting-average.graph has'a broader, and quite possibly a,_

4
4

EFFEGTIVE DURATION | )
-gs.""lsf._L,,- /'\...—-TOTAL DIRECT RUNOFF = 58,000 SFD -

- 190 IN.ON H30 SQ.MI. 1
020 —s- =
(=] :,'m -
o &x
O z0
o <2 -
15~ ¢
2 RAINF.;LL / \
- MAS
l(g SURVES UNIT HYDROGRAPH !
2 4~ I\ (AREA= 30,400 SFD=100") ¥
T // \\ \ ‘ )
2 N \ \ BASE-FLOW
5 / N L L, SEPARATION
———--41_ _,__,__.__-._._.:-:"-.-:"' —_——r T
P N | '-'._'.-—""——...___
-.‘_jDAYS

FIG. 17-1. Derivation of a unit h;arogruph from an isolated storm.

lower, peak than_any of the-individual-graphs (Fig, 17-2).. The corragf,,.'
average unit graph should be obtained by, lo ayingétye—avemge..peak.height—

and time and sketching a mean graph having aif dréa equal.to.Lin, of runoff
.a.ndJ:esembli_ng_Iiheﬂindi.‘!idl-.lﬁl.EE‘E'P?.?."..§Q§‘m1.191},.&§.13.9§?£1_bl§..b ]
If the available storms show a wide variation in areal distribution of rain-

fall, it is necessary to develop several unit graphs and note on each the

general nature of the rainfall distribution causing it. The effect of varying
distribution or of nonuniform intensity is evident from Fig. 15-3.

In basins with two concentrations of area, the characteristic hydrograph
may" exhibit two peaks. Variations in rainfall distribution and intensity
~“eommonly cause a wide variation in the relative magnitudes of the two
crests. Frequently, it is necessary to treat such basins in two portions or to-
use other methods of runoff distribution for accurate work.

Urit hydrographs from complex storms. If no better data are to be
found, unit hydrographs must be developed from the records of complex

UNIT HYDROGRAPHS FROM COMPLEX STORMS 447

storms. If the storms are sufficiently separated so that there are two peaks
(Fig. 15-9), the groundwater separation can be ma.dra and the two storm's
may be separated by use of a direct-runoff deplefion curve. The unit
hydrographs may then be developed from each storm, using the procedure
outlined for isolated storms. . _ '

If the only data available represent an extended period -of rainfall and
the hydrograph cannot be broken down into portions contributed by each

| 1 1 ]

———— l UNIT GRAPHS DERIVED FROM DIFFERENT

———| STORMS
AVERAGE UNIT GRAPH

) —
50 ‘f'. ®  ARITHMETIG AVERAGE OF ORDINATES |
Aol

et riaur

A
2 40 o :
o H Y LWRONG
2 )
8 [
z 20 [ I \ ‘ .
z l \ 6-HR UNIT GRAPHS
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/ il
!
:l’ .r/
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/ /

Y, / S

" 0

. L 10 20 30 a0~ 60 60 70

- TIME iN HOURS

FIG. 17~2. Constriction of an average unit graph. (Data from U.S. Bureau of
Reclamation.) v

. burst of. rain, a more specialized analysis is required. Figure 17-3 repre-

sents a hydrograph resulting from three cons_ecu’tive periods of rain. (ﬁsgg_“.
the techniques of Chap. 16, we may compute the runoff to be expec{.e 1roml
gggb“pgﬂgdﬁhaimb_‘llhe total so computed §:Ibk!0u1yd equal the tota vg um{;e1
under the hydrograph (with base flow subtra.ctédﬁ. If the observe a.nl
computed volumes do not check, the error should be pror%’rteig‘ te ,}he sev:]:a.

periods in proportion.to their respective ru-noﬁ' volumgs or by some 01 Zr
rule. Letting Uy, Us, Us, ete., equal the gmt—graph ordmate§ at tu.nes , 1;
and 3, and @i, @s, @s, ete., represent the direct runoff from rain .durmg' ezcl

of the periods, then, since only Q1 can a.ffec.t the hydrograph during period 1,
the discharge ¢: at the end of this period is

g = il | (17-1)
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W3 DO OGHIIE (P 403 Analytical separation into three components)
EFNENDONS ROV 57 S RESHOEMEERD B LS REFRIZBWTIL, A—
F2A (1) ORBBLESHEEIEWSNS. FERE 15-11 1RTED C. dkitEN
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WFEHRERSY (P. 444 Runoff Distribution) .

HETIE, kR ETRROKEOEISDRIIEELARKERY 2 —AOHK
FiEERR L, ko AITEREEDGHEP R R A S I B THS ok B o k4 B FTeR
REEHT 35 MBEOMBEDBEITE. T3 LAl ORROHERRTHITES.,
LUzt s, LOBARICE, BRERY 2088 ERiE. HROBEAA Koy
F7RBDDBEROPT, LD BEOAERIZEET T, TTE—-BICEELTRINS
ERTHD. COETH. MR UTEEREDHE (B2 5000 EhETANETF
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BHU R The unit hydrograph :

1 5EIZBIANT FOIST7ORBZDWTOBEN S, A—BORENA—0TRE
RERBEGTRETNETHNE, A—0ONT ROF5 7225 &0 EHMERIE
Ehd. TORER, Sherman MIOEEIDWTH. HOLHTHDBAHRE (unit
hydrograph) U < \ZBIE (unit graph) TERN T2 L FITERINFBA LTS,
Bt SASNeH5—EHMOMTENSBEENETXTONT FOV/5 71, RUERE
BB (time base) 2725 &L TWS, & UERIAY « SR BRAHEIMITNS &
Thid, FhENoNS KROS5 708E (GHE) ReHlR) 2 — AT S
S. BHE(Unit graph)EER, 142F (142>F=2. 54cem) OMHLSEUHHE
HERY 5 7 TH5. bLIOHENSENTH T, MURENEO, ER0ORCEFER
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ETHEA Mt TES,
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KRR - REHCB VT, BATHRE (unit hydrograph) FIESICERA TR
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BHA) o —AiCKERATEENZIS, bB23AL, MEBEHONETEREI L VLT
50, A ETHREVGIKD unit graph 1, AEWEKOS O & ILBRIITES =
», RECREAETSHSLEFARYV., BAHRE (unit hydrograph) S OBEmRLS
SORNT A U e B R D I ERERTSE (time base) IR TH 3 LR L TS, L LS,
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D7z, B (unit graph) B2 0K COERTORDMAES S 20D, 2,000
FEHVAVUATOMBIZROSEL TWS, BERROTE,. L<ItEE VIR T,
—RICENSTRTEETHD, FORDBER (it graph) BZ 0L SRERICIES =
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TLRBITTGETHDN TONY — VB HRER O L A CEf 557
sHB{i B (unit graph) 2@ AL TH h,

REM & DS BRI IR TSR AR BT 5 © SR TR TH Y. ERBI b
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OELE. MFRROVBERFCLESI IR, BEOTHNE X OBTicEnE ok
EEMinG. 20Ok, EMMORETREOTLITEAE (unit graph) OFHOERXIZ
BEAEREREREEX 0, KEMENROZIL. A& TR ONgERicloa
PERAREGEBENIZIRETH S, THRENPHNOEREDEDOOBERT & LTEN,
R BERAL R O BALE (unit graph) 2A A S THETE S, T OBECEDN
TWa MEn] TEL) WS ORI REFCSH S, BEHT1 LOFRKERT. 165
BN D EOPENUU EOBRIC L D EE OSBRI RE L BB 1B
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Lkl s, EROBEAICBW T, ﬁrﬂﬁ{miﬁ?kﬂﬁﬁfsﬁ (basin lag) DB
KELV/AETRELENER LA SNTVS,
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(P. 445 Derivation of the unit hydrogrash from isolated storms)
B{E (unit graph) AR O—ARAT R E#/d B——FREORENT RO ST
POBLBHICE ZENTES. FHERBUTOEBITHS (H17-1)..

1. BTFAHHESMEL. EERNRORY 2 —AZEHATS
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R OBRE RN 2 kD 5.

1A FADFEMEME (unit graph) OREZELTLESEAICH S0, FHE
1A FY LO—RMRERE. PRECERITHTEENTSS, Hsthil. §R
DORIGU2 T 77 BT B/ctd. WL DH ORISR O BAIRE (unit graphs) 3.
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YW (rainfall excess) OMBADIAFEREREERTBES5IERNDEL TS, P
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