HYDROLOGY
FOR ENGINEERS

RAY K. LINSLEY, JR.
MAX A; KOHLER

JOSEPH L. H. PAULHUS



. ) ;.

'HYDROLOGY FOR ENGINEERS/

e , RAY K LIVSLEY JR..
) Professor of H ydraulic Lngmeermg
Stanford University

-~

- N ?

- MAX A. KOHLER® '
. Chief Research Hydrologist ‘ -

o United States Weather Bureau ‘

.~ .. JOSEPH L. H. PAULHU@

o : o Staff Hydrologist .
o ' United States Weather Bureau
. v :

S0 MeGRAW-HILL BOOK (‘OM PANY, INC.
' New York Toronto London
1958



. - - . :
1 &
. - M Y
.
. B . ~
| [ 4
s . N 3 i
’ ?
N
, ~
>
' .
H ’ x N
. ' 4
4
RN v
- i ’
- 4
¥ ‘
\ 2 \
\
L ,
A '
. i ~ 4
. ' .
t . N
]
‘ .
v o . ¢
-
\ .
\ N b
'
¢ - *
- -
. i .
’ .
- , ; .
H 1
) ' ‘ ' !
. .\ ’
N .
.o . .
. A
N N
. .
] . ),
’ . . \
‘- .
! 1 .
N N . .
.
- .
« - - i

HYDROLOGY FOR' ENGINEERS. Copyright © 1958 by~ the. McGraw-
‘Tiiil Yook Company, Inc. Printed in the United States of America. All rights re-
servod. 'lhxs book, or patts, thereof, may not be reproduced in any form without
pernnsﬂ:on of the pnbhuhe‘“ L1bra7 y of Congress Catalog Card Number 58 9999. @

s ' TH® MAPLE PRESS COMPANY, YORK, 'FA.
. o ' .
B - [ N
P, N . ’ - ' 5
b E ,




s

.

. PREFACE

The pubhcatlon in 19 19 of “Apphed Hydrology” was weil recewed
-and that book has found extensive use as a text in schools of engineering.
.No single book can mieet all needs, and ‘“Hydrology for Engineers” h.zx_
been written specifically to serve -as-an elementary: text. The emphasis
throughrmt is on quahtltatwe methods of arriving at answers to hydn,a
loglc problems.’ The handbook approach, as exEmphﬁed by the man N
empirical fdrmula/s widely used in the earlv days of. hyd‘rology, has beer

- avoeided. , . @

“Hydrology for Engmeers” is not a niere condensatlon of “Apphmy _
Hydrology ”  While there is much similarity in ‘the’ organuatlon, the
text has been camp}etely rewritten. Where appropriate, new method\

.“and concepts developed since 1949 have been included. The experience

*-of the authors in teaching hydrology over several years has '} heen uulvze
asa Basis for selecting topics to be included and methods of presentation.
~ The student should find hydrology an mterestmg subject but.tne much
dlﬁerent from most of his engiyeering courses. The natural phenomens,
“with wfuch hydrology i5 concerned do not lend themselves to rigoious

. e ans,lyses such @s are possible in engineering mechanics. There j is, thers-

‘g"‘v

® 31 ¢

:

" fere, ‘a greater. varlety of methods, more latitude for Judgment and s

seeming lack of accura(,y in problem solutions. Actuwﬂy, the acceuracy

H bmmd hydrologlc solutions compares favorably with.other- types of

engmeermg computations. Uncerta,;ntles in engmeermg are~frequent1\
'hmded by .use of factors of safety, rigidly standardlzed working: prote-
drures‘ and conservative assumptions regarding propertles of materiils. .
_The authofs gratefully acknowledge the splendid cooperatton of theu h
ma’ny frlends and colleagues whose helpful suggestions have added thuc h

" to this text. - Special apprematlon goes to Wal’rel T. Wilson and David

- Hershfield of the U.S. Weather Bureau for review and comments on

i freQuency analysis, to Professor Stanley N. Davis of Stanford University
for hrs helpful review of the chapter on groundwater, and to T¢J. Norden- '

son -of the Weather Bureau for many aug,gestlons Professor J." B

, F‘r&nzml of Stanford reviewed the entire manusenpt and many of his

worthwhﬂe sugéestlons are 1ncorporated in t,he final text. -Miss Dianne.
Lmsley prepared the ﬁnal ma,r\mscnpt : J o
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" INTRODUCTION

~

Hydrology is that branch ‘of physical geography whlch is concemed '

- with the origin, dmtnbutlon and propertles of the waters of the earth.
_Engmeermg hydrology mcludes those segments of the very braad field .
" of hydrology pertinent to the design and operation of engineering projects
~ for ‘the gontrol and use of water. ~ The boundaries between hydrology
.and other earth seiences such as meteorology, oceanography, and geology

~ are indistinct, ayd na good purpose is served by attempting to define
them rigidly. Likewise, the distinctions between engineering hydrology

and other branches of applied hydrology are vague. Indeed the engineer

- ~owes much of ‘his present knowledge of hydrology to agriculturists,
- foresters, meteorologxst;s, geologists, and others in a variety of fields.

1-1. The hydrologic cycle. The concept of the. hydrolomc cyclé is a,: -

" useful, if somewhat academie, point from which to ‘begin. the study’ of
‘hydrology - This ‘eycle (Fig. 1-1) is visyalized as beginning with the ,
" evaporation of water from the oceans. The resiilting vapor is transpbrted -

by ‘moving -air masses. Under the proper condrtxons, the vapor is

g condensed to form® clouds which in turn may result in precipitation.

- The preclpxtanon which falls upon land is dispersed in several ways.

"The greater part is temporarily retained in the soil near where it falls
- and is ultimately returned to the atmosphere by evapomtmn and trans-
' pn:atmn by plants. - A portion of the water finds its way over and through
- the surface soil to stream channels, while other water penetrates farther

into -the ground to “become part of the earth’s gmundwa.tor supply.
Under the influence of gravity, both surface streamﬂow ‘and groundwater ,

‘move toward lower elevations and may evenfualfy discharge intd the .
- ocean.” However, substantial quantities of surface and uniderground

water are returned to the atmosphere by evapomtxon and transpn‘atlon
before reaching the oceans. ;

This descnptlon of the hydrologic cycle and the sc hematlc diagram of
Fig. 1-1 are enormously oversimplified. For example, some water which

_enters surface streams may percolate to the groundwater, while in other

T A



71': e ff‘ Ll e i SR :monuenon g |

cases groundwa'ber isa source of surface stfeamﬂow Some pmmﬁm
n&ay remain on the ground as snow for many “months before melﬁng
- releases the water ‘to the streams or groundwater. jt‘he h‘ydrologm cyele ; ,
i is-a convement ‘means for a rough delinedtion of the scope of hydrology
SR g that portion between precipitation on the land and the retuméf%hl et
’ 3 “water to the atmosphere or the | ocean. - The hydmli'tg'a;c ‘eycle serves also
A i;omizphamze the four hadie phases of mt@rest to the hydrolog'ls{ ﬁ@
3 ‘xj tatlcm, e,v‘a oration and transplratlon, surface streamﬂovg, and*.gz;iﬁd- s
wa@r,y These ‘opics are: the subject of ‘much more. detmled dhenag;on =
g la<te1’ in thls tex

\

=7 X T S e
The hydrofoglc cycle. (Courfe.iy of U S Geoloqiedl Survqy}

the hydrologlc cycle glves a.ny mlprgsston of ,a

] 1 through which water moves steadily at a conatant :

mn should be. dlspelled at once. The movemem; 2of- -

e

F
i g,

time and“s rea.  On occasion, nature seems to work over
 torrential ains which tax surfa,ce-oha.nnel capacities to the utmosx
e -other lmes'lt seems timt, the machmeljy of the cyele has [
: with it, preclpltatlon and streamﬁow. In a.d;s,cent
1 the eyele may be quite different, It is precme}y
e , -and drought that are often of most in
.engx,neermg hydrologlst for many. of our hydrauhe {
i G éemghed to.protect agamst the ill eﬁect of extremes. Th
3 for— these chmatlc e trémes are. found {an the sclenaeng._

L
L g
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_ should be understood, in broad detail at least, by the hydrologist.  This
< aspect of hydrology is discussed in the following chapter. -

"~ The . hydrologist is interested in more than obtaining a quahtatlv

understanding: of the hydrologic cycle and measuring.the quantities,of
water in transit in this cycle. e must be able to deal quantitatively
with the interrelations between the various factors so that he can accu-
, r'ately predict the influence of man-made works on these.relationships.
_-He must also concern himself with the frequency with which the various .
extremes of . _the cyclé may occur, for this is the basis of economic analysis
which is, cr should be, the final determinant for all hydraulic ploJects
The nnal chapters of this text deal with these quantitative problems

'1-2, History.  The first hydraulic. project has béen lost in the mists

of prehistory. ‘Perhaps some prehistoric man found th&t a pile of rocks

across a stream would raise the water level sufﬁmently to ‘overflow the -

land which was the source of his wild food plaits and thus water them’
during a drought. Whatever the early history of hydraulics, abundant
evidence exists to show that the builders understood little hydrology.
Abandoned ifrigation projects the world over, including Indian works in-
the southwest Urnited States dating from about A.p. 1100, are believed
to be evxdence of developments inadequate to sustain a permanent
-civilization.

¢ Early Greek and Roman writings indicate that these people could
accept the oceans as the ultimate source of all water but they could not
visualize " preclpltatxon equahng or exceeding streamflow. Typical of the"
ideas of the time was a view that sea water moved underground to-the

,.ba.se of the mountains. There a natural still desalted thé water and the .

vapor rose through conduits to the’ mountain tops where it condensed’
and escaped at the source springs of the streams. Leonardo da Vinci
(ca: A.p. 1500) seems to have been one of the first to recogmze the hydro-
logic cycle as we accept it today, but Perreault of France offered the_
first' recorded ‘proof abcut a.n. 1650. Using crude instruments, he
measured the flow of the Seine River and found it to be only. one-gixth
of the-precipitation. About A.p. 1700 the English astronomer Halley -
confirmied that oceanic evaporation was an adequate source of mmsture
- for precipitation. .
Precipitation was measured in India as early as the fourth century
“B.C., but satisfactory methods for measurmg streamflow were a much

o later development. Frontmus water commissioner of Rome in A.D. 97,

_ based estimates of flow on cross-sectional area alone without regard to
velocity. In the United States, organized measurement of precipitation
started under the Surgeon General of the Army in 1819, was transferred

to the. Slgnal Corps in 1870, and finally to a newly organlzed U.8. Weatheér. -
Bureau in 1891. Scattered q1;1‘earnﬂow measurements were made on, the
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Mississippi River as early as 1848, but a systematic program was not
started until 1888 when the U.S. Geological Survey undertook this work.
Tt is not surprising, therefore, that-little quantitative work in hydrology
was done before the early years of the twentieth century, when men such
as Horton, Mead, and Sherman began to explore the field. The great
expansion .of activity in flood control, irngatxon, soil conservation, and
" related fields which began about 1930 gave the first real 1mpetus to
- orgamzed research in hydrology, as the need for more precise desxgn
~data became evident. Most of our present-day concepts of hydrology
date since 1930. Hydrology is, therefore, a young science with many
‘important problems only 1mperfectly understood and much research

stil ahead.

1-3. Hydrology ilr engineering. Hyorology is used in engineering’

mainly in connection with the desigh and operation of hydraulic struc-
“tures. 'What flood flows may be expected at a spillway or highway culvert
or in a city drainage system? What reservoir capacity is required to
-asgure adequate water for irrigation or municipal water supply during
o droughts‘? What effect will reservoirs, levees, and.other control works
“~exert on flood flows in a stream? These are typical of the guestions-
which the Iydrologist is expected to answer.
: Large organizations such as Federal and state water -agenmes can
. maintain staffs-of hydrologic specialists to analyze their problems, but
smaller offices often have insufficient hydrologic werk for - full-time
spetialists. Hence, many civil engineers are called upon for occasional
- hydrologic studies. It is probable that these civil engipeers deal with a-
~ larger humber of projects (without regard to size) than do the specialists;
- although in respect to annual dollar volume the situation may be reversed.
In any event, it seems that knowledge of the fundamentals of hydrology
"is-an esseritial part of the civil engineer’s training.
BEEEES % “The subject matter of hydrology. Hydrology deals with -
'many toplcs 'The subject matter as-presented in this book can be
- broadly classified - into two phases: data collection and methods of
“analysis and apphcatlon Chapters 2 to 6 deal with the basic data of
hydrology Adequate basic data are essential to any science, and
hydrology is no exception. In fact, the complex features of the natural
processes involved in hydrologic pheriomena make it difficult to treat
. 1many hyd:ologlc processes by rigorous deductive reasoning. One ean-
- not always start with a basic physical law and from this determine the
" hydrologic result to be expected. Rather, it is necessary to start with
" a mass of observed facts, analyze these facts statistically, and from this
analysis establish the systematic pattern that governs these events.
Thus, without adequate historical data for the particular problem area, -

the hydrologlst isin a dxﬁ‘icult pos1tmn The -collection of ‘by\dro‘]o‘gm, )

-

2
5



THE SUBJECT MATTER OF HYDROLOGY . o . s

“data has been thelife work of many hydr ologxsts and is a‘,prunax v function
of the U.S. Geological Survey and the U.S. Weather Bureau. - It is
1mportant therefore, that the student lean ‘xow these data are collected
and published, the limitations on their accuracy, and the proper methods
‘of ititerfretation and adjustment. e
.° Generally, each hydrologic problem is unique in that it deals with a
digtinct set of physwal conditions within a specific river basin. * Hence,
the quantit&tlve _eonclusions of one analysis are often not directly trahs-
ferable fo another problem. However, the general solution for most
lnblems can be developed from the application of a few relatively
standaﬂi”"proveduzes Chapters 6 to 12 describe these proecedures. and
* explain how they are utilized to solve spemﬁc phases of a hydrologic
problem. C-hapter 13 suamarizes the précedlng material by deseribing
-how the various steps are combined in the solution’ of typical engmeermg .

problems. T -
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_ - : o .- PROBLEMS
R T Llst the agelwxes in your state which have responslbﬂltles of a hydrologm ’
" nature:  What is the special problem of each agency? ) -
1-2. Repeat Prob. 1-1 for Federal a,genmes . .-
*_1-3. List the major hydraulic projects in your area. What specific hydrologic
- - problems did each project involve? : ’

4
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WEATHER AND HYDROLOGY

The hydrologlc charactenstlcs of a region are determined largely by

Tits climate and its geological structure. Among the _chmatm factors that

establish the bydrologic features of a region are the amount and distri-
bution of preelpxtamon the occurrence of snow and ice; and the effects
of wind, - -temperature, and humidity on evaporation and snowmelt.
Consequently, the design and operation of hydraulic projects involve

_ metéarological considerations. Hydrologic problems in which meteor-

ology plays an important role include- determination of probable maxi-

- mum precipitation and optimum snowmelt conditions for spillway design,

forecasts of precipitation and snowmelt for reservoir oper ation, and deter-

" ‘mination of. probable maximum winds over water surfaces for evaluating

resulting waves in connection with the design of dams and levees. Obvi-.,
ously, the hydrologist should have some understandmg of the meteoro-

ogical processes determining a regional climate. The general features of

- FG. 2-1.§Simp|e thermal circulation on -
nd’nrofoting earth (Northern Hemisphere).

chma,tology are discussed in this’ chapter Because of its special i impor-

__tance in hydrology, prempltatxon is treated separately and in more detall

m Cha.p 3. -.
: THE GEVERAL ClR(‘ULATION . .
2-1,. Thermal circulation. If the ealth were & nonrotatmg sphere,
: a purely thermal circulation (Fig.
2-1) would result. The equator re-
ceives more solar radiation than the
higher latitudes. Equatorial air,
being warmer, is lighter and tends
to rise. As it rises, it is replaced
by cooler air from higher latitudes.
"The only way the air fmm the
higher latitudes can be replaced is
from 4b0\e—by the poleward flow of -air rising from.the equator. The.:
true circulation differs from that of Fig. 2-1 because of the earth’s rotaZ -
tion and the effects of land and sea distribution and land forms. = . -
-~ . A ,

\ e i~
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. THE GENERAL CIRCULATION : ‘ -7
- 2-2. Factors modifying the thermal circulation. The earth -
rotates from west to.east, and a point at the equator moves at about.
1500 fps while one at 60° lat. moves at one-half this speed. - ¥From' the
'prinbiple of conservation of angular momentum, it follows that a parcel
- of air at rest relative to the earth’s surface at the equator would attain
" ‘a theoretical eastward velocity of 2250 fps (relative to the-earth’s burface)
if .moved northward to 60° lat. Conversely, if a parcel of air at’ thef_
“North Pole were moved southward to 60° lat., it would reach a theoretical -
west,ward ‘velocity of 2250 fps. However, wind speeds of this niagnitude
are never observed n nature because of frxctxon The force that would

]
. . -

W - ' 4
Polar . AT
Front C{

60/0 p

2 B\

/ / / Trat%w/m’s / \5 3\

\‘/

FIG. 2-2, Gene,ral circulcﬁ'm of Northern Hémiqpllgre.

be requi}ed to produce these changes in velocity is known as the Coriolis
- force. Thig apparent ‘forte always acts to the right in the Northern
- Hemsphere and tq the left in the Southern Hemisphere.

The observed pattern' of the general circulation in the N orthern‘
Hemlsphere is shown in Fig. 2-2. Unfortunately, the physmal reasons
Afor this- circulation are only partly known. The rising equatorial air.
acquires an eastward componelit as it moves northward. At about 30°
_lat., it tends to subside because of coecling. The subsiding air splits
into two currerits, one moviug southward as the northeast trade wmds;
and the second continuing northward and eastward. ‘
_ In the polar ecll, loss of heat in the lower layers resiilts in submdence,
_the subsiding air spreading southward and westward. As it meves
southward the air is warmed, and at Aabout 60° lat. it rises and returns-

poleward as'a southwesterly current aloft.

In’the middle cell the southwesterly current in the lower layers meehs
the southern edge of the polar cell and is forced upward over the colder
Westward—movmg air. This circulation would result in an. accumula-
tion of air in the pc=lar cell were it not for outhreaks of excess polar air
soufhward ‘ : .

The . idealized circulation of Fig. 2- 2 implies belss of low pressure
\smfa('e\ at the equato; and st about 60° 1(11 w h(‘!‘f' Rvarmer air is nsmg
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) : , . B
Similarly, high pressure would be expected at about 30° lat. and at the
poles. This pressure pattern (Fig. 2-3) is greatly distorted by ‘the
~ effects of water and land masses. These effects are the results of differ-

‘ences in the specific heats, reflectivity, and mixing properties of water
and land and of the existence of barriers to air flow. Heat gains and . -

L 1z .. © _ ‘ o
FAG. 2-3. Mean-pressure patiern of the Northern Hemisphere.

losses are distributed through relatively great depths in large bodies of
water. by mixing, while land is affected only near the surface: Conse-
quently, land-surface temperatures are far less equable than those of the
- surface of large bodies of water. This condition is further emphasized

by the.lower specific heat of the soil and its higher albedo, espedially
in winter when siow cover reflects most of the incident radiation back -
to space. In winter there is a tendency for the accumulation of cold
_:dense. gir,over Jand masses and warm air over the oceans. In sum 'eg,-,

the situation is reversed: . . e




TEMPERATURE LT 9
*2-3. Migratory systems., The . semipermanent Teatures of the 'gen-»
eral,-or mean, circulation (Fig. 2-3) are statistical and at'any time may -
be- distorted or displaced by transitory, or migratory, systems. Both
semipermanent and transitory features are classified as cyclones or
anticyclones. A eyclone is a more or less circular area of low atmospher*cf
“preséure in which the winds blow counterclockwise in the Northern
"Hemlsphere Tropzcal cyclones form at low latitudes sand may develop
into violent hurncanea or 4yphoons with winds exc eeding 75 mph over
_ areas as'lakge as 200 mi in diameter. Extratropical cyclones form along
fr onts, the boundaries between warm and cold air masses. Such cyclones ~
are usually larger than tropxcal cyclones and may predice. precipitation
- over thousands of : square miles. An anticyclone is an area of relatively:
h;gh pressure in which the winds tend to blow spn‘ally outward in a
clockwise direction in the ’\orthern Hemisphere. Details on the general
clrcula.tlon and on the stmcture of. cyclones and anticyclones can be

found ln meteorologlml textbooks.

. e TEMPERATURE

2-4 Measurement of temperature. In order to measure air tem-
< pemture properly, the thermometers must be placed where air circulation _
I8 relatlve ly unobstructed and yet they must be protected from the
divect rays -of the sun and from precipitation. In the United States
-thermometers are placed in white, louvered, woeden boxes, called tnstru-
* ment shelters (Fig: 2-4), through which the air can move readily. The
shelte,r loeation must be typical of the-area for which the measured:
temperatures are to -be representative. Because of marked vertical
tempemture gradlents just above the soil surface, the shelters should be
ﬁ‘_ - about the same height above the ground for the recorded temperatirres
" to be comparable. In the United States shelters are set about 414 ft
above the ground. ;
“ "There are about 6000 stations in the United States for which the
: W eather Bureau compiles temperature records. Except for a few hundred
- stations equipped or staffed to obtain continuous or hourly temperatures, .
- ‘most make & daily- observation consxstmg of the current, maximum,
and minimum-temperatures. . The minimum thermometer, of the alcohol-
m-gldss type, has an index which . remains at- the lowest teinperature
océiirring since itg last-setting. The maximum thermometer has a con-
stfiction néar the bulb which prevents the mercury from returning to the.
-~ bulb as the temperature falls and thus registers- the highest temperatiire
,since its last setting. The thermograph, with either a bimetallic strip
_af & metal tube filled with alcohol or mercury for its thermometric ele-
* - ment; makes an. autografphxc record on.a ruled chart wmpped around
‘A clock-driven cyfmder Dlectnoal—resxst&nee thermometers th" ‘
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‘ couyles, gas-’bulb thermomebers, and other types of mstruments are used <3
for special purposes. :
2-5 Termmology, A knowledge of ternnnology a.nd methods of" A

) computatron is reqmred in order to avoid misuse of pubhshed temperature, i

- 74

- The terms avemge mean, and vnormal are all anthmetm means. -
ﬁ&t bwao e.;used mtemhangeabl&, buy the normal, generalfy .
a,ﬂimdg.r& of mmpamson is the average value for a part.lcuka.r date, = - - }
S ~ month, season, or year over a specific 30-yr period (1921 to 1950 as of
1958). Plans call fer re(,omoutmg the u()—yp normals every decade’ 523

dréppmg off the first 10 yr and adchng the most recent 19 yre =
s * The mean. dmly tempemture ig the average of the daily ma.xxmu
g zmmmum i;empemtures ki the Umted Stabec; thxs ymlds a value




TEMPERATURE - ;- M
less than a deg
observations are usually made about Tast or 5 par. Temperatures ave
published as of ine date of the reading cven though the maximum or
mmimum may have oceurred ot e preceding dvy.  Mean b temperatures
computed from «vering veadings

from midnight readings. Morniug readings yield mean temperatures
with a negative hias, but the difference is less than that for, evening
readings.!

.

The normal daily temperature is the average daily mean temperature’

for a given date computed for » specific 20-yr period.  The daily range
in temperature is the difference between the highest and lowest tempera-
tures recorded on o particular day. The mean monthly temperature is the
average of the inean monthly: maximum and miniroum temperatures.
The mean annual temperature is the average of the monthly means for the
year. : : - :
The degree da i iz a departure of one degree for one day in ‘the ‘mean

daily temperatuie from a specified base temperature. For snowmelt -

computations, the number of degree days for a day is squal to the mean

daily temperature minus the base temperature, all negative differences,

being taken as zero.  The number of degree days in a month or other
time interval is the total of the daily values. Published degree-day
values are for heating purposes and are based on departures below 65°F.

2-6. Lapse rates. . The lapse rate, or vertical temperature gradient,
is the rate of chdnge of temperature with height in the free dtmosphere.
_The mean lapse rate is a decrease of about 3.6 F° per 1000 ft increase in
height. The greatest variations in lapse.rate-are found in'the layer of
air just above the land surface. The earth radiates heat energy to space
at a relatively constant rate which is a function of its absolute tempera-
ture. Incoming radiation at night-is less than the outgoing; and the

_temperature of the earth’s surface and of the air immediately above it -

decreases. This surface cooling sometimes leads to an increase of
temperature with aititude, or femperature inversion, in the surface layer.
This eondition usuahv oceurs on still, clear nights because there is Little
turbulent mlxmg of air and bec&use outgoing radiation is unhampered by
clouds. Tempemtme inversions are also observed at thher Ievels when
warm air currents overrun colder air.
In the daytime there:is a tendency for steep lapse rates because of the
relatsvely high temperatures of the aif near the ground. This- daytlme
heating usually destroys a surface radiation inversion by early forenoon. ._
- As the heating continues, the lapse rate in the lower layers of the’ air
; steepens until it may reach. the dry-adiabatic lapse rate (5.4 F° per 1000

o YWL R Rumbaugh, The Eﬂ'ect of Time of Observation on the Mean "‘empera.ture,
'Manth!y Wcather Rev., Vol. 62, pp 375-376, Oct.ober, 1934.
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