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INTRODUCTION

Ameng the various elimatic factors of hydrologic and sgriculturat

significance the retwn of moisture to the atmosphere from naturnl
lnmi surfaces bhas resisted measarement most strongly and is conse-
guently least well known,  As preeipitation and ren-off, water is
in the Jiquid state and can be measured by means of atmurllt[mw.ml
sampling techniques, but upon evaporating, waier becomes an invis-
ible gus which mixes witl the other gnses of the atmosphere and
disseaninated thirough it.

For the farmer the soil is a reservoiv into which water is contributed
by precipitation and from which it is withdrawn by evaparation and
transpiration fronu the growing crops.  During a prolonged period
without rain the soil meisture may be dreawn upon uniil a deflcieney
that approaches the wilting point is produced and plant development
is retavded and erop yields redueed. At the tiune of a slorm, precipi-

b Received for publicotion, Tune 25, 1841,
120080, ar— 1
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tation can partly or wholly replace the moisture thai has been loss,
but, during ihe period following the storm, evaporation and trans-
piration will again deplefe the moisture supply. In delermining
drought bazard, measurement of the varying rates of evaporation
and transpiration is as essential as information concerning the amount
and distribution of rainfall, beecause lhey determine the rate ab
which the water supply is consumed (3}.2

Whereas agriculturists are concerned chicfly with ihe portion of the
precipitation thal enters the ground and is available to plants, kydrol-
owrisis are coneerned primarily with the portion that runs off.  Run-off
varies greatly from place to place, even in sinadl walersheds, beeause
of differences in field moisture caused hy evaporalion and {ranspira-
tion between rains. When the soil is dry, httle run-oft will oceur,
except in very intense or prolonged rains, because the grealer part
ot the rainfall will be used to replenish soit moisture.  As a rvule,
only alter the soil becomes saturated will water flow from the land
as run-ofl,  Thns, to prediel from observalions of rainfall the amount
of moisture available for run-oll, an geeurate measnre of the rate at
which the soil dries onb is highly desirable.

Scicntists Imve long recognized the serious need for a methed of
measuring walor {osses by evaporstion from land surfaces as well as
from free-wafer surfaces. Over bodies of free waler, a continuous
supply of moisture is available for evaporation and the actual losses
arve dependent directly upon chmatic apd melcorclogic Inctors. For
this reuson il has been possible to develop enipirieal formulas which
pormit the compuiation, wilh reasonable accuracy, of the anticipated
wiler lagses from Inikes or reserveoirs in terms of metcorologic datn
alone (4, pp. 223-265; 8; 8.); 96; 118).

The rate of emission of water vapor from a patural land surface
cannot be determined by suely methods. When the surface soil is
meist, evaporition may be more rapid than from a free water surface
heeguse (he soill with Hs minule regnlarities will present 2 larger
evaporaling surface.  As the surface soil hecomes dry evaporation
losses diminish greatly even thoush the subsoil remains moist. Re-
placement of surface water from below by capillary action is extremely
slow, and the soil moisture can eacape to the outer nir only as vapor
by diffusion through the soil air.  TFurthermore, as the growing scason
advances, folinge shields the ground surface, causing a progressive
dimiinution in the direet evaporation frem the soil even though water
losses by transpirntion increase.

The physieal process of Lranspiration is not yeb completely under-
stood (23, 86, 171), butilis recognized that the amount of waler lost by
transpiration from an aren depends on the density and characler of the
vegelation as well ns on almospheric conditions, Transpiration -

1 Halie numboess in parentheses refor to Bbilegraphy, np. 60-75.
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EVAPORATION FROM LAND AND WATER SURFACES 3

creases with plant development until maturity is reached, largely
because of increase in the aren of the trunspiring surlace and in the
number of stomatal openings. Plant activity subsides with maturity
and {ranspiration rapidly diminishes. The amount of waler removed
from a field by transpiration depends on ihe water requirements of
the plants growing in it and on their growth, which in turn may be-
limited by the amount of water available, Thus, water losses from
land surfaces, resulting from evaporation and transpiration, bear no
direct relation to evaporalion losses from free-wator surfuces. There-
fore, no empirical formula employing ordinary meteorological duta
could be expected to give relinble values of evaporation and {runspira-
tion from land surfaces.  Similarly, cvaporation from pans or atmo-
meters eannob supply even & redalive measure of waler loss from
natural surfaces (5).

Some information has heon obiained on the mmount of trans-
piration from various species of plents growing in pets, tanks, and
lysimeters that ean be weighed continuously or at periodic intorvals
(1.4, 15). Beeause of the necessarily limited surface aren of such
containers and because their walls conline the plant roots and restrict
the norinal movement of water in the soif, this method ereates nighly
arfificial conditions and can yiold rosults only roughly indicative of
the magniiude of evaporation and transpiralion from natural sur-
Inces ({10, 158, p. 28).

The lack of a direct measure of losses by evaporation {rom natural
surfnces has led to the development of many empirieal formulas for
expressing the effectivencss of preeipitation.  Transeau (167), one
of the earlicst to be concerned with the problem, used the quotient of
total measured rainfull divided by computed free-walor evaporation
a5 nomoisture index and prepared » mup of he eastern part of the
United Slates to show the distribution of this quantity. Livingston
and Shreve (87, p. 325}, following Transeau, made o map of the dis-
tribution of the ratio of precipitation to evaporation over the entire
United States (fig. 1, A4). Tang’s (78) “rain faetor,” de Muarlonne's
{(92) “index of aridity,”” Mever's (95) “N-8 quotient” * and the
“hygrometrie quotient” of Suymkiewics (J47) represent other attempts
to defermine cffvetive precipitation, The climatic classifieations of
Néppen {71, 72, 73, 74, 75) and Thornthwaile (165, 166) both employ
means for determining effective precipitation (fig. 1, B). However, no
evaporation index derived indircetly by compuialion ean take the
s e of aetual measurements of evaporation.

IT accurate measurements of precipitation und run-off are available,
integraled values of the losses by transpiration and evaporation can
be obtained by simple subtraction. Such values provide general

PMeyer's N-8 (Niedersehlag-Sf Ugangsiafizit) quotient is oblained by dividing depti of precipitation
by milllmeiers by saturation defielt ox pressed in soliiligeters of HICTCUTY.
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information on the avernge effectivencss of precipitation over long o
periods; they alsc serve for comiparing walter losses in regions of
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Froves 1=, Precipitadion-cvaporation maitos in the Unilod Sfates for the
average frostless season, afler Livingston and Shreve (87, p. 325, 1921; B,
preeipifalion-clfectivencss (P 10 indiess, after Thornthwaite (125, 156), 1931

different vegelal cover.  Kiltredge (69) has recently made use of
available average annund rainfali and run-ofl data and has preparal
a map showing the distribution of the average annual wader losses
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to the atmosplhere in the United States {fig. 2). Working independ-
ently, but using the same method, Baulig (9) prepared a similar map
for the central and eastern part of the United States. Accurate
determination of cvaporation losses for periods of a year or less is
net possible hy this method because of Ing in both run-off and evapo-
ration.

TFortunately, the rapid development of avialion during the last two
decades has led {o delailed investigation of the nature of the lower
layers of the almosphere and lns resulied in notable advances in
our understanding of the mechanics of moisture and heat transfer

Frovae 20— Avemge amual waler losses in inches due to transpiration and
evuporation, affer Kittredge (69), 1938.

through these layers. This knowledge has made possible the develop-
ment of » fechnique for the divect measurament of evaporation and
transpiration from nalural surluces (/60).

Wlien waler vapor enters the atmosphere from the ground or from
plants it is fransmitted upward into the air to seme indefinite distance
from the ground. The transfer of moisture from the ground is
accomplished through the trregular or turbulent mixing of the lower
air, by which bodies of the moister air from near the ground are carvied
upward and replaced by drier bodies brought down from above in
the process of 1urbulens mixing,

The mevement of smoke demonstrates plainly the mixing of the
air thal fakes place in the turbulent fayer. Where a visible gas,
having approximately the same densily as the air, s released, as in
figure 8, the offect of turbulent mixing is apparent.  The water vapor
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in the air is invisible, but its concentration can be measured by means
of & number of familiar instiiments,

YWhen water vapor is cmitted from an evaporating surface and is
iransported upward in the turbulent eddies the tolal moisture con-
centration of the air will be greatest at the surface and will diminish
with height. Sinee the rate of flow of moisture upward from an
evaporating surface and the intensity of the turbulent mixing deter-
mine the gradient of moisture concentralion in the overlying stmos-
phere, it follows that the rate of cvaporation can be determined by

Ficvrs 3---The movement of smoke demonstrates plainty the mixing of the air
ihat Lakes place in the turbulent Jayer. (Courtesy of Chemical Warfare
Bervice, Unifed States War Department,)

measuring the mosture gradient and the turbulenee (lie, 4). This
hlletin diseusses fhe nature of evaporation, ihe theory of furbulence
ns it relates to the measurement of evaporation, and the problems
mvolved in making the necessary physical messurements of almos-
Ihevie moisture and wind veloeily.

THE NATURE Oif KVAPORATION

Water covers more than four-fifths of the surfuce of the earth, and
water vapor is present in varying concentration everywhere in the
lower atmosphere. The molecules that make up the water on the
carth’s surface and the waler vapor in the admosphiere wre in conscless
motion, Some of the molecules of the Bguid acquire suflicient mo-
mentum (o hreak through the surfnee and escape inlo the frec atr.
At the same time some of the molecules of water vapor in the air
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strike the water surface and are unable to leave it.  Strictly speaking,
the movement of molecules from water to air is evaporntion and the
reverse movement s condensation, Populwly, cyaporation is con-
sidered as a net loss of mass from a liquid and condensation as a net
gain to 4 liquid as a result of {his exchange.

The rate at which molecules leave a water surlace depends solely
on the characteristics of the waler,  An inerease in the kinetic energy
of the melecuiles means that an increasing number are able to leave
the liquid, Since an increase in its moleeulinr energy signifies a vise

T Alr mation W07 Atmaospheric moisture

Fraver d.- To deiermine the mte of transfer of moisture from the ground Lo the
almosphere I is neeessary only to measure the humidilty of {he air a6 two Jevels
and the rme of mixing of (e air between them,

mn the temperatore of the waler, the rate at which molecules breals
away fronm the waler surface depends on its Lemperature.

The rate al which waler moleeules reenter the liquid depends solely
on the concentration and tempernture of the water vapor in the air.

It 1s a matter of common experience that water exposed to the open
air will ordinarily disappear rapidly.  Tf, however, a body of water is
exposed i an enclosed vessel the net loss of water is small, regardless
of the water temperature, even though ie space above the water was
originully completely dry. Althougl the molecules of water vapor
entering the spree shove the water surface are confined by the walls
of the vessel, at livst there are so few thal the number that return lo
the liquid is small,  Henee the number of molecules in the enclosed
space increases rapidly.  With an inerease in the concentration of
waler vapoer, there is nn increase in the rate of return of the molecules
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to the liquid. Eventually, the vapor conceeniratiov becomes such
that just as many molecules return to the water as leave it. At this
time equilibrivin between the liguid and its vapor is attained, and,
strietly speaking, the rate of evaporation is then equal to the rate of
condensation,

The molecules of the vapor exert a pressure against the confining
walls of the vessel, and when equilibrium is established this pressure is
equal to the foree with which Lhe molecules leave the surface of the
liguid.  The pressure of the vapor, like the total pressure of the
atmosphere, s ordinarily measured in terms of the height of the
column. of mercury it will balanee. This equilibrium pressure is
called the maximum or saturation vapor pressure. It depends on the
tempoeralure of the hquid {2, pp. 124-125).

As the temperature of a Hquid i= raised the saturation vapor pressure
1§ increased according to a well-known law (49, p. 707).  However, if
water is heated under constant; pressure, as for example, in the open
atmosphere, o temperafure is soon reached al which bubbles of vapor
form throughout the liquid.  ‘This temperature is called the boiling
peint, 1t has been found experimentally that the saturation vaper
pressure ot the hoiling poing is equal to the external pressure.  This
fael provides o convenient nndd ensy method for determining the
saturation vapor pressure corresponding lo different temperatures of a
liguid by ascertaining its boiling point under various external pressures,

10 air fills the spaee above the liquid, evaporafion will proceed
almost ws iF the space were empty.  The presence of an indifferent
ens does reduce very slishtly the saluration vapor pressure, hut for all
praclical purposes (Lis reduetion is negligible.

The saturation vapar pressure over o liguid having a surface with
convex enrvalure is greafer than that ever one having a plane surfage $
The inerease o vapor pressure resulting from cuvvalure of the surface
s very small, and except in studies ol inc¢ipient condensation on minute
neled is generally negligible. Bennetit (/) has computed that two
drops of water of temperature 10° C.) one of radius 10°% em. and (he
other of radins 1078 em., would have vapor pressures 1.2 pereent and
12.7 pereent, respectively, above {he saturation value over aflat
surface.

Of greater importance is the depression of vapor pressure at the
surfnecs of aqueous solulions. lvaporalion from a pan of water will
be redueed, for instance, if salt is dissolved in the water, in o degree

I 150, Kedvla (63 poinied out that conves enrvalure (etts (0 inerense the vapon pressure according
to the Inw

" r 2y
P L A
b T

where ¢ {5 Ly veper pressore over o surfuee with rdins of carvagnre v, e Lhe vipor pressuree over o pling
surfuce, s {he surface teushen of the Boedd, g the densliy of Cthe tigodd, & e gas constaat for the vapar, anid
2 the nhselulo Teaiperaiure.
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proportional to the salt concentration. In pavt, this effect results
from the fact that as salt enters into the solution some of the sodium
and chlorine jons are at the surface and interfere with the escape of
water molecules from the liquid. The suppression of evaporation may
also be due to an altraction which may exist between the molecules
of the solule and the water molecules.  Water molecules ean enter the
liquid from the alr about as freely as ever, but fewer can CSCNPE ACT0SS
the surface Lo (he air than from pure waler.

The ellfect of ordinary sodium chloride is such (hat in a saturated
solution at ordinary air temperatures the vupor pressure of the liquid
i reduced fo three-fourths of its normal value. 1f ihe saturated solu-
tion and the overlying air have the same temperature, equilibrium is
established, and as many water molecules return to the liguid as Jeave
it when (he aie is 75 pereent satueated.  Only if the relative humidity
of the airis less than 75 pereent is there a net loss of water molecules
from the fiquid,

Various substanees dissolved In water will lower ils vapor presstre
by different amounts. A saturated solution of Hihium chloride, for
Instance, s in equilibrinm with the aie atonly 16 percent of saturation,
On the other hand, o saturated nqueons solution of potassium nitrale
= I equilibriom with (he air when it is 95 pereent saturated.  The
interference of lithium ehloride s so great that the rale of esenpe of
water moleenles from the surfuce of the solution inte the air is only
0.16 of the rate of eseape Trom puree waler.

The depression of vapor pressure over five common solufions at
various (emperstures is shown in table 1.

Tanwe Lo Relative hamidities snaintained ab specificd temperatures by various
saturofed saline sofulions

Rulative bumidity aluained using satierated saluiion of -~

R i H
CKNO; o Nact MpfNOMEHY T Mg LGiT,0 ' i1

Femperaiure
[l

G
6

_ Prreent  frereent Pereent ' Prereent LPercent
LTI Vi : 33 1

vaporation in the popular sense means the loss of mass of a fluid
by vaporization, Since a liquid (ends (o lose molecules at a rale
dependent only on the physieal condition of the liguid, any influence,
such as the applieation of hieat, absorption of radiation, or intreduc-
tion of solutes will produee some change in the rale of evaporation.
For any given fixed eandition ol the liquid, the rate of loss of mass
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depends inversely upon the rale at which molecules return to the liquid,
which depends solely upon the condition of the vapor (158). If the
molecules that leave the liquid are carried away from the vicinity of
its surfuce there will be fewer to return, and a loss of mass will result,
This point should be emphasized. Unless there is some mechanism
for decreasing the number of melecules that would ordinarily return
to the liquid, there can be no appreciable loss of mass.  Almost the
entire Inss from the liquid would be the small number of molecules
necessary o raise the vapor pressure in the air immediately thove the
liquid o ifs saturalion value.

Molecules move sway from the vicinity of an evaporaling surfree
by the ordinary phenomenon of diffusion.  But diffusion is so slow
that there would always be nearly as many molecules flying back inte
the liquid as are fiying away from it, and evaporation would be an
extremely unimportant process if the molecules woere not removed
from the vieinity of the surface of the liquid In some other way.

Actually, the phenomenon of turbulent transfer in the astmosphere
is by far the most effeelive Tactor in earrying water molecules away
from an evaporating surface.  Transfer by turbulent mixing is usually
at least 28,000 times as effective as molecular diffusion, and it may be
considerod almoest wholly responsible for any loss of moisture from an
evaporating surface freely exposed Lo the air.

REVIEW OF PREVIOUS METHODS OF DETERMINING
EVAPORATION ®

Sinee the rate of emission of walber vapor from a land, water, or
plant surface cannot he niteasured directly, as can the rate of water
acerelion Lo the surface, and since the measured rate of loss of water
from a pan or atmomcter cannot give this rate of emission, the meas-
urement of evaporaiion must be approached in an indirect manner,

Observations of evaporation from lakes, reservoirs, and pans have
been used in the developmoent of many empirical formulas in which
evaporatian is expressed as a funclion ol meteorological data such as
temperature, relative humidily, baromelrie pressure, wind velocity,
and solar radiation. Dalton (26) was the first to point out that
evaporalion is proportional lo the dilference between vapor pressure
of the air at the waler surface and that of the overlving air, although
appavently he never expressed this relationship in mathematical torms.

Rohwer {778) has presented and diseussed a number of evaporation
formulas.  Mosl of these formulns contain the expression {e,—ey), ¢
heing the vapor prossure ab the surface of the liquid and ¢, the vapor
pressure of the air, and a factor W7, which expresses the mftuence of
wind veloctiy,  Rohwer's empirical formula is:

Fer (04440018 £,—ry),

s Sunnmarkred from Thorntliwwite ead Holzmen (00),
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in which I is evaporation in inches in 24 howrs, W is mean velocity
of surface wind in miles per hour, and ¢, and ¢, are mean vapor pres-
sures in inches of mereury at the water surface snd in the air, respec-
tively. Rohwer mentions the similarity of this formula to Dalton’s
original formula;

E-: 0(93_" er!) B

A dilferent approach to the problem of determnining evaporation
rom Jakes and other bodies of waler has been suggested by Angstrém
(7). He indicated that there must be a balance of energy botween
(he insolation absorbed by a body ol water and the energy exchanges
due to radiation, conveetion, conduction, and the latent heat of cvap-
oralion, and hut evaporntion might be determined by measuring
Hie necessary components of this equilibrium.  Richardson (111, 112)
and Cummings (20) have used this principle in determining evapora-
tion losses, but the difficulty of obiaining various essential measure-
ments, such ns temperature gradients within the body of water and
heat exehanges due Lo canvection, prevents the determination of ac-
curate shori-time mensures ol evaporaiion and prohibits the deter-
mination of moisture losses from land areas, Yumamoto (180) has
made similar use of the prineiple of conservation of encrgy in his
studies of condensation of dew.

Studies of the structure of the lower atmospliere made in recent
yewrs have yielded much essentinl information on turbulenee and the
intensity ol turbulent mixing in the air.  In the turbulent lnyer the
mixing process depends on the shearing siresses associated with the
roughness of the ground and with wind velocity, and inercases as ihe
values of these factors inerense. The mixing process also depenuds
upon {he stability or density structure of the air, the intensilty of
mixing diminishing, under otherwise constant conditions, as stability
increases. Benealh the turbulent layer there is a shallow layer, the
thickness of which is usually measured in millimeters, ealled the
laminar faxer, in which nir flow is laminar and vertical transfer of
montentum and udmixiures preceeds solely by diffusion. The vertica!
motion of the air in the turbulent layoer teinds to establish an adiabatic
distribuiion of temperature and a uniform admixture of water vapor,
and {hus to eliminate differences in moisture concentration.  IT mois-
ture is neither added to nor withdrawn from the turbulent layer its
moisture conlent quickly hecomes uniform throughout.

On the other hand, waier vapor emitted from an evaporating
surface is transperted upward aml seattored throughout the turbulent
layer. Thus, as long as a stream of waier vapor flows upward into
the turbulent layer the moisture roneentration will be highest at ifs
base and diminishes upward, and o moeisture gradient direetod upward
will be established.  Such a gradient can be maintained only so long
as moisture continues (o be added below. Soon after evaporation
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ceases, the moisture is disiributed uniformly throughout the layer,
and the moisture gradient is thereby destroyed.  Similaly, if water
vapor is abstracted (rom the base of the layer by condensation in the
form of dew or frost, the moeisture concentration there will be reduced;
and so Jong as removal ol moisture continues, a moisture gradient
direeted downward will be muintained.  The greater the intensity of
turbulent mixing, the grenler is the tendency townrl the establish-
menb of unilormily ol moisture concenfration and the greater the
evaporation or condensation required to maintain a constant gradient
upward or downward.  Bimilarly, the steeper the moisture gradient
which persisls in an ade column with a given rate ol Lurbulent mixing,
the grenter is (he rate of cvaporation required to produce it.

From these Inets it is evident al evaporation from any surfaee iy
be determined by (aking inte consideration the veriical distribution of
moisiure in the air and the intensity ol lurbudent mixing.  The
goneral form of an equalion for rate of evaporation based on these
consideralions is

F=—AY,
dz
in which .Lis the coellicient of turbulent mixing, or the “Austansch
coclficient” of Willickm Schmidt (129, and dg/d=z is the rate ol change
of meisture roncentration with respeet to height above tie evaporaling
surface.  Observalions required lo measure evaporalion are the
maoisture concentralion at lwo levels within the turbulent layer, the
heighis of the fwo observations, so that the moislure gradient may be
oblained, and measurements of wind velocity ab Lwo or more levels
Tromy whieh the intensity of furbulent mixing may he compatled,

Jeffrevs (57) and Gillett (40) were among the earliest Investigators
to stwdy Lhe problem of evepornlion in terms of afmospherie turbu-
lence.  ITowever, heeause of various nonrigorous assumptions regard-
aing the nature of the Austansch eocefficient, the value of their results
is Jimited, and Uiey ean be applicd only to the evaporation from
bodiss of waler (f7, pp. 270-275). Sulton (I137), making use of
Taylor's (/51) researches, has extended Jellreys’ analysis by assuming
that the Austausch cooliicient varies with height.  1lis theoretical
worlk is in very good agreenment with the experimental mensurement
of evaporalion for variously shaped wrens.  Schmidt (130} has made
use of & formula devised by Eriel (317 for ealeulating the Austauseh
coofficient snd clims (o have messured the actual evaporation
lrom a meadow.

During the Inst lwo decades greal progress in the theoretieal
treatment of the mechanism of turbulent interchange has been
made by various acrodynwmicists,  including Taylor (149, 180,
154, 152, 158, 164}, Prandil (103, 104, 105, 106), von Kiormin (69,
60, 61, 62), and others (74, 143, 144, 715, In 1935, von Karmin
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(61) published an excellent summary of the problems associsted with
the various theories of turbulence. Rossby (128, 124, 125) s made
use of von Ndrméan’s postulate of dynamie similarily and the concept
of mixing length in his important rescarches on atmosplieric turbu-
lence.  Sverdrup (£41), extending Rossby’s rescarches, has added
much to our knowledge of the varintion of the cocfficient of eddy
viscosity umder changing conditions of thermal stabilily.

Although the theoretical treatment of problems of lurbulence is
still in the initind stage, enough has been secomplished to provide an
understanding of the mechanism of evaporation and to permit the
development of o formula by means of which evaporation rom land
aml water surfuces alike may be doefermined.

A diffienlty in the use of the theory of turbulence in the determina-
tion of evaporation is the fact that the Jaws of moisture transler are
dilferent in the laminar and turbulent layers, being linear in the former
and nonlinear in the Intter.  Leighly (82) avoided the turbulent layer
eatirely nnd confined his study to the laminar or boundary layer, where
the specific humidity gradient is Jincar and where the coeflicient of
diffusion can be nsed. Since the boundnry layer is very thin if the aiv
is in motion, Leighly’s method would be useful oniy for determining
evaporation from small aveas, (e thinks that the limis is o dinmeler
not much greater than 4 feet.) In fact, the making of moisture de-
terminations atl two lovels in a layer as thin as the boundary layer
would require # type of instrumentalion not now available, With
existing insbrwments it is quite impossible to recognize vapor pressure
differences within a distance of a few millimeters,  Thus, the use of
Leighly’s moethod must await the development of new instruments.

The problem of (he difference of the moisture gradient and the
process of molsture trausfer in the boundary and turbulent layers
confronted Sverdrup (742, 144) in his study of evaporalion over the
oveans.  With the meager dila at his disposal, consisting enly of wind
velocity and moisture concentration at one lovel in the (urbulent
fayer and the temperature and salinity of the ocean water, he was
foreed to consider the gradients in both the Taminar and turbulent
Inyers. Although this was nccomplished wilh great ingenuity, the
final computations can be cousidered only as rough indications of
oceanic cvaporalion. Mlillar (96), in his study of evaporation from
the Gread Lakes, appronched the problem in much the same manner as
Sverdrup, and his resulls are subjoect to the same limitations.  Monk-
gomery (27} in 1940 published a series of ohservations of the vertieal
distribution of temperature and meisture made during July and
Aungust 1935 over the sniface of the North Atlantic. He made no
measuremenls of wind velocity gradient, and the formula he developed
for evaporation from the sea surface is of the same general form as those
of Sverdrap and Millar,
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Afb this point it is possible to consider the physical limitations of the
various empivieal formulas based on Dalion’s law, which have been
presented in an earlier paragraph.  Fliese formulas are developed for
determining evaporation lrom free water surfaces and make use of
observations of the temperature of the water surface ([rom which the
vaper pressure of the air in direct contact with the water is determined)
and the vapor pressure and wind velezity at some level in the turbulent
lnyer.  Beeause of the proviously mentioned diflerence in the moisture
gradicuts and the processes of moisture transfer in the boundary end
turbulent layers, it is impossible to derive simpie empirical constants,
to bie used in conneetion with the differenee between the vapor pressure
of the water surface and the overlying air (e,—e,) and a wind factor,
thet will give more than a statistical approximation of the evaporation
from free water surfaces.  If Sverdrup’s method of integrating through
the boundary layer is used, more satisfactory results, at least for large
water bodies, can be expected.  Under no ciccumstiances ecan such ob-
servations be used for determining evaporation from land or trans-
piration from vegetation, Those formulas employing the so-called
vapor-pressure deficit (6), the difference between the saturation vapor
pressure and the actual vapor pressure at some level in the air (Ey— eg)
are unrelated to the physical prineiples of evaporation and cannot be
expected to yicld satisfactory results.

THE MEASUREMENT OF TURBULENCIE

Air flowing along the surface of the ground encounters @ frictional
resistance and is slowed down., The coffect of this resistance is felt
for hundreds of fect aloft. Within this zone of frictional influence
each successively higher layer of air moves faster than the one im-
mediately bencath so that shearing stresses are set up betwoeen them,
which result in the upward and downward displacement of small
masses of air, each tending to preserve the horizontal velocity that it
had previously. I & mass moves upward to a faster moving Iayor,
in the process of mixing it will tend to retard the air in the higher
layer. Similuly, a mass of air moving downward will tend to speed
up the eir in the lower layer.  Thus, the difference in velocity between
two adjacent levels tends to be equalized as horizontal momentum is
transferred downward and ultimately dissipated at the ground. The
tendeney toward equalization of velocity depends on the rate of verti-
cal mass interchange, or the inbensity of turbulent mixing (fig. 5).

Thie greater the differences in velocity between adjacent layers,
or the stronger Lhe shear, the greater is the tendencey for turbulence to
develop and to reduce the shear.  If there were no external influences
helping to maintain the differences in wind velocity at different levels,
burbulent mixing would eventually equalize the velocitios in all lovels
and the air would move as a solid. However, since the supply of
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momentum mn the upper air is practieally inexhaustible, and since
momentum js constanily being converted into heal and lost at the
ground sutlace, wind velocities in diflerent levels are nover completely
equalized.  Thus, although turbuience Llends to destroy shear, never-
theless the strongest mixing at & fixed level near the ground is asso-
einled with the strongest shear.

The dependence of vertieal differences in velocily on the infensity
of turbulent mixing is important in the measurement of evaporalion

30

3
<

[

HEIGHT (feet)

]

|

2 4 =3
WIND VELOCITY {mites ner hour)

Ifcene 3 When verticn] nixing is slight bueause of weak {urbulence, wind
velfocity diainishos rapidly near the grownd and reaches zero some distance
above it,  As tnrbulence becomes stronger, verlienl mixing increases and wind
veloeity dimindshes less rapidly until very close fo the pround and resches
aero neurer the ground sialace.

beeause it ennbles us to determine the rale of mixing in the ntmoqn cre
by measuring the vertical gradient of wind \'eiomtv

The vertieal transfer of horizontal momentun (the shearing stress)
is represented by the gquantity 7., where it is assumed that the chief
flow is in the » direction.  The wetual horizontal momentum in any
level in the ntmosphere is the product of the velocity, u, and the mass
of the air, m, at that level.  1F, In figure G, ry represents a given hori-
zontnl cross section through the almosphere, and e, &, ¢, . . . 20
and «f, &7, ¢, . . . 4" are bedies of wir at levels above and bhelow it,
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respectively, then in time, ¢, the total momentum transferred upward
and downward through this cress seelion will be;

T Em il (1)

=t

Em Uy (2)

1=

Figenn 6. -Masses of nir, a, B, ¢, . . . », are transferred downward and masses
a’, b, ¢, . .. oware transferred npward aeross horizontal pluoie oy,

The net transport of momentum downward will be the difference
between (2) and (1):

b} "’
=3 Mt 2 Mk, (3)
i=n i'=n’

but the velocity al any given level may he expressed as o departues
from the veloeity at xy. Thus, vy and we may be written as follows:

?t’;i':‘-lfa"‘!" )\[(({;.{', (4)
W=, A (—':,ii (5)

where a, is the velocity in the a-direetion in plane 7. A and A,
are the perpendicular distanees of © and 7 from oy, and dud= is the
rde of ehange of wind velocity with respect Lo height.

Substituting for v, and %y in {(3):

|? '
J’u\l; H?f('i-’u“}-\[{;)-—-E?ﬂy(!ig'—'—X[!%H)l (6)
i~a - et -
Tl = Z‘,m ﬂr,,—}-,,__,m,)\,r- —E M r-uo-i-me.\,,—- (7)
=i fan fan’ =y

7' il
The terms 2 mp and > m, designate the total mass of air {rans-

F=n' i=it

ported upward and downward, respectively.  Thus:

n "'
DM, Moty {8)
i =g
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Tu L“& thkr‘{ th*h')

i'=a
n n'

in which 2?}1;?\1-}-2??1;4;- represents the combined sum ol all the

1emyr if=g
masses of air {ranspes ted both upward and downward through their
respective dislances, X, scross seelion ay having area 7 in lime £
Tor unit arca and unit time this ('x])rvssion would be

A n mh
2 ! 3“ 3 ) or simply 3= "
= ft i jt Ft
This expression is an index or coeflicient of furbulent interchange of
momentum, or the Austausch coeflicient, . Tt is also ecalled the
coeflicient of oddy viscosiiy.
mi
A _'Ejz (10)

The net downward transport of momentum, 7', [, is the shearing
stress, which is represented by the symbol, 7. Thus, the general
cquation for shearing stross s

du
7= ‘1&"_ {11)

By considering the problem from a shightly different viewpoint, a
second equalion for (he shearing stress may be obtained, and the
value of 4 intequation (11) ean be determined.  If the mean values
of the veloeity component of the air in the three directions, 7, ¥, and
z are bdieated by w, ¢, &, and the instantancous deviations from
these mean values by w/, o/, and o', the actual velocities, %, v, and 1w,
would he

w=u-u',
ve=T4e, (12}
W= 0.

Since the prineipal flow is assumed te be veloeity v in the z-direction,
velocities to the right and lelt counterbalance each other, as do
upward aud downward velocities,  Consequently, the average veloc-
iies to the vight and feft (), and up and down (@), are zero.  Thus,
r=¢" and w=u’, :

The mass of air passing up or down through a unit area of the
horizontal plane in an element of Lime will be pwdt.  The momentium
of this mass, having velocity w in the s-direction, will be puwd!, and
this is transferred vertically upward through the horizontal plane.
Therefore:

Ty T = purwdt. (13)

426600 — 40—
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Substituting the vulues ol w and
1T =plu--v") (0-4wdt, {14)
Ty T =pluw-Faw 4+u'w--u'w)dt. {15)
Since the main flow is & in the a-direction, the actual velocities upward

will be equal to those downward, and the mean value of these vertical
viloctly componenis w will be equal to zero.  Then:

1% T = p(tw’ 4-v'w" )t (16)

This cquation gives the transfer of momentum during time interval
di.  Owver a longer period of time, T, the average momentum {ransfler
will be:

”
L.t —_—'-f}hf p{liw’ 4-u'w)dt, (17)
or from (13):
y
TMTH-_}RJ praavdt, (18)

p
But the expression (l;’i’)oJ pravd! moerely represents the average

mementum teansfer in unit Lime, or simply puw (mean value of puw).
T, 1 = o, (19)
Similarly, from the relations expressed in (17):
Tu T =ptw -Fpu'w' - (20)
Although @', the mean value of %Y, is zero, i does not follow that
the mean value of the product wae’ is likewise zero.  That w0 docs
not cqual zero is due to the fact that there is a negative corvclation
belween w' and w'.  However, the lerm %’ equals zero beeause 4
lor any given situntion is & constant.  Therefore:
Tl =pu'w'- 21)
Sinee
Lol =—1.T,
ant T, § is the foree which the upper air exerts on the lower, or 74,
it follows thatl
Toem=—pttfw’
Beeause of the normally negative correlation between v and @', 7
15 aclunlly normally positive, as should be expected from the fact that
the faster air deags (he slower with it
The negative correlnbion belween o’ and @' results from the fact
that the herizontal component of wind velocily inerenses with height,
When a mass of sir rises {o a higher level its vertieal velocity, a, is
positive, and beeause the average value of the vertical velocity, w, is
zero, w' is also posifive.  As i€ rises, it Lends to retain its initial hori-
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zontal velocity, w, and since this is less (han the average horizontal
velocity, , at the new level, «” is negative.  Simitarly, when air moves
to a lower level, and w' is negative, its velocity, #, is groater than the
average velocity, %, in the now envirosraent, and « is positive.  Thus,
the instaniuncous deviations of the velusity ' and w” are of neevssity
epposite i sign; when one is positivie, Lhe other is negalive, and the
product w1’ is negalive.

The shearing stroess, -—pu’w’, ov the average Lransfer of momen-
tum, represents o tangential force per unit area that is entirely due to
the turbulent motionin the fluid.  Actually, the totul shearing foree
must also take account of n force that is due to the viscosity of the
luld. Thus:

du —
T T pu'w s (23)

where gis the coeflicient of molecular viscosity and dufdz is the
gradient of the mean veloeily.

In the immediate vicinity of a solid boundary surface, the turbulent
stress hecomes zero because the eddy velocity eomponents become
vanishingly small. The layer or zone direetly in contret with the sar-
face is known as the luminar layer; only here is the term g (dwfdz) of
any importance.  bn the turbulent layer preper, the shear term due to
moleculnr viscosity is so small in comparison with —p'w that it
may be entively neglected,

The wind velocity terms in cquation (22) wre the instanlancous
devintions of horizontal velocity #/ in the a-direetion and the instan-
tancous deviations of vertical velocity w’ in the z-direetion.  These
vilues can be measured only with very specialized cquipment, Since
only the mean value of the velocity in the a-direction, %, is rendHy and
regnlarly measured, further development of equation (22) is necessary
in order that the shenring stress may be expressed in casily moasurable
guantilies. This is aceomplished through the use of Prandti’s theory of
momentum transfer (32).

oo parecl of air having mean velovity % is iransferred upward
thirougl distance A where the mean velocity is @ -- Mdgldz), and its
witial menn velocity is preserved in the new environment, it follows

that

~ f_ . .du du

w=t—{ -} A = A

dz dz
Measurements have shown that on the average in the turbulent
atmosphere there nre equal amounts of kinetic energy associated with
all three wind veloeity components, «’, o', and w’, Hence, ' must,
on the nverage, be proportional to the distance A, through which the
turbulent edidies travel and to duifdz, so thal w' is of the form Mdzfdz)
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although not necessarily cqual to it. Remembering that « and w’
are opposite in sign and substituting in (22) we oblain:

o] l_f ?
=) (24)

in which N is repiaced by 7, which is a mean fength known as the mixing
lengtis,

The mixing Iength is considered as the vertical distance travelod
by the eddies [rom the level where they originated to the Tevel where
they lose their individualily and mix with the turbulent fluid sar-
rounding them. This “path of mixing” is related to the size of the
eddies; the larger the dinmeter of an eddy, the greater the distance it
may travel before it disintegrales.  Appurently, oo, the size of an
eddy is divectly proportional fo the distance from the boundary surface
at which il forms. Thus, the mixing length is proportional to the
height (32, pp. 250-265; 59; 60; 105; 106, pp. 123-185). This rela-
tionshp is shown by the expression

E:Z ;L'g}:, (25)

 which & is 0 constant of proportionality, known as the “universal
turbulence constant,” or von Kdrndn's constant.

At times of very light winds and strong radiational cooling next
to the ground—that is, wilh high atmespheric stability—the mixing
length may not be proportional (o height. However, there is a layer
within 16 feet of the ground where the relation Ls=lpe is vory close even
under condilions of extreme stability (138, 147, £43, 155 a, 1400,

Substituling for ! in (24 we Liave

e ot (G2 26)

By combinmng the two equations for shearing stress, {11) aud (26),
an expression for the Austauseh coeflicient is oblained.

A=ty (5}

Sotving {or difdz in {(26) we oblain:
(28)

The shearing stress, r, can be considered as constant within 20 or
30 feet of the ground, according to Prandl (185), and the vertieal
differences in density ave so smiall within this distance that they can
be neglected.  Thus, cquation (28) can casily he integrated.  Inte-
grating belween the limits 7, and % for the veboeity, and z, and =z, for
the heighi, we have

Uamn U= ,{0\/ log, z. 29
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Selving for -JT,_"T

ﬁe Uy,

a0y

iog c S
]

Combining (27), (28}, and (30) we bave o simplified expression for the
Austausch coelficient:
- P?Io ..('H'o ?I|}
fog, 22 BN
Eqguation (31) shows that o1 is proportional to z, or in other words,
the Ausiausch varies dircetly with height, beeause in any given silu-
ation all the other terms arve constant,

THIE BQUATHON FOR EVAPORATION

Aloisture is transferved upward through the atmosphere by the
sae urbulent motion that eauses a downward Dransfer of monientum,
and by an analxtieal treatment sindlare to that emploved in the devel-
opmoent of eguation {113 it can be shown thut

a !f] o)
. -—.1- (Ii': (u_))

i which 77 is evaporation, dgfdz is the aeadicat of moistare concentra-
tion, and 21 s again the Austausch coefficient, or, in this ease, the
coeliicient of eddy conductivity, Since il is reasonably assumed that
the Austausch for momentum and matter ave the same, the value of
~Lin (31) can be substituted in (32):

. ol Pige ~{m-— ul)r.-’r;

Thixz equntion ean eastly be i
the atmosphere:

Jo—ip= {33}

£ - (36)
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In case the mewsurements of moisture and wind are not mede b
the same levels a more general form of the equation is required:

Pt @), (7

Zuy

log, z loa,zﬂ
where ze, and ze, nre levels where moisture measurements are made
and o3 and 23, are the lovels corresponding to thie wind measurements,
The much greater convenienee of equation (36} indicates that wherever
possible. the measurement of moisture and wind should be made at
the same levels. ANl values are in CGS units.
The formula giving evaporation in inches depth per hour is

E:

1.34 -IE,,?P(Q! ‘—(f;\) (Tig—:'!h) ,
(T-{-459.4)(10g¢— ]

(38)

where &g is the universal burbulonee constant, P the pressare in inches
of mereury, ¢ and . the specific humidity in grams of meisture per
kilogram of alr, %y and o, the mean wind veloeities in miles per hour
at heights 2, and 2, and T the tompersture in degrees Fahrenhoit,

Frequently the water vapor concentration at the two levels is most
conveniently expressed as vapor pressure, ¢, or as absolute humidity,
pre- Fhese values are relnted (o specific humidity, ¢, as follows:

q=0. 6?2?5 39
where 2 is tolal pressure of the air, or

=2, 40
1 Pe ( )

whore p, is density of the air.
Thus, equation (38) may be written as

3833 fl.ﬂ ((’I"'_'('fi} (H'\_TFI)

o
(7459, 4)(10

(41)

where ¢ nad e; are In millimeters of mereury ab z and z..  Since Lhe
density differences in the air within o fow foet of the ground can he
newlected,
L0563 kn?(prrl"'".prrz) (‘”2"’"1‘*!}
foo m ? o
sy (42)
log ==

where Iv s the fofal evaporstion in the Ume inlerval, pg and pyga are
the average absolute humiditios at 2, and 2., oxprossed in grams of
moisture per cubic meter of air, and w, and ¥, are total miles of wind
in the time interval,
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Four ilerms appear in the evaporntion cquation; the universal
turbulence constang, 4,; the ratio of thie heights of the two pomnts of
observation, z.fz;; the moisture gradient, ¢, —q.; and the wind gradient,
wy—aty.  The nceuracy with which evaporation is delermined depends
on the aceursey of measurenment, of each of these ferms. The problems
of measurcment will be discussed in the following sections,

THE DETERMINATION OF THE QUANTITY /5

From equations (29 and (35) it could he predieted that the veriieal
distribulion of both wind velecity and moistuire concentration would
follow a logarithimic Inw within the part of the {urbulent layer where
shenring stress, 7, and densily, p, may be considered constant; and
actual observeitons have repealedly demonstrated (his to be true.
Of course the logarithmie law applies only above the level where
active turbulent transfer begins.

Ovoer o smoolh surfeee there is o lnminar layer, only a {ew milli-
melers thick, beneaih the turbulent Iayer, in whieh turbulence does
not operate bub momentum is transferred by intermolecular [rietion
and moistare by molecuinr diffusion, I the logarithmic Jaw held
down {o Lhe top of the laminnr laver, wind veloeities would reach
zoro at asmall distance above the physical bounding surface, z,, within
the turbulent layer.  Actually, there ave small finite velocities in the
Inminae layer amd in ithe turbulent sublayer imunediately above it
In the turbulent sublayer the shearing stress is no longer constand
but dimimshes rpidly as the laminne layver is approached. Con-
sequently the logarithmie lnw docs not apply in the lowest parb of
the turbulent fayer itself.

Amost imporlant influence on the operation of the logarithmic law
is the presence of o cover of vegetation over the ground surface. Ina
ficld of gruin much of the momenlum of the lower levels of the atmos-
phere is transferred downward to the ground along the plant stems
and very Liltle by turbulence.  Thus within the plant mass the shoear-
ing stress, v, s greatly reduced, and the logarithmic law consequently
does not apply.

Leltan (85, p. 73) has reached Lhe conclusion Lhat moleculsr con-
duetion and diffusion arve the principal means of transfer in the
atmosphere within or below n thick plant canopy and ciles as evi-
denee the work of Geiger (37 on heak Lransfer. 1t is probable that
only in the densest vegetulion is turbulent transler entively suppressed.
A thick layer of sphagnum moss would provide such a cover. Mass
transfer of mementom and meisture takes place within the plant
mass in a grain field or in a woodland or forest but at o greatly reduced
rate, which is much less than that in the niv shove the tops of the
plants.

Since the logarithmic Inw applies only above thie level where aclive
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turbulence begins, this level rather than the ground level is the base
of reference for the wind-veloeity profile and may be designated the
source surface for turbulent transfer, Through the scason, as plunts
grow Lo maturily, the source surface gradually moves away from the
ground and the layer in which the logarithmic law does n0t opernle
bhecomes thicker. As wheat or corn develops, the source surlace
rises, and its average position remning near the {ops of the plants,
When the crop is harvested the souree surface drops to a position
close Lo the ground near the Lop of the stubble,  Tn a forested avea
the logarithmie law of wind distribution woudd be expected to apply
only above the tops of Lhe trees, and the souree surface is at such a
beight that only the {aflest trees extend above it Thus, in o mature
forest the source surface might easily be 100 feel above the ground,
with mosl of the momentum of the almosphere reaching the ground
along the tree trunks.  Wind movement within the forest demon-
strates the fadluee of the logarithoe nw.

The ack of coineidenee of the souree surface with the ground sue-
face is apparent in winter after 2 fall of snow.  As snow accumulates
on the grownd the level of the source surface, i Uhis ease also the
evaporating surfaee, rises. As the snow melts away, the source
surfnce eradually relurns to the ground level,

IH s necessary to distinguish between the grownd surfnee and the
source surface beeause the measuremoents of windd veloeity and mois-
ture concentration are made ab fixed heights above the ground sue-
{aee, whereas Uhe logarithmie Iaw applies with the source swrface as a
base of reference. ‘Phus, #s the souree surface rises with the aecumu-
Intion of snow on the ground or the growlh of vegetation there is a
reduction in the effective height at which the observations of wind
velocily and mosture concentralion are musde,  Thus,

sash—h,

i which & 1s the height above the ground of the instruments used in
the ehservations amd 2 is thelr height above Lthe souvee surface.

The feoms z and 2, in the evaporation equation, therefore, do not
vepresent heighis above the ground but eather heights above the
source surfiee for active Lurbulent (ransfer. Sinee they may difler
greatly from (he measured heighis above the ground, by and Ay, it s
necessary Lo determine the height of the source surtace by,

The wind velocity profile over theee Lypes of surfaces 18 shown in
figure 7. T'he surface in figure 7, 21 s smooth, and the souree surface
and the natural surfaee coineide, MHetee, o3, 2, and o are the same
as by, ke, and k. As the logarithmie distribution is extrapolated
downwnrd wind veloeity would become zero at height 7,0 Actually
the logarithmie law fails o short distunee above z,, and small finite
velocitios are to be found down through Lhe laminar laver (included
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in z,) to the actual physical surface. The surface in figure 7, B is
vovered with dense vegetation,  Here the source surface is a distance,
ho, above the ground surface and g, =z, and 2, ave less than kg, ha, and
I by that distance, By extrapolalion of the logarithmic distribu-
tion downward z, is seen to be a short distance above A, Actuslly
wind veloeity does not disappear at z, but continues down through
the vegetation to the ground. Tn figure 7, O (ho surface is ropre-
seriled as being covered with a mantle of snow. The situation here
is similar to that of the smooth surfnee (figure 7, A) except that the
heights =, 2o, and z; are less than Ay, Jo, aud 2, by an amouut, 4,
equal to the thickness of the snow manto.

A / g

S .

) Zo Tt g,

Frevne 7. Schematie representalion of the wind velocity profile noar the
gronnd:; (A4} Over a smoolh surfaee; o over o vegetalion-covered surfaec;
(CY over s #now-covered surfuce.

Sometimes the souree surlface, A, can be measured diveetly, andd
sometinmes, as over a waler surface or over a bare smoath fiold, it is
so small that it ean be ignored. Tt ean readily be determined Trom
mensurements of wid veloeity at three levels within the zone where
the logarithmie Inw holds, 11 the heights of the points at which wind
velocilios wg, wa, amd wy are observed ave kg, he, and Ay, then, as in
ficure 7, 5,
) }i:l_lfar:llj
Jin‘g‘_'!i,,*:‘g, (43)

!’;l_i!c!::l-

Beeause of its logarithmic vertieal distribution, windd velocity can
be related to height by the equation

h—h,=z Y, (44)

mn which wind velocity beeomes zero at some finite distanee, z,, above
the evaporating surface.  This may be rewritten in the form

log , (h—h,)=log,.z,~ru log b, (45)
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Substituting the values for three given points (w, f), (4, k), and
(ua, Rz}, we linve:

log , (hy—h)=log,z,+u; log b, (46)
log , (he— ) =log , 2422 log . b, {47y
log . (hi—k,)=log , =, log b, (48)
Sublracting:
log, (ha—ho}— log ., (hi—h,)=(uy—w) log &, (49)
o log, (ha—hy— log (ly—huy={(—,) log b. {30)
From (49) and (50) we obiaiu:
we SR (51)
Wa—Uy lo j_p_,— 4
5=k,

It is not easy to solve this equation for A, but the determination of
the values of (uy—uy)f(ta—w) which correspond to given values of 4,
can be made without difficulty.  In table 2 the values of &, correspond-
ing to given values of {(wy—w )/ {wa—u)) nre given for an installation
where wind veloeity measurements are made 4, 8, and 16 feet above
the ground,

Tanre 2.--Values of b, for corresponding raltics af (a—w)fluz—wy) where hy=16
feat, he=8 Jeel, and by =4 feel
R e A
H1— i il Hy—iny R, : =1y

W—ih hy I ta—ty i . iy ke

m=Hh
Ha— 1y

HEGITORT

|-=>-5=%'5':
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The height of the source surface above the nafural surface will
depend on surface roughness, which results from irregularities in the
surface itsell and in Lhe distribution of vegetation and other objeets
upon i, Over a smooth e surface the source surface will be near
the physical surface.  Where there are surface irregularities the two
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surfaces will not coincide, but the effective source surface will be
above the natural surface. The height of the source surface also
depends upon the strength of the wind and rises with inerease in wind
veloeity.

Another important influence on the height of the source surface,
ho, is the vertical temperature structure of the atmosphere. When
the lower levels of the atmosphere become inereasingly stable, as
wlen the air adjacent to the ground is cooled more rapidly than that
gbove, there is an increasing tendency for the various layers to remain
in their original position. Thus, the intensity of turbulent mixing,
measured by the Austausch coeflicient, is reduced and there is a
smaller downward transfer of momentum, There is, therefore, less
tendency for the equalization of wind wvelocity in the source levels,
and the wind velocity gradient tends lo increase. As @ result, the
position of the source surface is raised nnd the layer within which the
logarithmic law does not operate becomes thicker (fig. 6).  This change
hias nothing to do with the character of the roughness of the surface
but is related solely to the stability of the atmosphere.®

Extrapolation of the logarithmic distribution of wind veloeity down-
ward to the souree surface yields a mean velocity of zero at a small
distance sbove it.  This distance is the height, z,. It has been known
as the roughness coelficient and has been considered to be a phiysical
constant for each type of surfnce; it is quite small, averaging only about
0.4 contimeters (97, 125, 141, 148, 145, 146). In the layer between
the source surface and the height z,, turbulence would still exist and
there would be a small mixing length in which the relation

{=k,z,

would apply just as in the higher levels.

Actually there is no physical justificalion for extrapolating the
logarithmic distribution of wind velocity downward to the source
surface, since within the transitional layer near the source surface the
shearing stress, 7, is reduced and the logarithmic law docs not apply.
Wind veloeity measurements near the surface are regularly higher
than would be expected on the basis of a logarithmic distribution.
Probably neither h, nor z, has any physical reality, but they are
both useful statistical concepts. Even though the logarithmic law
does not apply within the layer itself, the height A, supplics o base of
reference for determining the vatio z./z, for the levels where it does
apply.

The height 2z, cannot be measured direetly, but since it is the level
at which wind veloeity becomes zero by downward extrapolation it
can be determined from measurement of wind velocities at two levels,

# The tofluence of stablllty wos disewssed I u sevies of papers by Pueschlke (0001, Sutton {i38), end Sver-
drup (142, T43, (45, 130,
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ke and ky, provided the value of £, is known. From equation {44)
we obtain:
ha—h,=zbm, {(52)
h—hy=z b, (53)
Hence:
Ubl—}i:,,)""'= 2,,"’!]"'_}_"", (54)
(hg___ }bu}u] =zoiu£,r.'u+u|. (55)
Dividing:
— My

1

o] b oo o

A o
Table 3 gives the average hourly values of the term z, for 7 months
at the cvaporation station at Arlington, Va. There is a definite di-
urnal variation in every month, with 2, reaching its maximum height
in the hours near midnight and its minimum about noon, in direct
relation to the diurnal march of stability of the lower layers of the
atmosphere and in inverse relation to the diurnal march of wind
velocity.” The gradual increase from January to May may be due
to increased roughness of the surface associated with the growth of
the vegelation, and the decreases in June and July may have resulted

from repeated mowing of the field.

Tante 3.—Diurnal varialion of z, by months wt Arlington, V., 1089
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P Obgervations made ab Doltsville during 1043 lave shown Lhnl 2, 35 00 em. only when Lbe wind npproxi-
mntes 334 miles per hour at the $-foot level.  With wind veloeilios of 1 mile per hour 7, is gronter than 0.60
cut, bt ak S m. p, b, it [s only 006 wnt,
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The influence of stability on 4, is not significant in determining
evaporation, and in installations where there is no other reason for
the evaporation surface to be other than the natural surface no a ppre-
cigble ervor will result from considering 2 and z to be equal to ks
and A vhere this can bo done with safely, {he quantity z/z
becomes 2 constant which can be combined with the other consiant
in the evaporation equation, and wind velocity measurements at only
two levels will be required.  For evaporation installations over most
land surfaces, b, must be taken into consideration and cither oblained
by direet, measurement or computed from measurements of wind
velocity.

THE UNIVERSAL TURBULENCE CONSTANT

The constant of proportionality, &y, relates the mixing lengih, {,
to height, 2, and has become known as the universal turbulence con-
stant. The value of &, has been determined mainly from measure-
ments of velocity distributions of water in smooth and rough pipes
and {from wind tunnel measurements and has variously heen found to
be 0.36, 0.38 (123, p. 6), and 0.40 (60, p. 11). A recent study of How
of water in open chaunels has indicated that &, may have values he-
tween 0.22 and 0.43, depending on the geometry of the chanael (148,
p. 645), but there appears to be considerable uncertainty about the
correct determination of the shearing stress.

"Fhe determination of a kb, that is appropriate for conditions in wind
tunnels and pipes is straightforward hecause independent measure-
ments of the sheaving stress may be made in terms of the pressure
distribution as well as the velocity distribution.  No such slraight-
forward procedure ean be used in the free air Clonsequently, the
value of k&, lias never been determined for the atmosphere.  In the
computation of the evaporation data which are presented in 2 later
seelion (pp. 47-62), the value 0.38, following Rosshy’s usage (124, p. 6),
has been employed.  Montgomery (97) suggests that a value some-
what higher than 0.38 may be more appropriate for the atmosphere.

Ertel (31 has developed a formuls by means of which (he Auslausch
cocllictent may be determined from observations of short timo flue-
tuations of any physical property of the almosphere, sueh as momen-
tum, temperature, specific humidity, or dust. Lottau ($4) and
Aliilier (98) have made use of Brtel’s Austausel formuta for wind and
temperature, respectively, and Fritzsche and Stange (86) have
applied it to a study of the vertieal temperalure distzibution over a
metropolitan area.  Schunidt ins also used Eetel's formuls for deter-
mining the Austauseh from very deintled wind observations. In
addition, Schmidt extended his Austauseh measurements to the
vapor transpert problem and claims to have measured the evapora-
tion from an open grassland (730, pp. 865-367).
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Ertel’'s Austausch cquation does not contain the proporuonafily
factor, k,. Thus, if it is equated to the expression for the Austausch,
given in equation {31), it is possible to determine the value of &, from
menasurcments of the shorl-time fluctuations of wind velocity.

Ertel’s formuls for determining the Austausch for momentum is

oot g(chr
A= N (58)

(i)

where p 15 the density of the air, % is the aclual wind velocity at
level z, dujdt is the change of wind velocity with time, ditfdzis the change
of average wind veloeity with height, ou is the standard deviation of
., and o{dufd) is the slandard deviation of dujdt.

Combining the two equations for A4, (31) and (58), we get the
following expression for k%

< o

but from (28) and (30):

.;E-. AL {60)

Substituting in egnation (501

aM. a( )z(ing L::l: 1 oD

(e—u,)?

The terms ou and edufdl ean be determined wills the aid of the fol-
+ - L ] N
lowing formulss, where the element o 13 observed at equal short time

intervals and has a series of valoes v, {i==1,2,3 . . . nk
w=u,—1, (62)
S
/;,(un)ﬂ
gif = '“"‘;L_"' (63)

If the time interval hetween successive observations of u is Af, then
gdufdt may be ealeulaied with the aid of the formula:

/L fu —u 1
! e [RE ¥ i
Cz?) 5V == (64)




EVAPORATION FROM LAND AND WATER SURFACES
THE MEASUREMENT OF ATMOSPIIERIC MOISTLR)

In the evaporation equation the moisture term appears as a differ-
ence between the humidity at two levels in the atmosphere, a difference
wlich is usually very small.  Proportionately small errors in observa-
tion can result iz Iarge percentage crrors in the difference and conse-
quently in the final eomputation of the evaporation. Thus accurate
measurentents of atmospheric moisture are indispensable Lo the success-
ful application of the method.

Although for many yvars there have heen a number of ways whereby
the amount of water vapor in the atmosphere could be mensured, none
of them s ideally adapted to the problem of measuring the transfer
ol moisture between the ground surface and the atmosphere,  The
four methods of determining atmospheric moisture in most comman
use are {1) the chemical-absorption method; (2) the temperature of
condensation, or dew-point method; (3) the psychrometric method:
and (4) the hygroscopic expansion method.  All are well known and
nevd be deseribed only briclly (2, pp. 185-160; 84; 56, pp. 12-16; 101,

[n the chemical methad a measured volume of air is passed through
tubes containing n desicenting material, such as phosphorus pentoxide,
and the water absorbed from the air is measured, usually as 2 gain in
weight of the npparatus during o designated period of titne.  Under
favorable conditions the average nbsolute humidity as an integrated
value for the period of a day can be determined to within 0.1 pereent
of ils true value.  Where o sample of air ean be quickly withdrawn
fronm the atmasphere its moisture coneentration at o given moment ean
be determined with equal accurney.  The chemical ahsarption methaod
hits Been generally regarded as being principally a Iaboratory tech-
nigue and of limited value for making field measurements.

In the candensation method the essential apparatus consists of o
polished metal mirror which can be cooled several degrees below air
temperature and whose temperature ean be observed or recorded. In
operation, the mirrer is cooled until moisture condenses on ils surface,
at which time its temperature is observed. The mirror is then
allowed to warm up until the moisture disappenrs, and the tempera-
ture is again observed. The nmesn of the two observalions is con-
sidered (o be the dew point. The condensation method is not ordi-
narily employed in making metcorological observations.

The wet- and dry-bully psyehirometer is perhaps the most familiar
mstrument for making determinations of atmospheric humidity. 1t
consists of Lwo matelusd thermonteters, the bulb of one being wrapped
wilh o muslin wick, which is wet when obsarvations are to he taken.
Air s cireulated past the ulbs, either by means of a {2n or by whirling
the thermometers.  The dry-bulb thermometer gives a reading of air
temperature; the temperature of the wet bulb is depressed by an
amount dependent on the rate of evaporation of the water from the
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wick, which in turn depends upon the devness of the atr. Relative
humidity is determined by reference to psychrometric tables. The
method is a favorite one heeause of ils simplicity, but it is subject to
mstrumental and ¢hservabional errors wnd often fails in weather when
the water freezes o the wick of the wet buoll, and in extremely dry
weather ridiculous resulls wre somoetimes oblained (101).

Instruments utilizing the prineiple of the wet- anmd dev-bulb
psychromefer that give o contineous record have been built, but
in them the ervors inherent in the method are subject to further
exaggeration.

Fibers of hyeroscopic materiasl inerease in length when exposed Lo
air of high relative humidity and sheisk in dey abe. Tn the hyegrometer
some hygroscopic substance 15 nttached to an budientor needle so that
the needle is deflected with changes in velative umidity of the air (77).
1n the hyverograph 2 pen that makes a continuous record of the rela-
tive humidity is activated through a system of levers by a hveroscopic
substance,

Many hygroscopie materials both natural and synthetic have been
used experimentally in homidi-indieating and hinnidify-recording
instruments but none has vel been found that is more salisfac-
tory than human hair. The haie hygrometer is extremely sensitive
to thanges in atmospherie humidity, but it possessos the incurable
defeet of drifting out of ealibration. Furthermore, cach instrument
must be calibeated individually in terms of standard koown humid-
itiez. No hair hygrograph can be expeeted (o give a refinble record
unless 1t is choeked amd recalibrated af freguent inlervals (3, 132).

To he of practical use iy the determination of atmospherie humidity,
instrumoents should be reasonably inexpensive and so simple in operi-
tion thal observations ean he made aecording to a preseribed routine
by inexperienced observers.  For that reason meleorologieal practice
in the measurement of humidite in the United States i limited to the
wei- and dryv-bulb payehirometer and the hair hygrometer, despite the
recognized defects of both instruments {J01, p. 2.

The hair hverograph is the ondy instrument in common use that will
male a contingona vecord of almospherie lnnmidity, 10 was this fact
that led to the sclection of ithe hyverothermograph for use in the
ariginal evaporation measurements.

Use oF HYeromiERMOGRAPHS 18 [varogatioN MEASUREMENTS

Phe hair hygrometer is recognized as being deficient in many
respeels, and unless great care is used, salisfactory results cannat be
expected,  ‘Fhe chiel deficlencies are the vneertainty of registration
of vory high amd very low values and the tendeney for each instrument
to develop individual peculiaritios as a vesult of the particular changes
to which i has been subjeeted.
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The Iaet that pairs of instruments continue for some time lo behave
stmilarly after they have been enrefully ealibrated and malched, pro-
vided they are kept together and have the same Instory, makes it
possible o use hygrothermographs suceessfully in evaporation mens-
urements. Detailed instructions for the ealibration of hygrothermo-
graphs and instrections for their use in evaporation measuremoents
have been presented elsewhere 1 should be horne in mind that no
manulacturer ean exvreise the necessary care In calibration; thus, new
insiruments nust e ealibrated before they can be usced.

In order to be certain of the results ebtaived by the vse of hyaro-
thermoegraphs in evaboration stalions, six instruments should be used
on eaeh installation.  All six instruments must first be earclully cali-
brated; then they may be prouped in pairs wnd used in suecession on
the tower. Before two instruments are used they should be given o
backgronnd run side by side out of dovres inoan instruoment shelier,
Adter use they must be given another background run andd then a
ealibration run in the moisiure chamber.

At the original evaporntion station in Arlington, bygrothermographs
wore used to determine the moisture coneentration at two lovels in
the atmosphere, A tower wis ereeted 30 thal an instrument shelter
farge enouzh o house o hygrethermograph could be raised (o a height
of 28 feet and lowered lur seevieing,  Another shelter accommaodatwd
a seeond begrothermograph 2 foel Trom the ground tfig. 830 All the
data presented and discussed in lnter seetions were obtained feom this
or aostmilar installation,

Satisfactery records may be obtained in this manner, Tait the high
initinl eost of mstruments and the snormous laber involved o making
the obaervations prolobit the use of Lyvarothermographs inoany
practeal progerm for measuring evaporation,

The primary objective of the evaporaiion study ia Lo develop a new
typoe of elimatie daia, namely, evaporation from the natural land s
Faee, and to obtain these data for many different ivpes of areas in the
various parts of the countey, With the goal of establishing perhaps
hundreds of evaporation stations it bheene evident that the cost ol
installntion amd operntion would have to be redueed to o minimum,
Thus, 10was realized that the use of hyerolhermographs, involving a

hgh initind cosl and requiring constant surveillanee and frequent
reealtlirations, woulil not permit the esiablishment of {he nuraber of
stations desived. Consequenily, other possible methods of measuring
ntmospherie nmudily have been examined.

PNt ATE, Co Wl 1ANGRUOE $0l CLIMATOLGGIETS, V. INETRUCTHING FOL THE MEASULEMENT
DF EVAPORATION FIOM SATURAL SURFACKS, 22, diles, B89, [ Minvorcaphed.|

Conewis, LEovarn Ho INSTRUPTIONS FOR TIE INSTALL A0S GF EVAPORATHIN SvaTioxs. T Handbook
Tor Climainlogisis, pr.oS,oanp AL, 20 e, Was, 100 [ A imeneraphed.]
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Tae WeT- Axp Dry-BuLe PsycoroMETER

Wet- and dry-bulb psychirometers have been used by Sverdrup
(141}, Montgomery (97), Spilhaus (733), and Chwrch® for measure-
nient of moisture gradients in the atmosphere over the ocean. The
custemary procedure is to obtain simultaneous readings from Assman
psychrometers at two or more levels atb 13-minute intervals. Since the

WiR-13-16
Frovure 5.- - The original evaporntion installation af Arlington, Vo, The humddity
of (he air was determined at (wo levels with hygrothennographs. Wind veloe-
ity was determioed at three levels with whirling cup anewgmeters,

constant attention of at least one observer is reguived at each observa-
tion slation, 1L is obvieus that the methad could never be used on any
widespread scale to secure observations for any long period.
Recording wet- and dry-bulb psychromelers are made, but to seeure
measurements of suflicient sccuracy with them would be no casier
than with hair hygroameters. The prineiple of wet- and dry-bulb
psychrometry (54) has also been extended to thiermo-clecirical tech-
niques (/8, 67, 81, 102, 178) to aid in measuring moisture, but all these

¥ Unpublished manuseript,
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techniques have their limitations and are not convenienély suitable
for field work. In addition, the fact that they fail almost completely
in winter makes them of little value for evaporation studies.

Tur Dew-Point RECORDER

The simplest and one of the earliest methods of measuring the con-
con{ration of moisture in the atmosplicre is to determine the dew
point. Air is cooled until its moisture reaches the point of saturation;
the temperatire is then observed, and the vapor pressure is oblained
by referring to appropriate hygrometric tubles. This method depends
on the fact that the prissure of water vapor does not change as the air
15 cooled but remains the same until saluration is reached. The
temperature at which the air becomes saturated is ealled the dew
point.

All types of apparalus for determining the dew point possess a
surface—usually a polished meial mirror exposed to the air so that
condensed moisture can be detected—which can be cooled several
degrees helow air temperature and whose temperature can be observed.
The exposed surface is cooled slowly until condensation appears, at
which time Hs {emperalure is observed.  This temperature is the
dew point.

The most miliar dew-point hygromeler is a modifieation by
Alluard of an apparatus designed nearly a century ago by Regnault,
Tt consists of a small veetangular metal box whose surface is silver
plated and polished.  The box contrins ether, which is vaporized and
cooled as aiv is forced through it. The surface of the box is similarly
covled, and the temperature at which dew is observed to appear anl
disappewr upon it is determined by means of a sensitive thermometor
suspended in the ofher.

The principle of the dew-point hygrometer has been vsed in the
designof an instrument, illustrated in figure 9, which will give a
continuons record of the dew point of the atmaosphiere.?

The essentinl element of the instrument is a polished metal mireor
whase {emperature can be controlled at the dew point and recorded.
-\ thin, polished, chrome-plated, copper disk (10) approximately the
diameter of a dime is affixed to the end of a copper rod (11) inserted
throngh a stopper (12) of low heat conductivity inte a conventional
thermos bottle (14} containing a cooling medium sueh as water-ice
with salt or solid carbon dioxide with or without alcohol. Teat is
conducted downward along the copper rod, and the mirror is cooled.,
Embedded in the end of the red directly beneath the mirror is a small
electrieal heating element (16) which counteracts the flow of heat

" For references on insiruments for use in delormining the moisture coneentrutlon of flue pases nad the

dew point of distilinees or for use in contrplling nir-conditionitgy equipihent see Thorntliwaite and Owen
(164, footnate 8, 2, 3150,
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from the mirror when the circuit s closed.  Light from an inecandes-
cent bulb (17) is reflected from the surface of the mirror to a photo-
electric cell (18).  The electric current generated by the photoelectric
eotl operates a sensitive relay, which In turn energizes a power relay
(19} which opens a switeh (20) against the action of a spring (21),
and the operation of the heating cloment (16) beneath the mirror is
prevented.

Heat from the mirror is conducled along the rod until moisture from
the surrounding atimosphere condenses on its refleeting surfnee. This

8

4

41| 1]

Recorder

O N FAL ol

Figrun 8. Sehematic represeniation of dew-poind recorder,

condensation lowers the reflecting efficieney of the mirror, the light
renching the photoelectrie coll s vedueed, and the current generated
is no longer sullicient to energize the relay (19).  Consequently, the
switeh (20} is closed by the spring (21), and the heating element warms
the miveor to a point where the condensation formed on ils surface is
evaporated.  The reflecting eflicieney of the mirror is thereby vestored,
the photocleetrie eoll s again excited, and the switeh is opened by the
power relay.  The healing elcment then stops funcelioning, pormittiug
heat from the mirror to flow along the rod. and the entive evele of
aperalions 1s repeated.

A mere film of moisture on the mirror, nvisible to the cve, is
sufficient to reduee the output of the pholueleetsie coll by 10 micro-
amperes, which is the mnge within which a sensitive relay will oper-
ate.  Conscquently, the femperature of the mirror remnins very
close to the dew point, varying only slightly above and below as the
mirror i alternately heated snd cooled. The temperature 13 de-
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termined by means of a thermocouple, the cold junction of which is
a part of the mirror. The warm junction of the thermoeouple is
mantained at o standard temperature.  Any standard electrieal
recorder may be used to obtain a record of the dew point.

For use m the dew-point instrument a photographic recorder has
certain ponts of superiority over one which operates electrically.
The thermocouple is conneeted through a galvanometer. A light
beam, refleeled by the galvonometer mirror, is directed through a
slot onto sensitized photographic paper which revolves on a drum or
evlinder. A switeh in the light cireuit is altached to the power relay
(19) so that the light flashes niomentarily just as the incipient con-
densation appeuars on the mirror, Thus, the record is o scries of
points all at the dew point rather than a confinuous, wavy line ranging
above and below the dew point.  Since a complete eyele requires
only about 50 seconds Uhe series of points approximate a continuous
line.

In figure 10, the record of depression of the dew point helow atmos-
pherie temperature for a period of 14 hiours on Junce 19-20, 1940, is
compared with g record of relative humidity for the same period
produced by a haiv hygrograph.  The general pattern of both eurves
17 the same, but the much greater sensitivity and greater degree of
relinement of the dew-point record is apparent.

Consulerable improvement in the dew-point recorder was achiovd
by redesigning the instrument and substituting radio amplifyving tubes
and non-self-generating (ype photoeleciric tubes for the mechanical
reloys and the sell-generating photoelecirie colls used in the original
design {fir 113, A= before, the mirror is cooled by dry ice and healod
by an electrieal heating element, but in the new instrument the amount,
of heating is made to vary with the amount of moisture condensed on
the mirror. The thermos bottle is placed In an inverted position so
that the dry iee always touches (he stopper, and a long copper rod
extending Lo the bottont of the bottle is unnecessary.

A palished metal nuireor (10) Is aflixed to a stopper (11) of low heat
conductivily and conneeted by nieans of a copper wire or rod to a
metal plate {123, all of which is inserfed into the mouth of an inverted
thermos bottle (93 which contains a eooling medium such as solid
carbon dioxide.  leal is condueted from the mivror to the solid
carhon dioxide, and the mirror s cooled.  1n elose proximity to the
mirror is & small electrical heating clement (13) which counterncts
the Nlow of heat fram the mirror.

The mirror Torma & part of the inner surface of the top of a small
lighttight box (14) with high refleeting inner walls.  Light from a
souree (19) is passed through tube (16} and is reflected Trom the
surface of the mirror {10) and passed down tube (17), where it is
absorbed.
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A photoclectric cell (18) mounted in the box (14) is connected
through suitablo amplifying tubes (19) to the electrical heating
element (13).

Heat from the mirror is conducted o the solid carbon dioxide
until moisture from the air in the box begins to condense on its
reflecting surface. This incipient condensation tends to lower the
reflecting cfficiency of the mirror, and the light no longer passes cn-
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Figrue 10,--Record of dew-pointd depression in °F. (1) and relative humidity in
pereent (73 for the period 6 p. . June 19, {0 8w m, June 20, 1940, at Arling-
ton, Va.

tirely oub of the box through tube (17) but is in part sealtered within
the box and energizes the photocleetric cell (18). The inereased
electricnl output of the photoclectric coll, after being greatly amplified,
goes to the eleetrieal heating element and warms the mirror, and the
condensed moisture tends to be reevaporated. The deviee can be
adjusted so that there is a great variation in heating of the mirror
with very slight variation in its reflecting efficiency. Thus the
temperatiire of the mirror ean be maintained alinost precisely at the
dew point.,
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Much developmental work remains to be done before the dew-point
recorder can be considered to be a practical field instrument.  How-
ever, since it contains no element that hias not been used many times
in other applieations, there is no reason to doubt that it will eventually
be perfected.

The dew-point, recorder will probably never be an instrument for
unteained observers. For that reason it may never be manu-
factured in large numbers, and the price will be relatively high.
Alihough the dew-point recorder should occupy an important place
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Fievrnw 11 -Thew-poink recorder using radio tubes In place of mecehanieal relays,

in evaporition sludies, it s not likely that an evaporation survey of
ihe whele country, such ns is contemplated in the extension of the
worle nt present under way, could be undertaken with this instrument.

Tue Pan HycrovMeErEn

A new methed, diflering from these in regular use, but combining
fentures of the chemical absorplion and the psyehrometric methods
and giving an integrated value of vapor pressure over any given time
interval, was developed in the hooe that it might be of value in the
evaporation study.  Although the method proved to be impractical
for ficld wuse it is theoretically sound and may find some-use in
hygrometry,
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The fundamental equation for evaporalion from a free water surfaco
is:

e —e,) =
} = i ) (G5)

i whieh

T7is the rate of evaporation,

m is the coellicient. for vapor {ransport within the laminar or
boundary faver,

A 3s the thickness of the layer, which in Lurn depends upon the
physical characleristies of the pan, of exposure, and of wind
movement, and

£ and e, ave vapor prossures of the water surface amd the nir at
the top ol the houndary layer, vespectively.

Transforming {he equation, we [ind:
rm-*—er-t -}:’- (©6)
H two pans having the same physical characteristics and containing
solutions of different vapor pressuves at their surfaces wore exposed
together so that the quantilies m and & are the same in both eases, we
would have fwo equniions for r,:
[ " Enilh' ({J?)
|9/
mo

Fla= Cppr— (68}
By a sumple algebraie maniputation we gel an equation for e, in lerms
of the evaporation from the two pans and the vapor pressure of the
two waler surfaces, in which m and & do not appear:

‘_ 'I_‘ﬂrr'.’ - " _‘_’(“u'l .

Cg™= (R S (69

From (his equation we can oblain the average atmospheric vapor
pressure for any period by moeasuving the change in mass of the (wo
liquids and the temperntures of tho water surfaces during the period,

[t should be pointed out that equation (66) is of the same form as
the general psychrometrie eguation:

('.ﬂ:'f!r_""ijgurl_{rr): (?0)

in.which 3 is barometrie pressure and 24 a factor which varies slightly
with vapor pressure of the air and femperature of the wet bulb and
whieh is empirically delornined.  Sinee ¢y is obiained as the saturation
wipor pressure al the temperature of the wet bulb the errors in the
derermination of atmospheric vapor pressure by means of o psyehrom-
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eter are due not only to possibie errors of the empirical constants, but
more largely to arvors in the defermination of wet-bulb temperature
iiselfl,

Since equation {69) conlains no empivieal constants and includes
only factors which can be mensured easily nnd aceurately, it is believed
that it supplics & method whiel is more reliable than the psychrometric
method for the determination ol atmospherie humidity. The instru-
ment lecks the flexibility and simplicity of design of tho wet- and dry-
bulb psychrometer; owever, and for that reason it ean never he
expeeled to replace the laiter,

One way to obtain different vapor pressures over water sucfaces in
the Lwo pans would be to maintain the water temperatures ab constant
but different predetermined values. Equipment for water tempera-
ture control is standard and readily obtainable but expensive. How-
ever, with water temperature controlled, the terms for vapor pressure
of the waler surface become constants, and the determination of
& 18 {urther simplified.

A more practical way Lo obtain dilferent vapor pressuves at the
surfaces of the two liquids is through the use of saturated aqueous
solutions.  Those listed in table 1 have proved to be satisfactory.
Actually, pure water may be used in one pan, Most desirable for
the other is a solution such as magnesium chloride, in which the vapor
pressure is vonsiderably depressed.

Suecessful application of this method requires identity of exposure
of the two puns, and this is not easy (o achiove. However, alter & num-
her of failures, n cylindrical shelter made up of a series of horizontal
cells and covered with rabbit wire proved Lo give satisfactory results
(fig. 12). In the final nodel the pans were mounted on seales so
that & conilnuous record of their weight was obtained. Bimetallic
strips supplied a continuous record of Uhe temperatures of the liguids
(fig. 13).

In an attempt to get a practienble field instrument, pans only 9
inches in diameter and 2 inches high were used,  The result was
that i high wind a part of the liquid spilled out of the pans, a very
serious difficulty. This difliculty could be overcome by using deeper
pans or by redesigning the shelter so as to cut down ithe air flow,
However, to the preseut, no further work has been done on the pan
hygrometer.

T CHEMICaL-AisorprioN Hycromerer (139)

For determining the concentration of moisture in the atmospherc
no methad could he more direet than that of removing all the water
vapor from a measured volume of air and weighing it,  The customary
Inboratory procedure of mensuring & volume of air by allowing it to
displace a given volume of water or some other liquid as it flows from
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a closed container is not adapted to field use. On the other hand, ®
pumps that will deliver air at the rate of only 5 to 10 litres per hour
with the necessary accuracy were not available.

Figure 12-—Various types of shelters designed in the attempt to scoure identity
of exposure of fwo pans.

. 75554
F1eurE 13.—Pan hygromeler unit to rccord weight and temperature of the
liquids in the twe pans.

However, a dusl mercury pump having the needed capacity was
designed and built. The essential clement of the pump is a horseshoe-
shaped glass tube, open at both ends and partly filled with mereury,
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A rocking motion of the tube causes the mercury to move back and
forth fron: one end to the other, alternately forcing the air out and
drawing it in. Since the total volume of the tube is constant, the
amount of air entering one end exactly equals thet being forced out
the other. Equipped with suitable valves, both ends of the tube
become individual pumps identieal in capacity.

The pump was at first driven by a smali 110-volt A.-C. motor.
Later it was found that a D.-C. motor designed for the Coast Guard
to operate for an entire yewr from a single 6-volt dry battery hes
ample power to drive the mereury pump.

A chemical-absorption apparatus using this pump was installed in
tho field at Arlington on November 1, 1940, and was operated sue-
cessfully until the middle of December, during which time reasonable
daily values of cvaporation and condensation were obtained. It was
mounted ot the base of a standard wind tower, and air was drawn
from the 4-foot and 16-loot levels through ¥-inch ecopper tubing, tho
samples being taken exactly in the hoerizontal planes where wind
velocilies are determined (fig. 14). In order to exclude dust, rain,
nnd inscets, the ends of the tubes were bent downward and were
fitted with copper wool filters.  The indieators for wind mileage at the
two levels were mounted above {fig. 15). Although ecvaporation
measurements were not made after the middle of December, the pump
continued to run without interruption until April 1, when it was
dismantled,

An improved device, using two glass hypodermic syringes as pump
evlinders and pistons and having diaphragm valyes, driven as hefore
by the constant-speed, batlery-operated motor, was received in
February 1941, Tor summer and winter operation, this pump unit
will drawaccurately 4.5 or 9.0 1. of air per liour through the absorptive
apparafus from each of the Lwo Tevels.  Although the instrument has
nob yeb been adequately tested, it promises to provide an accurate
means of mensuring atinospheric moisture and will permit the es-
tablishment of simple nid inexpensive evaporation stations (fig. 16).

The chemical-absorption hygrometer requires a suitable drying
agent. Such an agent should remove all the water vapor from the
air and should Iave a large waler-olding capacity. Tt should be
granular to aliow an unimpeded flow of air through it. It should
be capable of reaclivation, so that it can be used repeatedly, aned
should be safe to handle in the ficld as well as in the laboratory.
The last two requirements climinated the otherwise efficient phos-
phorus pentoxide (PaO;) and sulfuric acid (H,80,).

Table 4 gives the results of tests of a number of drying agents made
by Bower (18} at the Bureau of Standards and shows the amount
of residual water vapor that cach agent was unable to remove.
Although alumina (AL,O,) is uot the most efficient drying ~gent it is




44 TECEXNICAL BULLETIN 8§17, U. & DEPIL. OF AGRICULTURE

well within the limits of accuracy required, and it was sclected because
it is convenient to use, is relalively inexpensive, and can be easily
reactivated.
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Alumina will hold nearly 20 percent of its weight of water and
picks up all but 5107 mg. of water vapor per liter of air, which
amounts to only about 0.1 percent at 32° ¥. At higher tempera-
tures and higher moisture concentrations the percentage of moisture
not removed front the air 18 much less.

Alumina depends for its efliciency not only on absorplion but on
ndsorption as well.  Absorplion is a chemical process and results
in the chemieal combination of water molecules with the Al, O; mole-
cules.  Adsorplion is mercly a physical process in which molecules

75556

Fiavke 14, Detailed view of chetieal-absorption hygrometer containing mercury
.

of water adhere {o the surface of the drving agent.  To increase the
adsorptive efficieney of the alvmina it is specially prepared as a col-
loidal gel, by which means its surface area is enormously increasoed.

Alumina will adsorb carbon dioxide from the air in small amounts,
However, it guickly reaches equilibrium with the concentration of
carbon dioxide in the air, 5o it can be ~uturated with carbon dioxide
without reducing ifs capacity for water by passing a fow lilers of
dey air through the Lubes belore they are uscd.

Standard U-shaped glass drving tubes wore used to hold the drying
agent.  The tubes cach have two glass sidearms to facilitate making
connections (o the pumps and the sampling tubes.  They also have
ground ghiss stoppers for sealing when samples are not being taken.
Exven when the tubes were closed thie ahimina picked up about 1 mg. of
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water per day.  All leakage was prevented by coating the stoppers
with a thin filim of pet-cock grease.

To achieve the desired aceuracy great care must be exercised in
weighing the drying tubes. An ansalytic balance sensitive to 3% 1073
gm. In 100 gm. is needed, and standard laboratory procedures should
be employed.

Since thie drying tubes contain some air, the fact that the weight
of air changes with change in temperature and pressure must bhe

T r5em

Fravue 1 —Detailed view of chemienl absorption hygrometer containing
piston puomnp.

taken into cousideration. A closed empty tube of 35 ce. capacity
will increase by 9X107% g, In weight with a rise in femperature
of 1° F.at 32° or nearly 2 mg. with o temperature rise of 30°.  The
Buoyancy can be minimized by keeping the balanee room al n nearly
constant termaperature and opening the lubes momentarily to allow
them Lo come to pressure equilibriuny with the air in the room before
weighing.  The use of & tare, consisting of a tube filled with slumina
in the regular manner but not exposed Lo the air, is recommended.

As long as both pumps draw exectly the same amount of air from
both levels in a given time mterval mnost of these possible errors are
ncutralized when absolute humidity gradients are determined. The
mean value of the absolute humidity gradient for a given length of
time is obfuined by dividing the difference in mass of water vapor
collected from the two levels by the volume of air drawn through
each tube.
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THE MEASUREMENT OF WIND VELOCITY

Wind velocity 1s less diffieult to measure than atmospheric mois-
ture. A number of different whirling-cup anemometers are available
that cither register total miles of wind passed in a given time interval
or give continuous reeords of wind veloeity. These instruments
measure only the average values of the horizontal component of the
wind.  To measure the instantanecous velocities in (he major direc-
Lion, as woll as those fo the vight and lefl aud up and down, is much
more difficuit and reguires speciatized equipment.  Pressure-plate
anemometers, ol-wire anemometfers, or pressure-tube anemographs
gre genernliy used {or this purpose, and the seale and Irequency of the
fluctuntions measured depends upon the inertia of the instrument used.

The wind measurements reguired in the evaporation cquation
cant be obtained with standard instrumenis,  Wind veloeity 18 meas-
ured af lwo levels with a pair of contacting cup-type anemometers,
Wind direction 1s measured at the upper level only.

The type of wind record reguired depends on Lhe kind of humidity
instruments being used.  If conlinuous records of stmospheric mois-
ture are being oblained, ns from dew-point recorders or hygrothermo-
appplis, continuous records of wind velocity will be required in ovder
to determine the rate of evaporadion for short time intervuls. 1f,
however, only integrated values of almospheric moisture are being
obtained, as from cliemical absorption hygrometers, conlinuous
records of wind velovity are unnecessary, bul only an indication of
the tolal miles of wind passed during the time nlerval for which the
moisture ineasurements apply.

The fael thal the requived wind value in the evaporation cquation
s 1he dilference in veloeity at the two levels makes it unnecessary Lo
apply a correction factor (o the readings of either matrument. Wind
volocity enters the formuln also in the defermination of z/z, and
here actual velocities are required.  However, failire 1o apply tho
smatl correction fclors to get lraa wind speeds al the two levels
will resull in oreors so small they ean be neglected.

A YEAR OF EVAPORATION AT ARLINCGTON, VALY

An experimental evaporntion station was established at the United
States Department of Agriculture Experimental Fann in Arlington,
Va., in the sutuma of 1938, During 1939, offort was concentrated
on lhe objoctive of securing o complefe vecord of evaporation and
condensation for a vear. Instrament fallure and other difliculties
prevenled the full accomplistunent of this objective, but the gaps in
the vecords do not diminish their value greatly,  Hyorotherinographs
were used for (he determination of humidity.

i 1'art of the aterind dn Lhis setion bes appenred jireyvieusly (60, 162, 163,
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During 1940 attention wns foeused on the problem of soecuring
improved instruments, and & number for measuring and recording
moisture and wind were designed and {ested.  The more important of
these have already been deseribed. Figure 17 shows the various
instrumental installations that were being tested in November 1940.
The tower al the exireme lelt is n complele stalion. from which obser-
vations of both wind velocily and humidity ot two levels are abiained.
The chemienl-nbsorption hivgrometer is used for (he moistuare detor-
minations.  The next tower (o the right is the pan-hygrometer instal-

Provee 17 The evaporation station at Arlingion, Va., Novomber 1940,

lation for moisture determinations only. From (he next tower
measurements of wind veloeily af Tour lovels and of wind direction are
obtained. A1 the extreme vight behind a standard Wenlher Bureau
shelter s the dew-point recorder,  Here the dew-point (ransmitiers
nve at the appropriate levels, whereas in the improved instrument,
nol shown in this view, air is drawn from the proper lovels to the
instrument, which is on the grownd.  The instruments were localed
in & hay field on the relatively flat top of a gentle ridge,

The fivsl usable records of moisture concentration were obtained an
October 15, 1038, Wind-velocity monsurements hegnnt November 23,
1938, and the fivst compulations of evaporation were made for Decem-
ber 10, 1638, The stalion continued in operation thronghout the
calendnr year 1938, bul beenuse of msirumental difficultios and the
necessily for experimenting wilth various fypes of oguipment (here
are a number of unavoidable gaps in the records, Most of the usable
hourly values of temperature, specific humidity, and wind velocity
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for the various levels obtained during the vear are presentied in the
appendix tables 10 {0 12, pp. 706-118.

To give an indieation of the diurnal changes in moisture and the
changes in gradient for various air masses, the obscervations for a
number of days are discussed in some detail. Figure 18 shows
the march of moisture concentration at the (wo levels for 2 days in
early aulummn, during which time a modified Polar Continental air
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Figune 18, ~Moisture eoncentration al Lwo levels and moiziure gradient, October
15 and 1G, 1938, at Arlington, Va.

mnss romained over the area. The sky was clear, and moderate
temperatures prevailed,  The air mass was relatively stagnant, and
winds were Jight and variable.  Significant radintional cooling occurred
throughout the night, and a maderate ground fog condition limiting
visibilitios 1o 1 to 2 miles was observed at the airport, less (han a
mile fram the evaporation station.

During the first night the moisture concentration of the rir dropped

R TN Ty S
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to a minimum of 5.4 and 5.8 gm. in the lower and upper levels because
moizsture was abslracled by condensation at the ground. As soon as
the growmd began fo warm up after sunrise and evaporation com-
menced, moisture concenlrafion vose rapidly, beginning at the lower
level and producing a reversal in the gradient.  Shortly hefore noon,
thermel convection had developed Lo & poinl where the moisture was
carried to the upper air faster than it was received from the ground,
and the concentration at hoth levels diminished about 0.8 em. In
tate afternoon, wilh a diminution of conveetion, the evaporalion again
excecded the rate of transport aloft and the moisture concentration
rose to the high point of the day. Belween 6 and 7 p. m. the cooling
of the ground surface hegan, and soon the concentration at both levels
was the same,  With confinued coobng, condensation began, and as
moisture was abstracted from the lower level the gradient was veversed,
and Lhe concentration at both levels diminished throughout the night.
In the morning there was a heoavy dew deposit,

The same sequenee of condilions was repeated the next day; first,
an upward shilt of gradient followed by a rapid inerease of moisture
concentrafion as evaporalion procecded; then, a diminution of con-
contration with a conlinued upward-divected gradient as thermal
convection carcied (he moisture to the deier levels aloft; then, as
conveetion subsided. a rapid increase in concenlration; and finally,
with the onsel of ground radintion at the end of the day, condensation,
a gradient divected downward, and & rapid diminution of moisture.

A few days Ialer, with the passage of a well-marked front, the
transitional Polar Continental air mass was displaced by a fresh
polar airmass,  The mosture concentration dropped witlkin the course
of a fow hours from about 10.5 to about 4.0 gm. The moisture gradi-
ont pattern for the 2 days following is shown in figure 19, Except for
seattored cirrus and a fow seatiered cumulns clouds during the after-
noon the sky was clear throughout the 2-day period.  Tor nearly the
enfire firsl day the wind direction was predominantly from the west
and west-northwest, nnd veloeities ranged from 5 to 15 miles per
hour.  The motsture gradient, although small, was directed upward
for approximately 28 hours after the invasion of the polar air mass.
The moisture concentration remained almost siationary al aboub 4
e, until approximately 3 p. m., when a moderate amount of convee-
tion forced a small decline, Tt is of interest {o nole that scattered
cumulus clnuds were ohsorved between 3 and 5 p. m., which coincided
with the observed decline in moisture concentration. During the
evoning, evaporation conlinued and the concentration rose more than
a gram, Nol until after 10 p. m. did the gradient turn downward
and condensalion commenes,

Throughout the remainder of the night surface wind velocities
wore generally less than 2 to 3 miles per hour, and with moisture




EVAPORATION FROM LAND AND WATER SURFACES 51

abstraction going on at the ground, the moisture eoncentration slowly
declined. The gradient patiern of the sccond day resembled those
of the two earlier days shown in figure 18, although the rate of evapora-
tion was cousiderably reduced. The important dilference in pattern
is that th- moisture gradient was dirceted upward until 11 p. m., the
moisture concentration conlinuing to rise until that time.

Figures 20 and 21 show the moisture gradient pattern and the
hourly rates ol evaporation {or December 11 to 14, during which time
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Fravns 189, Moisture concentention at twe levels and moisture gradient, Qctober
21 and 22, 1938, at Arlington, Vu.

A Polar Continental air mass displaced a southerly current of well-
modified polar air. On December 11, the synoptic weathoer charl indi-
cated the presenee of 2 well-maodified returning flow of polar air over
thie enstern part of the United States.  The sky conditions as observed
at (he Washington aivport, which adjoins the Arlington Farm, varied
agreatly from hour to hour.  The thin, broken to overeast, altostratus
clouds which predominated during the early morning and forencon,
thickened during the alternoon and evening to a nearly continuous
overcast wilh o base at 6,000 lo 7,000 fect. During this fime the
specific-humidity gradiont was direelod upward. DBetween 5 and 7
p. m., the elouds became seattered and broken, and radiational cooling
of the ground hastened the usugrl reversal of the specific-humidity
gradient.  As the overcast thickened again, the gradient shifted up-
wards temporarily for an hour.  Thereafter the gradient was directed
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downward except for a period belween midnight and 3 a. m. of
December 12, The upward gradient at this {ime was probably due fo
a slight increase in surface temperature caused by the downward
transport of lieab by turbulence induced by the increased wind
velocities which prevailed during this period.

During the early morning of December 12, the clouds were, In
general, high and senttered, and ealin or extremely light winds pre-
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IFievrs 20, Mois{ure coneenlention af (wo levels, moisture gradient, and hourly
evaporation, Decomber 11 and 12, 1038, ot Addington, Va,

varled,  The moisture gradient continued downward, and a light dew
formation resulted. A8 % o m, the sky beeame overeast with upper
allostratus aod lower stratocuinulus deeks, heralding the approach of
a cold fronf,  Oceastonal sprinkles were noled during the howr onding
ul § o, me, and lght min was observed belween 10:00 and 11:25 a. m.
Tite amount of rainfall, however, was less than 0.01 inch,  The front,
which marked the boundary of Polar Continental aie, passed the
stafion at approximately 11 a. m. and was asseeinled with a wind
shifl 1o the northwest und a dissipation of the stratocumulus deck.
During the ensuing 30 hours, the wind remnined in the northwest,
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with veloeities generally between 8 and 15 miles per lour. The
specific-humidily gradient was dirceted upward for the two hours
preceding the frontal passage and continued to be directed upward
untit the morning of the i4th.  The gradient shifted downward at this
time, dsd o heavy [rost ensued.

It is to be noted ihat on the 13th there was no drop in specifie
humidity resulting from large-scale thermal or conveetive turbulence
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Frarus 20~ Moisture concentention at two levels, meoisture geadient, and hourly
evaporation, Deecomber 13 and 14, 1938, a1 Avlinglon, Va.

such as was illustrated infigure 18, This 15 explained by the fact
that conveetive turbitlence was limited to the thick Inyer of polar air,
within which mixing by meclumnical tarbufence had already established
completle eniformity of moisture concentration. Thus there was no
possibility of replicement of the air at the lovel of the ohservations
by dider air from alofl.

On Decomber 14, however, the wind velocitios in the polar air were
light and variable and the thickness of the mechanically turbulent
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Inyer was much less than that on the 13th. From 11 a. m. to & p. m.
the characteristic convective turbulence was manifested by a steady
drop in the specific humidities In spite of the fact that eveporation was
continuously adiding moisture to the atmosphere. A secondary de-
crense in the specific humidities beginning at 8 p. m, was also due to
mixing with drier air aloft.  The wind velocitics inereased at this time,
shifting frem south at 3 miles per hour to west-northwest at 15 miles
per hour, causing a rise in surface temperature from 38° to 42°,
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Pigene 220 Daily totads of evapuration and gondensation for the month of
January 1939, at Arlingion, Va.

The water loss from the Inand surface al Adlington Farm, combining
evaporaiion {rom the sosl; evaporation of dew and frest, and franspira-
tion, Tor the < days December 17, 12, 13, aml 14 was 0.0026, 0.0137,
00132, and 0.0239 inch, respectively.

Iigure 22 shows the daily evaporation and condensation for the
month of January.  In table 5 the (vpe of information obtained and
the hourly evaporation values for January 27, 1939, are presentled
merely Tor illustrative purposes.

During the firsé 4 days in January, the ground surfnce was dry and
the moisture was apparently removed chiefly by transpiration (169).
Varinble high seatlered clouds and light variable winds prevailed dur-
ing this period, and appreeiable amounts of dew condensed during the
carly morning hours.  On Junuary 5, a low stratus overcast prevailed
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TaBLE 5.-—Dala for the computation of evaporation and the cvaporation at Arlington, Va., for the 24-hour period Jan. 27, 1939

i Hour ending at—

Observations and computed evaporation ‘ -y
1 la.m. ; 20.m. § 2a.m. | daom o SacmS ) fe.m. | Ta.m. | Sa.m. ! Oa.m. } I0a.m. { 11a.m. 12m.
t | FE P i
E
Upper observations; ;
Relative humidity. . ......... .. i san percent of, 2 i LR poTh2 80.1 8L 3 7a.1 52.0 45,4 43.5 45.2 .0 39.4
Temperature .. ... . ooiveow-o. degrees F.o.f 20.3 © 20,3 ©o2001 18.9 187 19.3 22.8 23.3 4.0 25.1 26.5 28.5
Vapor pressure.. inches of mercury 1A S 07 078 S079 079 .075 061 . 055 054 . 059 057 . 061
Wind, il emean---1iles per hour . 50 ;38 4.0 1.8 1.5 3.5 0 5.8 12.5 12,8 19.2 12,5
Lower observations: i
Relative humidity._.... o e e pereent i TL@ TH T 8.0 84.9 §7.9 84.2 58.8 52.5 51.4 50.0 45.5 42.0
Temperature s oooodegreesFoo ) 1004 1 185 17.5 16.5 16.0 W5 -1 2.5 210 22.4 21.9 26.9 29.4
Vapor pressure --inches of wucreury .. i1t} R 074 .074 75 .073 062 057 . 060 . 065 . 065 . 067
Wind. oo i miles peripur. .} 3.2 2,0 1.8 Lo 2 1.3 a 3.5 7.5 8.2 12,8 85
Difference:
Vapor pressure. inch 004 .ano —. 004 =. 005 —. 004 —.002 .001 002 . 006 0n6 . 008 006
Wind. ... miles per hour. . 1.8 1.8 2.2 .8 1.3 2.0 3.2 2.3 . () K] 6.4 .0
Evaporation. ——. 1 . 0003 | L0000 7 —.0003 | —.0001 © —.0002 | .—.0001 .0001 . 0002 .0013 .0010 .N018 . 0008
i
i i
1p.m 2p.m. § 3p.m 4p.m. ; Fp.m fp.m ip.m Spom.j 9p.m. [ 10p.m. | I1p.m. | 12p. m.
Upper vbservations:
Relative homidity. ... ..o .. 0 percent . ; 36.5 34.2 31.0 32.0 341 35.3 35.5 35,5 37.6 {1.0 43.0 47.5
‘Terperature.... o esenodegrees Foo o 30.5 32,4 340 34.0 3.0 33.0 32.3 3.7 31.0 30.0 24.3 2.5
Vapor pressure.. inches of mercury.. . 06?2 . 063 . 061 62 . 067 . 066 . 0065 . 063 065 068 065 . 067
Wind.o.._.o.ociooiiii.oio.._..miles per hour..] 13,5 15.2 11.8 12,2 14.5 1.2 8.0 7.2 5.0 3.5 28 4.2
Lower observations:
Relative humidity_.. ... .. __......percent..| 3%.0 3.2 32.0 A 36.9 39.3 41,5 41,1 43,1 50.0 61.0 7.4
Temperature..... -.degrees F.. |- 31.0 33.9 359 =236 32.9 3.4 30.4 29,4 20.4 285 22,9 214
Vapor pressure. ..inches of mereury .. KRS L0067 . 063 . 066 009 2060 070 066 .06 LO7L 016 079
WVind...iooivaceiiiia oo miles per hour 22 10. & 9.8 9.8 9.0 8.0 5.0 4.2 2.8 1.8 .0 1.2
Diflerence: ) :
Vapor pressure. ... . el wesamadiich 007 A0 .00 004 002 L 003 .003 L0038 L0014 003 .01 L0112
Wind_._. ..miles per hour..; . 4.8 4.7 5. 2,4 5.4 3,2 3.0 3.0 2.2 1.7 28 3.0
Evaporationi_.._. [ ST SPRILIS | 111) s SO <0011 L0007 o7 . 0003 L0004 L0003 . 0005 .0003 . 0003 0002 L0010 L0013

!Negative evaporaticn is condensation, * Totals fur the period: Evaporation, 0,0126 inch; condensation, 0.0007 inch.

STOVIUNS HHLVA ANV ANV WOHA NOLLVHOdVAH

Qg
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throughout the greater part of the day. Intermittent sprinkles and
occasional light rain totaling 0.07 inch occurred during the 24-hour
peried.  In spite of the cloudy conditions and the precipitation a
measurable moislure gradient directed upward was detected, and
0.0103 inch of evaporation occurred. The following day, Janunry 6,
the slky was relatively clear, moderabe wind velocities were observed,
and the evaporation was greatly increased, amounting to 0.0544 inch.
On the 7th, 8th, and 9th, variable high clouds to clear skies prevailed,
but the daily evaporation totals were, as was to be expected, less than
that of the Gth, when the ground surface was moistened by the previ-
ous dny’s rainfall.  On the 8th, the cvaporation was slightly greater
than on the 7th or 9th and may he explained by the moderate wind
velocilies, ocenstonally reaching 22 miles per hour,  Light rain amount-
ing to 0.07 inch fell betwoeen 7 a. m. and 9:30 a. m. on January 16. In
spite of the moisture on the ground and 2 moderate south-southwest
wind which varied bolween 8 and 12 mules per hour, the evaporation
amounied lo only 00276 inch.  The suppression of evaporetion on
this day may be explained by Lhe diminution of the moisture gradient
by the invasion of more moist air from the soutly, which caused an
icrease in specific humidity lrom 3.5 to approximately 7 gm.  On the
following day, there was ounly slightly more evaporation. However,
by the morning of the 12th, fresh polar air had invaded the area, and
the speeific humidity dropped to 2.2 g, The wind blew prevadlingly
from the northwesl, with o veloeily canging hetween 5 and 15 miles por
hour, and in spite of & high overeast the evaporation atéained & value of
0.0535 inch.  The increased evaporation inlo polar air masses, which
has been found consistently in cur observations, was anticipated on the
basis of the eyele of aiv masses (51, 157).

The high allosteatus overeast that was present throughout the 12th
steadily lowered and thickened, heralding the approach of & warm-
front storm.  On the 13th; o mixed precipitation of freczing rain, slect,
and snow fell throughoul the grenter part of the day.  On the 161D, a
firhit snow {ell between 6 o, m, and 13 2. m. On the 18th, snow began
falling shortly after midnight and continued throughout the day until
10 p.oi. A light snow, associaled with an upper cold front, ocearred
on Lhe 20th between 5 pom. and 9 pom. Thus from the 13th through
the 20th the site of the evapeoralion station was covered with snow
ranging in depth from 1 to 6 inches.

During this period the blanket of suow was fundamoentally responsi-
ble for the suppression of evaporation. A snow cover may suppress
evaporation in o number of different ways, aithough the moisture
losses by evaporalion from a snow ficld may be large when suitable
atmospherie conditions prevail, Because of the difference in the
physical characterislics of a snow cover and a grass cover there must
obviously be a differcnee in the roughness (actor charaeterizing the
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type of surface and a consequent difference in the intensity of turbulent
mixing,

Table 6 gives the average howly values of z, for the petiod in Janu-
ary dwing which the ﬁuld_ was snow covered and for the remainder of
the month.  The average for the days with snow was 0.11 em. and
for those without snow, 0.28 cm. With tiie cover of snow the ratio
gz dropped {rom 235, ‘)5 to 25.09, and the evaporalion should have
been increased 0.6 pereent as o msulL of this change.  This extremely
small inerease is more than oflset by other infiucnces.

Tavre 6.—Divrnal varinlion of 2. for the days with and without snow cover in
Janvary 1939

Averuge 2. for hour eoding at- -

Condition of prownd Tinys ol N o T
' i , 2 40 4 5 7 5 9 w1l
DL LB P O e T N T TS W T W TR TR LI I |

Y : :
bober | O f LI
(0. in2d 0 AN L

L em . f . i O, ’ m
11, "]il(l hh\ﬂ EHIARIRITis R []’H(LUJI‘;
2N .3‘.FI|- LY xh BRI L B 1y F R L P R g

]
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home g pon, LN TER S N (P LT T 0 (TR (s (W P TRR TP B TP A T
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Frie from snu\\‘___.q LI e B LY R TR N(i . .t)l(] LRy fien 1.:._ 5017925

‘\wnu.e Bnow oovered, n 11-., o from sinow, O, 541,

Animportant factor governing the rate of evaporntion from the
snow is the temperature of the snow surface (7). It is well known
that a snow surface radiates energy as docs a black hody (174}, and
on a clear ealm night exeessive inversions of temperature may be cs-
tablished in the air next to the show. During the daylight hours
much of the incident radiation is reflocted and the snow surface Lom-
peratures may remain well below the dew-point tomperatures of the
air. Inany event, the temperaiure of the snow surfaee must remain
al {he freezing lemperature until all the snow is melied. A grass-
covered field also radiates energy ns does a black hody, bul during the
daylight hours most of the incident energy is absorbed and the surlface
termperatures may be greatly increased, so that transpiration of the
plents increases.  Transpiration. may be vogarded as the most offec-
tive mechanism whereby moisture is returned (o the atmosphere from
land areas (769). A snow cover obviously precludes the operation
ol the process of transpivation.  Thus, it will be evident that unless
the nir dew-point temperatures ave lower than Uw snow-surface tom-
peratures (vapor pressure gridient direeted upwards) there can be no
evaporation. I, as may frequently be the ease, the air dew-point
temperature exceeds that of the snow cover (rapor pressure gradient
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directed downwards), a frosi condensation must be occurring on the
snow surface, This explains what took piace belween the 16th and
20th, when an appreciable amount of frost was condensed on the
snow surface.

On the 22d and 23d, only patches of snow remained on the field,
and by the moming of the 24th it kad entirely disappesred. The
increase of evaporation during the period between the 22d and 27th
over that of the period between the 14th and 21st is Lo be atiributed
directly to the disappearance of the snow cover.  MHowever, even with
the disappearance of the snow it is to be noticed that the average
daily evaporation rates for the period from the 21st to the 27th were
lower than these for the period preceding the first snowlull. This is
accounted for hy the greatly deereased femperature of the ground
during the last half of the month.

Cold and dry Polar Conlinental nir occupied the area on the 27th
but was displaced by o southweslerly current of transitional tropical
air on the 28th.  The dew-point temperatures of the polar air aver-
aged approximately 129 F, bul increased to about 2C° in the modified
air.  The ground temperatures were still low, and »th the invasion
of the modified air wilh increased specific humid ces the moisture
gradient was divected downwnard for 2 good pard of the day, and
appreciable condensation of frost occurred.  The 29th was overcast,
amd light rain began at 11 &, m. and conlinued until after midnight.
The eloud base, which remained below 1,000 feet, lowered to the
ground in Lhe evening, resulting in fogey conditions, On the 30th,
a low slratus overcast with ceilings varying helween 200 and 600 feet
and light rain or mist and fog persisted during the entire day.  The
rain ccased in the carly morning of the 31st, when a peolar air mass
aeain myvaded the eastern part of the Uniled States.  Practically no
evaporation occurred on the 20th or the 30th,  On both of these days,
however, significant amounis of condensalion oceurred. The small
evaporation of the 3ist was associated wilhr (he invasion of the polar
air mass.  The total amount ol evaporalion at the Azlington Farm
for the month of January 1939 amounted to 0.4905 inch.  The total
amount of condensation as computed was 0.0753 ineh.

Daily values of evaporation, condensation, and precipitation for
the entire yesr, excepl {or the months of February and September,
are given in table 7. Records for these twe months arve missing be-
cause of the interruption of the observations by instrumental failure
and 1he insiallation of new equipmient. The records of a fow days
during the 16 monihs are also missing or incomplete.®

i Tuterruptions i1 U record avcurred when Birds atiempied 10 nest in Ure byprotheriuographs, asing

the hadr elewents or buildiog medecla), and when on sovernd orensions spilers in large munbers canscd
trotthle ol gnly in the hygrothertogreohs Gt B Lhe enpmgetclers oimd wingd reeorders as well.
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. Tapun 7~—Ezxchange of moisture belween the ground and the almasphere,
Arlington, Va., 19391
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TabLe 7.~Hechange of molsture belween the grouwnd and the wbmos phore,
Artinglon, Yoa., 1838 —Conlinued.
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LanLe 7.~ Fechange of maisture betweon the ground and te afmusphere,
drlington, Vo, 1939 '—Conlinued,
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The observations of precipitation, evaporation, and condensation
are summarized by months In fable 8. During the 10 months the
tolal contribution of moisture to (he ground by precipitation was
26.34 inches and by condensation, 1.81 inches. The total loss by
evaporation and franspiration was 11.97 inches. By subtraction, a
value of 1618 inches is obtained Tor run-off and increase in eround
sforngoe.

Tawne 8. Feehange of molsture between the grownd and the almasphere, Arlinglon,
Vi, for the year 1839
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The losses (o the atmosphere were at g minitum in winfer, whoen
evaporalion was suppressed by low eround temperatures and trans-
pirntion was ahmost completely inactive,  Losses by transpiration
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were greatest in June, when the vegetation had nearly reached ma-
turity and growth was still active. Transpirntion losses were reduced
in July and August by mowing.

Precipitation was very scanty in May, and the soil moisture was
reduced nearly an inch and a half by evaporation and {ranspiration.
However, much of this soill-inoisture loss was restored by a rain of 1.17
inches on June 8 and a min of 1.88 inches, on June 13, of which 1.51
inches fell in a single hour.

Evaporation losses to the atmosphere in June were five times as
great as in January. Precipitation in winter, however, is nearly as
great ns in sumumer and, in addition, may be stored on the ground in
the form ol snow.  Thus, the chiance that general floods will oceur in
the colder seasons is greatly enhanced.  Actually, the flood hazard is
erepatest in enrly spring, when evaporation losses are still small and
warm raing, together with the melting of accumulated winter snow,
are most likely Lo overtax drainnge channels.

In the eentral and eastern parts of the United States nearly all
major lood-producing storms are terminated by invasions of relatively
dry air masses- of polar continental origin characterized by o thick
turbulent layer and low concentrations of water vapor. These air
masses provide conditions maost favorable to evaporaltion and are
able to ahsorh enormous quantiiies of meisture from the rain-drenched
land., Since floods on large watersheds ace most frequently due o
eencral storms which must fivst resiore to the sod reservoir water
lost by previous cvaporation and transpirvation, it is cevident that
land use practices favoring evaporation witl accordingly lessen the
burden imposed on stream channels by excessive rains, both by re-
tarding mmediate run-oll and by erealing a water-storage ecapacity
in the aoil,

The losses of moisture from a field in Arvlington into continental
and maritime air masses during June and July 1939 are shown in teble
0, Although the maritine air was eonsiderably warnmer than the
continental air, s daily rate of intake of moisture from the ground was
only 58 pereent as great.  That evaporation into continental masses is
greater than inte polar masses has been verificd by observation of the
change in wiler content of these masses as they traverse the country
(&#N.

Tanne O Fechanges of woler vapor between the ground and continentul and maritime
uir masses during Swne and Suly 1938 ol the Arfinglon experiment slalton
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EVAPORATION MEASUREMENTS IN AGRICULTURAL
RESEARCI

In the development of the science of climatology there has gradunlly
emerged {he concopt of climate as the integration of tomperature,
wind, sunshine, moisture, and other factors within a region which give
it personality and individuality. TIngenious and accurate instruments
have been developed for measuring and recording some of the clements
of weather and climate. Thers are, however, no instruments for
measuring the climatic complex.  Furthormore, there are not o few
elenments of the climale that cither are not measured adequately or are
notl measured at all. Finally, there is little doubt that there are
significant Tactors of elimate, the very existence of which are today
unknown,

In 18G4, Marsh (90, p. 22) wrote as [ollows:

There is one branch of research whieh is of 1he utinost impartanee * * 4
bt which, frone the great diflieulty of direct observalion upan it, has been less
sueecsslully studied than almost any otlier problem of physical seience. 1 refer
to the propertiuns between precipilation, superficial drainape, absorplion, and
evaporadion.  Precige aciual measurement of these quatttitics upon even a single
acre of ground s inpossible * * %

In the intervening years mucli progress has been made in the
measurement of precipitation and run-ofl, and recently much atiention
has been given to (he problems involved in (he measurement of infil-
tration into different soils and under different forms of soil manage-
nent. But the measurement of evaporation has continued to be
impossible, despile (he Taet that it has beeome mereasingly necessary
s measurements of rainfall, run-off, and infiltration have Dbeen
improved.

Not until the last deeade had the development of the theoretical
study of atmospheric turhulence produced results which suggesled a
means of making (his important but previously impossible moeasure-
ment. The theocelical foundntion of the method is sound; it remains
Lo improve and simplify the instriments Tor muking the necessary
measurements of atmospheric humidity and wind velocity and to
oblain o more relinble vulue for the universal turbulence constant.
The final step will bo Lo test the method by determining the evapora-
ton from the surface ol the water in a reservoir, where the loss cun
also be determined independontly by divecl mensurement.

Until recently, no satisfactory technique for the measurement of
aclual moisture losses from natural surfaces such as ficdlds or water-
sheds has been developed.,  Consequently, the analysis and solution
of many elimatic and hydrologic problems have been d clayed because
of the lack of the necessary evuporation and transpiration data.
The future promises that measurcments of the transfer of moisture to
the atimosphere from all types of geographic surfaces will become
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available and that they will provide information on the moisture
requairemoernts of various erops and types of natural vegetation and
on the effectiveness of variows moisture-conserving practices,  With
the accunmulation of this information the interrelations of climate,
hydrology, and agrieulture will be more clearly understood.
Intimately associnted with the problem of retarding and reducing
run-oft Tor flol control is a knowledge of the manner i which and
the rate at which the soil loses moisture Lo the s'mosphere. During
rainfess periods, soil moisture is dirninished st rates Tundamentally
dependent npon the ecologic comples. This iz true beeause frans-
pirntion is the ebiefl mechanism whereby water 1s lost from the soil
ti6M.  Goenernlly speaking, when rain falls on the land, only (he
part in exeess of that needed to restore the seil moisture to its full
storage capacity will run off. Obviously, then, w those regions
whoere ood-producing mins are common, a plant cover having high
transpiration values should be favored so that appreciable soil-
maoisture deficiencies may be il up between rains; and to mininnze
erop failure in aveas of high drought incidenee, plants with small
transpirntion values should be favored.  When measurements of
evapornlion, condensation, and transpiration from natural surfoces
under different types of plaal eover are available for o lnvge number
of locations throughout the ¢country, relinements in meteorelogy,
hydrology, and agsicnltwral climatology nol now possible can be made,

SEMMARY

This stidy is an sttempf 1o satisfy a long-felt need for o method of
determining water losses to the atmosphere from land surfaces
possessing vavious (vpes of vegetal cover as well as from Tree watoer
surfuces.  Sinee the water entering the atmosphere hecomes o gns
and 15 invisible, direet mothods sueh as those in use for measuring
precipilation or run-off in streams cannot be employed.,

Roecent studies of turbulence in the lower levels of the almospliere
have supplied exsentisl infocoration that makes possible the deter-
mination of the mite of transfer o moeisture from 2 nateral surfaee
into the afmosphere.  An vgoetion as here developed that gives this
ente of moisiure transfer in temss of measurements of wind veloeity
and bomidity ot two levels direetiy above the surface.

The measnremenis of both wind velocity and bumidity must be
made with o high order of sceuriey. Thus earelul study of various
trpes of hyerometers and anemonteters was made and some new
instrumenls were designed and tested. A salt hygrometer, 2 chemical-
absorbtion hygrometer, and a dew-point recorder arve deseribed.

An evaporation station was established over a meadow at the
Experimental Favm in Adington, Va., in late automn, 1938, The
station was operated through 1938, and a acarly complele hourly
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record of evaporation and condensation from Lthe Nield was obtnined.
Tables presented in the bulletin inelude hourly values of temperature
and of specific humidity at two jevels and hourly values of wind
movement at four levels.  They alse tnelude daily tolals of condensa-
tion and evaporation; the lrst record of its kind ever made.  Dhicre
are a few unavoidable gaps in the record,

42GuU0 42 . §
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TanLE 10— Temperuture at indicated levels, Arlington FErperiment Farin, Va., 1989
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TasrLe 10.—Temperature al indicated levels, JArlington Experiment Farm, Va.,, 1939—Continued

Average for hour ondma at—

]

i i , ‘ ; i ! i
7 8 k l()‘ll'l‘.? 1 2003 4 7T -8 9 1 1 12

|
[ 203 1 ' : | !
PR T 80NN 8NL AL TN ACIML S0, 4L a8, DML OCILE . LI oL PO pLnnpom, p iR p.m. Py p, oL P, ’ p.m.ipom,
H i N : H 4

1

{

}

H : Ql, : ‘.. 0]“_ = X ' . 3 = ' ,.~‘ A A al | ql' °I’~. ql'~ B gl.vA : ‘1". i ngv' as ) olw V DI".
Mar o 245 552 HM2TSA 522 M2 ST 4T3 LD L2 AR B2 70 4TS S0 4T 476 474 4671450 | 432 413 80T 3.2
2 s 5 )15153 4.0 7.0 47 7.0 ARG dN T Al a0, 5 48:’ bodr ) 45, 1 :'. g?o
372 3 =20 oo o2 i ol P ag Y y A-,‘W wo .: 3 ! : a9, ,oﬂ.;)

-3 7] b T J-
w:ncc-ﬂctac

B

1s

SR SIS A 10 A 10 s roa e s

]

BEEABREEY

5.4
36 | 8500
6.8 .33.8
35.2  35.5
35,7 35.8 1 35
c 4010 41,9 1
39,3 ¢ 0.9

LA

[~

[

e ,
' ;-3\1:3‘13 a6
SR 46,6 i
P8 46T 45,7
40.6 0 31,8 315
PagR, 988 L 9Ty
30,6300 285
"Ss 2.4 273 -2
7O5A0 . 24y
25.3 24 N LN
357 - 36,1 36,9 3727 36.0 0 40.5 - 418 45.0 | 510
35,2 36.0 365 30.0 ' 4 37425 455 1540

[~

[

=y
AUALIADIEHY d0 “TdAd 'S ‘A ‘118 NIIATIOg TVOINHOIL



http:4~.O)51.1l
http:21\.125.72;'.02�1.:125.11
http:a.5.III3:l.11

(4L0 - AL0y

30,1 248 3 3] t 4.0, 36,6 - 3% 0 o 42, 444 455 0.
139,31

20940 28 30. 3.4 . "'. . 41, p 46,4 . 45
b Pt g . 5 L8

@
'@

(&)
[CPNE P ER XD
da da by

AT = & & dethen

i

37 .
300 30,
POIE R

3640436, 2
.M 3 083

(53

2 o S S B D e
It st

12

B e N ]

(&)
-

f"a"

LABD AT 4SS T 50 et 86,8 0 52, 2
5.8 A3 1 82,5 52.0 0 5L KT .7 4B, ‘.xow"(y

;52 3008 d4s. n.h TR B R EREEERERE- R N BT 5 TG 428 42!

454 424 4B LT 4na 'wu' .ui- 4( 4195 43 48,91 50,
425 416 0T WA A B BNy 2lWs e iy

SEOVINNS ALV ANV ANVT JWOUL NOLLVHQOAVAR

6L



http:11:.1.11

TanLg 100 Femperafure al indeedled levels, Arlington Erperiment Farm, Va., 1938 Continued

08

Average Tap hostr erpdgng o) -

1 9 i ; ; v 0w on 2 2 3 4 : i . 2 19
L., oBom. 8O o CBe o PR O ¢ I W £ 1 8 . S Qe o, H [INE{E 3 oo LI jm,

- < e PR e b

’I: '}1‘ i ,<4 *. o8 ;1,‘_ l“.. E . G -. :,]’-‘ fy ‘-‘ a3 .. ’ 01‘,‘ ; Q}.‘
CAZ 541 ., AN A AT ALy I 850 AL ) .5 510 ¢ 518
IS8 CBE N AN A B BB AN Su S 55, 56, S TR slL40 50,7
AT NG A ELO 5307, B i . 5532841 51,2 L5 4US 50,8
i i 45.6 d5.1 46,61 5.2
45,5 4707 46.2 . 45.0 b 483
£6: 43,5 1 47.3
30.0 43,1
(0.7 429
45.0 ¢ 45.9
45.7 | 448
» 5.0 1 51,1
P43.2 1 407
D38.5 0 42,8
7436
2 4u.5, 49,2
A 47
17.0 1 45,9
51 46,57 46.2

e

6N §

IR

SF. SF,

e

™

S

™

£
e

[
[UR S 1Y

n L
DR LN R e

B IN
At al L)

s
&n

1.
2
i,

SN
E]

LS

S P S|

k5]

S
=S 13y
tn

&ty

15
SR

S0
5L

(A
-t
P

(53
&

e e 2 e
P R R ATy

13
n

491
62,0
G0

-

2

w5
‘—"l\‘)k—'-la"-l
<

N
TN
: 580 530
57,00 570 AT . : WGOAR0 B85 2, 50, ()
45,0 H. 6 A 43. : X 56,0 50.0 ; 3 } L8 HLD 5, 0 55,0
3.0 43,0 44, ; 2, 2,0 4.0 5040 56,0 50.0 2. 65.0 64, : i 54.5

“we w E
TUALTAIMDV A0 "LddA 'S ‘0 ‘218 NITHTIAd TVIINHOAL



http:fj!').fi
http:f.,\oi.tI
http:fj:l,U'lii.fJ
http:af1,O:a5.2.3~.1i

CGRLET RO
5.0 GL0
6l 59.0
&40 55,8
A T
65.0 595 ¢
X300 700
RN
T
75.0
o84
6.4 ) 062, X
710 S0 670 0 66, 3 3.0 : 66.5
9.0 . 8 2, 66. 2
EA S IR O S 48, A6, A8, 53.5
;A . 46, 83,1
LI B vl 44, 48, 44, 46,1
TAN | R 1 ; 43, 3 42,5 | 45,1
I L N A | I 450440 40.3

Al 4,00 46,10 4 &, 44, 3 47.6

g

CARD B0 AT 0 AL B0 B0
RN A8 BLE AN,
CELY s

5.

Bi)

Lt

3
5 2 e

s
et uta
Mmooy

S LU
=

"

(A3

Borasasin

ZF—06003¥F
-

IR
WS e S g

AR B

15
= FLES N
N in

(5
j=g=21
.

e 2 N LN
2]

v
RN
PR
B A T
foid

LT B
H1.1 5 G

=
FRYN
i

L
N

=
-
o
=
o
=
[
-
3
7
“4
=
~~
c
o
-
&
-
“
o}
=
Z
o
P
3
N
=
=
=
=
=
VA
[
Lorw)
"
3
-
3
=
n

IS




(4]

TapLe 10.~Temperalure al indicaled levels, Arlinglon Ezperiment Farm, Va,, 1939-~Continued
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TasLE 10.~Temperaturc at indicated levels, Arlington Erperiment Farm, Va., 1989—Continued
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TasLE 10.—Temperature at indicaled levels, Arlinglon Ezperiment Farm, Va., 1989—Continued

88

Average for hour ending at—
Date | ; ; ; ; . B f i ; ; i ; ; H i
11 adia iy 5o 74809 f10 f oy 12 b 142 f 9 L4 b5 6 7108 g 1213 { 12
8., {4, M. A Tl 8,8 I A, Dy T R, T AL . JAUIL S I I, (LT PoNLC PO pomL fLDL Pl PuiR. DT IG Pem. DN Pt g
Feet | °F. ! °F., { °F, fop,iep Lop {op | ep | oF, | °F, | oF. | °F, ’ °F. | °F. f °F e ? OF. L of, Y ep BRSO, [OF, | Of
Aug, 1245  75.8 1950 7.0 71,5090 72.0; 77.0°] 81.0 { 83.0 §5.0 | 86.0 | §7.0 | 88.5 1 §0.0 ; 89.5 ! §9.5 ; §9.0 1 §7.0 . §4.0 | 82.5 | §1.0.180.0 | 80.5 |
2 7B 73,81 725 71,00 68.51 72,0 % 77.0°/ 82.5 | 54.5 1 86.57} 85.0 | 89.0 1 90.0 { 91.0 91.0 1'90.5 ; 89.5 | §7.5 | 83.5 { 8L.5 | V0.5 - 8.5 1 7.5 |
21245 ¢ 80.0-; 70.0 | 75.0 74,50 76.0 | 77.0 i'70.0 ; 8.0 | 83.0 | $5.5 | 87.0 | 89.5 | 80.5 | 90.0 1 00.0-; 89.5 |.87.5 | 86,5 | 83.5 { 8L.0.; 79,0 { 78,0 { 77.0
2 179,000 9.0 L 7.5 73.0 . 75.0 | 77.0 | 70.5 | 82.5 | 83.5 | 87.5 | 90.5 | 92.0 | 92.0{ 91,5 { 91.0 } 9.0 } §7.0 | 6.0 82:5 | 80.0  76.0 | 77.0 | 76.0
31245, 75517401735, 72.0 172.0 | 74.5 { 77.0 | 82,0 | 84.0 | 87.5 {89.0 | 0.0 | 90.5 | 90.5 [ 90.5 { 9.5 | 87.0 | 82,5 § 76.0. | 72.5 | 72.0 | 72.5 | 720
2 75.01 73.0 | 72,5 71,0 17101 75.0 } 70.0 { 84.0 { §7.0 | 80.5 } 91.5 | 92.5 { 93.0 { 93.0 | 93.0 [ 91.0 | 6.0 { §2.5 ; 77.0 1 73,0 { 72,51 72,5 | 72.0
41245 ) 710 70.5170.5 L5V 7L5 17201 7251 73.0176.5 179.0 820 |83.5184.5(84.5)85.0{86.5;855{83.01}80.5;780][7.0)75.0!735
2 71.0:1 70.0 } 70.0 7151718 o D 74.5 1 76.5°{ 80.0 | 85.0 | 86,0 | 87.5 | 87.5 | 87.0 | 88.5 | 86.5 1 82.5 ; 79.5 { 77.5 | 75.5 } 74.0 1 73.0
51245173.0] 701725 70.0 1 69.5 | 69.0 | 71.51 74.51 79.5 | 82.0 | 83.0 | 84.5 1 85.0 | 85.5 | 84.5 | 4.5 | 84.5 ] 82.0 | 77.0 [ 7.5 | 7L.5 | 705 { 70.0
2 72,61 725 {7L5 69.0 68,5 | 69.5.1 72.0 | 76.0 | 80.0 1 84.0 | 85.5 | 87.0 | 87.5 | 85.5 | 85.0 | 85.0 | 85.5 ] 82.0 | 74.5 [ 72.0.{ 70.0.} 69.0 | 68.5
6} 24.5109.51]69.0}68.0 67.0 ] 68.0 } 70.0 | 71.0 | '75.0 | 79.5 | 82.0 | 84.0 { 85.0 | 84.0 | 85.0 | 85.0 | §4.0 } 83.0 { BL.5 | 78.5 | 75.5 | 74.5 | 73.0 | 7L.§
2 68.0°] 67.5 | 66.5 66.0 | 67.5 | 70.0 | 71.5 76.0 | 81.5 | 84.5 | 86.5 | 85.0 |'87.5 | 88.0 | 87.0 { 86.0 { 84.0 ( 81.5 [ 76.5 | 73.5 | 73.0 | 70.0 | 70.0
712451705 69.0 0685 66.5 ] 66.5 | 70.01 74.0 [ 79.0 | 83.0 1 84.5 | 85.5 | 87.0 | 87.0 [ 87.0 | 87.0 | 86.0 | 85.0 | 82.0 | 80.0 | 79.0 1 77.5 | i6.5 | 76.0
2 69,5} 69.0 | 68.0 65.0 1 65.0 | 69.5 | 75.0 | 80.0°| 86.0 1.88.0 | §9.0 | 90,5 ] 90.0 | 90.0 | 9.0 | 87.5 | 8.5 | 81.5 | 78.5' 78.0 1 77.0 | 75.5°} 70.0
81245 ]7.0576:5 755 73,51 740750 75.0]83.0|83.5/]85086.0)870]88.0|885|80.0|80%5]885](850820/(80.0][79.0;7801775
2 76.0 | 76.0 | 75.0 . 72,5 173.5 | 75.0 | 79.5 § 84.0 | 85.0 { 87.0 | 85.5 | 89.0 { 89.5 | 90.5 | 90.5 | 91.0-| 89:0 | 84.5 | 80.5 | 78,5 | 77.0 | 76.0 { 76.0
0124576517701 77.01 76,0 75.0 | 74.5 | 76.5 [ 80.0 | 84.5 | 67.0 | 89.5 | 03.0 | 93.5 ] 94.0 [ 04.0 1 93.5 | 93.5 | 93.0. 90.0 | 84.5 | 78:5 | 78.5 | 79.0 | 79.0
2 75.0 |-75.0 | 75.0 | 74.0' | 73.0 { 73.0 | 77.0 { 81.0 | 85.0 | 89,0 § 92.0 | 95.5 | 96,0 [ 97.0 | 96.5 | 95.0 {94.5 [ 92.5 | 89,0 1 3.0 | 78.2 | 78.2 | 78,2 | 77.5
10 | 24.5178.0 | 78.0 | 77.5 76.0 | -74.5 1 78.0-1 74.0 | 75.0 1 77.0 { 78.0 | 70.0 | 8L.0 [ 83,0 [ 85.0 | 86.0 | 86.5 ; 87.0 [ 87.0 { §4.5 | 8L.5] 79.5 1 79.0 | 77.5 | 76.0
2 77.0 1 77.0 1 76.0 } 74.5 1 720 | 71.5 ] 75,0 { 77.0-| 79.0 [ 81.0 | 83.0'1 85.0 | 87.0 | 89.0 [ 85.5 | 88.01 88.0 | 86.5 ; 8§0.0' | 76.5 | 77.0 § 77.0 | 76.0 { 7.5
11 }24,851 745 | 740 1 73.0§ 725} 70.54 70.0 j.—__. 77.0 1°79.0 1 81.5 | 83.5] 85.5 |[-87.5 | 89.0 | 89.5 | 90.0 | 89.0 { 87.5 1 84.5 1 8.0 | 78.0 | 75.0 | 74.5 ' 74.0
2 73,01 7201 7.5 70.0°; 63.5 } 68,5 |--o-.. 70.0 | 81.5 { 84.5 { §7.0 | 80.0 | 90.5] 91,5 | 93.0 | 93.0-] 91,5 | 88.0 { 83.5 | 78,0 | 75.5 | 74.0 | 73.0 | 72.5
12192451 73,01 725 7L.0 3 71,0 71,0} 70.5 [ 73.0 { 77.0.1 70.0 1 82.0 { 85.0 { 86,0 | 87.5 ] 85.0 [ 80.0 | 8.5 [ '87.5 | 87.0 1 85.0{ 82,0 | 80.0 | 79.0 | 77.5 | 76.5
2 7101 70.57169.5 ) 60.5 16001685 730178550 1850800009201 9020(920]91.0}9.5]85.5,845]8L01}70,0]17807177.0][755
13 1245 | 7508 74.5 | 73,01 725 : 7L5 1'71.5 | 73.5.1 77.5 } 81.0° | 84.0 [ 87.0 | 87.5 | 8§8.5 | 89.0 | 85,5 | 88.5 { 88.5 | 88.0 | 86.5 | 84.0 | 83.5 | 82.5 | 8.0 | 0.5
2 74.5]73.51720} 7.0 70.5]70.5] 750 80.5)8L5[880191.0/[020719301902.5]93.0]920191.5|9.5]86.5)80]83.5]83.0/8L.0}80.0
140 24.5 [ 785 77.5 | 7.5 ] 70,5 { 75.5 [-74.5 1 75:0 176.0 1 77.5 1 80.5 1825 | 84,0 {850} 85.5 1 855 84.5 | 83.5 | 820 | 81,0 | 79.5 | 75.0°] 77.0 £ 75.5 { 75.0
2 77,61 76.54 77.0 1 76.5 . 75.0 | 73.5 | 75.0 | 77.0 | 78.5 | 82.0 | 84.0 | 87.0 | 89.5| 89:1 { 88.5 | 85.5 | 83.5 | 52,5 | 81.0{ 79.0 § 77.5 { 76.5{ 75,0 ; 74.0
15| 24.5 | 74.0 1 73.5 | 73.5 | 74.0 : 74.0 } 74.0 | 78.5.} 74.5 | 76.5 | 79.5 | 82.0 | 85.5 | 87.5 | 89.0 | 90.0 | 91.0 | 90.0 | 89.0 | 85.5 { 82.5 | 80.0 | 78.5 | 78,0 | 77.5
2 78.0.{ 72.5 1 73.0 { 74.01 74.0.] 74.0 | 74.0°] 76,0 } 79.0 1 82.0{ 8§6.0 } 90.5 | 91.5] 93.0 | 94.0 { 9401 92:0 | 89,5 | 84.5 { 8.0 § 70.0"; 77.0 { 76,5 ! 76.0,
161 24,51 76.5 | 76.0 +75.5 {'75.5-] 75.5 | 76.0 | 76,5 ] 77.0 | 77.5 | 83.5 1 85.0 { 87.0.1 90.5 | 93.0 , 93,5 | 93.0 | 87.0 | 3.0 { 80.¢ | 79.0 | 79.5 { 79.0 | 77.0 | 75.0 |
2 75.5 | 75.0 1 74.50 74.5°] 75.6 [-76.0 | 76.5 ] 78.0 | 80.0 | 85.5 { 86.0 | 90.5 { 93.0 | 95.5 | 06.0 | 93.5 1'86.5.! 82.5 | 79.5 | 79.0 | 79.5 | 79.0 ; 77.0-} 74.5 |
17 124.5173.5 1 73.01 7201 71.5 { 71.0 { 7.5 | 7.5 1 77.5 | 81.0 1 85,0 1 87.0 { 89.0°{ $0.5 1 91.5 { 00.5 | 88.5 | 90.0 | 89.0 | 86.5| 83.0 { 81.0 { 79.5 { 78.0 | 76.5 -
2 72,5 172.0 | 72.0 { 71.0} 70.5 | 71.0 ; 75.0 { 78.5 | 82.5 | 87.0 1 90.0 { 02.5-{ 93.5 { 94.5 { 92.5 [ 86,5 { 90.5 | 90.0 { 86.0 | 82.0 | 80.5 1 79.0 ' 77.0'| 75.0 -
18 124.5 176.0 1 76.0 1 75.0 1 74,0 4 74.0 1 74.5 1 76.0 | 70.5 | 81.5 1 83.0 1 84,0 | 84.5 1 84.5 | 84.5 | 84.0 | 83.0 { 82,5 1 8.5 1 81.0 , 79.5 | 78.0 | 78.0 { 77.5 { 70.5 :
2 75.0'} 75.0 1 73.5.1.72.5°} 72.0 [ 72.5 1 75.0 ] 80.0 { 83.5.| 84.5 | 87.0 { 80.5 } 86.0 | 86.0 | 85.0 } 84.0 ' 83.0+' 81,0} 80.5 : 79.0 ® 77.5.{.77.5 ! 77.0 } 75.5
190 | 24.5% 76.5 | 75.0 | 75,0 | 75.0.0°74.5 1 74.5 1 75.0 1 75.5 { 75.5 | 75.5 | 76.5 | 78.0 { 79.0 | 80.0 ] 80.0 | 80.5 ! 81.5 | 81.0 ! 77.0° 1 78.5 : 72.5 { 7L.§ { 71.0 1 70.5
2 75.5 | 74.5 740 0 74.0 { 740 | 74.0 | 74.5 ; 75.0 | 75.5 | 76.5 1 77.5 ! 79.5 | 81,0 | 81.0 ; 80.5 | £0.5 | 82,5 1 80,5 | 76.0 | 72.5 § 72.0 , 7.0 : 70.5 ; 0.0
20 | 24.5 | 70.0]69.0 680075670 ;67.069.5773.0; 7701800 |83.0 1 85.0  87.0-. 80.5 90.0 | 90.5 180.5 ! 87.0 ' 850 8L5 1 78.0 { 76.0 . 745 74.5:
2 69.0 | 67.5 1 67.0 { 66.5.: 66.5 | 66.5 + 70.0 i 74.0 [ 78,5 | 82.5 [ 6.0 | 88,0 : 90.5 . 92.5 | 91.0-} 92.0 | 89.5 1 86,0 8.0 :80.5: 77,0 1 75.5 1 7.5 740
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Tasre 10.—Temperature at indicaled levels; Arlington Fxperiment Farm, Va., 1939
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EVAPORATION FROM LAND AND WATER SURTFACES
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EVAPORATION FROM LAND AND WATER SURTFACES
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Tanre 11.—Specific humidity at indicated levels, Arlingtan Fxperimental Farm, Va., 1939—Continued 5
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TasLe 11.~ Specific humidity at indicaled levels, Arlinglon Ezperimental Farm, Va., 1989--Continued
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TanLe 11.—Specific humidity al indicaled levels, Arlinglon Tixperimental Ffarn, Va., 1939—Continued
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TanLe 12.—Wind velocity at indicated levels,t Arlinglon Farm, Va., 1980 Continued
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