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2The work on this experimental watershed project was done at the
North Appalachian Experimental Watershed near Coshocton, Ohio, by the
Research Division of Drainage and Water Control, Soil Conservation Ser-
vice in cooperation with the Ohie Agricultural Experiment Station. The
data present=d in this bulletin were collected by the project staff of the
experimental watershed. Much of the work of operating the lysimeters
and tabulating the basic data was performed by Willlam W. Bentz. Robert
E. Youker and Walter Pomerene contributed in the tabulation and sum-
marization of climatic and evaporation data. Some of the techniques for
the tabulation and computation of data were devised by Howard Alex-
ander, CPS Camp 23. Joe Schelling, CPS Camp 23, J. H. Wilson and
C. E. Evans, Ohio Agricultural Experiment Station, Wooester, Ohio, assisted
in the chemical analyses of percolation water.

Valuable assistance in the design, construetion, and operation of the
lysimeter units was furnished by the Ohio Agricultural Experiment
Station; Ohio State University, Departments of Agronomy and Civil
Engineering; National Bureau of Standards; U. S. Geological Survey;
U. 8. Soil Conservation Service; and Toledo Scale Company.

The actual construction of the lysimeters was made possible through
the cooperation of the Works Progress Adminisiration and the Civilian
Conservation Corps. Special recognition Is extended to H. 8. Rieshol,
George Sherman, H. Kchnke, and W. H, Pomerene of the North Appa-
lachian Experimental Watershed for their collaboration in the technical
development of detailed plans and designs,
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SUMMARY

This bulletin is in the nature of a progress report on the lysim-
eter investigations carried on at the North Appalachian Experi-
mental Watershed near Coshocton, Ohio, to 1949,

The hydrologic data were obtained from eleven monolith
lysimeters, each 0.002 acre in area and 8 feet deep, three of which
were weighed automatically. The features of the installations,
some of which are unique, are described. Records of precipitation,
runoff, and percolation are presented for each lysimeter. Weight
records provided data for determination of condensation-absorp-
tion of moisture from the atmosphere, evapo-transpiration of soil
moisture, and changes in storage of soil moisture,

The amount of moisture condensed and absorbed from the
atmosphere was fairly large, amounting to over 6 inches of water
annually. Of the water added to the soil, precipitation accounted
for 81 percent and condensation-absorption 19 percent. From 80 to
85 percent of the soil-moisture depletion was due to evapo-tran-
spiration. Percolation accounted for the remainder. Different
crops had strikingly different effects on seasonal evapo-transpira-
tion rates. Wheat and meadow crops depleted soil moisture most
rapidly in May and June. Corn used water at high rates in July
and August. Cultivating the cornland had a noticeable effect on
evapo-transpiration, and the effect of hay cutting was still more
marked,

Attempts were made to compare evapo-transpiration with evap-
oration from a sunken evaporation pan 6 feet in diameter, but the
presence of crops sheltering the evaporation pan made it imprac-
tical to obtain ac-urate correlation of pan evaporation with
evapo-transpiration data.

A method was devised for adapting evapo-transpiration data
obtained from the lysimeters to studies of the hydrologic balance
in drainage basins for which precipitation-gage data but not con-
densation-absorption records are available, Briefly, as an example,
the value of 42.2 inches for average annual evapo-transpiration is
moedified by subtracting the average annual value of condensation-
absorption of 10.3 inches and by further subtracting a precipitation
adjustment factor of 4.0 inches. This resulis in a modified annual
evapo-transpiration value of 27.9 inches for comparison with gage
precipitation and basin runoif data,

The rainfall amounts measured by the weighing lysimeters dif-
fered from the amounts caught in the recording rain gages. The
average annual rainfall on the basis of 6 years of data, as deter-
mined from the lysimeter measurements, exceeded the rain-gage
catch by about 4 inches. A study of daiiy rainfall amounts over a
3-year pericd showed that storms of less than 0.6-inch rainfall
accounted for a large part of this difference.

Monthly and annua: amounts of percolation from each lysimeter
have been summarized for the different soil types. Cumulative
curves were prepared to facilitate comparison. A special study was
made of the maximum percolation rates and the time lag following
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rain on both wet and dry soil. Plant nutrients in percolation water
were determined for each lysimeter and are presented on an
annual basis. Comparisons were made of nutrient losses for dif-
ferent soil types and land treatrnents.

A brief review of the literature on lysimeter investigations
which has appeared since 1939 is included.

INTRODUCTION

Agricultural hydrology in recent years has become a subject of
major interest in many fields of activity. From the large-scala
governmental flood-control, land-reclamation, and irrigation pro-
jects down to the individual farm operation, consideration of
water movement across, into, and through soils is becoming- in-
creasingly important. Industries and municipalities the country
over are conscious of the need for water conservation. Thus much
attention is being given to the need for better control of water
and reduction of water waste. One of the best places to begin
control is the land surface where the raindrops fall.

A knowledge of water movement on the land surface, movemont
into and through the soil, condensation and absorption of water,
evaporation, and use of water by crops is necessary for a com-
prehensive approach to water control.” Soil moisture is either in-
creasing or decreasing. It may be reduced through crop use,
evaporation, or percolation #awnwards to ground-water reservoirs,
Precipitation absorbed by the soil replenishes soil-water supplies,
These processes result in a continuously changing soil~water sup-
Ply. Even frozen soil may vary in soil-moisture content from
day to day.

The lysimeter studies at Coshocton were planned to obtain
measurements of the various water-cycle factors under different
seasonal, vegetal, and soil-type conditions. Thig report, based on
about 10 years of data, summarizes and discusses the results of
the studies. Analyses of the lysimeter data will help to establish
bases for the design of water-conservation, water-utilization, and
other hydrologic and hydraulic programs.

Lysimeters in general may be defined as structures containing
a mass of soil, and so designed as to permit the measurement of
water draining through the soil. Three general types used in the
past are as follows:

1. The filled-in type—where the containing unit with vertical
walls, open top, and perforated bottom is filled with soil removed
from its original location, Usually this soil is screenad and mixed
in order to make it uniform. Since the natura)l soil prafile cannot
be retained in this type of lysimeter, the soil-moisture relation-
ships do not represent natural conditions.

2. The Ebermayer type—where a shallow pan or funnel is inserted
at desired depths under undisturbed soil horizons. Since there are
no side walls the soil of the lysimeter is not separated from the
adjoining soil. The pan funnels the percolation water to a meas.
uring tank. This type allows unrestricted lateral movement of
soil water and surface runoff,
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3. The monolith or undisturbed-soil-block iype——where a casing of
vertical walls is built around a block of soil in sitn, A perforated
pan is inserted beneath the soil block to coliect percolation water.

There has been much criticism of the different lysimeters.
Some lysimeters do not permit runoff, all the precipitation being
held on the ground surface until it is aksorbed. Others permit run-
off but do not measure it. All have artificial bottoms that do not
allow capillary movement of water upwards. In many lysimeters
the floor of the metal collector interrupts the natural drainage and
causes unnatural wet layers at the boitom. Some permit the
lateral movement of soil weter, others restrict it,

The Coshocton lysimeters were specifically planned as water-
cycle instruments. Therefore, deiuiled attention in the design was
given to soil-water relationships which would affect their per-
formance. Every effort was made to eliminate the objectionable
features of previous lysimeter installations.

The Coshocton lysimeters differ from most installations of this
nature in several respects (74. 40).* Some of the more important
features of their construction and operation are as follows:

1. Side walls prevent latiral movement of water,

2. A large rectangular surface area, 6.22 X 14 feet, permits
cropping with a field spacing of four corn rows, 42 inches apart.

3. The large surface area minimizes the artificial border effect
along sides of casing.

4. Four side-wall baffles inserted on each of the four sides after
the lysimeter casing has been sunk reduces water seepage down
these unnatural planes. These baffles function like piston vings.

5. Preserving the natural secil profile of topsoil, subsocil, and
geologic parent material provides an opportunity te observe soil-
water relations approximating natural conditions.

6. Parent-material rock (shale or sandstone) about 2 feet thick
at the boltom provides a natural means of transmitting percolation
water from the overlying soils to free gravity water draining off
into observation tanks. Fissures and crevices in the rock layer
also naturally break the capillary columns through which ground-
water might otherwise rise, The presence of this rock layer per-
mits the insertion of percolation pans and the removal of the
underlying rock without interfering with the normal downward
or upward movement of the water,

7. Multiple percolation-pan bottoms in the lysimeters permit
observation of percolation at eight sections of the 14-foot length.

8. Automatic weighing devices, developed expressly for this
study, record weight changes in the 65-ton soil mass to a 5-pound
accuracy. This is equivalent to about 0.01 inch of water aver the
lysimeter surface area. From these weight records it was possible
to derive data on precipitation, condensation-absorption of water,
and evapo-transpiration for various periods of the day.

A more complete description of these features aleng with the
construction and installalien history is given further on.

¥ Italic numbers in pareniheses refer to Literature Cited,
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REVIEW OF RECENT LITERATURE

The literature reviewed here covers, in general, the period from
1939 to the present. An extensive review of the previous litera-
ture by Kohnke et al. {26) covered two and a half centuries of
research in lysimetry. No repetition of this excellent review will
be made.

The purpese of most lysimeter investigations has been to study
either the hydrologic balance of the soil or soil fertility, In some,
the aim was to study both., A {ew investigations such as thase of
Wallihan (57} and Colman (4) were concerned primarily with
lysimeter design. Wallthan pointed out that with ghallow lysim-
aters of 30-inch depth and 12-inch diameter it was necessary to
use a tension of 10 ems. mercury to provide drainage correspond-
ing to the normal drainage of the soil. Colman used various
drainage tensions to determine water outflow under each tension.
It appears from these data that for shallow lysimeters where true
soil rests directly above the percolation pans some tension is
needed to simulate natural soil drainage. The Coshoclon lysimeters
were designed to overcome this cbjection by including in the
lysimeter soil profile about 3 feet of bedrock which would rest
directly above the percolation pans, The relaiively natural soil-
moisture conditions of these lysimeters have been pointed out by
Harrold and Dreibelthis 79, 19},

Studies on meisture condition in lysimeters by the use of ten-
siometers were made by Richards et al, (39). Among recent hydro-
logic studies made with lysimeters in this country, the most note-
worthy are those of Martin and Rich (3%) in Arizona, Colman and
Hamilton {3) in California, Stauffer (43) in Iliinois, and Kilmer
et al. (24) in Wisconsin. The iast two investigations also included
studies on nutrient losses in the percolute.

A number of lysimeter investigalions in forest cover are being
carried on by the U, S. Forest Service at San Dimas, Calif, (5);
Tucson, Ariz., (32); and elsewhere. The extensive work done by
Lunt 728} with lysimeters on forest cover in Connerlicut was con-
cerned primarily with the composition of the percolate. Other
studies reported since 1938 on the composition of the percolate
melude those of Bizzell 1/, 2J) in New York, Volk and Bell 49, 50)
in Florida. MacIntire et al. 3. 3!) in Tennessee, Roller and
Bowen (42} in South Carelina, Plice (37) in Oklahoma, Smith
(44) in Arizona, and Kardes (23) in Washington, Filled-in lysim-
eters were used in all these investigations excepting that of Kardos
who used the Ebermayer type. Neller and Forsee (35) of Florida
report the use of a lysimeter for organic soils, Because of the high
water table in organic soils, a special filled-in type of lysimeter
was used in which the lysimeter soil surface was 4 feet above that
of the adjacent felds. Joffe 12/, 22} in New Jersey reports a study
of the movement of calions and anions through the soil profile by
the use «f the Ebermayer type of lysimeter. Lowdermilk and
Sundling (27) have used lysimelers in their study of the formaticn
and significance of erosion pavements,
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Relatively few lysimeter investigations outside the United
States have been reported since 1939, due mainly to the occur-
rence of World War II. The literature covered is admitiedly in-
complete, Among the hydrologic studies reported are those of
Theron (46) in South Africa. He found that the 15-year average
pereclate amounted io 11.7 percent of the rainfall under fallow
conditions and 3.1 percent for soils cropped to corn. Studies on
the composition of the percolate wer€ also made. Other studies
reporfed are these of Democlon and Bastisse (6. 7} in France.
Geering (15) in Switzerland, and Maschhaupt {33) in Germany and
Holland. Roseau {43) in Algeria showed by means of lysimeter
measurements that drainage sometimes increased when there was
no precipitation with an increase in air temperature. He atirib-
uted this {c the fact that the scil water was vaporized and distilled
downwards ic cooler layers beneath, thereby increasing perco-
lation.

Haouet (I6) reporied results of lysimeter experiments on cal-
carecus clay in Tunis. Data for a 6-year period showed that the
amount evaporated annually from continuous fallow is constant
and averaged 316 mm., which was 50 to 70 percent of the annual
rainfall, He stated that this loss, to which must be added the loss
by drainage, is important, and that a crop which does not consume
more water than that lost by bare soil should replace the fallow
in the rotation.

(Odelien and Vidme {(36) reported an investigation in which pe-
tatoes were grown on the lysimeters. They determined N, P, K,

Ca, 8, and Cl in the drainage water and erops.

Data obtained from the Coshoeclon lysimeters have been pre-
sented in hydrologic data bulleling (47, 48/. and in the papers of
Dreibelbis and Post ¢12. 13}, Harrold and Dreibelbis (19, 20).
Dreibelbis and Harrold {11}, Harrold {17, 18), and Dreibelbis (8,
9, 10).

DESCRIPTION AND HISTORY OF INSTALLATIONS

The research plan for the North Appalachian Experimental
Watershed developed in 1935 provided for a study of all the factors
affecting the disposal of precipitation as part of a comprehensive
study designed to uncover the basic laws governing agricultural
hydrology. Precipitalion and surface-runcff measurements from
agricultural fields were to provide data basic to the determination
of the rates and amounts of water absorbed by the soil, In order
{o evaluate the extent to which land use practices affect water
absorption and conservation of water and soil, and to obtain com-
plete data on the precipitation-disposal system, the studies also
ineluded measurements of the disposal of soil water by evapo-
transpiration and percolation below the root zone. For this pur-
pose, the Soil Conservation Service built at Coshoeton, Ohio, in
the period 1937-4f, a number of monolith lysimeters equipped with
self-recording weighing mechanism—the first in the history of
lysimeter investigations.
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Since a major purpose of the lysimeters was to provide data
needed in the analysis and interpretation of watershed data, the
lysimeters were established in areas representative of different
watershed condilions. In order to avoid disturbing the natural
conditions of the watershed areas unduly, the lysimeters were
actually installed on siles adjacent to the watersheds where the
slope, aspect, and soil profile were typical of the watershed. Owing
to the high estimated cost of the desirable type of lysimeter, the
lysimeter installations were limited to lhree sites as follows:

1. Permanent grassland on steep (23.2 percent), well-drained soil
{Muskingum silt loam); site Y101.

2. Rotation cropland on rolling (12.0 percent), well-drained soil
(Muskingum silt loam); site Y102.

3. Rotation cropland on rolling (6.0 percent), slowly permeable
soil (Keene silt loam); site Y103. .

The location of the lysimeter sites and other hydrologic installa-
tions is shown on a map of the experiment station (fig. 1). At each
site it was planned to construct three lysimeters. This unit af
each site is referred to as a “lysimeter battery.” Some of the im-
portant physical and agronomic features of the watersheds used
for hydrologic observa’ion are shown in table 1.

All lysimeters in th same battery were to he operated the same
50 as to disclose any discrepancies which might result from dif-
ferences inherent in the soil blocks. A fourth lysimeter was sub-
sequently added to the batteries at Y101 and Y103. At Y101 the
additional lysimeter provided a means of measuring the hydrologic
effect of different grass mixtures. At Y103 the additional lysimeter
made it possible to operate two units according to a conservation
plan and to keep two as a check. One lysimeter in each of the
three batteries was equipped with an autematic weight recording
mecharism.

LysimeTen SI1TES

The physiography and soils at the three lysimeler sites vary in
important respects.

Physiographic characteristics (all elevations are for height above
mean sea level):

¥101; Jand slope, 23.2 percent; aspect east; elevation of lysimeter sur-
face about 1,185 [feet; elevation of crown of hill above lysimeter site,
1,245 feet.

Y102; land slope, 12.9 percent; aspecl east; elevation of lysimeter sue-
face about 1,185 leet; elevation of crown of hill above lysimeter site,
1,200 feet.

Y103; land slope, 6.0 percent; aspect south; elevation of lysimeter surface
about 1,128 feet; elevation of erown of hill above lysimeter site, 1,130 foet,

Soil types:

Y101, Muskingum silt loam (sandstone origin).—This soil type belongs
to the Gray-Brown Paodzolic group and is residual in origin. The entire
prefile is quite permeable and has good drainage. A description of the
profile near lysimeler Y101 follows:
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Figure 1—Map of experimenial area showing lccation of lysimeler
batteries and other cquipment used in cobiaining hydrologic data.

Depth

{Inches}

0- 8 ... Dark brown silt loam with {exture approaching a loam.

B-i6 . . . Brown to yellowish-hrown silt loam to loam with some sand-
sione fragments,

16-33 . . . Brown to yellowish-brown loam with sandstone fragments.

33-51 . . . Decomposed sandstone with sandstone fragments.

31.96 . . . 8lightly decomposed sandstone rock with few sandstone frag-
ments,
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TABLE 1.—Some important physical and agronomic features of watersheds
on Government land used for hydrologic observation

Water-
shed
No. !

Land use

Drain-
age
area

Cover and
rotation °

Practice 2

Predominant
soil type

131, ...
132, ..
134. ...

- iCultivated.
)

.. do
169 .
173,
177,
183. .
196,

. Mixed
do. .
o

. Meadow. ...
Pasturs. ...

: g:xi'ii'xed'.'.- s
Woods, ... |

Acres

2.21
.59
918

.63

.71

.BY

iHardwoods. . .. ..
Ao
fPines

:AI {alfa-timothy.. |...

‘Alfalfa, ladine
i clover, brome-

a1 AN P

{Poverty grass,

i briars

tAllalla, lading

' clover, brome-
grass.........

{Bluegrass... ....|...d

O-W-RI-ALL L
od

ol
W-

Conservation.,

iMulch

ALC-W-M. L

‘Contour strip
cropped ..
1

..Conservation. ..

Conservation. .

Conservation. ..
Muleh,.......
Conservation...

AMuskingum loam,

Keene silt loam.

Muskingum silt
loam,
Do.

Dn'

. Muskin:gum and

Keene silt
loam.
[{eane =ilt loam.

Do,

Do.

D,
Muskingum loam,
Coshoeton silt

loam,

Do.

Do,
Muslgngum loam,

0.
Muslingum siit

! Dao.
iKeene silt loam,

"Alixed.

' See figure 1 for loeation in relation to lysimeter balteries Y101, Y102, and Y103.

= corn, W —wheat, M mendow,

# *Conservation” practice means contour cultivalion, high fertility level, and zoils
with pH of 7.0. “Poor” practice means straight rows, low fertility level, and suils
with pH of 5.4.

Y102, Muskingum silt loam (shale origin)—This soil type belongs to
the Gray-Brown Podzolic group, is residual in origin, and occurs exten-
sively in the North Appalachian Region. There is no mottling in the
profile and the drainage is good. A description of the profile located near
lysimeter Y102 follows;
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Depth

{Inches)

0- 7 ... Brown to yellowish-brown silt loam {plow layer}. )

7-14 . . . Yellowish-brown silt loam, slightly heavier than surface soil;
cccasional shale fragments, o

i17-24 . . . Yellowish-hrown sill loam io fine sandy loam containing many
sandy shale fragments. »

24-39 , . . Partly decomposed shale in various stages of decomposition;
fragments increasing in size with depth.

39-60 . . . Layer of shale in various stages of decomposition containing
layers of ferruginous material; mostly undecomposed.

60-96 . . . Bedrock consisting of undecomposed shale with some shale in
first stages of decompeosition,

Y163, Keene silt loam.—This soil type ccours extensively in the vicinity
of the experiment station. It belongs to the same group of upland soils as
the Muskingum sevies but differs distinetly from the latter in its hydro-
logic characteristics. The subsoll is characierized by a heavy, relalively
impermeable, siity elay whereas the Muskingum silt loam subsoil is a
rather pervious loam or silt loam. A description of the profile near
lysimeter Y103 ifcllows:

Depth

{Inches}

0- 7 ... Gray-brown sili loam (plow layer},

7-15 . . . Yellowish-brown sili loam; unmottled; slightly heavier than
surface soil.

15-27 . .. Yellowish-brown silt loam to silty clay loam; slightly motiled
with gray.

27-41 . . . Moitled gray, vellowish-brown and rust-brown heavy silty
clay, gray color predominaling.

41-76 . . . Gray heavy silty clay coniaining shale frogments.

76-86 , . . Partially decomposed clay shale to decomposed clay shale.

The mechanical analysis of these soils is given in table 2 and the
chemical analysis of typical soil profiles adjacent to the lysimeters
in table 3. These analyses, which are based on samples taken at
the time the lysimeter casings were being sunk, inelude a com-
plete profile to a depth of 8 feet.

Lysiyerer CoNSTRUCTION

A careful study of the literature and an ingpection of conven-
tional types of lysimeiers revealed that none were adequate for
the purposes of this study. The Coshoeton lysimeters were a dis-
tinet departure from previous installations in the broad scope of
information obtainable and in details of design,

The plan and typical cross section of a battery of lysimeters
(74, 4 appears in figure 2. The three lysimeters of each set were
constructed close logether in order to keep the length of the shelter
tunnels to a minimum, A space of 6 feet between adjoining soil
blecks was required to permit enclosing each block without dis-
turbing any of the others.

The soil block was enclosed by building a reinforced concrete
casing with vertical walls in location on the ground surface and
then lowering it by removing the soil from beneath the bottom
edge. The lower edge of the casing was beveled and a steel cutling
edge attached to facilitate lowering. The casing was § feet high
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with inside dimensions of 6.22 feet wide across the land slope and
14 feet long to provide an enclosed area of 0.002 acre. The fop and
bottom edges of the walls were parallel to the ground surface. To
prevent seepage of water through the casing, the inside walls were
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"TABLE 2.— Mechanical analysis of soil profiles adjacent lo lysimelerst

LYSIMETER Y101, MUSKINGUM SILT LOAM (SANDSTONE)

Soil
depth
represented
(Inches)

Analysis of total
materials

Analysis of particles «2 mm,

Description

=2 mm, <2 mm.

Total sand

2-0.05 mm.

Total silt
0.05-0.002

Total clay

<0.002 mm.

41

mm.

Percent Percent: Percent
89.9 38.1 54 .3
60.2 .

72.6

Percent
10.1
39.8
27.4

.| Dark brown silt loam

Brown silt loam to loam

Brown loam with sandstone fragments
. Decomposed sandstone with sandstone fragments.. 40.2 59.8
........ i Slightly decomposed sandstone with few fr.lg'ments 4.8 95.2

LYSIMETER Y102, MUSKINGUM SILT LoAM (S;H;{LE)
8.2 61.8
3. 96.8

Brown to yellowish-brown silt loam... ... ... ... .. ..

" Yellowish-brown silt loam slightly heavier than surface soil .
Yellowish-brown silt loam to fine sandy loam

Decomposed sandy shale

Mottled gray and rust-brown clay shale

Decomposed silty shale

Shale in first stages of decomposition p )
Bedrock (shale) {3

F‘ Sn T LoAN

Gray-brown siit loam

Yellowish-brown silt.loam, unmottled

Yellowish-brown silt loam to silty clay loam slxghtly
mottled with gray

Mottled gray, yellowish-brown, and rust-brown silty clay;
gray predominant

Gray heavy silty clay-containing shale fragments

Mostly decomposed clay shale

Partially decomposed clay shale

1-Analyses by F. R. Drelbelbxs and F. A. Post.
2 No data.
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TABLE 3.—Chemical analysis of typical profiles of soils adjacent to lysimeters Y101, Y102, and Y103'
LysiMETER Y101. MUSKINGUM SILT LOAM (SANDSTONE ORIGIN)

Loss | ' Bhase '

a p r Organic | Ratio of {exchange

MnO [Na‘O ‘ . on | Total matter |OM to N| capacity| PH*
: ignition MES

Per- Per- Per- Per- Per-

cent cent wcent cent

0.40 . . K 0.501 0, K 6.33[100.13} 0. .
07 . . . AT . . 3.78]100.51f . +333
.03 . . . 68| . . 4.15{100.47 . .206
.06 . . . a1, . 3.23{100.05 ., .186
.04 . . . .48 . . 4.02] 99.88 .146)
.07 . . . .34 . . 1.58i100.45] .

et DD
SRS
DD 80 69 ¢t i

LYSIMETER . MuskiNGUM SiLT LOAM (SHALE ORIGIN)

0.18} " 0.29} 0.88} 2.07| 0.48 0.12 100.78
L0519 .94] 2.26| 1.06] .08 100.47
.06 08| -1.08 2.35/ .45 .08 100.03
.06 .04 1.2012.84} .971 .09 100,57
.06p  .170 1.57| 3.08{ .54} .12 99.81
.06 A1) 0 1.4612.85] 0 .74] 15 100.57

Ha S b Ot
€0 i = 00O D
[OOWN R

LYSIMETER Y103.

0-T....] 75.20 . .88 '10.00] 0.30; 0.33] 0.68] 1.91
o A-15...1 70.46 . 021 12,760 (10| .32 .92| 2.27
15-27... 70.00 s .54) 13.39] .05 .26/ .81 2.18
27-86...| 63.56 . .36} 18.87 .02} .08 . 1.08| 2.73
36-41...] 62.71 .44 14 48] .13} .08 .70 2.15
41-76...].67.13 . .94{ 17.99 04 .03 .84 2.99
76-96. .. 58.70 & 601 19.24) - .14} 14| 1.11) 3.10

kY
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100.41

99.79
100.68
100.37
100.68
100.47

99.74

»
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B

00 15> I = 00 b9 00
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W 00 T 00 =3 00 O
B G =101 ¢o 00 OF
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! Analyses by Joe Schelling and F. R. Dreibelbis. 3 M. E. =milligram equivalents.
2De3erm1ned electrometrically on air-dry samples usmg the glass
electrode.
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Ficure 3. —Lysimeter casing showing waterproofed intevior walls and
slots for horizontal baffle plates.

first coated with creosote, which penetrated into the pores of the

concrate, and then covered with hot asphalt.

An important feature of the casing was a device fo eliminate the
vertical seepage which normally occurs between the earth and the
walls of a sunken casing. When pouring the conecrete walls, four
horizontal grooves 1% inches deep were lefi in each inside wall
These and the waterproofed interior walls of a lysimeter casing are
shown in figure 3. The ends of the slots extended through the wall
so that ¥ X 3-inch steel cut-ofl sirips could be driven into place
after the casing unit had been lowered into final position. Each
lysimeter was thereby equipped with four “piston rings” to assure
more nearly nalural percolation of water through the soil profile.
The most satisfactory method of isolating the soil block was fo
first sink the concrete casing to within 3% inch of its final posi-
tion. The percolation pans were then jacked bencath the soil block
from the downhill side and the concrete supporting walls were
built below the percelation pans.

The casing was lowered by removing the scil from beneath the
casing walls using screw jacks at each corner to govern the rate
of lowering. Simultanecus lowering of the jacks allowed the
casing to settle evenly as excavation proceeded. Smooth surfaces
were cut on the sides of the soil block by the knife-edge bottom of
the casing. All work was performed from outside the soil block.
When necessary, the casing was weighted with sand bags to help
the lowering process. Figures 4 and 5 illustrate various steps in
the lowering of the casings. The lowering was stopped when the




AGRICULTURAL HYDROLOGY AND MONOLITH LYSIMETERS 15

bottom of the casing wall was almost 8 feet below the original
ground surface. At this point the knife edge was removed.
Concrete supporting walls, 1 foot thick, were poured so that
their top was 8 feet, 5 inches below the ground surface. The inner
face of each pair of walls was parallel to the long axis of the

Froure 4—Casing weighted with sand bags to facilitate lowering in
partly excavated trench.
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lysimeter and 3 feet from its center lirie. Excavation for one of
these supporting walls is shown in figure 6.

Eight separate steel pans 5 inches deep, 2 feet wide, and 7 feet
7 inches long were construected to support each soil block and to
ccllect the percolation water. Holes one-half inch in diameter and
spaced at 2-inch centers were provided to allow percolation water

.

& e

Frcure 5.—Stages in the installation of lysimeter batteries: A, Lysimeters
of ballery Y101 parlly lowered; B, lysimeters of battery Y103 in fnal
position.




ACRICULTURAL NYDROLOCY AND MONOLIFIE LYSIMETERS 17

to drain from the overlying rock. Each steel pan was jacked be-
neath the soil block from the open pit on the downhill side of the
lysimeler and slid along on top of the concrete supporting walls. A

Ficure 6—PFrofile in pareni shale material below 8-foot depth, lysimeter
battery Y103,

956283—52— 2




Froune T.—Percolation pans being jacked benecath soll hlock,

knife-edged bar atfached io the firsl pan cut a smooth surface on
the bottoem of the soil block. The pans were bolied together after
asphalt roof cement had been applied to the joints. Figure 7 shows
one pan partly beneath the soil block, the asphalt cement in the
joint, another pan about {o be joined, and the 1i-inch holes in the
top surface of the pans.

Just before the lowering operation was completed, asphalt

T FRR Iy S —
LAY Wi 3 T dn o i
2 m’%ﬁ%&- .
Ficune 8.—Surface of lysimeter batlors Y02 after construclion was
compleled.
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cement was applied between the percolation pans and the bettom
of the casing walls to provide a water-tight seal, When the casings
were in the final position, the steel cui-off or “piston ring” strips
were driven into the wall slots, protruding 1% inches into the soil
bloek. The holes around the strips in the casing were sealed with
roof cement and conerete.

Upon completion of the shelter and inspection tunnels the ex-
cavation was backfilled to original land surface leaving no evi-
dence above ground of the presence of underground tunnels and
Instruments {fig. 8).

All lysimeters were equipped for measuring separately the rain-
fall from collector troughs, surface runoff, and percolation. Only
one lysimeter in each battery was equipped to measure weight
changes.

RecoupinGe FraTures

Each lysimeter was equipped fo record the rates and amounts of
both surface runoff and percolation. From runoff, precipitation
and other data, it would be possible to determine accurate values
of infiltration. However, evapo-transpiration and condensation-
absorption values could be obtained only by mathematical calcula-
tions of differences over long periods of time. Changes in moisture
stored in the soil block could not be definitely determined from
rainfall, runcff, and percolation records. Therefore, a weighing
mechanism which would continuously record the change in weight
of the lysimeter was devised. Detailed descriptions of the record-
ing features are presented below:

1. Surface runoff is collected in a trough at the downhill end of
each lysimeter. This water drains through a pipe into a metal
tank in the shelter tunnel, where it is accumulated and measured.
The surface area of the cylindrical tank is one-tenth that of the
lysimeter. A Friez FW-1 water-stage recorder makes a continuous
record of the depth of water in the tank. Water depth can be de-
termined from the graphic record to the nearest 0.005 foot. This

is equivalent to a depth of 0.005 x%, or 0.006 inch of water ever

the lysimeter surface. The recorder clock is geared to one revolu-
tion in 12 hours and permits time observations to the nearest
minute,

2. Pereolation water is drained through an airtight pipe system
into a cylindrical metal tank where the percolate is accumulated
and measured. The surface area of the tank is one-tenth that of
Lhe lysimeter. A Friez FW-1 water-stage recorder makes a con-
tinuous graph of the depth of water in the tank, Depth accuracy
is the same as that for runoff measurements. The recorder clock
is geared to one revolution in 8 days, thus permitting time ob-
servations to the nearest one-half hour. Changes in percolation
rates are slow. Whenever the depth of water in the percolation
tank reaches 2 feet, samples are taken and the tank is drained. The
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samples are used lo determine the chemical content of the per-
colation water.

3. The weighing mechanism consists of scales operating on the
lever and pendulum principles. They were installed by jacking up
the complete lysimeter, rolling ihe scale frame inlo place beneath
it, and then lowering the lysimeter until the scale frame carried
the entire load of about 65 tons. Dead weight below the expected
range in weight variance was eliminated by counterbalances. After
installation. the scales were tested over a 20.000-pound range by
the U. S. National Bureau of Standards. The mechanism was
found to measure weight changes to the nearest 5 pounds, which
is slightly more than the weight of 0.01 inch of water on the
lysimeter area. The weight was printed every 10 minutes on a
paper tape. Storage batteries were used to operate the printing
mechanism.

Grease placed in the narrow cup-shaped gap separating the
movable lvsimeter from the surrcunding soil at the ground surface
permitted the weighing lvsimeters to move freely and at the same
time prevented air and water from entering the shelter tunnel,
The grease allowed the lvsimeter to move with very little friction
as evidenced by the sensitivily of the scale needle during periods
of gusty winds, The seal also helped tc keep the temperature in
the shelter tunnels and lysimeter scils the same as in the soil of
adjacent crop fields.

EXPERIMENTAL PROCEDURE
Acricrrrrnar QPErATONS ON LYSIVETERS

Cultural treatments on the lysimeters were designed to provide
measurements needed to evaluate the hyvdrology of: (1) Permanent
grasses and legumes on well-drained soil; (2} a crop rotation of
corn, wheaf, and 2 years of meadow on well-drained soil; and
(3) a similar rotation on slowly permeable soil. Agricultural opera-
tions were carried on at the same time and at the same intensity
as in the adjacen{ farm fields, Hand tools were used in working
the lysimeter soil. The abnormal border effect common fo many
lysimeters was overcome by extending the cropping area around
each batlery a distance of at least 25 feet in ail directions. For
example, corn rows on the lvsimeters were extended into the
bordering area for at least 25 feet. and parallel rows were planied
on the confour anove and below the lysimeters.

The entire crop on each lysimeter was removed at the regular
harvest time and yield deierminations made. A complete history
of land use operations and yields lor each lysimeter battery during
the 1836-49 period, by years, appears in appendix A.

Lysiverer BEcorniNn Appanars

Percolation recorders were kept in continuous operation. Charts
were removed from the waler-slage recorders weekly, Data from
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the charts were tabulated for use in the analyses and other lysim-
eter data determinations. Samples of charts and tabulation sheets
appear in appendixes B.1 and B.2. The percolation graph generally
was a straight line—either flat or sloping. If sloping, the percola-
tion rate was conslant. Deviations from a straight line indicated
that the rate was changing, During these periods, tabulations of
time and depth were made at frequent intervals in order to derive
adequate percclation-rate data.

Chemical analysis was made of percolate sampies taken from the
percolation tank each time it was drained. Niirates were deter-
mined soon after sampling. Concentrations of other sclutes were
determined from composites of several samples from the same
percolation tank.

Runoff recorders were likewise operated continuously. The re-
corder charts were changed alter each runoff period and the data
from the charts were tabulated for use in analyses. Samples of
charts and {abulation sheets appear in appendixes C.1 and C.2
A horizonial line on the chart record indicated there was no change
in the water depth in the runoff tank, hence no runof. A sloping
line indicated runoff; the steeper the slope, the greater was the
runoff rate. Whenever the slope of the line indicated runoff, the
time and depth of enough poinis on the line were tabulated to
previde adequate runoff-rate data.

Weight recorder tapes were removed weekly. On these paper
tapes the date, time, and part of the weight dial were printed at
10-minute intervals, The complete weight record for each day was
transcribed from the dial printing to a lysimeter weight reecord
sheet, a sample of which appears in appendix D. Average hourly
weights were obtained by averaging the six consecutive 10-minute
weights beginning atl 30 minutes before each hour and ending at
20 rninutes after the hour. This averaging process removed some
of the irregularities of weight records caused by wind and provided
convenient dala for the study of trends and variations.

The hourly average values were summarized on sheets entitled
“Semimonthly Lysimeter Record, Weighing Box,” a sample of
which appears in appendix E. The daily storage changes were
obtained by subtracting the initial midnight weight reading from
the final midnight weight reading and converting pounds into
inches of waler by multiplying by 0.002207. Values of daily rain-
fall were taken from the recording rain gage adjacent io the
lysimeter batlery, These differed from the rainfall amounts meas-
ured by the lysimeler. The latter were used in all lysimeter
calculations, The procedure for delermining lysimeter rainfall is
presented in a following section.

Daily percolation and runoff values were iransferred to the
semimonthly lysimeler record sheets from the respective tabula-
tion-computation sheets. Daily ET-—CA values were computed,
using the following relationship:

ET — CA =: Lysimeter precipitation — Runoff — Percolation —

Storage change. Separate ET and CA values were obtained from
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the hourly summaries. Weight change for the period of the day
when the lysimeter was consistently losing weight was converted
to inches and labeled daily ET. Likewise, consistent gains in
weight were labeled CA, With few exceptions ET values repre-
sented the over-all soil-moisture change from the greatest to the
least weight figure for each day, and CA values represented the
over-all weight increase from (he daily minimum to the subseguent
maximum weight value, Minor fluctuations in weight between
these daily extremes were not used in the computations. During
periods of ruinfall CA and ET were assumed to be zero, Percola-
tion rates were considered in the computation of separate ET and
CA values,

Values of lysimeter rainfall used in the computation of ET — CA
were compuled from lysimeter weight increases during periods
of rainfall. A sample sheet (Calculation of Rainfall from Weight
Record) appears in appendix F. The beginning and ending time of
the rain period was taken from the recording rain-gage charts.
These times and corresponding weight readings for each day were
listed in a series of columns in the middle of {he calculation form.
The daily runoff and percolation for all lysimeters in the battery
were tabulated te the left of these columns. The hours of rainfall
for each day were totaled and these values placed in the column
headed “Hours Rain.” In the next two columns appear those por-
tions of the day's percolation attributed to the rainfall periods
(“Rain" column) and those for the remainder of tlhe day (“ET"
column). Throughout most rainy days, percolation rates were
usually constant, and percolation amounts for the rain period
could be calculated by a simple time ratio:

Hours rainfall

Percolation in rain period . Percolation (24 hours) >, — ————— .

24 hours
Whenever the percolation raies varied malerially during the 24.
hour period, percolalion amousts {or rain periods were laken
direetly from the percolalion recorder chart.

The increase in lysimeter weight during all the precipitation
periods of the day was calculated from the "Weight Record” fig-
ures on this same form. This weight value was converted to inches
of water and tabulated in the column headed “Wt. Iner.” The
amount of this weight increase accounted for by actual precipita-
tion was determined by the following formula:

Lysimeter precipitation Runoff-}-percolation4-weight increase.
o init du_rim: perinds of precipitntiop)
Data for the remaining columns of this form were determined by

methods previously explained.

The dates on which the runoff, percolation and scale weighi
records for each lysimeter began are given in table 4.

Thermograph recorders provided continuous data on air and soil
temperatures. Air-lemperalure recorders housed in louvered
shelters were set at a height of 30 inches above the ground sur-
face, The temperature-sensitive air thermograph, a phosphor-
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TABLE 4.— Dale on which records for each lysimeter began

Lysimeter Runaoff Percolation | Seale weights

Jan. 17 1938 s . Nons,
Jan.(:il{), 1938 . .. ... d .;qune 1,1939;:

one.
Dec. 31, 1942 June 3, 1943.

Dec. 31, 1937 None.
| do Do.
Dec, 30, 1937.......] May, 1537.

Y108A........,.... Apr 23,1940 Apr. 26,1940, . ....[ May 11, 1939,
Y1838, . Aar. 11, 1940 Mar. 11, 1940.. ....| None,

: do Da.
Muar. 20, 1940.. ..., Da.

I'
! Scales transferred from Y101B to Y101D in June 1943.

bronze bourdon tube filled with alcohol, has an accuracy usually
within 1 or 2 degrees of the mercurial thermometer. Air tempera-
ture at 2 inches above ground and at soil depths of 14, 3, 6, 12, and
24 inches were obtained by Friez Distance recorders also housed
in louvered sheliers. Each instrument was equipped to record
temperatures at three different levels by means of small thermal
bulbs which transmitted vapor pressure through flexible airtight
tubes, Accuracy to about £2 degrees was usually obtained with
these instruments. Air- and soil-temperature records were gathered
at each of the three lysimeter sites until 1946. At that time il was
necessary to discontinue the operation of the temperature record-
ing apparatus at Ivsimeters Y101 and ¥Y103.

The recorder-clock drums revolved once in 8 days permitting
observations to the nearest hour. Charts were changed weekly.
The maximum, minimum. and mercurial thermometer readings
were recorded each day, Monday through Friday, at about 8 2. m,
The daity maximum and minimum air and soil {emperatures were
read from the recorder charts and tabulated. (See sample tabula-
tion, appendix G.) The daily fluctuaiion in {emperature, average
of daily maximum and minimum temperatures, and weekly aver-
age were calculated and entered on this form.

The land treatment on the soil- and air-temperaiure recording
sites was the same as on the lysimeters. For example, when corn
was growing on the lysimeter it was also growing in the tempera-
ture-recording area. When ihe lysimeter crop was harvested, the
crop on the lemperature units was also harvested. The data there-
fore were representalive of crop and soil conditions prevailing on
the lysimeters.

Atmospheric moisture at the 30-inch level was recorded on Friez
Mode! 594 hygrothermographs housed in the same louvered
shelters containing the temperature recorders. This instrument
provided direct measurements of changes in relative humidity.
Its chief defect is the possibility of inaccuracy where very high
or very low relative humidities are involved. Checks with the



http:recorde.rs

TECHNICAL BULLETIN 1059, U. 5. DEPARTMENT OF ACRICULTURE

sling psychrometer showed that arrors may range from 48 to —12
percent within a period of 3 days, whereas at other times the
recorder values were fairly accurate, differing from the psychrom-
eter observations by only 2 percent, Despite its defeets, the hair
hygrometer was found io be the mosl satisfactory instrument for
ordinary field cbservations of atmospheric moisture changes.

Hygrometer charts were changed weekly. The time scale was
such that hourly values of relative humidity could be read easily
to the nearest percent. Psychromeler readings were obtained at
about 8 a. m. daily from 1938 to 1942, inclusive, and on week days
thereafter,

During the period 1938-42, barometiric pressures were chtained
from mercurial barometer readings and from a microbarograph
Friez Model 799. Hours-of-sunshine data from a Friez Model 380
transmitter were also obtained for this period. During the sum-
mers of 1938 and 1939, daily atmometer readings were taken and
evaporation of water was measured from a pan on a recording
rain gage. Data of this type were gathered only during the irial
pericd of lysimeter operations.

Evaparation records for most of the pericd of lysimeter record
were obtained from a Bureau of Plant Industry sunken evapora-
tion pan. This pan, which is 6 feet in diameter and 2 feet deep,
was sunk in the ground so that the rim projected 4 inches above
the ground surface. Waler surface was maintained at about
ground level. A micrometer point gage was used {o measure the
water-surface elevation in a stilling well attached to the outside
of the pan, This pan, along with a U. 8, Weather Bureau Class A
pan and the Colorade sunken pan. was set in operation at the
meteorological station in May 1938. All evaporation records at
this site were disconiinued in Augusi 1942. The Bureau of Plant
Industry (BPI) pan was placed in operalion at lysimeter Y102 site
in May 1944, The BPI-pan records are used in this report since
evaporation from such pans is comparable with that from large
watler surfaces (41),

The initial plan of obiaining water-level readings in ihe various
pans twice daily—8 a. m. and 5 p. m.—throughout the nonfreezing
pericd, April-October, was continned until the close of the mete-
orologic study in August 1942. From 1944 through 1945 the BPI-
pan water level was vead once daily. Afier 1945 the readings on
Saturdays, Sundays, and holidays were disconlinued. Waler-tem-
perature and wind-movement data were obiained at each reading
of the water level in the evaporation pan. A Friez Model 349,
3-cup, direct-reading anemometer was used for measuring wind
movement, Numerals on the odomeler dial indicated miles of
wind passage over the evaporation pan. A sample of the iabula-
tion sheet for evaporation, water temperaiure. and wind movement
appears in appendix H,

Soil moisture observations in areas adjacent to the lysimeters
were made periodically. No instrument was available for auto-
matically recording soil-meisture changes accurately in the range
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from wilting point to saturation. The first and perhaps the most
reliable method used for determining field moisture at various
depths in the soil profile was a combination of field sampling and
laboratory analysis. In order to avoid destroying the natural seil
structure through frequent sampling within the lysimeter, the
soil-moisture determinations were based on undisturbed field
profiles adjacent to the lysimeter batteries. From four to six loca-
tiens in each area were sampled to obtain reliable average values.

In order to evaluate properly the basic factors affecting water
conservation and utilization, it was necessary to obtain soil-
moisture data for several different lavers of the soil profile and
to make frequent determinations of soil moisture during periods
of rapid accretion or depletion. Moisture chservations were made
at the following depths in the different soils throughout the study:

Muskingum silt loam (near Y101) at 0-8, 8-16, 16-24, and 24-40
inches; Muskingum sill loam (near Y102) at 0-7, 7-12, 12-22, and

22-40 inches; and Keene silt loam (near Y103) at 9-7, 7-14, 14.24,

and 24-40 inches.

In addition. since 1946. scil-moisture observations have been
made at other levels in the topsoil and subsoil to a depth of 10
inches. It was in this range of depth where the most rapid Buctua-
tions of soil moisture oecurred,

Field sampling for gravimetric determinations of soil moisture
net only required much time but cut up the field unduly. This
method was therefore replaced by the use of elecirical resistance
blocks installed in the field at the required depths. These units
were made up and were operated according to Bouyoucus and
Mick (3). In 1949, improvemenis in the blocks greatly increased
their sensitivity and made it possible to determine soil moisture
with greater aceuracy in the range from field capacity to saturation.

Water-plant relationships are of grealest importance in the 0-40-
inch part of the soil profile. Daily soil-moisture values could be
obtained for this profile by direct interpolation from the periodic
soil-moisture measuremants, but only for periods lacking precipi-
tation. For rainy periods the daily soil-moisture values were
obtained by correlating the lysimeter-weight records with the
moisture data obtained from pericdic sampling of the 40-inch
profile in the adjacen' watersheds. From this it was possible to
construct a soil-moisture graph for the 0- to 40-inch depth of soil
showing probable daily changes throughout the vear.

In the construction of this graph. which was based primarily
on the correlation mentioned, certain assumptions were necessary
relative to accretion and depletion. These assumptions, with some
flexibility in their application, are as follows:

1. ET was assumed lo come from the (- to 40-inch depth of soil,
regardless of season,

2, All percolation was assumed {c come from below the 40-inch
depth when the daily percolation did not exceed 0.2 inch. When
greater than this value, one-third of the percolation was assumed
to come from the - to 40-inch zone.
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3. In winter when the soil was frozen, all precipitation which
did not run off was assumed to he contained within the 0- te 40-
inch depth. During the remainder of the year, when precipitation
did not exceed 0.25 inch that part not running off was attributed
to moisture accretion in the 0- to 40-inch depth. When precipita-
tion exceeded this amount the allocation of the precipitation re-
tained on the plot was dependent on season, soil-moisture content,
and frequency of rainfall.

4. In the spring, when the soil was nearly saturated, only one-
ffth of the nonrunoff precipitation exceeding 0.25 inch, plus 0.25
inch, was attributed fo the 0- o 40-inch depth and the remainder
was assumed to contribute to the lower zone, In the summer, when
transpiration was high and the soils much dryer, & greater portion
of the precipitalion, often all of it, was considered as heing held
in this top zone, The resulting soil-meisture curve is believed to
be accurate within =0.5 inch with few exceptions, and often
closer than -+£0.2 inch. Some values on the calculated graph of
so0il moisture appeared to be more reliable than the sampled points.

The observations made in conjunction with the lysimeter opera-
tions at Y102 are listed below. All records began October 1841,

Temperature:!

Air at 30, 18 (discontinued January 1948), and 2 inches above
ground,
Soil at &, 3, 6, 9 (discontinued August 1944), 12 and 24 {started
August 1944) inch depth,
Maisture;
Air at 30 inches above ground.
Soil moisture, as previously noted.

Evaporation from BPI pan (began 1944).

Water temperature. '

Wind movement at ground level beside evaporation pan,

Miscellaneous meteorological observations, 1939 through 1942:

Barometric pressure,
Sunshine duration,

Similar, but less exlensive, data were obtained for a period
at Y101, January 1942-January 1946, and at Y103, April 1942-April
1946, as follows:

Temperature:

Air at 30 and 2 inches above ground.
Soil at %- and 3-inch depths.

LIMITATIONS OF THE LYSIMETERS

The cultural operations on the lysimeters were necessarily lim-
ited to one standard crop rotation of 4 years on two of the
lysimeter batteries and a permanent grass cover ott the third. The
facilities available did not permit making a study of the hydrology
of mature woodland or the hydrologic effects of such conservation
measures as reforestation, different cropping systems, and mulch-
ing. The permanent grass lysimeters, representing pasture areas,
were clipped to correspond with pasturing periods, but since actual
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grazing of the lysimeters was impractical, the effect of stock
trampling on the soil surface could not be obtained.

Every effort was made to work the surface of the Iysimeter soils
in such a way that their physical condition would correspond to
that of the adjacent watersheds, However, the heavy implements
used in the cultivation of adjacent farm fields could not be used
on the crop-rotation lysimeters. Cultivation with hand Zools and
the weight of a workman probably had less effect than mechanized
farm equipment on soil compaction.

Prior to 1944 the precipitation data from the TFergusson rain
gage within 256 feet of the lysimeters were used to represent
lysimeter precipitation. These rain-gage values were found to
differ noticeably from the lysimeter weight increases during storm
periods. Using them in the lysimeter computations of moisture
storage and ET resulted in erroneous values, Beginning in 1944
lysimeter precipitation (weight record) was used to derive moisture
and ET values.

The lysimeters used in this study were not designed to measure
surface runoff other than that from the lysimeters. Runoff from
upperlying areas was diverted around the lysimeter. All crops
were planted on the contour. No waterways were provided to
carry runoff water down hill to the collecting trough. Runoff oc-
curred in the form of sheet flow or in small rills, All these limita-
tions in the lysimeters are comimon to plot studies. The concentra-
tion and development of surface flow on plots or lysimeters, there-
fore, is not truly representative of natural field flows. The runoff
data were needed, however, for complete evaluation of all the
hydrologic factors affecting disposal of precipitation. The only
lysimeter runoff data presented herein are monthly totals appear-
ing in tables 5. 6. and 7. and annual totals shown in figures 9 to 14

The walls of the lysimeter casings prevented the lateral move-
ment of water from or to the surrounding area. This was no
serious limifation for lysimeter batteries Y101 and Y102 as the
soil profiles are well drained, at least to the 8-foot depth. It is un-
likely, therefore, that water moved laterally in these lysimeters
or even in the surrounding area. Spring or seep spots were found
only at lower elevations along the hillside. For the heavier soils
represented by Y103, lateral movement of water may have oc-
curred naturally in the unconfined areas outside the lysimeters
during the femporary periods of perched water tables. The effect
of the lysimeter walls in preventing lateral movement of water on
percelation and soil ‘moisture values is believed to be small, Except
in periods of perched water tables, the walls would have no effect
on the Y103 lysimeter functions.

Percolation of water through the 8-foot profile was measured by
water-level recorders in tanks. A few times during the period of
operation the pipes for transporting percolate from the lysimeter
collector pans to the tanks became clogged. This condition was
evident from a comparison of all concurrent percolation charts in
the lysimeter battery. Clearing the clogged pipes with compressed
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air allowed the slored-up water to flow out, The flow thus re-
leased was measured and the fotal value distributed throughout
the “clogged” period according to the percolation rates of other
lysimeters in the same battery. Samples of the released water
were taken for chemical analyses. Whenever one lysimeter was
found clogged, all eleven were blown out the same day. Clogging
occurred not more than four times during the period of operation.

Samples of percolation water for chemical analysis were ob-
tained whenever the tanks were drained; that is, when the water
depth reached 2 feet, During periods of rapid percolation, it was
necessary to drain the tanks several iimes a monih. At other
timeg, the tanks did not need to be drained for several months.
Thus samples were collected at irregular intervals. Nitrates were
determined for each sample within a few days after it was taken.
A uniform aliguot of each sample was composited with identical
aliquots of other samples from the respective lysimeters for the
calendar year. This composite was then used for further chemical
analvsis. The nitrate determination provided data on the distribu-
tion oi leaching throughout the year. Otherwise, only annual
values of the chemical losses were available.

The accuracy of the weight records used for delermination of
storage changes depended on maintaining sufficient clearance be-
tween the weighing lysimeters and the stationary walls or other
objects to permit free movement of the lysimeter. Because of the
jamming of the weighing apparatus in the early years of lysimeter
operation, the hourly weight réadings prior to 1944 were of doubt-
ful value. As the midnight values were unaffected, they were used
without reservation in determining reliable daily ET — CA values,
Separate ET and CA values were not derived.

The net daily loss in weight of the lysimeters unaccounted for
by runoff or percolation was designated evapo-transpiration (ET).
Beginning in 1945, these daily changes in weight were divided into
periods of increase {CA) and decrease (ET), The net change for the
day was designated ET minus CA. Afier January 1944, all daily
changes in slorage were calculated for the items ET, CA, and
ET — CA. This permifted an evaluation of the importance of
periods of seil-moisture increases and decreases separately. Snow
drifting on or off the lysimelers gave abnormal weight readings.

ET values, as derived from lysimeter weight records by the
methods presented herein, can be used in many hydrologic evalua-
tions. They may be used in conjunction with precipitation data
to derive values of runoff. For runoff diterminations, however,
sorme adjustment must be made to account for differences between
values of rain-gage and lysimeter-measured rainfall, and to ac-
count for CA which is not measured. These adjustments can be
applied either io the precipitation data in the area under study or
to the ET values contained in this report. The latter procedure,
which is probably the simpler, is as follows:

Annual ET minug CA minus 4 inches (precipitation-gage-data
correction) equals an adjusted evapo-transpiration value which
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can be used with precipitation-gage data, For example, with an
average annual ET value of 42.2 inches, CA of 10.3 inches, and a
gage correction of 4 inches, the usable evapo-transpiration value
would be 27.9 inches. Thus, if the precipitation-gage records in
the study area showed an annual value of 40 inches, the precipita-
tion—minus—evapo-transpiration value would be 40—27.0 or
about 12 inches. This remainder is commonly attributed to runoff,

Fluctuations in the weight records due to gusty wind were ob-
served early in the study, and many devices were tried in an
attempt to evaluate and reduce this effect. These included shield-
ing the weighing lysimeter from the wind by tarpaulins, and in-
stalling a switch which would restrict the printing of lysimeter
weights to periods of little or no wind movement. None of these
devices was satisfactory.

During high winds, the scale reading of the weighing lysimeter
oscillaled almost continuously. Oscillations varying from 5 to 10
pounds for a light wind to 150 to 200 pounds for a gusty wind of
high velocity indicated the sensitivity of the weighing mechanism,
An elaborate statistical study in 1942 showed that the true weight
could not be obtained from the magnitude of the oscillations and
the recorded wind velocity.

A detailed study of the weight readings for the yvear 1942 showed
that wind pressure had no serious effect on the accuracy of the
lysimeter weights. All weight deviations between consecutive
18-minute weight recordings greater than 15 pounds were tabu-
lated. The largest deviation was 81 pounds. Deviations exceeded
50 pounds on only 7 occasions. Also there were orly 4 days in
which there were more than 10 deviations exceeding 15 pounds.
As the 10-minute weight recordings were averaged for each hour,
reasonably accurate values were obtained except perhaps for the
4 days mentioned.

In order to defermine whether moisture condensation on the
sides of the weighing lysimeters would cause appreciable errors
in weighing, a lysimeter was weighed with wet walls and again
after the walls had been wiped dry. The difference in weight was
less than 5 pounds. Furthermore, hygrothermograph records in
the observation tunnels for a period indicated practically no hu-
midity or temperature change. Relative humidity remained at
100 percent. Since the walls were constantly moist, there was no
condensation on or evaporation from them.

Evaporation-pan data were not continucus and were af times
affected by shading of tall crops. Equipping the evaporation pan
with an automatic recorder and moving it to an unsheltered loca-
tion would permit obtaining evapo-transpiration and evaporation
records which could properly be compared. Atmometers operated
during the nonfreezing period would provide data which could be
compared with evapo-transpiration records.

The limitations mentioned above illustrate some of the difficui.
ties involved in obtaining accurate lysimeter and necessary related
data. In spite of the limitations, these hydrologic data are believed
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to be the most reliable of their kind that have been obtained, either
by actual measurement or by the use of theoretical formulas
{20, 34},

ANALYSIS OF RECORDS

The records obtained by means of the three automatic weighing
lysimeters furnished basic data for analyses applicable to a wide
field of agricultural hydrology. Results were derived in terms of
soil-moisture storage changes, saturation deficiencies, rates of soil-
moisture depletion by crops, evapo-transpiration, condensation
and absorption of atmospheric moisture, amounts and rates of
percolation, and plant-nutrient losses in percolation. As the data
available for these analyses represent a period of only 6 to 12
years, the resulis and conclusions must be considered subject to
modifieation as additional data are obtained.

Tue LysiMeTER As &4 DEVICE FOrR MEASURING THE ACCRETION AND
DepretioNn oF SorL Molstune

The lysimeters provided a means of measuring the accretion of
moisture to the scil, depletion from the soil. and water-storage
changes within the soil block. Monthly and annual summaries of
these data for Y101D, Y102C, and Y103A during the period 1944-
49 are given in tables 5, 6, and 7. The daily fluctuations of soil
moisture, when summarized separately in terms of CA and ET,
provide an evaluation of each of these moisture changes. The net
soil moisture change (ET — CA), however, will probably prove to
be a more useful value in the general field of agricultural
hydrology.

ACCRETION

The weighing lysimeters acquired moisture through precipita-
tion, condensation, and absorption. Precipitation was mainly in
the form of rain, but snow, sleet, and hail were also included in
the measurements. The precipitation data derivad from lysimeter
weight records represent the amounts falling to the earth’s sur-
face as contrasted with that collected by the ordinary rain and
Snow gages,

Condensation was mainly the water converted from vapor form
in the atmosphere to liguid on the vegetation or soil surface. It in-
cludes also the moisture absorbed by the soil from vapor in the
air layers near the ground surface and the water condensed from
vapor in the soil pores. Condensation within the soil accounted
for only a very small part of the total condensation—less than
1 percent. As soon as the vapor became liquid on the vegetation
or in the soil of the lysimeters, its weight was recorded. Well-de-
fined weight increases during periods of no precipitation were
attributed to condensation-absorption. _'

Over-all weight increases were tabulated for each daily accre-
tion period and converted to inches of water. Plus and minus




AGRICULTURAL IIYPROLOCY AND MONOLITH LYSIMETERS 31

variations in weight within periods of general weight increase
were omitted in the calculations, Thus the CA values are only net
increases and, therefore, are minimum values, If all the minor
increases were totaled for each day, the resultant CA values would
be greater than those given herein. Furthermore, whenever
transpiration oceurs during the CA period, only the net weight
change can be measured. If it were possible to evaluate these two
separately, the resultant values of ET and CA would be greater
than those presented herein. These records made it possible to
determine the hours of condensation-absorption and its fluctuation
by seasons with different vegetal covers. The effect of climatic
factors on atmospheric moisture condensation is discussed on
pages 62 to 75 of this report. Only monthly and annual values are
given in tables 5, 8, and 7,

Precipitation was by far a greater accretion factor than con-
densation and absorption combined, amounting to from 76 to 86
percent of the iotal accretion and averaging 81 percent, However.
an appreciable amount of moisture other than precipitation was
supplied to the soil and its plant cover through condensation-
absorption. This ranged from 14 to 24 percent of the total aceretion
and averaged 19 percent. Actual amounts ranged from about § to 9
inches of water annually. Values greater than these appearing in
tables 5, 6, and 7, are somewhat abnormal because of drifting
snow. Drifting of snow off and on the lysimeters during the winter
is quite variable, and the values for evapo-transpiration and con-
densation-absorption, which are based on actual lysimeter weights,
are necessarily incorrect for days of drifting snow.

Monthly condensation-absorption was seldom less than 0.5 inch
of water and then only occasionally in the summer months, Al-
though much of this water was removed by evaporation after a
few hours of sunshine, it is believed io have some moisture-
conservation value, as explained later,

Condensation in all years was greater on Y102C than on Y103A,
due possibly to differences in soil moisture, porosity, or air drain-
age. The Muskingum silt Joam of Y102C was always drier than the
Keene silt loam of Y103A, thus creating a greater moisture gradient
between the moisture content of the atmosphere and that of the
soil. Differences in soil moisture between these two soil types are
illustrated by the top graphs of figures 9 to 14. It is believed that
since the Muskingum soil was more porous than the Keene, water
vapor in the atmosphere may have moved into il more readily, thus
providing a greater opporiunity for condensation.

Differences in condensation may have been due also to dif-
ferences in air drainage, Y103, being within a few feet of the
ridge, would have very little air draining down across its surface.
Y102, on the other hand, lies on a 12-percent slope 200 feet down-
hill from the ridge, making it possible for moist air to drain down
the slope and replenish the air supply avaiiable for condensation.
The individual influence of soil moisture, porosity, or air drainage
was not evaluated because of insufficient data.




TABLE 5.— Monthly summary of thé accretion, depletion and storage of soil waler as determined by the weighing monolith
lystmeter Y 101D, 194449
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TABLE 5.— Monthly summary of the accretion, depletion, and storage of soil water as determined by the weighing monolith
lysimeter Y101D, 1944-49—Continued
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TABLE 6.—M onthly swummary of the accrelion,.depletion and slorage of soil waler as defermined by the weighing monolith
lJ\Imei(‘l Y102C, 194449
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TABLE 6.— Monthly summary of the accrelion, depletion and storage of soil waler as determined by the weighing monolith
lysimeter Y102C, 1944-49—Continued

Year, month, and crop grown
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TABLE 7.— Monthly summary of the accretion, depletion, and storage of soil water as determined by the weighing monolith
lysimeter Y103A, 194449
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.. TABLE 7.— Monthly summary of the accretion, depletion and storage of soil water as determined by the weighing monolith.
lystmeter Y1034, 1944—49—Continued

Accretion Depletion Storage in
8-foot profile
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DEPLETION

Of the three depletion factors—evapo-transpiration, percolation,
and runoff—annual evapo-transpiration was the most important
and annual runoff the least. The monthly evapo-iranspiration in
many of the summer months was greater than the corresponding
rainfail. Often in the months of March and April, percolation
values exceeded those of evapo-transpiration. ET values given
herein do not represent the daily, monthly, or annual rate of soil-
moisture depletion, If such data are desired, ET — CA values
should be used.

Annual evapo-transpiration values ranged from 31.22 to 48.00
inches on Y101; from 34.49 to 46.52 inches on ¥102; and from 36.17
to 45.95 inches on Y103. In the dry year 1944, evapo-transpiration
was much lower than in other years of high precipitation. It
constituted about 80 percent of the total annual depletion on the
Muskingum soils and about 85 percent on the Keene silt loam,
a heavier soil. As percolation in the Keene soil was less, more soil
water was availeble for evapo-transpiration. More water was re-
moved from the soil by evapo-transpiration in the months of May,
June, July, and August than in other months. Higher temperatures
and longer days furnished better opportunities for this process,

Conditions favorable to vegetative growth obviously increased
evapo-transpiration. The stage of growth of a crop as well as the
type of crop itself, also greatly influenced evapo-transpiration.
For example, in the corn year 1949, the evapo-transpiration values
for May were 2 to 3 inches lower than for meadow in May 1948.
The May rainfall was nearly the same in both years. The small
corn plants removed very little water by transpiration. Water
loss was mainly in the form of evaporation. Evaporation from the
bare soil of cornland in May was much less than the May evapo-
transpiration from meadow. Both corn and wheat crops, as they
approached maturity, consumed large quantities of water.

The net loss to soil moisture is properly represented by evapo-
transpiration minus condensation-absorption, This is referred to
as ET — CA, curves of which for various lysimeter crops are shown
in figures § to 14. No effort has been made fo separate evapo-
transpiration into its component parts since information on evap-
oration and transpiration separately is considered o be less useful
in hydrologic studies than the combined value.

SOIL-MOISTURE STORAGE CITANGES

The weighing lysimeter, by automatically recording the weights
at 10-minute intervals, indicated for any period of the day whether
s0il moisture was accumulating or being depleted. As shown in
tables 5, 6, and 7, the lysimeters gained weight through increases
in soil moisture in some seasons, and lost moisture more rapidly
than it was received in other seascns. The monthly values in May,
June, July, August, and often April and September generally
showed losses of moisture in storage. When precipitation for any
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of these months was unusually high, a gain in siorage resulted.
The other months generally showed a gain in storage unless pre-
cipitation was well below normal.

The net annual storage values varied from year to year. In the
wet vear of 1845 there was a net increase in storage for the year.
High monthly rainfall did not always result in an increase of
moisture storage. For example, in March 1845 more than 9 inches
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of rain fell on the very wet soil of Y102C, yet the monthly net
storage change was a decrease of 0.89 inch, due principally to
excessive percolation.

In September of the same year over 9 inches of rain fell on the
same lysimeter, but the soil was dry, There was no percolation,
Although runoff of 2.03 inches reduced the accretion value of the

Ty T

N nl 1 .
T 7

1y R Y [

1 i

W P
Ny
L

v
o L rod Ly B 3 3 o1l

LA T T

&

-

L

I [

STURE 1N 04 NEH "'°"£) BN , aliA T3
MTA ADLACENT TD1 Y0 - b
TipT i .

10y ="

CER

AMOQURTS OF WAtER (iHCHES)

W OR v oe

=

AT M| J

[WEENLY AYERAGE OF DALY MAXIMUM &R TEMPERATLIRE
)

|
[ [t [

|

Lo

SRR

BT T 12

&

T-'-!;I;a

CEGALLS T
. -
o

rane W

coln twt

Te—

i
I

naaL TIOIR S 1
=L }:Tr
i ik
£ A ‘

ENAPO -+ TRANSIALTICN
01D Cdaty
(=TI CORN

=TI COAN

PO WMOLD AP 30 ITIOT & TRA

a o [
N\‘L'_S.

o o
"~ rERCoLATION

TEND
Yidic.

Tioia
iy N i
)

L |

RUNOFF vipze -t

ANHUAL #INOFF
g Yo op”
L] 1.2 ML L1
YRsA M

A N o I

L R N
G = N w & v R uom e &

1943
Figure 16.—Daily soil meoisture, accumulated daily precipitation, evapo-

transpiration (ET—CA) and percolation, and weekly average air tem-
perature, lysimeters Y101D, Y102C, and Y103A, 1945,




ACRICULTURAL HYDROLOGY AND MONOLITH LYSIMETERS 47

rain, the net storage increased 4.79 inches. On lysimeter Y103A,
on the other hand, because there was practically no runoff the
storage change was greater, amouniing to 6.58 inches. Figure 10
shows the daily changes in storage of the 0- to 40-inch profile, rain-
fall, runoff, and ET — CA for September 1945,

The daily fluctuations of mcisture in the upper 40-inch layer of
soil are represented by graphs in figures 9 to 14. This layer in-
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cluded practically all the roots of plants grown in a crop-rotation
system. Daily fluctuations of goil meisture differed with depth of
soil (fig. 15). Most of the water changes occurred in the top 7 inches
of soil. Aceretions and depletions took place most rapidly in this
layer, the fluctuations becoming less violent with increasing depth
of soil. The curves of daily July and August soil-moisture fluctua-
tionis for the years 1946-49 (fig. 15) indicate {hat pores in the 0- to
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7-inch profile were used Imany times to take up storm rainfall,
The pores at soil depths below 7 inches were used only a few
times. For example, on August 16, 1946, moisture in the 0- to 7-inch
profile increased greally, approaching saturation. Moisture in the
7- to 14-inch depth increased only slightly. There was no apparent
increase in moisture below 14 inches.
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TuE LYSIMETER As A Raix Gacrk

It has long been desired to improve the accuracy of records of
the amount of rainfall reaching the earth (including vegetation
and ground surface). The U. S. Weather Bureau has used a stand-
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ard sampling area of 50 square inches (8-inch diameter) for its
gages. The weighing lysimeter provided a means of measuring
rainfall on an area of 12,540 square inches (6.22 X 14-foot rectangle).
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The rainfall during any given rainfall period was calculated
from the weighing-lysimeter records by means of the formula:
Ra == 0.0022W -}~ Per 4+ Ro, in which
Ra =rainfall on lysimeter, in inches;
W —weight change of lysimeter for the period, in pounds;
0.0022W == weight change of lysimeter for the pericd, in inches of
water;
Per = percolation water for period of rain drained from
bottem of lysimeter, in inches of depth; and
Ro = runoff water for period of rain from surface of lysim-
eter, in inches of depth.

The period of rainfall was determined by noting the {ime of
beginning and end of the rainfall period as shown by the recording
rain gage adjacent to the lysimeter.

Monthly and annual values of precipitation {(snow and rain)
during a 6G-year period, 1944-48, as obtained by means of the
lysimeters, were compared with those from ihe Fergusson rain
gage at two locations, Y102 and Y103 (tables 8 and 9). The record-
ing-gage data were not the values shown on the chart but are
actual measurements of depth obtained by pouring the captured
water into a calibrated measuring tube.

The monthly values of precipitation obtained by the two
methods had a wide range of differences. Basing comparisons on
the lysimeter records as the more accurate, the Fergusson gage
data with few exceptions were found to be either greater or less
than the lysimeter data. At Y102 (iable 8), the monthly rain catch
in the Fergusson gage was as much as 1.59 inches less than that
on the lysimeter. At the other exireme for 1 month, the Fer-
gusson gage caught 0.85 inch more water. Qut nf 60 months, there
were b8 when the Fergusson catch was less than that shown by
the lysimeter. The average monthly difference for the 5-year
record was (.34 inch,

At Y103A (table 9), the maximum difference between the two
records was— L.59 inches. The olher exireme was - (.15 inch.
Out of 72 months, there were 69 when the Fergusson catch was
less than that for the lysimeter. The average monthly difference
for the B-year period was 0.32 inch.

It is apparent that the greatest differences occurred in the
months of January, February, and March. The records for the
first two were complicated by snow. It is generally agreed that
the unshielded Fergusson gage is not at all satisfactory for snowfall
measurements. Drifting snow often makes the lysimeter precipi-
tation records unreliable. In March, a month of very little snow,
high winds may be expected to affect the accuracy of the Fergusson
gage; but the March lysimeter data for the period covered, as well
as the data for any other month without snow, are considered
satisfactory.

A clearer concept of the differences was obtained by tabulating
the daily rainfall values from the Fergusson gages and lysimeters
in four rainfall groups, as follows: 0.1 to 0.3 inch: 0.3 to 0.6 inch;
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0.6 to 1.0 inch; and over 1.0 inch, Days of snow and those of less
than 0.1 inch of rain were not included. A sample of the grouping
for ¥102C in 1946 (table 10) indicates the relative accuracy of the
two methods of measuring rainfall and provides a basis for sea-
sonal as well as annual comparisons, The greatest number of days
falls in the low-rainfall groups—less than 0.6 inch. Of 69 rain days
tabulated, 50 were in these groups. Of this 50, there were 9 days
in which the rainfall catch under both methods was identical, 4
when the Fergusson values were greater, and 37 when the Fer-
gusson values were less, A sample plotting of a similar comparison
for Y1034, 1948, appears in figure 16.

Tabulations similar te that for Y102, 1946 {table 10}, were made
for Y102 for 1947 and 1948, and for Y103 for 1946, 1947, and 1948.
Summaries of the data from these Labulalions appear in table 11.
These show that the Fergusson catch is consistently less than that
shown by the lysimeters,
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Figure 16.—Comparison of rainfall data from Fergusson recording gage
and from lysimcter Y163A weight record, 1948,
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TABLE 8.— Monthly precipitation in recording rain gage Y102K and on ground surface of lysimeter Y102C, 1945-49"

i
Year Gage Jan. Feb. | March{ April June. | July | Aug. | Sept. | Oct. | Nov. | Deec. | Total

Imches | Inches | Tnches } Inches $ rl.nche;s I 1zclze§ Inches | Inches | I nclm;' i1 wchcs’ Inches | Inches
Recorder..,.{ 1.04 2.36 8.06 | 4.40 . 3.931 2.721 1.12{ 9.68| 2.63| 3.45] 1.35| 45.49
Lysimeter. ..} 1.63 2.93 9.03 1 4.88 4,34 2.8 | 1.23} 966 2.74] 3.85| 2.401 50.86

Recorder. . .. .88 1 3.72 1 2.21 .60 . 6.44 . 2.40 .68 1 4.26 | 2.56( 2.32{ 87.41
Lysimeter. ..} 1.09 { 4.63 | 2.61 .87 6.72 ¥ 2.40 .88 4.38] 2.74| 2.83| 41.46

Recorder...:i 4.84 .36 .74 .96 .2 . 3.65] 3.02 971 2.34) 1.18 85.79
Lysimeter...! 5.35 A5 1 2.33 .28 .65 3.76 | 3.13 ] 1.04| 2.67{ 1.49°)! 40:12

Recorder....! 1.91 .78 4.43 .04 .81 . .92 3331 2.69] 2.8 2.02 37.67
‘Lysimeter.‘.k 3.42 14 1 4.80 17 .05 2] 3741 2,851 3.23] 28311 42.05

Recorder. ...} 4.79 : .61  3.42 68 .91 BT 3.44 D01 1.28) 242} 37.44 -
Lysimeter. ... '5.54 .85 1 3.89 .93 40 .681-345) 1,031 1.55| 2,941 39.98
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The average differences in daily rainfall range from 0.01 to 0.06
inch. This amount is small when consideration is given to the
areal variation of storm rainfall and the area of application for the
rainfall data. At this research station the rain gages are as close
to the experiments as they are anywhere in the couniry. Yet, the
8-inch diameter catchment area must ke used {o represent the
rainfall on watersheds 1 o 8 acres in size. Parts of these drainage
areas are from 1 to 500 feel away from the gage. Cumulatively,
the annual differences in rainfall amounted to more than an inch
of rainfall in 5 out of the 6 station-years given in table 11, Thes»
values include only rain days of 6.1 inch or more, When the days
of less rainfall and all snow days are included, the precipitation
differences amounted to more than 4 inches for the same period
(tables 8 and 9).

The weighing lysimeters also give a measure of the amount of
moisture coming from the atmosphere in the form of condensa-
tion, which rain gages cannot measure. The annual total conden-
sation may be more than 5 inches of water, When this amount
and the differences in precipitation are added to the rainfall shown
by recording rain-gage records, the result is a figure for water
acquired which is over 9 inches more than the amount of annual
rainfall recorded by rain gage. The larger total represents all the
meisture coming to the earth (soil and' vegetation) from the
atmosphere,

TrE LYSIMETER Fok MEssURING Evaro-TRANSPIRATION AND
COXDENSATION-AUSORPTION

The self-recording mechanism of the weighing lysimeters pro-
vided records from which were calculated the moisture trans-
ferred from the earth t{o the atmosphere and that going in the
opposite direction. On days of no precipitation, weight increases
plus percolation were attributed to condensation and absorption
of moisture from the atmosphere. This phenomenon is labeled
CA in this report. Also, on days of no precipitation, weight de-
creases were attributed to evapo-transpiration and perecolation,
The latter is measured separately, thus a means was provided for
evaluating the former. Evapo-transpiration is labeled ET in this
report.

I]::JT is a combination of (1} evaporation of moisture from the
ground surface, including the surface of vegetation; and (2) tran-
spiration, the removal of water by crops. The two phenomena
operate in nature together to deplete soil moisture, The amount
of soil-moisture depletion caused by evaporation and transpiration
may be compensated in whole or in part by water added to the
soil through condensation and absorption. The net soil-moisture
depletion resulting from these processes may be conveniently des-
ignated ET — CA. For drainage-basin studies involving the hydro-
logic eycle, ET — CA values should be used instead of ET alone,
as explained in a previous section,




TABLE 9.— Monthly precipitation tn recording rain gage Y103 R and on ground surface of lysimeter b2 034, 1944-4N
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Year Gage Jan. | Feb. | March{ April | May Jﬁne July | Aug. | Sept. | Oct. . Dec. | Total

et PO . — e JPESUEDIINN S p—

Inches btchcs Ivzhes | Tuches Inches { Fuches | nches | Inches | Inches | Inches | In Inches | Inckes
| Recorder. ... 0.97 461 5.04| 8:75 | 2.14] 3.04 1 2.34 1.7} 1.61 . 2.42 | 129.60
Lysimeter...] 1.14 A2 534 8.83) 2,40 3.14  2.46° 1.811 1.82 1 1. 3.46 | 33.16

Recorder....] 1,10 AT 7.99) 4.331 4.72 ] 4.03 9.29 1 2.78 45.36
Lysimeter.. .| 2.04 621 8,11 | 4.8 4.81{ 4.37" 9.42 7 2.78 48.56

Rucorder. . ., .59 .86 1 2,24 .46 6.84 4.27 38.17
Lysimeter, .. .89 A1 7 2.46 .59 7.156 4.42 40.66
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TABLE 1. —Comparison of rainfall calch as determined by lysimeter
¥Y102C and Fergusson recording gage, by size of rain, 1946

61—t 03— | 03— to0.6— ;06— to1.0— Rains over
inch rains inch raing . inch rains 1.0 inch

Period ) i i

Fer- | Lysi- | For- | Lysi- | Fer- r Lysi- | Fer- ! Lysi-
gusson | meter | gusson | meter ¢ gusson | meter gusson | meter
gage [Y102C! guge | Y102C| page Y1020 gage |Yi02C

. Iaches | Inches | Inches | Tuches | fnches | tnches | Frehes fnches
January-April, .. 0.26 | 0.57
.19 .40
.30 49
29 48
W17 .32
.19 .28
29 .od
b

May-September.

D a0 @ o
B2k D - D 5

October-
December. . .,

Days of record. ., No.. .| 27
Days of equal
catch No... i
Days Fergusson
cateh greater, . . No.,, 2
Days Fergusson
catch less ... 18
Rainlall difference for
all days inches.. | — 83
Average rainfall dii-
ference per

. ]—.080

Total diflerence for the year = 2.34 inches.

In flood control and soil and water conservation the volume of
air space in the soil and the possibility of increasing it are im-
portant. The soil pores may be needed io store all or part of the
storm rainfall. Not only the volume of air space, but the size and
arrangement of pores and other factors govern the capacity of the
s0il to iramsmit rainfall; in other words, its permeability rate,
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including capacity. When the water in pores is replaced by air,
oxygen and other gases are made available for plant use, When
air replaces water in too many pores, however, crop failure may
result because of insufficient moisture.

CONDENSATION-ABSORPTION (CA)

The average daily CA on all three weighing lysimeters is given
by months and years for the period 1944-49 in table 12. The
greatest average daily CA for any month except for those affected
by drifting snow was almost 0.05 inch. Months in which the aver-
age daily CA was more than 0.02 inch were March, April, Sep-
tember, October, November, and December. On the basis of a
30-day month the total CA for these months averaged over 0.6
inch of water.

Y102C and Y103A had the same crop treatment, Hence, the CA
values for these lysimeters provide a means of evaluating the
over-all effect of soil type and topography, uncemplicated by the
crop factor. CA values for the slowly permeable soil of Y103A
for the period April-November were generally less than those for
the well-drained soil of Y102C. The slowly permeable soils of
Y103 were wetter than those of Y102 throughout this entire period.
Without doubt, this greatly affected CA,

The greater volume of large pores and more total air space in
the soil of Y102C may have allowed freer movement of moist air
into this soil, resulting in greater CA. Hourly records of soil-
moisture changes (figs. 17 to 19 and 21 to 26} show that CA generally
occurred about sundown when the ground began to cool. Diurnal
cooling of the soil block not only caused condensation of vapor
within the soil pores but also contraction of air in the soil pores
and the drawing in of air from outside. Total daily condensation
resulting from these processes, as computed from vapor pressure,
temperature changes, and volume of air in scil pores, was less than
0.01 pound—an amount too small to register on the weighing
mechanism of the lysimeter. There was generally very little CA
after midnight.

The CA on these two lysimeters may also have been influenced
by the topography. Y102C lies on a 12-percent easterly slope
about 200 feet from the hilltop. Cool, moist air from the upper
area may have flowed downhill across the lysimeter surface in the
form of a density current. Such a continucus stream of moist air
passing through the vegetation of the lysimeter might have re-
sulted in high CA wvalues. Y103A is located about 30 feet down
from the ridge on a &-percent south slope. There was little
opportunity for air drainage at this site.

The effect of crop on the average daily CA is indicated by the
records for Y101D and Y102C (table 12). The soil types on these
two lysimeters are nearly similar. In the May-September period
of 1945 and 1948, Y101D was in grass, Y102C in corn. No con-
sistent CA difference was apparent. Likewise, no significant dif-
ferences were noticeable for the years when the lysimeters were
in wheat and meadow.

T




TABLE 11.481417L7)za7'y of rainfall measured in Fergusson recording gage and on lysimeter ground surface, by storm magnitude,
Y102C and YI103A, 1946-48
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A detailed study of the daily and hourly CA values for hay
meadow revealed that CA values were noticeably different after
cutting hay than before. The effect of hay cutting on ET and CA
is discussed further on.

The value of CA in conserving soil moisture is described on
page 75. The amount of moisture accumulated during the night
was small and evaporated completely before noon the next day.
ET following heavy dew was about the same as that following
little or no dew. Withoui any dew, soil moisture day by day
decreased at a faster rate than for periods of large CA.

EVAPO-TRANSPIRATION (ET)

The average daily ET from all three weighing lysimeters is
given by months and years for the period 1944-49 in table 13. As
expected, the growing season had the greatest ET. June and July
were the months of highest water demand by plants. The 6-year
average daily ET for June ranged from 0.179 to 0.203 inch, and
the July range of ET values was not materially different, The
variation between the 6-year average BT values for the three
lysimeters for the different months is small. Average ET values
for all lysimeters, however, had a definite trend throughout the
year similar to that for air temperature. Average ET for the
warm months was from three {o four times as much as that for
the cooler months. This difference reached a ratic as high as six
to one in some years.

Average values of ET provide a reliable basis for estimating
the amount and frequency of irrigation requirements for this
region. In the month of July, for example, when soil water is used
up at an average rate of about 0.18 inch per day, 1.80 inches would
be used in 10 days. Almost all of this depletion would oceur in
the 0- to 14-inch depth. If the following 10-day perisd should be
dry, the moisture in this depth would have almost reached the
wilting point. An irrigation application of 1.80 inches of water
would delay the wilting period for about 10 days. This calculation
is based en the assumptlion thai no moisture would be added to
the soil by CA and none would be lost by percolation to depths
below the roct zone. Actual daily soil-moisture-depletion rates
for certain crops exceed this average value for critical periods, as
brought out in more detail further on under the section “Water
use by crops.” Irrigation reguirements should, therefore, be
established separately for different crops.

Different crops use water at different rates. Data in table 13
show that wheat in May 1946 used about 0.17 inch of water per
day. This May rate was exceeded only by that for good legume-
grass sod——0.23 inch per day for Y102C in 1948, 0.22 inch for Y103A
in 1948, and 0.22 inch for Y101D in 1949. ET in May was lowest
from poor sod and cornland. Water removal from soil pores was
more rapid when the land was in good sod and wheat than when
it was in poor sod or corn. Consequently, poor sod and cornland
were less capable of absorbing storm rainfall at this season. In
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TaABLE 12.— Average dazly condensation and absorption {C. L) on lysimelers Y101D, Y102C, and Y1034 by by months, 194449,
expressed in inches of water

I%Zfé;l - Jan, ’ Feb. '\Iar(_h April ‘ May ; June | July ; Aug. : Sept. ! Oct. Dec. | Annual

Rl My , | o
| metert | T i !

Y101D 0 016 : 0 030 0.031 0. 015 i 0.007 | 0.008 {0.007 | 0.009 0 015 () 021
Y102C 035 0 .023 % 013 .011: .004 ! .004 | .006 0061 014 ¢ 025 027 12,046 .018
Y103A 024 . .080 . .020° 016 . .005 ¢ 006 0021 002 007 015 013 1= 050 .016

Y10ID :.138 ®.120  .028 , .017 .015 . .012 | .016| .018 i .015 020. 029 1,086 .039
Y102C =072 * 065, 026  .018| 021 .019 . .007 , .015% .015' 020/ .033 ! .036 1030
Y103A 2068 '*.055 018 | 009 009 014 (008 0121 014  .025 .03z .0%6| .064

Y101D  # .057 i* 052 1%.030 | .025: ,017 .01l .01 & .022 | .030  .025, .028 |°.043 .029
Y102C  : 051 . * 041 ¢ .034'' 023 012 006 .012 . .017' .026 .029  .037 1 .04l .027
YI03A - *.044 2 .034 026! .013 .0J1 010 | 012 1 017 028! .028 ' .025] .026 .023

Y101D ®.048 |2 .086 i2.053 | 029 027 .017, .021. .021 .02 .028 .024 | .026 .034
Y102C 2,048 |* 063 | 038 .03l .024 .015 .015. .024, .OL7T| .026 .034 { .039 2031
YI03A : 034 |® 049! (035 (027 021 015/ .0lb .020 015 .025 025! .032 ‘026

Y101D 2 .054 [*.050 | .043: .019 008, .007 .012 .018; 0131 .024 .026]:.040] 026
Y102C ® 051 (*.072 | 043, 029 (012 009 | .012| .027 | 021 | .027 | .034 | .048| 032
YI103A 041 =050 .041 .018 011 .010| .014 | .016' 0151 .020 . .028|:=.034| 0%%

Y101D |- .035

0.014 120.060 0.019

woas

18 e

®

& ps [ER PR P
(T

[LRETRRTH

”® s

[EYRTINTY

.048 .045 030,011 0200 .012 0 023 .025 - 026 ¢ .030 4 ..050 .030
.042 .043 028 . .0388 ;. .026: .011 L0221 0300 038 032 ¢ 039 -..032
0410 .045 021 027 0231 009 .023, .038. .041 032  .055 .032
e R, e ] ot PRGN, SR U S - P ]
,064 0381 0231 014 ;013 013 019 .020 .024 .025 042 .029
051 033 0 023 : 019 013 : .011 .019 .021 029 1 033 .042 .029
043 i .031 017 { 016°0 -.013 -010 i.015 020 © 096 .026 .037 025

i : : ; ;

Average
1944-49. . |
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1 For cropping hlstory see Appendix A. g * Abnormally high values due to drifting of snow.
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July and August, however, ET from cornland was very great,
especially in 1948, and the rate of soil-moisture depletion was
high. The volume of air space in soils of cornland for this period
was also high (fig. 14). In August 1949, there was a maximum
saturation deficiency of about 11 inches of water for the 40-inch
root zone of cornland, The difficulty of using much of this avail-
able pore space for storage of slorm rainfall has been due to the
low infiltration capacity rate characteristic of sealed soil surfaces
when the land was used for corn.

Average daily values of ET for the various crops (table 13) show
general seasonal trends and differences. The effects on ET of
crop maturing, stage of growth, and harvesting are more readily
compared by using semimonthly values for ET — CA (figs. 28 to
31) as such data more nearly represent the rate of soil-moisture
depletion in areas where CA is significant. These values represent
the total ET —CA for both rain and rainless days. For some
hydrologic studies ET — CA values for only rainless days may
be needed. A knowledge of the rate of net soil-moisture deple-
tion, ET-— CA, for rainless days by crops and seasons will assist
in estimating soil moisture data for periods following irrigation
or rainfall or before rainstorms. Table 14 presents such informa-
tion compiled from weighing lysimeter Y102C.

HOLRLY ET AND CaA

Hourly lysimeter weights during periods in which there was no
rainfall and little or no pereolation revealed periods of gain and
less in moisture. Hourly moisture changes for nine representative
d-day periods of no rainfall in 1946, 1948, and 1949 are shown
graphically in the three upper diagrams of figures 17 to 19 and
21 to 26. Weight gains were called CA; weight losses, ET. The se-
lected periods illustrate weight changes in soils under different
crop treatments and on days of both large and small CA values.
Hourly CA is shown by solid blocks above the zero line; hourly
ET by open blocks below the line, The daily totals of CA and ET
are shown below each graph of hourly moisture changes—-CA
(plus values) at the left, ET (minus values} at the right.

The diurnal weight fuctuations shown in these examples are
typical for all the years of record. Daytime losses in weight (ET)
and evening and night gains in weight (CA) were usual and some.
what regular in their occurrence. Such changes are normal with
diurnal variations of sunshine and temperatures.

Figures 17, 18, and 19 show moisture changes for 3 days each in
July, September, and October 1946, The vegetal cover on lysimeter
Y101D throughout the year was bluegrass and white clover. The
cover on YI02C and Y103A was wheat until July 9, and a new
clover-alfalfa-timothy meadow thereafter,

The data for July 7, 9, and 10, 1946 (values for July 8 omitted
because of rain on that day) show large daily and hourly ET
values (fig. 17). On each of these days the vegetation on Y101D
used water at a rate greater than 0.02 inch of water per hour for




TABLE 13.—Average daily evapo-transpiration (ET) from lysimelers Y101D, Y102C, and Y1034 by months, 1944-49,
expressed in inches of waler

rggse]r-‘ Jan. '} Feb. | March April ‘ May ‘ Iune} July Aug. | Sept. | Oct. { Nov. | Dec. | Annual

Y101D | 0.025 | 0.053 | 0.087 | 0.076 | 0.120

B T IS VUM P

0 147 . 0.123 § 0,080 | 0.065 | 0.034 10,059 0.085
Y102C 049 | .044 ;0 065 .076 ¢ .146 ] .151] . <141 1. .105: ..073 056 ;2 .084 .094
Y103A 037 .065 1 104} .102 4 ,128 ¢ 1781 . L1884 .096 ;L0551 ,034-}%.095 .099

Y101D 197152 ¢ 100} 098 | .119 160§ . 121 L0951 .1001...060 i 053 114
Y102C .069 1% .094 1 090 .116 | .166-. - .132 ! .15 JA35 1 113+ 104 | 077§ .060 .108
Y103A 1% .087 084 1 090} .124 | .169 @ 151 .19¢ 1487 090 | .104 | 074§ 062 | .115

Y101D 2 .077 $*.087 {- .115 J146 | 145 0 224 : 1521 104 .081 063 062 121
Y102CG L0792 080 1240 0170 168 ¢ 188 | . .168 1,107 073 066 .123
Y103A J072 % 084 ¢ 1181 151 720 209 . 2184 181} (114 .082 | 055 | 052 .126

YioiD | .067 |*.100 .097] .1221 .132 0 .199 . .186{ .138| .165] . 032 029 | 113
Y102C 065 | .090 | .089 | .104 221 ¢ 1881 154 | .181| . 059 .054 122
Y103A | .067 {2 .078 | .095| .107 | .154 ' 230 .181} .151| 171} . J050 . .044 .119

Y101D 2 .056 {*.083 | .111| .155 2 1431 .190| .152| .101| .085 .071 . .052 115
Y102C | .063 |» .088'1 .097 | .145 234 ] (1971 127 [122| 089 075 . 062 121
Y103A 1 .051 |2 .080 | .104 | .152 o521 197 | 118 109 057 047 122

Y101D .052 L0717 108 206 .204 222 ¢ 1721 142 . .061 - .055 .135
Y102C L0567 0751 .094 134 ) A73 243 179 104§ .076 ¢ .063 118

'Y103A 059 079 106 . .129 .197. 284 ¢ 188 108 . - .070 © .076 :128

1
;
:
H
;

Average Y101D (® 066 % .091 . .102 | .134 279 189 143 | .115| .089 | .054 052 | .13
194449, .| Y102C :* 064 }:.079 | .093 | .124 183 1 (183 1 .151| .122 | 069 .065|  .115
Y103A %062 |* 078 | 103 | .127 203 204 a4 ! 5! losdd losTy los3 | (s

f : T I
1 For cropping history see Appendix A. * Abnormally high values due to drifting of snow.
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TABLE 14 — dverage daily rate of soil-moisture depletion by evapo-transpiration (ET— —CA) for rainless days by months and
crops, 194449 (inches of water) :
LysSIMETER Y102C

9

' i i o : . ) .

Jar}. ! Feb. m March% April | M:}y ﬂ June ‘ July Aug.’% - . Y. Deec. ! C;gg g(:re;d
0.04 . 0.03. 0.08 0.10! 0.15 | l0 11{ 0.16] 0.12| o. . .07 0.02 34 bushels.
04 06§ 06 11 ! 09 215 .26 .16 . . . .04 | 144 bushels.

040 04) el 22 s o1 19| 16| . . . .03 | 38 bushels.
04 051 .06y .09 .15{ 25| 20| .14 . : : 02| 2.4 tons.

061 08¢ 16 .14 12 .14 . . f 02| 1.5tons.
06% 151 .26 263 .21] 091 . . . .02} 3.1 tons.

BTSN S

LysiMETER Y101D

!
! .04! .02 .02 1.5 tons.

Bluegrass. 1944 .02 .02 06 09 120 160 14 % 12 .07 1

1 First hal[ of ‘month, 0.11 inch; last ho.lf 0.12 inch, 3 First half of month, 0.24 irch: ldst half, 0.18 inch.
2 First half of month 0.12 inch; last half ,0.19 inch.
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at least § consecutive hours beginning about 9 a. m, Some ET
began as early as 5 a. m., bul ET prior to 8 a. m. was very small.
After 4 or 5 p. m. the lysimeters showed practically no further
ET. They alsc showed very litile evidence of CA for this July
period, and most of the small amount recorded came soon after
BT ceased. For example, on July 7, 9, and 10 the CA on Y102C
staried after 5 p. m. and very little occurred after midnight,
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ET noticeably diminished 'as soon as the air temperature 2
inches above the ground began to cool. CA in wheatland ap-
peared to begin at a iime when the temperature at the 2-inch
level dropped hbelow that at the 30-inch level, The lysimeter
records showed practically no condensation or absorption on grass-
land. Soil {emperature at the %%-inch depth generally showed a
definite drop about 4 p. m. daily.
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The curves of relative humidity shown on these figures were
plotted from hygrothermograph recorder charts. The humidity-
sensitive element of this instrument is a banjo-spread of human
hairs. The humidity data and the computed dew-point tempera-
ture data appear to give general trends but not absolutely accurate
guantitative values. For CA periods, lysimeter weight records
indicated that dew was forming on the vegetaiion or soil surface
when the air temperature at 30 inches was greater than the dew-

g
(=]
r

O L ] .
CIEIIYi0LD IMOISTURE: GHA il%fé]LAé_fs_{_wp_ g

l..-.I
r
1

_ [ J—P

+o@" U 1 —pge"

[ N L
. [}

[ [N

IN_MEADOW

[INCHES OF WATER}
1
a
™ =

*
o
[-d

[+

K
o
8

Y02
CE | N L

E CHANGES IN MEADOW
. PYTIVN PO

n
wl
L5}
=
L4
x
Q
w
[+
2
[,
n
Q
X
-
-
o
2
o
=

+
=)
n

| v |
I-por"|eoast 1 103"

=]

A
]
[0

I

WE 'H JMIblTY AT 30 INGHES —,

o

]
AP i N

|

FERCEWT

L]
=]

. ——"t
60 ' ; ;
TEMPEHATURE

-~ (-AT 2 ]NCHES

10 1
|"\g\—m 3omcues ,,/

3 )‘ l!
G0 ..i \‘ 1] I -‘:/ i \
= ] .
i T

ag

. b l F] 1
S0 ~ °- N U 1 1
e 1R "‘_{-— TEMPERATURE OF DEW POINT AT 30"

CEa

[ | 1 | i i | i I
OCTOBER 27,1946 OCTOBER 28 OCTOBER 29

Ficure 19.—Hourly moisture changes in grass and new-meadow lysimeters
and related temperature and humidity data, October 27-29, 1946.

DEGREES F.

40




G8 TEGHNICAL, BULLETIN 1050, U. 5. DEPARTMENT OF AGHICULTURE

point temperature at this level. For example, all three weighing
lysimeters showed increases in weight (CA) throughout most of
the night of September 2-3 (fig. 18), Relative humidity, air tem-
perature, and temperature of dew point all indicated that moisture
should not be condensing. Possible differences between recorded
humidity values and psychrometer readings, which may be as
much as 10 to 15 percent, may account for this apparent
diserepancy,

In the period September 1-3, 1946 (fig. 18), CA was greater and
ET less than in July. October 27-29, 1946 values of CA (fig. 19)
were about the largest for the year. ET was less than for either
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the July or September values. Marked ET on Ociober 29 began
about 7 a. m., vet the humidity graph remained close to 100
percent until 10 a. m. CA for that day ranged from 0.020 to 0.028
inch. Practically all of it occurred between 4 and 10 p. m. Seil-
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Figure 21.—Hourly moisture changes in grass and second-year rotation
meadow lysimeters, May 25-27, 1948.

temperature data for the October period (fig. 20) show that most

of the daily fluctuations cceurred in the upper 6 inches of soil.

Computations based on vapor pressure, temperature fuctuations,

and pore space indicated that the condensation of vapor within the
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soil pores plus that from the air that was drawn in amounted to
less than 0.01 pound daily on the lysimeter. CA, therefore, was a
soil-surface phenomenon of the condensation and absorption of
atmospheric moisture,

Similar comparisons can be made for the May, August, and
October periods in 1948, a year in which the vegetation on all
lysimeters was a good alfalfa-grass sod (figs. 21, 22, and 23). The
data for May 25-27 (fig. 21) showed that this legume-grass mixture
depleted soil moisture at a high rate. ET amounted to about 0.3
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inch of water per day. It started before 6 a. m. and continued
until 6 p. m. The maximum rates cccurred about noon and ranged
from 0.03 to 0.04 inch per hour. ET continued after soil tempera-
tures began to cool; that is, after the soil air contracted and began
to draw in moigt air from above, The soil was probably absorbing
moisture, yet the increase in lysimeter weights was negligible in
these Mayv evening and night periods. Possibly, the vegetation
continued to transpire throughout the evening and night and the
water loss about balanced the water gained through CA.

In August 1948, there was less vegetation and, consequently,
less ET. CA exceeded night transpiration as indicated by the solid
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blocks above zero in figure 22. In October (fig. 23) the CA periods
were also guite distincet.

The May 1949 moisture changes (fig. 24) are for grass-legume
cover (Y101D) and for bare land planted to corn (Y102C and
Y103A). At this period of growth the ET on land with legumes
and grass was from two to about four times as much as the water
evaporated from the bare soil of the cornland (Y102C and Y103A).
Weight increases on May 11 were about 0.05 inch on the bare soil
and only a trace on grassland, which may indicate that transpira-
tion continued during the night. There was e ual opportunity for
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condensation and absorption on Y101D and Y102C, yet only Y102C
showed weight increases (gains in moisture from moisture ab-
sorption). The soil in Y101D might have absorbed as much mois-
ture as that in Y102C, but loss of soil moisture from transpiration
during this same period (weight decreases) may have counterbal-
anced the CA (weight increases) and resulted in practically no
weight change for Y101D in the evening and night period. With
no transpiration from the bare soil of Y102C there was little op-
portunity for losses in weight during the CA period. Consequently,
the nel weight increases were large,
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Hourly moisture changes in grassland (Y10iD) and cornland
(Yi02C and Y103A) for July 1, 2, and 3, 1849, are illusirated in
figure 25, July ET for the cornland lysimeters was greater than
that for the grass lysimeter., Weight increases {or grass lysimeters
during night periods were greater than for cornland at this season.
It is likely that the corn as well as the grass plants continued
some transpiration during night periods at the same time that the
soil was absorbing moisture. The net result was that hourly CA
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during the evening and night period was generally equal to or
greater than ET. As the transpiration rate for corn was greater
than that for grass during the CA period, the nel CA values for
the latter appeared to be greater.

By late August, ET on both grass and cornland (fig. 26) was
small-—about half of that in early July. CA had increased from
about 0.01 inch in July to 0.04 inch in August. With a lower ET
rate in August, there was less tendency for the CA to be counter-
balanced than in the CA periods of July. Furthermore, since the
seil was much drier in August than in July, absorption of at-
mospheric moisture could reasonably have been greater,

EVAPO-TRANSPIRATION FOLLOWING NIGIIT RAINFALL OR HEAVY DEW

The effect on evapo-transpiration of dew or rain water on the
vegetalion or soil was determined by ccmparing the evapo-tran-
spiration values for wet plant and soil surfaces with those from
dry surfaces. For ET from wet surfaces, ET values were selected
for days following either night rainfall or periods of large CA.
For dry surfaces, ET values were selected for davs following night
periods of little or no condensation. These data for lvsimeters
Y101D and Y102C are given in tables 15, 16, and 17 for 1847, 1948,
and 1949, respectively.

In all 3 years very few values for comparative purposes were
found. The criterion for selecting the data was to have 3 days

TABLE 15.- Effect of either night rainfull or dew on nex! day's
erapo-transpiralion. 1047
: Evapo-transpiration following--

Lysimeter : o
Little

Nigrht, Heavy
rainfall * dew - or no dew

fueh

' Lysimeter Y101D in grass and Y102C in first-year meadow, legume-grass sod,

2 Night rainfall preceding evapo-transpiration period, May 7=0.20 inch, and
August 31 = 0.74 inch.

3 Dew preceding evapo-transpiration period = 0.03 fo 0.06 inch.
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TABLE 16.—Effect of either night rainfall or dew on next day's
evapo-lranspiraiion, {948

b

Evapo-transpiration following -

Night Heavy Little
rainfall? tew ® or no dew

Lysimeter |

Inch
Y101D
Y102C
Y101D
Y102C

Y101D
Y102C
Y101l
Y102G
Y101D
Y1026

! Lysimeter Y101D and Y102C in second-year meadow, legume-grass sod.
* Night rainfall preceding evapo-transpiration period, October 18=1.04 inch,
* Dew preceding evapo-transpiration period =0.03 to 0.05 inch,

within a period of very little change of vegetation—one of night
rainfall, one of heavy dew, and one of little or no dew. The days
were not always consecutive.

The general conclusion of the study was that moisture on vege-
tation from the preceding night, whether from rain or dew, had
no noticeable effect on evapo-transpiration. Evapo-transpiration
was no greater from wet vegetation than from dry. For example,
in the period May 6-8, 1947 (table 15), the Y102C values of ET for
each of the 3 days were almost identical. The total ET of 0.10
inch for May 9 was probably made up of 0.06 inch of evaporated
dew early in the day and 0.04 inch of evapo-transpiration from
soil moisture. With no dew, as on May 6, all of the ET had to
come from the soil water. Dew, therefore, had conserved some
soil moisture. When there was little or no dew, larger quantities
of seil water were used in the ET process. In other words, the
evapo-transpiration from vegetated land following nights of little
or ho dew was mostly transpiration. Furthermore, sizeable quan-
tilies of the ET from land moistened by CA must have been
evaporation. Dew fall, or absorption of water by the soil, or both,
have, therefore, a soil-moisture conservation value.

Dew or rain was found to have a noticeable effect on evapora-
tion from bare soils. The 1949 data showed that the guantity of
evapo-transpiration (mostly evaporation) from cornland lysimeter
Y102C on June 3 was 0.11 inch. The scil was dry and practically
bare. On June 5, following a rainfall of 0.53 inch, the evapo-
transpiration (mostly evaporation) was (.25 inch—more than
double that of June 3. This same rainstorm on grass lysimeter
Y101D had no effect on evapo-transpiration, as indicated by the
identical ET values for June 3 and June 5. Much of the ET from
grassland was transpiration by plants,
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The hourly moisture changes on grassland lysimeter Y101D and
on cornland lysimeter Y102C before and after this rain are shown
in figure 27, As the vegetal cover on cornland Y102C increased
during July and August, the effect of rain on evapo-transpiration
became negligible,

TABLE 17.—Effect of either night rainfall or dew on next day’s
erapo-transpiration, 1949

. Evapo-transpiration following -—

Fo s e —
Night ! Heavy Little

rainfall * - dew? or no dew

Lysimeter !

. x‘ neh

Y162C
Y1615
Y102C

! Lysimeter Y101D in grass and Y182C in corn.

*Night rainfail preceding evapo-transpiration period, June 5=0.53 inch,
June 18=0.20 inch, July 25=0.74 inch.

" Dew preceding evapo-transpiration peri 1 aboui £.62 inech.

Evaporation from wet soil in 1945 alsc exceeded that from dry
soil. Furthermore, soil-waler evaporation was greater than free-
water surface evaporation at least for the first day following rain-
fall. Before the rain of May 26, 1845, ET from bare soil averaged
0.13 inch of water per day. Water-surface evaporation was 8.15
inch per day. For the day following the rain, ET was 0.18 inch
and water-surface evaporation, 0.10 inch. Likewise, after the rain
period of June 108-13, 1945, evapo-transpiration from the nearly
bare soil was 0.23 inch and water-surface evaporation was 8.18 inch.

WATER USE BY CROPS

The amount of water required for crop growth has been the
subject of much experimentation, especially in the arid and semi-
arid seclions of the country where irrigation of much of the erop-



http:25:;::;0.74
http:18:;::;0.20
http:5:;::;0.53

78  TECHNICAL BULLETIN 1050, U. $. DEPARTMENT 6F ACRICULTURE

iand is a necessity. The scarcity of water supplies and the costliness

of transporting water to the crops have created a demand for sound

technical information on the use of water by crops.

The availability of adequate water supplies for agriculiural
purposes is now becoming a preblem also in the humid region of
the country. Some crop fields in this region are irrigated fre-
quently throughout the growing season. Generally water is sup-
plied when needed to supplement the rainfall. The Coshocton
lysimeters provide data on water use for some of the crops com-
monly raised in the eastern regions. Such information can be
used for planning general irrigation programs, More specific data
may be required for special problems. These water-use values
show the rate at which water was removed from the soil pores,
Soil moisture has a bearing on the ability of the soil to absorb
storm rainfall, an important factor in the solution of many flood-
control problems,

Weight records obtained for lysimeters Y102C and Y103A during
the 1941-49 period provided data on the amount of water used by
different crops in a crop rotation in their respective periods of
growth (table 18). These data are for 3 corn years and 2 years
each of wheat and first- and second-year meadow. They show,
for each year and for each crop, the amount of water taken from
the soil in the crop period; i. e.,, ET — CA. For periods of ne rain-
fall, ET— CA is the rate of soil-moisture depletion, Values of
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Fioure 27.—Effect of night rainfall on the following day's evapo-
transpiration from grassland and cornland, June 1949,
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ET alone, without CA, are greater than ET— CA values and do
not truly represent the net guantity of soil-water depletion. No
effort was made to separate evaporation and transpiration as these
processes often act together to deplete soil moisture. Much of the
previous work of others on this problem has reported only tran-
spiration, omitting evaporation and CA.

The amount of water transpired and evaporated in the produc-
tion of corn crops, computed on an acre basis, ranged from 17.4
to 24.6 inches; that for wheat, 12.0 to 14.2 inches; thal for firsi-year
meadow hay, 16.4 to 21.7 inches; and that for second-year meadow
hay, 18.7 to 26.3 inches. Crop yields ai1e given in busheis of grain
and tons of hay. Corn-siover and wheat-straw weights were added
to the respective grain weights to arrive at the total weight of
plant preduced above ground, These values divided by the pounds
of water used in the growth period, provide data on the ratio of
water transpired and evaporated to the weight of plant grown,

The amount of waler used to produce 1 pound of corn crop
ranged from 334 to 586 pounds, whereas the amount used to pro-
duce 1 pound of wheat crop ranged from 660 to 762 pounds and
averaged 719 pounds.' Water used to produce 1 pound of firsi-
year meadow hay ranged from 932 to 1,377 pounds. averaging
1,136 pounds. Water used to produce 1 pound ol second-year
meadow hay ranged from 784 to 15560 pounds. averaging 1,169
pounds. In 1944 the meadow was poor, vielding only 1.5 tons of
hay. For that growth season the average amoun{ of waler used
per acre was 19.6 inches, or 1,480 pounds of waler per pound of
hay. In 1948 the weight of hay increased to an average of 3.45
tons. During this growth season the amount of water used per
acre increased to an average of 26.1 inches. The amount of water
used, however, dropped to an average of only 866, In 1948 the
hay vield was more than double that of 1944 and the amount of
water used per acre increased about 8.5 inches, The water used
per pound of crop was reduced by aboutf 41 percent; that is, the
efficiency of water use was grealer. A million pounds of waler in
1944 produced about 700 pounds of hay, whereas in 1948 the same
amounti of water produced about 1,160 pounds of hay.

A study of the crop use of water by semimonthly periods (figs.
28, 29, 30, and 31) shows that the rate of water consumption varies
during the growing period. Depletion of soil-water supplies by
corn, for example, was greatest in July {fig. 28). The usage ex-
ceeded the normal rainfall in both lhe first and second half of this
month 9 out of 10 times. For Y103A, the usage in 1949 was over
2 inches more than the normal rainlall, or about twice the normal
rainfall, for both halves of July. Values of semimonthly use of
water for each of the three corn years along with air-temperature
data are given in table 19.

Without conservation practices on cornland, a considerable por-
tion of the July rainfall was lost in runoff water. For example,

! The term “water use,” as used in this bulletin, denoles both transpired
and evaporated water unless olherwise specified.




TABLE 18.— Waler used by cfops; evapo-transpiration (L1'—CA) during season of growth, 1941—49

Dry weight of ‘Weight of

Water used
Crop per acre, water used to

} Liysi- per acre!
- meter - - including straw produce 1
' Period Amount or stover! pound of erop

Crop
yield
per acre !

Year

Mitlions
! Inches i of pounds : Pounds Pounds

1941 ¢+ Y102C L 174 3.94 | 80 bushels 10,000 394
1945 . Y102C ‘ 4.28 | 34 bushels. ..... 7,300 586
1945 Y103A |. 4.69 ! 61 bushels. .. . 10,500 447
1949 1 Y102C 144 bushels. .. eis ~ 334
1949 Y103A 139 bushels.. .........

1942 - Y102C | Apr.-June. . . 32 bushels
1942 Y103A doz, . ...} 35 bushels
1946 | Y102C
1946 Y103A

o
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«
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o0
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9 0 b
(44}
pe]

v

DODN OWDB = ID-100

38 bushels
36 bushels

2

4.

ety g ek
D I

Meadow, first year. .. .| 1943  Y102C
‘ 31943 1 Y108A
1947 - Y1020
1947 1 Y103A

I 1944 | Y102C
v 1944 | Y103A |
{1948 1-Y102C |
1948 ! Y103A ¢

LS L0 LY

4

Meadow, sezond-year. |

0
1
4
2
2
4
4,
9
0
1
1
8
0
b}
6

1
2
1
1.5
15
3
3

1O 13 19
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SNw SOR3SS

ok i b - WWNN. o

'Computed on an acre basis from the lysimeter data.
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Freure 28--Semimonthly evapo-transpiration (ET—CA} from cornland
(lysimeters Y102C and Y163A), 1941, 1943, and 1849.

more than half the July 1941 rainfall ran off the corn field ad-
jacent fo lysimeter Y102C. Only a part of the rainfall went to-
wards the replenishment of soil moisture. As the result of con-
tinued heavy use of soil water in the first half of August 1849, the
corn plants suffered from lack of moisture in late August and
early September, Soil-meisture curves for the 0- to 40-inch profile
(fig. 14) show the extent of soil-moisture depletion in 1949. In this
year, the corn plants on Y102C wilted before reaching full growth.

ET— CA values for May and October (fig. 28) represent evap-
oration from bare soil surfaces, In this case, corn was harvested
in September and wheat was planted early in October. (ET —CA
values from piowing time until the middie of June could logically
be put in this same group as there is little transpiration from small
corn plants.)

Wheat used water most heavily in late May and early June (fg.
29). Use exceeded normal rainfall from the middle of April
through the first half of June, Wheat usually removed water from
soil pores by evapo-transpiration fasler than cornland prior to
June 15. Water needs for wheat diminished after June 15. This is
the ripening period. Following wheat harvest and the removal of
straw, the new meadow of timothy, red clover, and alfalfa put on
rapid growth. Water consumption increased somewhat in late July
and early August,

Water use by first-year meadow is shown on figure 30. Vege-
tation was mostly red clover, timothy grass, and small alfalfs
plants. Water consumption was greatest in the first half of June,
Hay culting in the last half of June decreased the demand for
water. The second cutiting of hay early in August 1947 had no
noticeable effect on the semimonthly ET —CA. The cuiting of
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Angust 1943 was effective in reducing ET— CA water usage. Hay
cutting may result in striking changes in daily evapo-transpiration
and condensation-absorption, as explained further on.

Water use by second-year meadow is shown in figure 31. In
1944 the meadow consisted mostly of timothy and only a few ®
alfalfa plants. In 1948 there was a vigorous stand of alfalfa and -
timotlhy. Water use in the latter half of May was very greai—

TABLE 19.— Waler use by corn crop, and air lemperalures, lysimeter ¥ 1020
by semamontlly periods, 1941, 1945, and 1949

Average of daily maximum
Water ugsed air temperature at 3@ inches
{(Falirenheit)

1941 1845 .| 1940 1945 1949

Inches | Inches | Fnehes Degrees | Degrees
2.2 £61.0 76

69,0
T1.8
81.9
78.8
87.4
87.58
88.2

June 16-36
July 1-156...............
July 16-31...............
Aug. 1-15
Aug. 16-31
Sept. 1-15
Sept. 16-30
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Ficure 28.—Semimonthly evapo-transpiration {ET—CA) from wheatland
{lysimeters Y102C and YI103A}, 1942 and 1946.
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Freure 30.—Semimonthly evapo-transpiration (ET--CA) from first-year
meadow (lysimeters Y102C and Y103A), 1943 and 1949.

about 2.5 inches in excess of the normal rainfall. The 9-year study
showed no greater demand for water than that made by the good
alfalfa-timothy meadow in 1948, Hay harvest late in June caused
a reduction in evapo-transpiration, but in the latter half of July
1948 the alfalia plants had recovered enough to increase plant use
of water materially. Harvest of alfalfa early in August 1948 again
reduced evapo-transpiration.

As there was very little runoff from these first- and second-year
meadows, all the rainfall except that retained on the vegetation
went towards replenishment of soil moisture, Normally a good
alfalfa-grass meadow will use much more water than is supplied

N
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Froure 31.—Semimonthly evapo-iranspiration (ET-—CA)} from second-
year meadow (lysimeters Y102C and Y103A), 1944 and 1948,
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by rainfall during the period April 15 .to July 31, The excess of
ET— CA over normal rainfall (fig. 31) gives an idea of how fast
the ‘soil moisture will be depleted in this period. In 1948 this
depletion amounted 1o 8 inches of water,

The maximum daily consumptive use of water by corn, meadow,
and wheat, based on the data obtained in this study, is given
in table 20,

TABLE 20,—Mazimwm daily rale of soil—moisture depletion (BET—CA4)
by corn, meadow, and wheat (inches of waler)

May June July | August | September| Ociober

G.20 6.23 ) 0.34 G.28 0.6% L. 06
.84 .30 .30 .27 .16 .12
Wheat-meadow. . ... .., .28 .26 : .85 ® .22 212 ® .06

! Cornland planted to wheat in early October, .
¢ Wheat harvested in early July. New meadow cover in following months,

EFFECT OF HAY CUTTING ON CONDENSATION-ARSORPTION AND
EVAPO-TRANSPIRATION

A decided change was observed in the ET —CA curve {(fig. 13)
for second-year meadow lysimeters Y102C and Y103A, which oc-
curred at the time hay was cut. Yet there was no perceptible
change in the rate of evaporation (discussed on page 87). The re-
duction in ET-— CA, or rate of net soil-moisture depletion, was
first believed to be entirely a lessening of the iranspiration rate
due ic a reduction of leaf area. However, a study of both evapo-
transpiration and condensation-absorption data for periods before
and after hay cutting, including the plotting of hourly moisture
changes on all three weighing lysimeters (fig. 32), showed that the
cutting and removal of hay not only reduced the evapo-transpira-
tion but alsc increased the values of condensation-absorption per-
ceptibly, Of all the hay-cutting operations on the lysimeters over
the period of record, only three were acceptable for comparison.
Records for all others were affected by rainfall.

In both 1947 and 1948, the evapo-trunspiration and condensation-
absorption changes on Y102C and Y103A before and after hay
cutting were compared with the corresponding values for lysimeter
Y101D, on which the grass remained uncut (table 21), This {able
shows that in June 1947 the evapo-transpiration from Y102C after
hay cutting was 0.262 inch of water per day less than that before
cuiting. Some of this difference—perhaps a third—may be ativib-
uted ic the change in climatic conditions during the period of
comparison. Records for Y10ID, where the grass was not cut,
show that the “after” period had 0.096 inch lens evapo-transpira-
tion than the “before” period. This is an indication that the

@
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Ficure 32 —Hourly moisture changes in uncut grass lysimeter ¥Y101D and

-in Y102C and Y103A before and after cutting hay,

August 1948,




86 TECHNICAL BULLETIN 1050, U. 8. DEPARTMENT OF AGRICULTURE

evaporation potential of the later period was less than the earlier
one. Evaporation-pan records are not complete enough to evaluate
this poteniial. It can be stated, however, that the June cutting of
first-year meadow (timothy, red clover, and alfalfa) reduced
evapo-transpiration by 0.166 (0.262-.096) inch of water per day.
This reduced rate of water loss prevailed for about a week, after
which the vegetalion recovered and the evapo-transpiration rate
increased. However, the full rate that prevailed prior $o cutting
was not attained again the same year.

TABLE 21.— Moisture changes (ET and CA) before and after culting hay,
1947 and 1948

!
Avernge daily ET from | Average daily CA on
ivsimeters : lysimeters

Y101D % Y152C *| Y103A * Y101D % Y162C *] Y108A
. o o ! [ -

.. ; :
June: - Inch Ineh Inch + Imeh  Inmch
Refore cutting..j 0.324 : 0.378 { 0.608 0 N
After cutting, . . 228 118 ! 021 ¢ 024

Change 086 | 262 — 015 | —.02¢ |

August: : i :
Before cutting... .123 .223 : 801 012
After cutting,. .- 102! 101 ke (i) 024

621 .122 -~ . 00% 622

Before cutting..| .178 | 178 | 0.174 e 016 - 0,006
After eutting.. . .166 108 088 016 683 024

013! 070! o8t l 005 | — 017 JRE
! Hay removed from lysimeter same day as cut.
* Usually 3 days before and 3 days after the date of hay cutting,

* Grass on lysimeter Y101D not cut; bromegrass, alfzlfa, and ladino dover seeded
May B, 1947.

+184% erop: first-year meadow of timothy, red clover, alfalfa;
1948 crop: second-year meadow of timothy and alfaifa.

5 No record.

A shmilar comparison of condensation-absorption values at the
June 1947 hay-cutting period shows that the CA rate on Y102C
increased by 8.024 inch per day following the cutting of hay.
Atmospheric conditions in the laiter period must have been more
favorable for condensation-absorption sinee records for Y101D
show an increase of 0.015 inch per day for the same period. It
appears that the removal of hay increased the condensation-
absorption by about 0.01 inch (0.024-0.015) per day. ’

The increase in CA after hay cutting is believed to be due
mainly to reduction in transpiration during the CA veriods of the
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day, It is true that the range in soil-temperature fluctuations was
greater following hay cutting and that more air moved into and
out of the soil daily. Computations based on the seil-temperature
changes (fig. 20), vapor pressure, and velume of air in soil pores
indicated thai the moisture condensed by cooling the air in soil
pores plus the moisture condensed from air drawn into the soil
during the eooling period was extremely small. The daily total
was less than 0.01 pound (about 0.00002 inch of water) for the
lysimeter. Before hay cutting, the transpiration during the CA
period of the day was large enough to almost balance the CA
amounts, This transpiration practically ceased for a few days after
hay cutting, thus allowing the CA values to more nearly reflect
the actual CA. Lysimeter weight records after hay harvest, or in
the seagons of little or no transpiration, yield reliable values of
CA. All other CA values are affecied by night transpiration,

Perhaps the greater CA after hay cutting can be attributed to
both the cooling of air in the soil pores and the lack of night
transpiration. Neither the relative nor the quantitative influence
of either factor can be evaluated from the data available.

The 1948 graphs of hourly moisture changes on Y102C and
Y1034 after hay cutting show that high rates of evapo-iranspiza-
tion prevailed early in the day (fig. 32). They began to decrease
about noon. The water that was evaporated early in the day may
have been mainly water absorbed by the soil surface during the
preceding night. The amcunt of morning transpiration of the
meadow stubble was prebably small. Before cutting, much water
in the form of dew could be held by the rank growth of
meadow, As the vegetation was usually dry by nocon, the evap-
oration of dew from the large area of leaf surface must have taken
place early in the day. Subsequent losses in weight during the
day consisted mainly of transpiration of soil moisture.

In 1948, the evapo-transpiration on both ¥102C and Y103A de-
creased noticeably after the August cutting of second-year alfalfa-
timothy hay. This decrease amocunted to about 0.06 inch {0.670-
0.013) of water per day. The increase of condensation-absorption
after hay cutting amounted to about 0.02 inch per day, The re-
duction in evapo-iranspiration persisted for almosi 2 weeks after
hay cutiing. The recovery in its daily rate was only slight there-
after. Soil-moisture-depletion rates (ET —CA) on Y102C before
cutting hay, August 1948, were about 0.16 inch per day. Those for
about 2 weeks after cutting were about 4.07 and those thereafter
about 0.16 per day (fig. 13}.

These data show that the net soil-moisture depletion (ET — CA)
is fairly rapid on land with a good meadow crop like that on
Y102C, ranging {rom 0.16 to 0.28 inch per day for a vigorous, and
full-grown legume-grass meadow. The removal of most of this
growth decreased the daily loss of soil moisture by at least cne-
half, The reduction may reach two-thirds, as in June 1947,

Soil-moisture-depletion rates might be reduced further by cui-
ting hay once or twice more each year, thus preventing the vegetal




TABLE 22.—Effect of cultivation of cornland on evapo—iranspiration, 1941 and 1949

Evapo-transpiration

Cornland .

Grass

Y102C Y103A

Y101D

_| Evaporation |

(BPI pan)

Ratio of evapo-transpiration from —

Evaporation
from
BPI pan

4

Lysimeter Y102C to —

|

Liysimeter Y103A to —-

Evapo-trans-
piration
Y101D

Evaporation
from
BPI pan

Evapo-trans-
piration
Y101D

)

Percent

Percent

®

R —

Percent

88
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! 1.54 inches of rain in preceding 4 days. 31.07 inches of rain in preceding 4 days.
.2 Corn cultivated this date,
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leaf area from reaching its maximmum. This could result in de-
creasing drought damage and increasing ground-water recharge.
The maintenance of greater supplies of scil moisture, on the
other hand, would cause the soil to lose some of its flood-control
ability.

EVAPO-TRANSPIRATION FROM CORNLAND BEFORE AND AFYTER CULTIVATION

The effect of cultivation in reducing losses of soil moisture
caused by evaporation is a subject which has been widely dis-
cussed. An examination of the lysimeter records for the eorn
years 1941, 1945, and 1948, particularly evapo-transpiration data
for several days before and afier culiivation, throws some light
on this matter. Although there were a iotal of more than six
cultivations in these 3 years, only two periods—June 1941 and
June-July 1949—were suitable for comparison. The olher periods
were affected by rain and other factors which prevented their use
for this purpose.

The daily rate of evapo-transpiration from cornland several
days before and after these iwo cultivation pericds is given in
table 22. In both cases, over 1 inch of rain preceded the initial
period prior to cultivation, The ground was moist and the evapo-
transpiralion rate high, averaging about 0.25 inch per day. After
cultivation on June 23, 1941, the daily evapo-transpiration was
less than it was before this operation, Conversely, in 1949, evapo-
transgpiration following eultivation was greater.

The apparent reason for this reversal was the difference in
melecreological conditions such as air temperature, moisture, and
wind. The integrated effect of these faciors as measured by evap-
oration from the BPI pan is given in column 5 of table 22. It is
evident that in the peried following cultivation on June 23, 1941,
there was a greater meteorological potential for evapo-transpira-
tion than before cultivation. In spite of this greater potential, the
cornland evapo-transpiration following cullivation was less. Be-
fore cultivation, evapo-transpiration from lysimeter Y102C was
280 percent of the BPI-pan evaporation. After this date the ratio
was 95 percent. Likewise, before cultivation on July 1, 1949, the
ratio was 210 percent, and 142 percent afier. Y103A data show
similar trends for 1949. There are no data from this lysimeter for
the 1941 cultivation period.

For both of these cultivaiions, it can be said that culiivation
reduced evapo-transpiration. Possibly all the saving was in evap-
oration. Cultivation might slow up {ranspiration slightly if many
of the plant roots were destroyed by mechanical stirring of the =oil.

A comparison between evapo-transpiration data from the un-
disturbed grassland of lysimeter ¥101D on one hand and cornland
lysimeters Y102C and Y103A on the other furnished an additional
basis for judging the effect of cultivation on meisture conserva-
tion, Data in columns 7 and 9 of table 22 show the magnitude of
this moisture saving,
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Lysimeter weight records were also examined to determine if
cullivation had any effect on condensation-absorption. Data for
the only period acceptable for comparison {table 23) show that CA
after cultivation was less than that before, Using the records for
Y101D, which had no change, as a comparison, CA following
cultivation was about one-third less.

TABLE 23.—Effect of cultivation® of cornland on condensation-absorplion,
1949

! Condensation-absorption (CA) Ratio of CA gn -~
A on lysimeters - -

'I.__._ b s e i m—— Y102C to Y1024 £o

PY1eIb * Y102C 0 Y103A YD YiolD
B T §—~ 1 Iﬁ-ch Inch . Percent . Percent
June28........,..., el 069 - :

Jure 30

July 1 ;
July 2.0 . :
July 3 !
Julyd..... ... , :
Juiy 5.

Average.. .. . ...

1Y102€ and Y103A cultivated on July 1.
* Legume-grass sod not cultivated, .

EVAPO-TRANSPIRATION (ET—CA) COMTARED TG WATER-SURFACE EVAPOHATION

The lysimeter studies provided an opportunity ic compare
evapo-transpiration from the lysimeters with water-surface evap-
oration and the meteorologic factors influencing the potential rate
of such water losses. These factors, which were measured at the
site of lysimeter Y102 for the period 1944-49, are given by months
in table 24. Evaporation from the BPI pan is a measure of the
combined effect of wind movement and turbulence, air tempera-
ture, moisture in the air, barometric pressure, and solar energy.
As long as this evaporation pan was exposed to free movement of
air, its records represented the full evaporation potential of the
atmosphere. In periods when corn and wheat plants in the sur-
rounding area restricted such air movement and shaded the water
surface, the vegetal canopy influenced the evaporation values.
The higher vegetal canopies had a greater effect than the lower
growing plants on wind movement, and on air and soil tempera-
tures,

Prior to 1943, evaporation and meteorological cbservations were
made about 600 feet southeast of lysimeter Y102 in an area un-
obstructed by vegetation. Although evaporation, humidity, wind




‘TABLE 24.— Average daily evaporation, relative humidily, wind movement, and air and sotl lemperatures near lysimeter battery
Y102, by 'month.s, 194449

6

: ! Average air temperature

Average S | Average Soil temperature # at a depth of —
daily .~ Average | dail " N o "

evaporation | relative aily 30-inch height ‘.—mc}? }1(;1{;]1!:4

from | humidity? wind

BPI pan ! movement! | Npaxi- { Mini- | Maxi- | Mini- . 3 6 12 24
mum mum . mum inches : inches | inches | inches
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)

== =IO H PO O G o)

°F.
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TABLE 24.— Average daily evaporation, relative humidily, wind movement and air and soil temperatures near lysimeter battery
e Y102 by months, 1944—49-—Continued

b6

f
‘Average air temperature .
A:}re;lage N Average Soil temperature 4 at a depth of —

ai verage f . . .
evaporgﬁon relati\i';e daily 30-inch height? 2-inch height+

AN wind
B},fl‘:‘,);gn ! humidity movement!

Mini- | Maxi- | Mini- 5 ' 6 12 24
mum i inches | inches | inches

1949 Inches Percent 1 : . . . °F. . °F. °F, | °F.
January 83 28.4 35.6 35.2 37.3
February..... 25.5 34.9 35.1 37.0
28.8 38.0 38.2 39.1
37.6 442, 438 46.0
46.1 56.8 55.7
58.9 66.3 63.8
66.0 71.2 69.4
63.1 69.0 67.4
52.4 61.9 61.7
. . 49.8 59.2 58.5
November.. .. : . K . 34.2 47.2 48.6
Deceinber, . .. . 61 254 . -26.8 41.2 39.2

September. ., .

G e e e e e e
OO OMOW=]

B o © 0o i 10 i 0 - i e

t Bureau of Plant Industry type pan 6-foot diameter, 3-foot depth, 4 Average of daily values taken from charts of distance thermo-
sunken with top of pan 2 inches above ground; water level in pan graphs, Friez Model 1160, using thermal bulbs and  vapor-pressure
maintained at about ground surface. Evaporation and wind-move- transmission to recorder.
ment records affected by shielding from tall corn and wheat plants in 5 16-day record only. )

1945, 1946, and 1949. 6 8-day records.

? Average of daily 8 a. m. hygrometer readings. 7 27 days record.

3 Average of daily values taken from chart of a model 594 Friez 8 14 days record.
hygrothermograph having an alcohol-filled bourdon tube for temper- 912 days record.
ature recording. 16 29 days record.
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movement, and temperature records were reliable for this period,
they may not be representative of conditions at Y102,

The cumulative values of ET — CA for corn lysimeter Y102C
and BPIl-pan evaporation for 1841 are shown graphically in figure
33. The pan-evaporation curve indicates that the rate of evapora-
2s 1941

24

23

2z
21

'H-..,_—— Guitivotad June 23

Cullivoted Juna 9

Sept. 15

"
2

"

"':Sead-bed prepared 8 carn planted May 12

i

So¢ spoded April |

—|Wheat planted Qct.

——[Gorn cut B removed

2 20 10 20 10 2¢ ¢ 20 10 20 10 20 Q20
APRIL May JUNE JULY AUBUST SEPT, OCT.

Froure 33-—Comparison of evapo-transpiration from cornland contrasted
to evaporation from a waler surface (BPI pan), 1941.

tion from April into early September was fairly constant. The
slope of the ET—CA line for Y102C corn, on the other hand, varied
noliceably. For about 40 days after the sod was turned, BT —CA
increased only about half as fast as evaporation. As long as the soil
was wet it lost water as fast as the evaporation pan. In the period
April 10-May 3, during which the soil surface became unseasonably
dry, BT —CA was only one-third the evaporation from the pan.
From corn-planting time to July 1, ET — CA acecumulated about
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two-thirds as fast as evaporalion. During July, ET — CA was 30
percent greater than evaporation; in August it was 20 percent
less; and In September, 50 percent less. It is obvious that ET — CA
-rates differed materially from the evaporation rates throughout
this season. This was expected in view of the influence of area of
leaf surface on the rate of water use by plants.

In 1545, also a corn year, ET — CA values for Y102C and Y103A
(fig. 34) were greater than those for 1941. ET — CA and evapora-
tion curves in 1945 were almost identical through June, The rela-
tion between ET —CA and evaporation after July 1 cannot be
accurately determined since evaporation records were affected by
corn plants shielding the pan. The extent of shielding is indicated
by the reduction of wind movement in July, August, and Sep-
tember (table 24). ET-—CA was greater for Y103A than for
Y102C, Soil moisture of the former lysimeter was consistently
greater than that of the latter,

25 1945
HERRE et

24
EVAPD - TRANSPIRATICON

23 IN GORNL ANG
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22 Yoz o
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Frgure 34.—Comparison of evapo-transpiration from eornland contrasted
te evaperation from a water surface (BPI pan), 1945.
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In 1949, the third year of corn on the lysimeters, ET — CA for
the period April through June was about the same as the BPI-pan
evaporation. No comparison can truly be made for the period
July through September due to the corn plants shielding the
evaporation pan. Wind movement across the evaporation pan in
August amounted fo only 5 miles per day (table 24)., Normally,
this value would be somewhere between 40 and 60 miles per day.

The curves for 1946 indicate that during the growing period the
arnount of water used by wheat was greater than the amount
evaporated from the pan (fig. 35). ET—CA in the April-June
peviod probably also exceeded the amount of evaporation that

1946
4 7 1

o

23

24

23

22 EVAPC-TRANSPIRATION
. iN WHEATLAND "

viosa—1L 7
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Fioure 36.—Comparison of evapo-transpiration from wheatland contrastied
to evaporaiion from water surface (BPI pan), 1946,
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would occur from a free water surface. This could not be deter-
mined positively from ithe data, since the wheat plants partly
shielded the evaporation pan from the wind, especially in May
and, June. The new meadow following wheat on Y102C appeared
to use about as much water as evaporated from the BPI pan.
BT —CA for Y103A was greater than that for Y102C, The former
has a heavier soil and a consistently higher moisture content than
the latter.

Comparisons of BT —CA and BPI-pan evaporation were pos-
sible for meadow throughout the entire growing season because
there was little shielding of the pan by vegetation. The comparison

1947
25
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Ficurz 36.—Comparison of evapo-lranspiration from frst-year meadow
contrasted to evaporation from a water surface (BPI pan), 1547,
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for first-year meadow (1947) appears in figure 36. Prior to July 1,
ET — CA did not differ greatly from pan evaporation; thereafter,
ET — CA was about 20 to 25 percent greater than the pan evap-
oration. The differences can be expected to vary according to the
proportion of the surface covered by vegetation and the amount

of plant cover.

EVAPO-TRASPIRATION (ET-CA)
SECOND-YEAR MEADOW
Y103 A —pd
Y1026~ [/

‘ o

]

s

CUT HAY

| ./..

EVAPORATIO
SURFACE

INCHES OF WATER ACCUMULATION

7

"

APRIL May JUNE JULY AUGUST SEPTEMBER

Freure 37.—Comparison of evapo-transpiration from a second-year meadow
contrasted to evaporation from a water surface (BPI pan), 1948,




TABLE 25.— Average daily evapo-transpiration minus condensation-absorption (ET—CA) for Y102C and paﬁ waler-surface
evaporation, by months, in inches of water, 1941-49

00T .

April May June July August September

Year ! - ”‘ :
: T Evapo- jr. Evapo- | Evapo- |;; Evape Evapo- Evapo-
ET—-CA ration ET-CA ration ET~-Ca ration ET—-CA ration ET—-CA ration ET-CA ration.

1941 0.06 0.13 0.10 . 018 0.11 0.15 0.18 0.14 ‘ 0.13 0.16 0.05 0.12
1945 .10 - 12 .14 .13 .12 .13 13 113 113 1,12 .09 1,09
1949 .10 .07 .10 14 .15 .14 .24 .18 .16 1,09 .07 } .09

1942 A3 .10 14 .10 .14 .14 A7 .13 .09
1946 ; A2 16 t.09 .18 1.18 17 . .15 .14 .08

1943 ) o)
1947 . .13 1 . . .15 17 . 13 . .16

©) 183 27| ¢ .07

i

Meadow 2 1944 . ©) a4 | . .19 .14 ) 14 .18 .09

| 1948 . 1z . o . 15 18 . a0 | 10
i

! Fivaporation affected by shielding of crops. 2 No record.
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ACRICUL'TURAL HYDROLOGY AND MONOLITH LYSIMETERS 101

A similar comparison for second-year meadow (1948) appears in
figure 37. There is no noticeable difference in the curves until
early May, From ther until the first hay harvest, ET — CA was
over 50 percent greater than the pan evaporation. From late June
until the second cutting of hay, ET—CA was over 20 percent
greater than pan evaporation, indicating again the effect of crop
quantity and quality on ET— CA,

The above comparisons of ET — CA at Y102 and BPI-pan evap-
oration are summarized in table 25, which also contains additional
data for earlier years. Average daily values of BT — CA for the
various months reflect the condition of the crop. For example,
the second-year meadow in 1948 was much better in quality and
quantity than that of 1944. Consequently, ET—CA was notice-
ably greater in 1948 for every month except August. Extremely
dry weather in August 1948 affected the ET-— CA wvalue. Tn 1944,
August had over 4 inches of rainfall, whereas the August 1948
rainfall was less than 1 inch. Apparently, great excesses or de-
ficiencies of soil moisture also affect ET — CA.,

] . :
* B MCOMPLETE + |+

(7B IMCOMPLETE T

GRASS

g S R T T T
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T
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INCHES OF waTER
T

P . r T * Pt : H
FFHAMIILE SORO[JF MaM J JAXS ONGIF A AMJ JA50 NDISF MEAMIJASORD

1938 1239 1940 1941

Fieure 38.—Accumulated monthly percolation for all lvsimeters, by years,
1038-41.
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THE LYSIMETER For MEAsurING PERCOLATION

Percolation data from the lysimeters are presented in two parts:
(1) Amounts and rates of percolation water, and (2) chemical anal-
ysis of the percolates. Amount and rate of percolation affect the ®
chemical content.

v

AMOUNTS AND RATES

Percolalion water, the water which had seeped downward be-
yond the root zone of the soil into the underlying sandstone or
shale rock, was measured by ail 11 lysimeters. Under natural con-
ditions this water contributes to ithe ground-water supply and
thereby replenishes the water in springs, wells, and streams.

T Al T
I - ‘- -k
i '
]

i N
: -t 3
[ GRASSTE ™ [~

it il I
o

toros

1
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WHEAT T+ = U=+ MEapow-1 | -+ » MEADOW-2

INGHES OF WATER

SPeTeTOTTITT R yer - -
el G T SRR S

0
[ et Rt Als)

e

e T UIN £
el It Y (SR S
T A MEADOW = | - o 1 | i-EaDOW-2|- T 1
JF“aMJJASDMBJFHnMdJaSONI}.IFMahJJASQNnJrunuJJ.gsono

1942 1943 1944 1245
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Most of the percolation through the soil profile oceurred during
late winter and early spring. This is the period when soil moisture
was at or near saturation following several months of almost
continuous accreiion with very little depletion by evapo-transpira-
tion. The low point of scil moisture was usually reached sometime
in the period August to October. Percolation usually had stopped
early in the summer. From Oectober until spring, accretion usually
exceeded depletion. The peaks of percolation rates paralleled peaks
of high soil-moisture content of the soil profile.

Monthly values of percolation from all lysimeters are given in
tables 26, 27, and 28. Curves of accumulaled monthly percolation
by years appear in figures 38, 39, and 40. Precipitation, especially
during the winter and spring months, exerted the greatest effect
on percolation. Soil type, soil moisture, land use, and freezing
were also major influences. Faclors which affect soil-water sup-
plies, such as surface runoff and evapo-transpiration, tend to af-
fect the amount of water available {or pereolation. A reduction
in either surface ruunoff or evapo-transpiration may increase
percolation.

NS
B s

L L

O -‘4_«-:

o wpEar }’T'_MEAQOW-fu ;

AR I '.-"“‘TTTT I NN
S +f + + } .
— fﬂ '—Lt G-

[S-—— r——m—

r - ]

X vk 2 CORN i
JFHAHJJ!5ONUJFHA\IJJ!SD‘JDJFMKHJJQSONDJFHAHJJ!SDND
1946 1947 1948 1949
Figure 40.—Aceumulated maonthly percolation for all lysimeters, by years,
1946-49,




TABLE 26.—Monthly percolation dala, lysimeter battery Y101, 1938~49

! B
Lysimeterif Jan. Feb. ! Mar. | Apr. @ May June July Aug, Sept. Oct. Nov. Dec.

Inches * Inches | Inche Inches | Inches | Inuches | Inches | Inches  Inches | Inches ; Inches ; Inches
| 0.876 ; 1.848 ' 4,548 3.516 | 0.936 ! 0.708 | 0.348 | 0.420 ; .060] 0 0 ‘

.804 | 1.200 1 2.568 244 7 1.152 1.008 444 .492 .108 .012
| Average: | 840 '1,5247 3.555 | 2.880 | 1.044 | 858 .396| 456 .084[ 0

G A
B

996 w'z"fb"‘z; 4 ‘764 5281 1. 3:)6 oas | aaa | 56| 180 |

R I ™ i ERE SN

216 2204 2.832 | 3500 1.060| .706¢ 1.0781 298! .036
240 10942 344 01366 904 | 628 271 022

Average: f" 1573 oss 19330 982 667 1. 285

e 8 ? i‘z];iéé”" 321 7‘3‘%30 850 970! 1468 400 |

PA 0 359 429 19277 3572 1.45| 25310 1°10 .42
B . ... 868 1462 3.872 12401 2334 1.300 846 |
Avemge s eas 1 3722 1.193 1 432 | 1.255 | .6‘36 '

;'11(’)); 056 3842 1240 2514 1. ]"84

1.368 © .828 672 .636 1.908 | 2.184 @ 708
299 678 11217 890 | 1.931| 1. 660

: | |
944 813 i 1.920 | 2. ; .684
R

834 | 753
0 2 119 2.0 036

.szsf 1200 56
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1942, .0 A
5

- Average: -

Average:

2.838
3.024 ¢

2931

. 670

ry owf

2.004°

72469

2 46b
2.472

2 '3()4

1,308'
1.164 |

2,514

.. 236

1:032

018

1.338

1

266

975

1 080

].78{5 ;
1.416 ¢

1.602

1.

302

1

4"8

2364 |

.884

2
1
2

Average:

1 2910

2 998

2.892

.176
212

1.824

1.668% :

.224

1.746

.800
.058

474
.706

1.278
1.122

Average:

979

1.200

3

068
370

1.278
1.044

.219

1.161

Aver.xge

1.098

437
.516

i

I o =RVl V4 oW — Lol el

2.660
2.029

Avemge

1.969-

1 D

LT R

I Average:

C

i

2.435 |
636

1.535

‘m B aff ot towR Tl D] o

‘977
7.518 !
5.740 ;

6 6"9

1.968 |

2298 |

3,180

2.345

2.441
2.810

H

See footnotes atend of table.

SYIALAINISXT H.I.I'IONOI\I ANV XO0TOYAAH TVUNLTIODIHIV




TABLE 26.— Monthly percolation data, lysimeler ballery Y 101, 193849 Continued

Year

¥

. Lysimeter '

§ -evtmm s o

!
Jan.

Inches |
- 1.698 ¢
1.231

POV,

1.465

1.156
1.123

i
Feb, |

Inches
2.119
1.532

1.825
1.783
1.876

1.829

2.181
1.641

Av verage:

1.911

5038 ' 1
1.928

Mar.

. Apr.

*E May

June

H

July

Inches i Inches } Inches

2,436

9. 3‘18

2.199

0.894 |
92 |

o ags
5} !

2.106

le

1 "81
852

1 0:0

1 000

1.963
-840

} ‘1 501

Inches
2.649
2.310

2 419

,]5]()

1.492

Inches
0.930 .
849 !

© 590 !

.861 |

. 86"

forer

wot

Aug.

Inches
(.384 °

839

361
198
242

."90

Sept.

Oct.

Nov.

Dec.

Iches

0.192
120

Inches
0.090
.081

080“

0] 2
.020

016

‘)01
2.247

702
1600

Average:

1.983

I'B.

Average:

1.125
1.023

.7599“" 2.709

660

01 2

3 élv

4,755
3.264

.651

294

2161 .0

4644
°919ﬁ

i Average:

.130

4.009

.639
.735

687

.390
.303

346

Togs |

L037

o5t

.Oa"
0

Inches
0.591
438

514 |

099

.088

094

034

014
094

I'nches

1.242"
.954 -

1.008 |

.648
669

658

:165 ¢
1139

152

03‘7
0

.031
0

.339
.004

096

008
003

.005

.008
0

016

.]"6
.021

0

016

1 098
L177

028

0

AT1

.004

014

901
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3.429
1.950

Average:

2,689

C: ...
Dol

3.661
.690

' Average:

2.1711

12-year
Average:
A .

B....

1.436
1.064

.163

A&B

1.250

419

14,383
11.120

12.752

C....
Do

1.431
1.016

677 | ¢
114

13.902
10.131

1Record incomplete.

*T-year average.
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TABLE 27.— Monthly percolation dala, lysimeter battery Y102, 1938-49

Year %Lysimeter Jan. ? Feb. Mar. - Apr. May June : July Aug. Sept. ! Oect. : . Atx:)ré:lal

S B e T B e TS, SR N e m— S R T — o

Inches | Inches 1 nchcs © Inches . Tuches | Inches |- Inches © Inches | Inches | Inches s | Inches i I'nches
1.224 :. 2,268 ; 4848 3.012°' 0408, 0.432 ] 0.132 0.024! 0 0 0 0 12.348

.840 ¢ 2,232 4 668 868 . 408 | .324 096 . 024 11.460
1972 2. 14.308 - 2.868 .360 324 079 poo012 111.256

e 387 175629
49)3 | 15.810

323 14,194

5.211
6.187
5.7173
4,593
5.517

OO0

i
i
i
i
i

ow>">fow
ooo‘,;

‘ ;'Oa.. ;
.085 024 |
015,004

coo !l o]
Loy

|

051 013

TTlee e sle | sl s 28 08 3
468 960 7180 812, 348 192, 152 0 : : 3.0
19 a4 084 P 090 0515 002 004 860

co o

o e =
060 [ . P .2 4
066 . 0181 ) '4'%52%
2 } | )
024 . . . . 4.404

.050 . . . . 4.402

097 . o Coy 2.606
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A .00 1.608
B...... 1512 ;
C... .. 1956

3.936
3816;

1.092 248 1.6 144
1.1400 1.272 0 1.6921  .084
1.104 | 1.428 1. .096

1693'

b

}kverage 1 119 672 ,108

JA 8342 3150 . [030
B... .. ; ; d,sa‘;; 3.126 ' .030
cC.. .. 0 ; L0120 73432 3209‘ L .024

! Avexdge 3,]44 3 166 .51 . 028

e 7 e 6.90 1. 2{5? 1.628 ‘;17] -

Ao 021,390 6.903 !
B 0 123 6939 1.486 ¢ 1.6 159
L8IT 129

012
0
.012

.008

~ oot |

.009
0
021

.010

.484
.081
.246

642
2030
675

921

.996

.927

G 258 2, L 7735
CAverage: . 792 152 1.6 , 153
A T '“.vlii . 084 | 1126
1445 | (249 | 166
10659 | 242 | . 1105

270

449 |

.948

.165
.013
027

.134
.002
.044

.043
0
.151

1930 1994 211 : 182

‘:; 1,0%3

.068

.060

.065

[=4] O’N‘J\b‘&

l ]67 : 004 .044
2.717 . 1.084 2363 . 2.067 -068 .039
5 1.163 .  .423: 2 00 1 076 016

1.635 ,r49, 168

.036
.018
.003

029
015
.011

018
012
.004

955 318 2110 .‘ 066 .033

¢ 019

016 158 200790 038 35| 025

016 | 847 098 016 011
143 2 331 104 oos} .003

: }kvef&ge B 013 OaS 1 1]9~i ' 013

09 013 1

i

0251 019
007 - 1005

011

2010 02

018

.011

.009
.013

019

i .014 %

016

066
012

011

B oo | o | oo
) IR

f

See footnotes at end of table,
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kTABLEk 27.—Monthly percdlation dala, lysimeter battery Y102, 1938—49—Continued

Lysimeter . Jan.
i

Feb.

i

Inches

Inches

0:790
.344
1.347

Mar.

Inches |

1.182
2.016
2.018

Apr.

Inches |

0.551
1.001
.939

May

June

July

Aug.

Sept. -

+

Inches
0.271
.336
.462

Average:

827

1.739

.830

356 ]

Inches
0.186
.315
.318

Inclies
0.104
.129
77

Iniches
0.033
.044
.057

Izches
0.002
018
003

Oct.

Inches
0.002
,013
,005

Nov.

Deec.

Inches
0.009
007
.016

Inches

.006
0

.273

137

.045

.008

.007

011

.002

12-year

Average:
AL
B ...
C....

784
.810
1.054

2.275
2.376

2.465.

1.658
1.973
1.840

.566
630
131

.345
.372
.402

102
119
080

ABC!

.883

2372 1

1.824

.643

373

.100

.062
017
030

036

IRecord incompleté.

2Average includes complete records only.

011
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AGRICULTURAL IIYDROLOGY AND MONOLITTL LYSIMETERS 111

The greatest amount of percolation came from the Muskingum
silt loam of sandstone origin (battery Y101}, The maximum an-
nual amount of 24.25 inches was obfained from lysimeter Y101A
in 1845, The annual rainfall that year was over 45 inches. The
minimum annual amount from the lysimeters of batiery Y101
was about 6 inches in 1939, 1948, and 1848, The annual variation
is due largely to precipitation and fo a lesser extent to other
meteorological and biological faclors. The highest monthly per-
colation values were obtained in March, April, and February for
all lysimeters. Percolation in appreciable quantities occurred also
in May, June, and January. In the last half of the year it was
negligible excepl for periods of excessive rainfall,

The vegetation on all lysimeters of battery Y101 was the same
up through 1944 except for lysimeter Y101D which was practically
bare in 1943, the first year of iis operation. Percolation values for
lysimeters Y1014, Y101B, and Y101C (fig. 38) from 1938-42 were
almost identical. After 1942, percolation from: lysimeter Y101B
for some unknown reason was less than from Y101A and Y101C.
Percolation values [rom Y101D appear to correspond closely with
those from Y101B from 1944 through 1946. In 1945, percolation
from Y1i01D was greater than from Y101B, In 1948 and 1949,
however, the reverse was the case, percolation from Y101D being
much less.

Transpiration was probably an important facior in causing the
1848 and 1949 percolation from Y101D to differ so greatly from
that of the other lysimeters in battery Y101, The variation of
percolation along with vegetal changes fov lysimelers YI101E,
Y10iC, and Y10ID in 1944-49 are given in tahle 29 {data from
Y101A omitted becauvse of soil slumping during the constiruction
operations). BEvapo-lranspiration values for Y101D (April-August)
in this table are low for 1944, Poverly grass was the predominant
cover on all three lysimeters. Percolation from Y101E and Y101iD
was about the same.

In 1945 the new seeding on Y101C and Y101D made little growth,
evapo-transpiration was the same as in 1944, and there was prac-
lically no difference between the percolation from Y101B and
Y101D. 1In 1846 the bluegrass and clover made good growth.
Bvapo-transpiration from Y1010 increcased by several inches of
water. Percelation from Y101D was less than that for Y101B, The
relatively small amount of soil moisture used by the poverty
grass on the latier probably resulted in leaving more water avail-
able for percolalion.

In 1947 the vegelation on Y101D was torn up and a seeding of
brome grass, ladino clover, and allalia made, In that year the
evape-transpiration was lower than in 1946 as the new seeding
made very litile growih and drew liftle meisture from the soil,
Percolation from Y101D in 1847 increased greatly amdd exceeded
that from YI01B. In 1948 and 1949 the legume-grass mixture on
Y101D apparently made heavy use ol wuler. Evapo-transpiration
on that lysimeler took so much soil water ihat less was available
for percolation. Less than § inches of water drained from Y101D,




"TABLE 28.—Monthly percolation data, lysimeler ballery Y103, 1940-49

Lysimeter

TFeb.

Mar.

Apr.

May

June

July

Aug.

Sept.

Oct.

Nov.

Dec.

Inches

M
10.304

I'nches
1

Inches
O]

1.925

962

I'nches
1

®)
0.063

L.032

Inches
0.067 ;

.042 |

0.055

Inches
0.024

Inches
0.124
.185

Inches
0.018
.018

Inches
0.018
.006

Inches
0.030
.132

Inches
0.732
.984

155

.018

.012

.081

. 858

1.797

.053
054

.054

.018
.042

.035
.180

011
.018

006
006

.012
024

.816
.144

030

107

015

008

.018

780 ¢

. 042
072

057 |

.042
.312

A7

024
.048

.054

.04
048

096 |
120

036

027

.051

108

036
.048

.369

132

.048
J144

.036 !

.108

-060
036

.228
192

.042

.246

.096

.02

.048

.210 |

.042

.246
.156

.018
.018

.018
.012

.162
.048

.992 !
.612

201

018

.015

.105

.302

.360

.030
.024

024

.012

048

.926
.046

Average:

225

.027

.018

.036

986 |
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1.176
.948

1.062

1.188
1.056

1.122

036
.048

042

.036
.036

.036

0
.014

.007

.019
004

011

197
~097

- 8 —g8—E68956
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Average: 447

See footnote at end of table.




TABLE 28.— M onthly percolalion data, lysimeler ballery Y103, 1940-49—Continued

Lysimeter

Jan.

Feb.

Inches
1.019
2293

I'nches
().984

Mar.

Inclies
1.386
484

‘Apr.

May

June

July

Aug.

Sept.

Inches
0,068
.085

Inches

0.041
.029

Tnches
0.470
. 566

Inches

0.084
047

i Inches

0.034
018

Inches
0.020
.013

Inches
0.016
.007

Nov.

Annual
total

Inches
0.019
,010

Inches
4.115
2,220

PIT

017
.016

.656

319
.578

2.448 |

.935 518
1.114
786

.950

.035

.6568
1.793

225

871
.139

.066
.045

.026

.032
.028

011

.010
.004

T

.040 019 7.039
042 ;030 018 007 8.496

Tos3 | 030! 022 | o012 10.585
030 | .019 | .009 6.891

3.468
9.956

" 576
327

. .459
5809 | 507 681
Te20 32| 4L

b

i

A.ver‘xge

1

G ... .
DI

1.374
.44

Average:
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TABLE 29.— Percolation, evapo-transpiration and vegelal cover for
lysimeters Y101B, YiQIC, and YI0ID, 194449

Aprii ~ August

Percolation evapo-{ranspiration

Lysimeter Cover for the year (BT —-CA)

j Inches l I'nehes
Y1piB .
Y151C .. ...d 9.9
YIo1D ., | .do.. 7.

Y10IB : Poverby grass 13.
Y101C | New seeding of bluegrass

© and clover 21,
Yiip . d 15.

Y101B |, Poverty orass 11,
Yi01C  Biluegrass and clover 9.
Yi01D d g,

Y161B | Poverty grass........ . 12.
Y161C | Bluegrass 13,
Y101  New seeding of bromegrass,

ladino clover, and aifulfa 14.

Y101B  Povertygrass.............

Y10 Bluegrass

Y101D  Bromegrass, ladina clover,
and alfalfa

YI1G1B |, Poverty grass. ..

YI01C  Bluegrass

Y11D  Bromegrass, and allalia
3

whereas twice that much came from Y101B (poverty grass). In
both 1848 and 1949, percolation stopped about 3 months earlier
from Y101D than from Y101B,

Although there may be several reasons why the 1948 and 1049
percolation from lysimeter Y101D was much less than from the
other lysimeters in battery Y101, it appears that evapo-transpira-
tion was by far the most influential factor. The deeply rooted
grass (brome) and legume (alfalfa) apparently used water in large
enough quantities tc significantly reduce the percolation. Seascnal
water requirements may also account for large differences in
evapo-transpiralion for the various crops in different seasons.

Although lysimeter batferies Y101 and Y102 are both on Muskin-
gum silt loam, the sandstone bedrock on battery Y101 has pro-
duced a very permeable seil through which soil water percolates
freely. The influence of shale onr Y102 has produced a heavier soil
resuliing in a lower permeability and, therefore, lower percolation
values. The maximum annual percolation from battery Y102 came
from Y102C, 16.2 inches in 1945, The minimum was less than 1
inch from Y102C in 1841. For all but the last 3 years of record,
the annual percolation values from all three Iysimeters were not
greatly different. Variation in the 1947-49 period appears to he
consistent but the cause has not been ascertained.
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The highest monthly percolation from lysimeters in battery
Y102 occurred in March 1945 when 7.73 inches was obtained from
lysimeter Y102C. Therc were a number of years with no percolate
in September, October, November, December, or January. Percola-
tion was appreciably lower from lysimeter battery Y102 than
from battery Y101, The effect of soil type on percolation is evi-
dent from a comparison of the percolation for the Keene silt loam
{battery Y103) with that for Muskingum silt loam (battery Y102),
Percolation rates are more erratic on the former due to the tex-
ture and struclure of the various soil horizons. The subsoil of
the Keene is a heavy silt loam grading into silty clay loam and
then into silty clay. The high colloidal content of the latter en-
hances swelling and shrinking of this soil layer which directly
influences percolation. When the soil is saturated or nearly so,
the colloids swell to such an extent that the scil is almost im-
permeable. When the soil dries and shrinks, the cracks produced
facilitate percolation of the soil water. Presumably, these cracks
close very slowly because high percolation rates sometimes occur
many limes over a period of several months. The highest monthly
percolation on the Keene silt loam occurred in March 1945 when
lysimeter Y103A yielded 547 inches. The highest annual perccla-
tion on this seil was 13.17 inches in 1945; the lowest, 1.08 inches
in 1846.

The differences in the amount of percolation from heavy rain-
fall in March and September, 1945 was extremely great as shown
in figure 41. Of the 7.5 inches of rain in March, percolation aver-
aged 6.3 inches for lysimeters in battery Y101, 7.2 inches for those
in Y102, and 4.6 inches for Y103. Of the 9.5 inches of rainfall in
September, percolation averaged 0.4 inch for Y101, 0.3 inch for
Y102, and 0.6 inch for Y103 (lig. 42). Large differences in sail
moisture (fig. 10)—very wet in March and very dry prior to the
Seplember rain—were major factors in causing such wide dif-
ferences in percolation for the two periods,

A detailed study of the periods of high rainfall and percclation
rates (figs. 41 and 42) shows the approximate time-lag of percola-
tion after rainfall. Typical curves for each of the three batteries
of lysimeters were selecied for comparison, In figure 41, percola-
tion is compared with rainfall for the period March 2-12, 1945
Soil meisture preceding this period was well above field capacity.
Percolation was aclive in all lysimefers immediately prior to
March 2. Percclation increased markedly after both the March 2
and March 6 storms. Percolation from Y103A on March 6 began to
respond about 8 hours after a definite increase in rainfall, in 12
hours from Y102B, and in about 16 hours from Y101, This does
not mean that the rain falling on the ground appeared ati the 8-foot
level of the soil in the lysimeters 8, 12, or 16 hours later, but that
the rainfall was effeclive in causing an increase of water seeping
from the bottom of the lysimeters 8, 12, or 16 hours after the rain
began. The lag pericds and maximum rates of percolation for
several lysimeters are presented in table 30,
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The maximum 3-hour rates of percolation are between .07 and
06.12 inch of water per hour for all lysimeters except Y101B. Maxi-
mum rates of percolation may be expected to occur when most
of the pores, root channels and other openings are used {0 transmit
the gravitational water. When the soil approaches saturation,
percolation rates would govern infiltration rates to a large extent.
It has been observed from hydrograph analysis of watershed data
that the Muskingum silt loam soils had minimum infiltration rates
of about 0.08 inch per hour, a value not greatly different from the
maximum percolation rate obtained in these studies.

Percolation rates for unsaturated soils were less than for wet
soils, as illustrated by the percolation for the period September 22-
October 6, 1945 (fig. 42). Following an exceedingly dry late summer
period, percolation response to the September rainfall was slow.
In fact, there was no percolation from Y103A until after 5.8 inches
of rain had fallen. Likewise, 9.1 inches of rain fell in September
before percolation occurred in Y161D, For Y102B it took 16.2
inches of rain. the surface runoff of 1.70 inches probably pre-
venting earlier percolation,

IHCHES OF WalER

-] -] io 1 i2

Figure 41.—TFypical curves of accumulated percolation following rainfall

on wet soil, March 2-12, 1945,
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TABLE 30.—Mazimum rates of percolation and approzimale time lag

}
|
i
;

Maximum 3-hour rate

of percolation

Jollowing rainfall on wel soil, March 1943

i - .
Approximate time lag

between rainfall and
increase of percolation

Inches af water per hour

-08
.08

A1
.12

.10
.07

Hours

18
14
16

12
12

8
2

The 12-year monthly averages of percolation on batteries Y101
and Y102 and the 10-year average on battery Y103 give a good
picture of normal percolation values to be expected under average
conditions. When unusual conditions of precipitation and other
meteorological phenomena occur, percolation varies from the
average pattern. This was evident in 1947 when high temperature
and high precipitation in January resulted in unusually high per-
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Fisure 42.—Typical curves of accumulated percolation following a dry
summer period, September 22-Octgber 6, 1945,




TABLE 31.—Swmmary of annual nulrient losses through percolation, and amounts of percolation water lost,
from lysimeter balleries Y101, Y102, and Y103, 194049

NUTRIENT LOSSES (pounds per acre)

0z1

Blement e i e

%

Liysimeter .
1940 1941 1942

P
F
E Land use :
I pre wetive 1
i

K £12.99 1476 9.66  8.23 ! 9.78 !
e 8§91 7.37  16.80 |

449 863, 479 borarn

() 8.03, 7.69 1873 | 14.44 |

3723 19.49, 7.34 28.29 @ 18.4f

25.46 ®» - ® 1124 8.66
(%) 1241 (3 2046 - 17.88
13°66- 11.60 1 11,02 © 32.53 ° 16.28 :
) . ® 3875 - 21 .40 .
16.58 . 13.80 21,92  30.25 21,80

807 240 2.20 2.37 522

2 211 2.38° 9929 2.7
566 7.94 21.73 ¢ 13.98 "
566 412 21.49 ' 1835
6.43 ) 1927 17.72

.40 L8024

40 43 0 36
63 3.561 6.58  3.72
520 2045 4.02

2.50 , 4.70

.87 | .04 1
.57 .50 4
76 .34
.48 .34

,.{

P
I
I
I
P
P
I
I
I
P
P
I
I
I
P
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A6% 16 .21 64

10.43 ] 7.971 9.52| 9.68
n ! 6.09| 6.65| 11.08 !
3.741 () 414 4.53
() 7.15] 10.87| 44.38 !

10.01 8.95| 10.85| 30.92

Y101, .. ooiiinviiaronnains
Y101, it ihnivnnnivsnesn
Y102 T

T L L

12.04
13.16 !
11.22

6.85 |
6.38 |

 ¥P—Prevailing or poor practices. 2 No data.

I--Improved or conservation practices, These were started on 3 Nitrate.
Y101G and Y101D in April 1945; on Y102 in May 1941; and on
Y103A and Y103B in May 1941.
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colation rates for that monih. In February and March of that
year, abnormally low temperatures froze the soil, resulting in
retarded percolation rates. A delailed account of this has previ-
ously been presenied {J/0). Soil freezing influenced percolatiow
only when soil moisture was sufficiently high to permit percola-
tion. Under these conditions the density of frozen soil permitted
little air to enier the soil profile, thereby retarding percolation.
The porous honeyvcomb and stalactite types of frost structure also
permitted more air to enler the soil than the dense concrete
tvpe (38). Greater air penelration in frozen soil permitted a
greaier release of water by percolation.

The large varialion of percolalion among lysimeters on the same
soil type is mainly due to internal soil differences and in & small
degree to differences in the vegetative growth of the crops on the
various lysimeters, Although the impreved-practice lysimeters of
Y101 and Y103 show lower average percolation values than the
poor-practice lysimeters, the differences in percolation cannot be
attributed entirely {o the agronomic and land treatment practices.
There is no doubt that improved-practice lysimeters lose more
water by evapo-lranspiration than poor-practice lysimeters. Since
most percolation occurs during the months when ewapo-transpira-
tion is low, it is not unlikely that soil differences influence percola-
lion more than differences in practice.

The data for years in which all lysimeters were in meadow or
grass (1943, 1944, 1947, and 1948) provide a good comparison of the
effect of soil type on percolation. Soil-type effects on Y102 and

Y103 can be compared for any year because both lysimeters are
on a 4-year rotation and treatment practices are identical.

PLANT XNUTRIENT LOSSES TIROUGH PERCOLATION

Losses of the chemical constituents of the soil through percola-
tion were determined by chemical analysis of the lysimeter per-
colates. The loss of major plant nutrients through percolation
has been studied by numerous investigators, as pointed oui by
Kohnke and Dreibelbis (26). In this study, as in many others, at-
tention has been called lo the shoricomings of many lysimeters
because of (he unnafural conditions for percolation, the most
serious being the use of flled-in lysimeters or failure to make
provision for runoff.

The more natural conditions prevailing on the Coshoeton lysim-
eters made it possible io evaluale more accuralely ihe plant nu-
{rient losses resulting from the leaching process, Moreover, a
knowledge of the exteni of plant nutrient losses in percolation is
important in soil and water conservation research as well as other
phases of agriculiure.

Dreibelbis (8) reported the plant nutrient losses in percclates
from the Coshocton lysimeters for the period 1940-1945. The
present report brings these data up to date. The nutrient-loss data
appear in table 31. The amounts of fertilizer, lime, and manure
applied to each lysimeter are given in table 32,
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It is evident that nutrient losses arve generally lower on the
Muskingum silt loam {Y162) than on other soil types. This is prob-
ably due mainly to the relative rapidity of percolation which is
characteristic of Muskingum soils. On the Keene silt loam, the
clay soil particles present a much greater surface area in contact
with water. Consequently, the waler and soil solution have more
opportunity to exert their solvent effeel on the soil pariicies and
to dissolve nutrients in the Keene profite than in the more rapidly
drained and granular Muskingum soils.

Calcium exceeds the other nutrients in total amount lost through
percolation. The Muskingum series shows a smaller loss than the
Keene. In the latter, more caleium was lost under improved prac-
tices than under prevailing practlices, probably due fo the addition
of limestlone to the seil,

Magnesium losses were also higher on the Keene. There was no
appreciable difference in losses of magnesium as the result of
improved or prevaiing practices.

The polassium content of percolaies was lower than either
calcium or magnesium. The loss of polassium was greater under
prevailing practlices than under improved practices on the Keene
silt loam. On the Muskingum silt loam over sandstone (Y101),
the trend after 1943 was the reverse. This was probably due to the
poor abilily of the clay complex of ihis light-iextured soil to
absorb potassium, which apparently allowed the potassium to
escape readily by leaching. On the heavier Keene silt loam, the
opportunity for absorption and fixation was great enough to limit
the amounis ol potassium in the percolaies. The increased vege-
tation on the improved-practice lysimeters probably utilized more
of the available potassium leaving a lesser amount in the perco-
late. The repressive effect of limestone additions on the outgo of
potassium also may have been a major influence (29).

Nitrogen occurs in the percolate mostly, if not entirely, in the
form of nitrale, and in this study it was determined only as such,
The nitrogen loss was generally greater each year in the pre-
vailing-practice lysimeters than in the improved. As with potas-
sium, lhis was probably due to heavier utilization of nitrogen by
the larger amouni of vegelalion on the improved lysimelers.
Nitrogen losses were generally greater under meadow than under
corn or wheat on both the Keene sil{ loam and the Muskingum
silt loam. The smallest losses of nitrogen during the period were
from the lysimelers cropped to corn in 1941 and 1949. The greatest
amount was lest from lysimeters in meadow.

A summary of the daia on niirales in the percolaies from each
lysimeler for the period 1940-49 appears in iable 33, These data
reveal the contrast in nitrogen loss in percolates by soil type and
the variations in niirogen loss from lysimelers on the same soil
type. The concentration of nitrogen in the percolale varied con-
siderably from year te year, alihough it was fairly uniform
throughout most of each year. The amount of nilrates lost in
percolation varied directly with the quantity of percolation.
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TABLE 32. -A'pplacatwn of ferhhoer, lime, and manwe, 1937491

Fertilizer M
anure
Lysimeter ? o per per .
Amount s atre acre
© per acre

Pormdso Tong . _’I'um

0
0

0

[T =) Soo oo
[=R— e - 1) (=R - .Y =]

Y101

Y10z
Y108, .. .l
,;YlUl.......'..
Y102, ...

"Y103C, D

D ¢ 111 I
Y102, ...,

Y103 A, B... ..
Y103 C. D

Y101 A, B
3-12-12
0-12-20
0-12-20
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L 20D QR Ao OoOoRD OMmES OO RO RN oo
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TABLE 32.— Application of fertilizer, lime, and manure, 1937-49-—Cont,

Fertilizer .
Lime Manure

Liysimeter * per
Amount acre
per acre

Pounds Tons
0

0
0

0
600
800
300 | 2-12-6

i} —— i oo

! For dates of application, see appendix A, )
2 Data are for ol lysimeters in the battery unless specific lysimeters are listed, such
1 A, B, Cor D,

The amount of manganese found in the percolates was small
but appreciable. The ameunts needed for plant nutrition are
likewise small. The maximum amount in the percolates was found
in 1943 and 1944 when the lysimeters were in meadow. Manganese
losses were consistently higher under prevailing practices than
under improved practices. Limestone appilications may have in-
fluenced the manganese losses.

Suliur losses were four to five times higher on the Keene soil
than on the Muskingum, This may be due in part to greater sulfur
contamination of the atmosphere on the Keene silt loam. The
sulfur Josses were greater undevr improved practices, which may
reflect the effect of the sulfur added in fertilizers.

Under improved praciices, more nutrients were removed from
soil by crops because of the greater vegetative growth. Increasing
the amount of fertilizer did not result in any increase of nitrogen,
potassium, and manganese in the percolates. The increased
amounts of calcium, magnesium, and sulfur in percolates were
probably due fo fertilizer and limestone applications,

The extent of plant nutrient losses in percolation did not always
parallel the amount of percolate coliectied. Land use likewise in-
fluenced nutrient Josses by percolation. In geueral, nutrient losses
by percolation were higher under meadow and lower under corn.
This may have been due to (1) the failure of quantities of fertilizer
applied in the corn and wheat years of the rotation to appear in
the percolate until the meadow years, and (2) the increased perco-
lation during meadow years. When precipitation and percolation
were very high as in the corn year of 1845, the nutrient losses in
percolates were high as compared to olher corn years.

The nutrients in drainage water were derived mainly from the
applied manure, fertilizer, and limestone materials and from the
soil itself. Comaminants in the atmosphere contribuied a small
but appreciable amount,
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Although appreciable amounts of plant nutrients were lost an-
nually through percolaiion, such losses were small compared to
those lost through surface runoff (25). Data from the Coshocton
lysimeters, however, indicate that nutrient losses through drain-
age were less than those determined on the basis of data from
filled-in lysimeters.

DISCUSSION OF RESULTS

Analysis of the Coshocton lysimeter data provided a means of
evaluating various factors in the hydrologic eycle in guantitative
terms. The results are believed io elosely approximale those
which prevail under natural conditions, The unigue weighing
mechanism of the lysimeters made it possible to record the weight
of moisture vapor transferred from the almosphere to liquid form
on the earth and vice versa, Diurnal as well ag seasonal moisture
movements for various crops were evaluated. Such resulis can be
used in the solution of numerous problems of agricultural hy-
drology.

Precipitation, the major factor responsible for increasing soil
water, was found fo average only 81 percent of the total accretion.
Condensation and absorption (CA} was also a sizeable factor in
soil water accretion. Whenever plants transpire water during the
night period, the scales of the weighing lysimeters record only
the net increase in weight—CA minus T. In reality, CA was
probably greater than that given herein. The culiing of a grow-
ing ¢rop such as hay resulted in large increases in apparent CA.
1t is likely that there was no noticeable increase in CA after the
hay was cut, but that the reduction of nighi transpiration per-
mitted the entire CA to show up as increased lysimeter weight.
The magnitude of, and seasonal variation in, condensation-absorp-
tion is a factor in soil moisture available for crop growth, Only
a part of this water may actually be used by the plant. Iis presence
in the early morning and its subsequent evaporation was found
fo reduce the depletion of soil moisture, While the moisture of
CA was being evaporated, soil-water depletion was slow and an
equivalent amount of soil moisture was probably being conserved.

Soil temperature in the upper 8-inch layer showed some diurnal
fluctuation. Although it was thought that during the cooling
period some moisture might condense from the air in the soil
pores and from the air drawn into the soil from the ouiside, com-
putations invelving temperature changes, vapor pressure, and
volume of soil pores indicated that this phenomenon had no notice-
able effect on CA. The values were less than 0.00002 inch daily.

Moisture removed from the vegetal or soil surface and con-
verted 1o atmospheric vapor is termed evapo-transpiration, Lysim-
eter weight records made it possible foc evaluate the magnitude
of this removal. Variations by seasons and crops provide data
useful in water utilization and eother cropping programs. A corn
‘crop of 140 bushels per acre used from 22 to 25 inches of water,
A 3%-ton hay crop took 26 inches of water from the soil. Wheat
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TABLE 33.—Summary of nitrates in lysimeter percolates, 1940-49 (in pounds N per acre per year)

Lysimeter Y101 L Liysimeter Y102 Lysimeter Y103

B c ' p A ' B c _ B c
S 030 ’—f’“ o) 6.5 |
361 0400 2.72
3] 25 2.76
19 430 () 5.40
17 360 () 2.87
.22 62 209 | 2.25
® SO )
14 200 81| 1.52
18| .39 1.26
.15 41 43 .59 3

9-year average . .23 31.30 k 2.88 3.04

1 No data. ' 3 4-year average.
2 8-year average.
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showed the least demand for water—less than 15 inches. In the
humid and subhumid areas there is generally no sericus moisture
deficiency for wheat.

Periods of rapid removal of soil-water by corn or meadow plants
are followed frequently by serious moisture deficiencies. In every
corn year in the period of record, evapo-transpiration from corn-
land lysimeters in July and the first half of August has exceeded
normal rainfall. Sometimes the amount of waler used exceeded
normal rainfall by 50 to 100 percent. Subnormal rainfall in this
period would result in even more rapid depletion of soil moisture,
Soil and water conservation programs should include plans for
efficient water utilization in these critical periods.

A good legume second-year meadow depletes scil moisture
earlier in the growing season than corn, leaving little surplus for
percolation. Percolation rates were materially reduced by ex-
tremely high ET, an imporiant consideration in ground-water
supply studies. Bluegrass and poverty grass afford good ground
cover and maintain high infiltration rates. But since they deplete
soil water less rapidly than a legume-grass sod, more water is
made available for percolation.

The ET values presenied herein should not be applied directly
in studies of the hydrologic balance (precipitation, runoff, and
evapo-transpiration) of entire drainage basins. The values of
ET — CA should be used in such studies. Furthermore, the precipi-
tation values based on the rain-gage records available for such
studies were about ¢ inches less on an annual basis than those
obtained by the lysimeters. If gage dala are used, they can be
adjusted by adding about 4 inches to the annual amount,

The weighing lysimeters afforded an opportunity to mweasure
precipitation on a surface 1/500 acre in area. This is over 200
times the sire of the catchment area of the standard recording and
nonrecording rain gages used throughout the country. As the
lysimeter weights are accuraie to 8.0! inch of rainfall, they served
as a check on the accuracy of the rain gage. Using only rainfail
amounis greater than 0.1 inch, the ifotal measured calch of the
rain gage for the year ranged from 0.72 to 2.33 inches less than
that measured by lysimeter. Most of this difference occurred in
storms of less than 0.6 inch rainfall. Of the days having rainfall
between 0.1 and 0.6 inch, the recording rain gage catch was
less than that of the lysimeter 67 percent of the time. It was
greater 18 percent of the time and identical 15 percent. Of the
days having rainfall greater than 0.6 inch, the recording rain gage
eatch was less than that of the lysimeter 59 percent of the time,
It was greater 36 percent of the time and identical 5 percent.
Seventy-two percent of the rainy days with over 0.1 inch had
less than 0.6 inch rainfall and 28 percent had rainfall greater
than 0.6 inch.

Although the rain gage is of guestionable accuracy, ne other
instruments capable of providing ithe needed information as eco-
nomically are available, Furthermore, areal variations in storm
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rainfall at times are believed to be much greater than the errors
referred to above, At this siation the catchment in a single rain
gage is used to represent rainfall on drainage basins up to 40
acres. For some hydrologic studies, the record from a single rain
gage is used to represent thousands of square miles. In applying
single-gage data to large areas, the inaccuracies of the gage itself
can possibly be ignored.

Percolation data from the lysimelers provided information on
the amounts and rates of recharge to ground water. Differences
in soil type and vegelative cover on the lysimeters furnished a
basis of comparison. Seasonal variation in percolalion was marked.
About 80 percent of the annual percolation occurred in the 4-month
period, January-April. On the average, percolation in the 4-month
period, July-Octoher, amounted 1o about 3 percent of the fotal.
These proportions varied from vear to year depending on the crop
and the distribution of rainfall absorbed by the soil,

Rainfall on a wet scil caused increases in percolation 8 to 16
hours later. Maximum 3-hour rates of percolation usually were
less than 0.12 inch per hour. These values correspond closely with
minimum infiltration rates derived by hydrograph analysis of
data on runoff from small watersheds. Over 2.5 inches of water
percolated from the lysirmeters during an ll-day wet period in
March 1945, Rainfall during the same period amounted to about
3.8 inches.

Following dry periods, the soil must absorb much rainfall be-
fore percelation begins. Following the dry August of 1945, over
7 inches of rain fell before percolalion water first appeared through
the cracks of the Keene scil. About 9 inches of rain {ell before
percolation oceurred from the Muskingum soils, This soil did not
shrink and crack seriously, With move than 10 inches of rain, the
maximum percolation amounted lo about 1 inch.

Plant nuirient losses through percolalion were summarized for
§ years of record. The data were grouped into prevailing (poor)
and improved (conservation) practices. The largest quantities of
chemical elements were lost during periods of greatest percola-
tion. As 80 percent of the annual percolation occurred in the Grst
4 months of the calendar year, it can be concluded that this is the
season ol greatest leaching of nufrients. This information is useful
in determining the proper season for chemical fertilizer applica-
tion. For grain crops ihere is little choice in time of fertilizer
application. With respect to pastures or meadows, some of the
fertilizer materials appliec! as a top dressing after the plants be-
come dormant may be carried ihrough the soil profile beyond the
root zone cduring the critical 4-month percolation period. Percola-
tion has practically stopped before much plant growth takes place.

Greater quantilies of chemicals were leached from the heavy
textured Keene soil than from the lighter Muskingum soil, Of all
the nuirients lost in percolation, calcium was removed in largest
amount. On the lysimeters limed to a pH of about 6.8, more
calcium was leached than fremn the lysimeters with more acid

856203—52— 9
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soil. Potagsium losses on the heavy-textured Keene soil (battery
Y103) did not reflect the addition of this element in chemical
fertilizer. The lysimeters which received more potassium in fer-
tilizer lost less of this element by leaching than the lower fertility
lysimeters. This difference was reversed on the light-textured
Muskingum soils {lysimeters ¥101}). This result may have some
bhearing on the time and frequency of fertilizer application. 1t
would appear that the heavy-textured soils could receive heavy
applications of fertilizer al infrequent intervals. On the other
hand, the light-textured soils should receive fertilizer in smaller
quantities rather frequently.

Most of the increased fertilizer applications appeared to favor
greater crop production. Nitrate losses in percolation water were
less from the lower fertility lysimeters than from those fertilized
more heavily. The concentration of nitrates in the percolate varied
but little throughout the seasons. In general the amount of nitrates
lost varied with the quantity of percolation.

Although the lysimeter data cover only a few years, they pro-
vide the basis for a number of tentative findings which can be of
material use in agricultural hydrology., Further sampling in sea-
sons with extreme climatic variations may medify the results to
some extent.

Water control and utilization problems are numerous and varied.
The adeguate solution of these problems requires the proper use
and trealment of the land with consideration of the hydrologic
balance including precipitation, condensalion, absorption, runoff,
percolation, evapo-transpiralion, a:ad moisture-storage changes.
The data contained in this report can be used to help solve many
phases of these and related water-control problems,
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APPENDIX

A.—Summary of farming operations on all lysimeters, 193649

Year

Lysimeter battery Y101

Cover; Pasture grass.

Lysimeter battery Y102

Cover: Meadow, poor,

Cover: Pasture grass.

1538

Cover: Pasture grass
Rexl top.

Canada blue grass.

Timothy.
Poverty grass,
Weeds.

Cover: Pasture grass

Tame grass,
Poverty gruss,
Weeds.

i
! Cover: Meadow, peor;
burlap, Apr., 2 Oct.
13

Seeded: Der. 15, 4
pounds rve and
bushels onts per acre;
na forilizer.

Manure: Oct. 29, § tons
per acre.

<

[ Lysimeter battery Y103

Cover: Memdow, poor.

.
!
_i

!

i Cover: Meadow, poor,
]

Crap: Corn,

Spaded: May 1013,

Corn planted May 27,
123 pounds of 2-12-G
lertilizer per acre.

Cultivated: June 7 9,
28-29, July 11.

{ Harvested: Sept. 23- -

¢ 27, crop removed,
© Yield: No data.

Craop: Oats te wheat,
Spaded numd raked: My
1 Ll

QOuts planted: May d,
100 pounds (=260
fertilizer per acre.

Quts lodged: July 13.

Harvesled: July 27.

Yiekl of oats:

Y1024
nere.

Y1028
arre,

Y02C 45 bu:
HCTE.

Spaded: Sept. 1.

Raked: Sept. 9.

Seeded wheat: Qct, 2,
154 pounds 0-16-6 and
10 pounds 20-8-0 fer-
tilizer per ncre. 2
bushels wheat and 5
pounds timothy per
acre,

43 hu

4 bu-

Cover: Meadow 1o
wheat.

Spaded: Late September.
Seeded: OQctobar 7, 2
bushels wheat per
acre, 175 pounds
12-6  festilizer

acre,

2
per

Crop: Oats to wheat.

Spaded and raked: Apr.
36 27,

Planted cats: May 4, 108
pounds 0-20.0  fer-
tilizer per acre.

Harvested: July 24-25.

Yield of pats: No record.

Spaded: Sept. 1.

Haked: Sept. 9.

Wheat seeded: Qe 2,
150 pounds O©-i16 0
aned 10 pounds 20 § ¢
fertilizer per acre. 2
bushels wheat and 5
pounds timothy per
acre.
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APPENDIX A.—Summary of farming operations on all lysimelers, 1936—49

~—Continued

Year
o

.

194¢ | Cover: Pasture grass.
Yield:
Yi01A-—-0.46 ton
per acre,
YIGIB-—D 45 ton
per uere.
YlGlC—ﬁ 45 ton
per acre,

; i
Lysimeter battery Y101 * Lysimeter battery Y102 | Lysimeter battery Y103

; Crop: Wheat o meadowi Crop: Wheat to meadow,
i Clover seeded: Mar, 15, i Clover seeded: Mar. 15,

6 pounds red clover |
and 3 pounds alsike
clover per acre.
Whent harvesied:

12,
Yield:
fgram—ﬁl busk-
Alels per acre.
‘straw—1.2 tons
per acre,
‘grain—=28 bhush-
B:els per acre.
str.'.w—l 1 tons
‘per acre,
grain—=24 bush- ;
(* els per acre.
strnw—{) 9 ton
per acre.

July

1941 Cover Pasture grass.
Poverty grass.
Weeds.

Clover.

. Conservation practices |
on all Tysimeters,
. Crop: Corn to wheat,
t Manured: Mar, 29, 4
i tons per acre,
. 8paded: Mar. 29-Apr. 1,
. Raked and seeded: May
12, 200 pounds 2-12
; 6 fertilizer per acre.
D Cultivated: June 8, 23,
¢ Corn cut_and remmed 1
. Sept. 15.
\: Yield:

A

grain—102 bush- |
.els per acre. i
[edder 2.5 tons 1
por Rere.
grain 99 bush- |
cls per acre.
lodder - 2.6 tuns
[)[’1’ HOTE,
grain--80 bush-
', els per acre. ;
*fodder-—~2.4 Lons
' per nore,

6 pounds red clover
per acre and 3 pounds
aisike clover per acre.

Wheat harvested: July

12,
Yield:
[grain—23 bush-
A els per acre,
straw—{0.9
per uere.
‘wrain-—38 bush-
Bels per acre.
‘straw—1.3
per acre.
:grain—24  bush-
Cels per acre.
‘straw—0.9 ton
‘per acre,
igrain—26 bush-
I els per acre.
“straw—1.0 ton
- per acre.

fon

tons

Conservation practices
on Y103A and Y1038
onl

Y.
. Crop: Corn to wheat.

Manured: Apr. 1, 4 tons
per 2cre,

Spidled: Apr. -2,

R-.ﬂéed and seeded: May
13 —

Ly-imeters A aml
B—200 pounds
2.12-8 lertilizer
per acre.

Lysimeters G and
D—75 pounds
2.12 6§ fertilizer

per acra,

- Cultivated: June 9, 23.

. Corn cut and removed:
Sept. 15.

© Yield:

igrain—82  bush-
cls per acre.
A'fodder--2.0 tons
iper acre,
jiriin ~102 bush-
B -els per acre.
*fodder—2.3 tons
| per acre,
[ grain—9%4  bush-
Ciels per acre.
]fedder—E.ﬁ tons
Der acre.
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APPENDIX A.—Summary of farming aperutions on all lysimelers, 193649

--Continued

Year Lysimeter battery Y101 Lysimeter battery Y102 ;

. Manured:

!
i
!
1
1
t
|
{

_ Raked -md wheat seed-
ed: Oct. 2,

" Seed: 2 bushels wheat,
and 3 pounds tim-
othy per acre. 300
pounds 2-12-§ fer-
tilizer per acre.

Dec. 31, 4

fons per acre.

L}rszmeter battery Y103

‘grain—95% bush-

‘els per acre,
:fodder--2.9 tons
‘per aere,

Raked and wheat seeded:
Qet, 2,

Seed: 2 bushels wheat
and 3 pounds timothy
per acre,

Lysimeters A and
B: 300 pounds
2-12-6 lertilizer
per acre,

Lysimeters C and
D: 125 pounds
2-12-6 fertilizer
per acre.

1942 | Cover: Pasture grass:

Poverty grass.
Weeds.
Clover.

Crop: Wheat {0 meadow.,

Clover seeded: Apr. 13,
4 pounds red clover.
6 pounds aifallz, and
2 pounds alsike per
acre,

‘Wheat cut: June 28,

T

: Stl{'léble clipped: Aug. ‘

Yield:
grain  -38 bush-
A els per acre.
steaw- 1.0 ton
per acre.
grain—30¢ bush-
.els per acre,
Straw-
per acre.
grain—a2 bush-
_els per acre.
straw—0.9 ton
per acre,

0.8 ton -

Crop: Wheat to meadow.
Alanured: Mar, 2, 4 tons
per acre on lysimeters
A and B; none on lysi-
meters G and D.
Clover seeded; Apr. 13—
Lysimeters 4 and B;
4 pounds red
claver, 6 pounds
alfalfa, and 2
pounds alsike per
acre,
Lysimeters C and
D: 8 pounds red
clover and 3
pounds alsike per
aere,
Wheat cut: June 30,

Yield:
grain- 35 bush-
A els per acre,
"straw-—1.0 ton
per acre.
grain—39 bush-
B, els per acre,
“straw--1.2 tons
per acTe,
grain-—23 hush-
(" jels per acre,
str.:.w-ﬂ 6 ton
imer acre.
grain—30 bush-
[} els per acre.
“straw—0.7 wi
per atre.

Stubble ¢lipped: Aug. 26,

on lysimeters A and B
only.
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APPENDIX A. —Summary of farming operations on ail lysimelers, 1936-49

—Continued

Year | Lysimeter battery Y101

Cover: Pasture grass,
Lymmetqr D now in
operation,

Lysimeters A, B, and C:
Poverty grass.
Weeds,

Clover,

Lysimeter D: Mostly

wre,

1944 . Cover: Pusture grass
: Poverty prass.
Weeds.

Ciover.

Lysimeter butfery Y102 | Lysimeter battery
i

Y163

year,
« Hay cut: June 16.
i Hay removed: June 19,

second growth, esti-
miated 0.36 ton per
acra,

:

|Crop: Meadow, first |

Crop: Meadow, firat
year.
Hay cut: June 17,

i ¢ Hay removed: June 19.
" Yield: C---2.06 tons per *
acre, only one cutting;

Yiekl: A—1.17 tons per
acre,

Iluy ent: Sept, 10,

Yield: A—estimated 0.5
ton per acre.

H

Crop: Meadow, second ;

. year,

per acre.
Hay cut: June 19.

Yield: C—-1.26 tons per
acre, only one culting
this year; secomd erop

Per acre,

tons per acre,

Limed: Apr. 25,2.5 tons

Hay removed: June 21.

poor; second growth '
ostimated at 6.25 ton !

Manured: Oet. 18, SI

Crop: Meadow, second
year,

Limed: Apr. 25, tysi-
meters A and B only,
2,5 tons poer ucre.

Hay cat: June 19,

Hay removed: June 21.

Yiekd: A---1.0 ton per
e,

Hay cut: Aug, 25,

Yield: A~—estimated 0.5
ton per acre,

Manured: Get, 18, 5 tons
per agre.

- Cover: Pasture gruss

Lysimeters A and B:
Poverty gruss.
Weeds,

Lysimeters € and
D: improved

Sod chopped: Apr. 12,
Lysimeters ¢ and T)
only,

Seeded: Apr. 12, € and |
I only. 3 tons lime,
300 pounds 2.12-6 ;
fertilizer, and 4 tons I
manure per acre, 4
pounds lndine clover, |
4 pounds while clover, |
and 100 pounds blue !
grass per acre. !

Grass cut: July 25,

556283—52—10

Crop: Corn to wheat.

i Spaded: Apr, 30,

Corn planterd: May 23,
260
fertilizer per acre.

Cultivated: June 23,
July 12,

Cl}jt and removed: Sepl,

28.
Yield:
‘grain---54 bush-
Aels per acre,

fodder —3.6 tons |

Iper nere.
-grain—-G60 bush-
B els per acre.
$fodder—3.7 tons
per aere,
‘gruin—3d bush-
Cels per acre,
Hodder 2.9 tons
1per acre.
Seogbe(! prepured: Oct,
18.

Wheat secded: Qck. 18,
306 pounds 2-i2-4
fertilizer per nore. 2
bushels wheal and 8
pounds timothy per
acre,

pounds 2-12 6!

Crop: Corn to wheat,
Spaded: Apr. 30.
Corn planted: May 23—
Lysimelers A and B;
200 pounds 2-12.-
8 fertilizer per acre
Lysimeters € and
D1 75 pounds
2-12-6 fertilizer
POr aore.
Cultivated: June 23,
July 12,
Cutand removed: Oct. 2,
Yield:
grain—61 bush-
A -¢ls per acra,
fodder—3.6 tons
{’,per acre.
‘grain—0G2 bush-
B Jels per acre.
fodder—3.6 tons
per acre,
gruin—48 bush-
CJels per acre.
ifodder—38.8 tons
per acre.
jgrain—57 bush-
D jels per acre.
fodder—3.6 toms
per acre,
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APPENDIX A.—Summary of farming operalions on all lysimeters, 1936—49

Year

Lysimeter battery Y101

—Continued

Lysimeter battery Y102

Lime: 2 tons per acre,

Lysimeter battery Y103

Beedbed prepered: QCet,

18.

Wheat seeded: Oct, 18,
200 pounds 2-12-6 fer-
tilizer per acre on lysi-
meters A and B; 126
pounds 2-12-6 fertil-
izer per aere on lysi-
meters C and D. 2
bushels wheat and 6
pounds timothy per
acre,

Lime: Lysimeters A and
B, 2 tons per acre.

Cover: Pasture grass—
Lysimeters A and B
Poverty grass.
Weeds.

Lysimeters C and
D-

Grass,
Claver,
Ferttlized: Sept. 4, 1946,
Lysimeters G and D
only, 400 poumls
0-26-0 [lertilizer and
2 tons lime per acro,

Yield:

A—0.65 tfon
acre,

B—0.28 ton per
acre.

C—0.53 ton per
acre,

D—0{,5G ton per
acre.

per

Crop: Wheat to meadow.
Manured: Jan. 3, 4 tons !

per acre.

} Clover seeded: Mar. 25,

4 pounds red clover,
6 pounds alfalia, and
2 pounds aisike per
acre.

Wheat cut: July 9.

Yield:

A-—grain-—40 hush-
als per acre.

B —grain—390 bush-
els per acre,
‘grain——38 bush-

C‘.Jels per acre.
straw—1.0 ton
\per acre,

Crop: Wheat to meadow.

Manured: Jan. 3, 4 tons
per acre, lysimeters A
and B only.

Clover seeded: Mar. 25—

Lysimeters A and B:
4 pounds red clover,
6 pounds allalfa, and
2 pounds alsitke per
acre.
Lysimeters Cand D: 6
pounds red clover and
3 pounds alsike per
acre,

Wheat cut: July 9.

Yield:

grain—36 bush-

AJels per acre.
straw—1.0 ton
per acre.

B -grain—38 bush-
els per acre.

C—grain—28 bush-
els per acre.

D—grain—33 bush-
els per acre,
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—Continued

Lysimeter battery Y101

Cover: Pasture grass—

Poverty grass.
Weeds.
Lysimeters G and D:
Gruss.
Clover.
Fertilized: Apr. 18, ly-
simeters ¢ and D;
600 pounds 3-12 12
per acre,
Sod chopped: Apr. 18,
lysimeter D only.
Seeded: May 8,
meter D enly.
pounds alfalfa, 1
pounr.l ladino clover,
and 7 pounds brome
grass per acre.
Grass clipped; Aug. 1,

ace.

Lysimeters A and B:

lysi- ¢
)

clippings left on sur-

Crop: Meadow, first
year,
Huy cut: June 23, Aug b,
Yield (tons por acre)
June 23 Awg ¥
A—1.47 1.13
B—1.58 108
C—1.65 88
pounds 0-12-20 per
nwre,

Lysimeter battery Y102 ‘ Lysimeter battery Y103

Fertilized: June 27, 200 |

139

APPENDIX A.—Summary of farming operalions on all lysimelers, 1936-49

Crop Meadow, first

i H.ly cut° June 25, Aug.

B m]d {tons per acre):

Aug. 11
0.80

.76

June 23
A—1.15
B—1.42
C— .98 W76
D—1.03 .88
Fertilized: Lysimeters A
and B only, 200
pounds 0-12-20 per
acre in July.

Cover: Pasture griss—

Lysimeters A und B+
Poverty grass.
Weeds.

Lysimoter G
Blucgrass.

Lysimeter I
Brome grass.
Alfalfa.
Clover.

Yield:
A--14
acre.
13—10).4
e,
-5
HIGE N
1> 34
nera.

tons
fon
ton
tons

Grass clipped: May 28, ;

|
:

. Crop: Meadow, second

year,
Hay cut: June 25, Aug., 9
Yield:
A—3.3
aere.
B --42
acre,
C--3.1
acre,

tons
tons

tons  per

i

per .

per ¢

Crop: Meadow, second
year.
4 Jlay cut: June 28, Aug.
1L

. Yield:
A
B
ol

1
: D

[

-3.8 tons per acre.
~8.1 tons per acre,
1.7 tons per acre,
-2.5 tons per acre.
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APPENDIX A.—Summary of farming operations on all lysimeters, 1936-49

—Continued

Year

Liysimeter battery Y101

194%

Cover: Pasture grass—

Lysimeters A and B:

Poverty grass.
Weeds.
Lysimeter G
Bhlt‘gl 1SS,
Liysimeater 12:
Brome grass.
Alialia,
Grass cub: June 20,
Aug. 13.
Yield:
A—1.4 tons
e
B—1.3 tons
aced.
C—1.1 tons
uere.
D—.0 tons
acre.

per
per
por

per

Lysimeter battery Y102

Crop: Corn to wheut.
Manured: Apr. 25, @
tons per acre.
Sod spaded: May 6.
Corn planted: May 9.
Fertilizer: 800 pounds
3-12-12 per acre.
' Cultivated: June 2, 14,
July 1.
Corn picked, stalks
chopped and left:
! Sept. 21,
Yield:
A——prain-—151
bushels per acre.
B—grain—148

3
1
I
l

Cels per acre.

k er acra.

Wheat secded Qct. 3.
Fertilizer: 300 pounds
3-12-12 per acre,
Seed: 2 bushels wheat
and 3 pounds timothy

per acre.

bushels per acre. ;
grain—151 bush-
| Yield:
1 fodder—2.75 tons

Lysimeter battery Y103

Crop: Corn to wheat.
Manured: Apr. 25, ©
tons per acre,
Sod spaded: May 6.
Corn planted: May 10—
Lysimeters A and B:
Fertilizer: 300
pounds 3-12-12
per acre.
Liysimeters C and
D Fertilizer; 100
pounds 2-12-6
per acra.
Cultivated: June.3,
July 1.
Corn plcked stalks
chopped and left:
Sept. 21,

grain—148 bush-
A lels per acre.
lodder—2.55 tons
{per acre,
Be—gruin—154
bushels per acre.
C—grain—107
bushels per acre.
I —grain—120
bushels per aere.

Wheat seeded: Oct, 4—

Lysimeters A and B:
Fertilizer: 300
pounds 3-12-12
per acre,

Seed :2 bushels wheat and
3 pounds timothy per
acre,

Lysimeters C and
D: Fertilizer: 200
pounds 2-12-6
per acre.

Seed: 2 bushels wheat
and 3 pounds timothy
per acre.
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AppENmix B.2—Sample iabulation-computation sheet for percolation,
lysimeter ¥102C.
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AppENDIX (C.2——Sample tabulation-computation sheet for runoff,
lysimeter Y102C.
Wy
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Gage Hejght
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ArpenpIx D.—Sample 10-minute and hourly transcriplion of lysimeter
print-weight record, lysimeter Y102C, November 30, 1949,

United Siatos Depmnrtwnt of Agriculturae
So1) Consorwation Service
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ArpENDIX E—Sample of semimonthly summary sheet of lysimeter weights,
rainfall, moisture storage chenge, runoff, percolation, evapo-Lranspiration,
and condensation-absorption.
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APPENDIX F.--Calculation of rainfall from weight record, November I 7-30, 1949
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AprPENDIX G.—Sample tabulation sheet for daily maximum and minimum
air and soil temperature.
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