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Introduction
This report will summarize the developments made on the prediction of soil
moisture, pointing out the apparent solutions which have been made and problems
which still must be considered. The different components of the prediction
technique will each be briefly discussed, Figures from earlier reports will be
reproduced in some cases to add clarity to the results and discussion presented
here.
Prediction of soil moisture under variable field conditions is necessarily
a complex procedure, since a number of variables are involved in the prediction.
Too frequently the problem is over simplified to such an extent that unrealistic
results may be obtained., What are considered to be the necessary factors will
be discussed under the following headings,
a). Soil moisture characteristics
b). Precipitation and runoff
c). Potential evaporation
Early season evaporation loss from corn land
Evapotranspiration loss when adequate ground cover present
d). Crop evapotranspiration
e). Moisture stress
Relative turgidity and meteorological conditions
f). Comparison of November predictions made from April soil moisture
samples

g). Soil moisture changes over the winter season



Soil Moisture Characteristics

The procedure, as reported here, has used plant available water as the
factor to be computed. All computations are done on this measurement of soil
moisture.

Plant available water is equal to the total soil moisture measured minus
the wilting point, assuming the total amount &oes not exceed the field capa-
city., Field capacity must be known, since it was set as the upper limit of soil
moisture. Field capacity is a difficult parameter to measure. There is no sat-
isfactory laboratory method to determine this value and it must be determined in
the field. Field capacity can be determined by adding water to the soil and
allowing the excess to percolate through the soil. There is a gradual decrease
of soil moisture during this process and a somewhat arbitrary ''field capacity"
value must be set. For our purpose it was set as three days after the surface
water disappeared. The field capacity value will vary some with the season, pre-
sumably due to temperature effects. This was considered in our procedure by
setting a higher value on certain soils for the spring period, when the soil is
still relatively cold. This adjustment (Shaw and Runkles, 1956) was based on
numerous field observations.

When free water was found in the profile (water content much above field
capacity) an accurate prediction of soil moisture could not be made. The dis-
appearance of this free water is affected by a number of factors other than those
considered here, If soil moisture is to be predicted for these situations,
additional techniques will have to be perfected which include the drainage fac-
tors controlling the disappearance of this water. Free water could be a factor
of considerable importance in the wetter, eastern part of the corn belt where

soil moisture may often be in excess in the spring. In predicting for Iowa soils,



if no percolation occurred through the top foot for at least 4 weeks prior to
August, the usual field capacity values could be used in August. Otherwise, the
soil moisture value was somewhere between that predicted by the procedure,
assuming no free water, and that assuming all the free water measured at an
earlier sampling was still in the profile.

The wilting point must also be determined since it is the lower limit to
which soil moisture can be reduced by plants, The wilting point was set equal to
the 15-atmosphere percentage for all soils (Shaw, et al, 1959). This can be
determined in the laboratory and was found to give excellent comparisons with dry
soils sampled in the field. It must be determined for each site. The surface
foot, of course, may be dry due to air drying. In some areas, with different types
of soils than those in the midwest it appears that a value near 40 atmospheres may
be nearer the true wilting point., However, the amount of water held in the soil
between 15 and 40 atmospheres of tension is small,

Plant available water for most soils in the Corn Belt will be near 2 inches
to 2% inches per foot of soil, A sandy soil will be considerably less. Some

heavier soils will hold more. With free water in the profile these values may

approach 3% inches per foot.

Precipitation and Runoff
An accurate precipitation reading is needed near the site for which soil
moisture is being predicted.
Runoff must be computed for each daily precipitation amount. The soil mois-
ture sites used in this study were selected on relatively flat sites with at most
a few degrees slope, so that if any surface drainage occurred, it would be away

from the soil moisture site. On sites with greater slope, the runoff procedure



probably underestimates runoff. No rainfall intensity factor was included, only
24-hour rainfall amounts were used. The accuracy of the prediction technique
could probably be increased if more refined and accurate techniques for computing
runoff were used. As more accurate soil moisture and evapotranspiration data
become available, the runoff factor will need to be examined more critically.

Runoff was computed, using as the antecedent precipitation index:

API = Py/d] + P3/dy + .... Pg/dj + Py/2 (1)

P; is the precipitation that occurred i days prior to the day being considered.
P, is the precipitation amount for which runoff is being computed. The P, term
was used only when precipitation was 1 inch or more, otherwise, it was considered
as 0. The P, term was also considered as 0 for all rains from September 1 to
November 1 when the combination of good crop cover and low intensity rains was
assumed to result in less runoff. Later work indicates that it should be used for

any period for rains of 2 inches or more intensity per day. The runoff amounts

computed by this procedure were obtained from Figure 1.

Potential Evaporation

Early season evaporation loss from corn land

Ground conditions during the spring period vary. The residue from a previous
crop, for example, may still remain on the surface of unplowed ground, a meadow
crop may not yet be plowed under, the surface may have been plowed or, if planted,
only a sparse ground cover exists, Solar radiation is high., Evaporation is
largely determined by the availability of water for evaporation from the soil sur-
face, The assumption was made that for corn land all evaporation occurred from

the top 6 inches of soil and at a rate of 0.1 inch per day as long as any plant
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Figure 1, Prediction of runoff from precipitation and antecedent precipitation

index., (Buss and Shaw, 1960.)
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available water was present in the top 6 inches., This was assumed to occur from
early or mid-April up to June 6., The same assumption could be made for soybeans,
After that date enough crop cover is assumed present so that it must be considered.

From April to June this procedure estimated the top foot -0,26 inches low on
the average, but the second foot averaged 0.30 inches too high. In the estimating
procedure it is assumed that the top foot must be filled to field capacity before
any moisture percolates to the next deepest layer. Under field conditions this
assumption is not strictly true, with some percolation occurring from the top
layer before it becomes saturated. Since the procedure gave the correct total

|
moisture, no adjustment was made to correct for distribution errors., Assuming that
evaporation occurs from the top six inches probably over estimates the depth of
|

evaporation where no tillage operations have occurred, but should represent con-
ditions quite well where these operations are shifting the soil. In a later study
on predicting working days in the field (Shaw, 1965), sky cover was taken into
account and the values listed in Table 1 were used. In most years, the difference
between a uniform loss of 0.1 inch per day and the variable loss considering cloud

cover is small when considered for periods of several days. Sky cover data may

not be readily available for use in a soil moisture prediction technique.

Table 1. Soil evaporation in inches per day with different amounts of cloud cover.

Sky Cover
Clear Partly Cloudy Cloudy
First day after rain
Up to May 1 0,17 0.13 0,05
May 1 to June 6 0.20 0.15 0.05

All other days
Up to May 1 0.12 0.08 0.05

May 1 to June 6 0.15 0.10 0.05




Evapotranspiration loss with adequate ground cover present

For corn, from June 7 through September 30, and for meadow, from early
April through the entire season, open-pan evaporation is used as the starting
value for estimating evapotranspiration. Open-pan evaporation is used as the
estimator for the potential, which is then converted to evapotranspiration by
considering the stage of crop development.,

Use of the open-pan as an estimator for crop evapotranspiration has been
questioned because the pan is physically much different than a crop cover., On
some occasions the pan may be surrounded by a dry crop area which could intro-
duce large advection effects. The Class A pan was accepted as a reference instru-
ment by WMO and by the International Association of Scientific Hydrology for the
International Geophysical year. The pan is sensitive to day to day changes but
may also have considerable error due to advection of energy into the pan.

Class A evaporation pans are a circular tank made of galvanized iron or
monel metal with a diameter of 122 cm. and a depth of 25.4 cm, Standard proce-
dure mounts them on a wooden, slatted platform about 10 cm. high. This type of
mounting exposes the sides of the pan so that radiation exchange can occur and
allows heat transfer from the air through the bottom and side of the pan. Under
certain conditions this added heat can increase the evaporation rate from the
pan and introduce errors when these readings are used to estimate evaporation
from other surfaces. The pan presents a somewhat different surface than a large
water surface and presents a much different surface than a plant cover. However,
the absorptivity of the water and the crop cover are not too greatly different.
One could postulate that with an average conversion factor the water loss from

the pan and from a crop surface with adequate moisture should be highly correlated.



However, under conditions where advection of heat is occurring, this advection
of heat may be very different for the pan than for the crop surface. We are
not concerned directly here with the adequency of soil moisture for the crop,
since a crop moisture factor is included to adjust for this situation.

Kohler, et al (1955) proposed a method for estimating the heat transfer
from a Class A pan. The transfer of sensible heat from the water surface (in

equivalent inches of evaporation) was given by

8

Qh = 0.000367P (0.37 + .0041 Up) (To - Ta)°*® &

and, heat transfer through the pan was given by
b 0.85 R

Qp = 0.000367P (0.37 + .0041 Up) (To - Ta) &) (3)
where P is atmospheric pressure in inches of mercury, Up is wind movement over
the pan in miles per day, T, is the water surface temperature (and also the
outer surface of pan) in OF, T, the temperature in OF, Aw the area of the water
surface and Ap the effective area of the outer face of the pan. A.P was estimated
as 1.4 Ay. The magnitude of the advected heat energy is directly related to the
difference in water and air temperature. They stated '"over much of the United
States there is not appreciable transfer of heat through the Class A pan (on an
annual basis)'. Using their relationship for 1000 ft, MSL and assuming
eg/eg = 0.7 and To - Tg = 39F, with a total wind of 50 miles per day and pan
water temperature of 809F,, approximately 667 of the advected energy is utilized
for evaporation. For the same conditions and wind movement of 200 miles per day
this value becomes 72%. With a water temperature 5°F, warmer than air tempera-

ture, equation 3 gives a heat transfer through the pan equivalent to near .05

inches of water per day with a total daily wind movement of 100 miles per day.



Transfer from the water to the air would be near .036 inches, If 70% of this
energy is used in evaporation it would be equivalent to .06 inch evaporation.
For a day with .30 inches evaporation this would be 20% of the total energy for
evaporation, In Iowa in 1966 a number of days with evaporation near 0,30 inches
had a pan water temperature of near 59F above air temperature. In July and
August, on 31 days the average water temperature was 4°F or more warmer than

the average air temperature. Total evaporation for both July and August was
about 5% below the long time average, in spite of the relatively high water tem-
perature. Advection effects were apparently small,

Riley (1966) in Arizona evaluated the effects of heat transfer through the
pan and found that 297 of the energy supplied to the pan was from this source.
This was under evaporation conditions of about 0,60 inch per day. With an in-
sulated pan, Riley found that water temperature was reduced 2°C, and evaporation
rate reduced 287%. These Arizona rates are exceedingly high rates compared to
what is measured in the North Central States, In Iowa, only about 10% of the
July days have been over .40 inch with August somewhat lower. A quick examina-

tion of the records indicates a high percentage of these extreme evaporation

days occurred in few years when particularly hot dry weather occurred. Even when

the Corn Belt states are experiencing what is called '"dry weather', pan evapora-
tion rarely seems to reach values measured in the "arid" west,
The heat balance equation for the pan may be given as
H=R, +Qy +Qnp's +Q,'b + LE 4)
where H is the heat added to the water, R, is net radiation, Qh's and Qn'b are
heat transfer through sides and bottom of pan and LE is latent heat transfer.

For a corn crop, the heat balance has been given by Tanner (1960) as
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These terms represent horizontal divergence of sensible energy, horizontal di-
vergence of latent heat, net radiation, soil heat, sensible heat, latent heat
of evaporation, change in heat stored in crop, change in heat stored in air-
within crop and change in the latent heat stored in the crop. In this equation
v g is b/2x+ %Vba‘. For a 24-hour period the storage terms would normally be
small. Under certain conditions the divergence (advection) terms could be
large. 1In using open-pan evaporation to predict crop ET, we are comparing two
surfaces which physically are much different, yet if advection is not large,
have some similarity between their heat budget equations, In the soil moisture
calculations which have been developed, no consideration has been given to ex-
cessive heat transfer through the pan. The results did not appear to show any
measurable variation because of it, but may not have been evident because of the
relatively long prediction periods used. Although most of the data used in the
study were from relatively good weather years, 1966 was a year with low rain-
fall and many days with water temperature considerably warmer than air tempera-
ture.

Since the degree of saturation of the air surrounding the pan may be differ-
ent than the air immediately above the pan, some degree of error may also be
introduced. Turbulent transfer of water vapor is enhanced by the position of
the pan above the surrounding surface and by the roughness of the surrounding
surfaces. These factors are largely the cause of the pan coefficient being less

than 1 when compared with larger water surfaces.

8.



One other factor which on occasion must be considered is color of the
bottom of the pan. If the pan is kept clean, this does not change, but due to
algae growth or iron deposits in the water a colored pan bottom may occur.
Ventkiteshwaran, et al (1959) tested different colored pans as to their effect
on the evaporation rate. Painting the inside black resulted in the pan loss
being 1.13 times that of a standard pan. Letting the water level drop.3 inches
below the recommended height (no more than 2" below upper rim) resulted in a

.decrease of about 87 in the evaporation.

In comparing evaporation station exposures, the main difference often appears
to be differences in wind exposure. When the Ames Agronomy Farm Weather Station
was relocated in 1964, a short test period was available when the old and new
locations could be compared, The old location has a clear exposure to the south,
a house about 100 feet to the east and a large barn and timbered area about 100
feet to the north and northwest. It was considered a good exposure. The new lo-
cation has a low building about 100 feet to the east, but with no other obstacles
within several hundred feet. During the test period open-pan evaporation aver-
aged 0.22 inches at the new location and 0.24 inches at the old location. Total
wind movement at the new location was almost twice that at the new location.
Operation of the anemometer at the old location was questioned, but calibration
tests showed the two anemometers were almost identical. In this case, factors
other than wind were affecting evaporation, with the low wind location having the
greatest evaporation.

Fritschen (1960) compared two evaporating pans, one at the old Agronomy Farm,
the other about 2 miles distant in an irrigated area which is located in a small

stream valley where the wind movement is reduced. A tall corn crop was growing
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about 100 feet from this evaporation pan. Data were taken over a period of 85
days, during which rainfall was about 5% inches below the normal of 12% inches.
Wind readings were not taken. The Agronomy Farm location which was not irrigated
and at which the grass surrounding the open-pan area showed noticeable moisture
stress had evaporation averaging only .0l inch per day greater; or less than a
5% difference.

In 1966, a pan was located in the same irrigated area and compared with the
pan at the new Agronomy Farm about 8 miles distant. Exposure differences were
similar to those just mentioned. Compared to the official station, wind was re-
duced 43% and evaporation 117. Half of this difference was accounted for by 5
(out of 59) days, when rates near 0.4 to 0.5 occurred at the official station.
£ BT '= £ J;, (Rosenberg, et al, 1963) evaporation would have been expected to
be reduced near 257, instead of the 117 measured. Although the station locations
had quite different wind movement, pan evaporation was quite conservative between
the locations., In order to evaluate further the effect of wind on pan evapora-
tion, data from two pans were compared. These were located about 100 feet apart.
During a 30-da§ test period when the two stations were maintained in as near
identical exposures as possible, the official station had wind movement 67, less
than the other station with 1.5% less evaporation. The Ju relationship gives a
3% expected reduction in evaporation. Actual reduction between standard stations
is less than the predicted by the,fﬁ relationship. For a period of a month, a
white piéket fence was installed around the second station at a distance from the
pan very close to the wire fence distance for the official station. On the
average, the picket fence reduced wind movement 327 with a 167% reduction in evapo-
ration. If ET = f,JE, the evaporation reduction would have been expected to be
18%. This was with an average daily wind movement of 77 miles and average pan
evaporation of .23 inch at the official station., Data for individual days were

extremely variable.
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For individual days, on the average, the greater the wind reduction, the
greater the evaporation reduction. At high wind speeds, comparable reductions
in wind speed did not cause as much reduction in evaporation as at low wind
speeds. The very large scale turbulence eddies (feet in dimension) may have
been reduced or removed by the picket fence arrangement used. This large eddy
would be more important at low wind speeds hence the relatively greater reduc-
tion. At high wind speeds the effect on evaporation was less, but still gave
an overall greater reduction than when standard stations were compared. When
standard type stations are being compared, changes in wind speed probably cause
little differential effect on the eddy size, thus, giving comparisons relatively
insensitive to wind changes; but when a small enclosure like the picket fence
is used to compare stations, eddy size is being affected differently at the
stations. Under these conditions E=X f VE: A number of factors were being modi-

fied by the picket fence.

Although little if any difference in net radiation would be expected between
the two stations (water temperatures were almost identical) net radiation measure-
ments taken over the pans were compared for selected clear sky periods. For
individual reading differences of near 107 were obtained, but averaged over all
periods the net radiation values were almost identical. A more complete evalu-
ation of the effect of the picket fence would require a very detailed micro-
meteorological study, but does not appear to provide a valid method of evaluating

the effect of wind speed (due to exposure difference) on evaporation.
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Although the Class A evaporation pan has obvious disadvantages, the question
which can be raised is: ''what should be used for the estimate of potential evapo-
ration in a soil moisture prediction method such as is being discussed here?" A
lysimeter, if available could estimate only one set of conditions at one location.
Heat budget measurements would do the same. Expense alone would limit general
use of these techniques, although physically they are much sounder.

There are a large number of '"potential evaporimeters' which could be used;
atmometers, Bellani plates, étc., or a large number of emperical prediction tech-
niques. To the author it appears that each may have its own 'calibration constants'
for different geographic areas. The Thornthwaite PE method has been widely used
and can be computed from readily available temperature data., This method is
known to have some disadvantages,

Dale (1962) compared estimates of evaporation obtained by the Kohler and
Thornthwaite procedures for South Dakota, The gradients obtained by these pro-
cedures were greatly different, Pelton, et al (1960) have shown the monthly
Thornthwaite PE values are not in phase with solar radiation. However, since
this method can be readily computed it was decided to compare it with pan evapo-
ration measurements. Average weekly values of the ratio of pan evaporation/
Thornthwaite PE are shown in Figure 2. Data for Castana and Norwich, Iowa are
similar to the top three curves shown. With the wide variance of Valparaiso
from the other statiomns, further locations needed to be examined. Because of
problems of obtaining edited pan data on punched cards, seasonal comparisons were
not made, but the average ratio for August (roughly, climatological weeks 23-26)

was computed for a number of stations. The geographical plot of these data are
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Figure 2. Seasonal pattern of the ratio, open-pan evaporation/Thornthwaite

PE for four selected stations.
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shown in Figure 3. Although there are certain patterns appearing, with increas-
ing values from south to north and east to west, they are not regular enough to
draw any definite conclusions. With many stations for comparison possibly the
pattern would be more evident. The ratios are obviously different in different
geographical areas.

From the standpoint of developing a procedure for estimating soil moisture on
a large scale basis, the only practical approach seems to be one in which the
estimator for potential evapotranspiration is readily and extensively available.
This would exclude a number of the more refined methods that require data which
are available either at only first-order stations, or require special data, Evapo-
transpiration, which is the result of the integration of a number of meteorological
factors, must be relatively conservative over large areas, provided there is
equal availability of water. On this basis it appears that pan evaporation can
be used, in spite of a rather sparse network. More highly refined methods, which
may be more accurate in predicting day-to-day changes, cannot be adequately tested
for soil moisture prediction such as is being conducted here, because of the limi-
tations on accuracy of the soil moisture measurements, which fluctuate not only
in the predominantly heterogeneous glacial till but also with infiltration time
after a rain. The present technique, using open-pan data, is believed to predict
soil moisture within the limits of accuracy of the presently measured soil moisture
data.

One could possibly use ratios such as shown in Figure 3 to estimate missing
evaporation pan data for a station, or particularly when a number of days have

questionable data because of heavy rainfall, The error involved in this is

appreciable,
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Figure 3. Mean August value of ratio, open-pan evaporation/Thornthwaite

PE.
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Mean values of PE for different levels of open-pan evaporation were computed
for Ames. There is a gradual rise in PE as open-pan evaporation increases, but
at a much slower rate. At low levels of evaporation mean PE exceeds mean pan
evaporation. At high levels of evaporation, mean PE is less than half of open-
pan evaporation. For any level of open-pan evaporation, the standard deviation
of the PE values is about the same. Errors in predicting small values of evapo-
ration could be several hundred percent from the true value; for high rates of
evaporation the error would be much smaller, possibly down to 20-30% of the true
value. With this large error it was decided that further examination of using
the Thornthwaite PE as a predictor was not warranted, This would also indicate
the comparison with other methods, such as Pierce's, would show wide variability

because of the difference in the ratio of the estimators used for potential

evaporation.

Crop Evapotranspiration

As a crop cover grows, considerable change takes place in the ground cover
produced by the crop. More loss is by transpiration and less by evaporation.
The change in crop cover was taken into account by developing a curve which
represented the changing ratio of evapotranspiration with no stress/open=-pan
evaporation., These relationships for corn and meadow have been presented in
other papers (Demnmead and Shaw, 1959; Shaw, 1962; Shaw, 1963; and Shaw, 1964).
In Figure 4 the relationship for corn is reproduced along with one developed for
soybeans. The leaf area index curve (LAI) is also shown for soybeans. A leaf
area index of 4 means the leaf area (1 side of leaf only) over an area is 4 times
that area, Although the leaf patterns of corn and soybeans are very different,
their canopy patterns as far as evapotranspiration is concerned are little

different. Early ground cover development in soybeans is slower than for corn,

14,



Figure 4.

Non-stress evapotranspiration/open-pan evaporation ratio shown as a
function of time for corn (Demmead and Shaw, 1959) and soybeans,

Data points are for soybeans, LAI data is for soybeans.
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but by the time of maximum leaf area, ground cover is greater due to the more flat
type of leaf orientation and growth habits of the soybean plant, This should give
a slightly higher evapotranspiration/pan ratio, The rapid decline late in the sea-
son will depend upon the variety, but is due to leaf drop with maturity. The
relationship between the ratio and LAI for soybeans is wery close. Although the
LAI for corn is different, the seasonal shape of the curve would be similar to
that shown in Figure 4. As management practices change, such as narrow row spac-
ing, or other crops are considered, curves expressing this relationship must be
developed. Accurate prediction cannot be done unless the stage of development is
considered, The seasonal pattern for meadow shown in Figure 5 (Shaw, 1962) is
quite different because of the difference in seasonal growth pattern.

In addition to considering above ground factors in estimating evapotranspira-
tion the zones of extraction of soil moisture must be considered. Water extrac-
tion patterns for corn (Shaw, 1963) are reproduced in Table 2.

Table 2, Water extraction from the soil profile at different depths during the

growing season. Values for each date are given as the percentage of
evaporation or evapotranspiration that occurs from each of the depths

listed.

Percent of E or ET
Dates which comes from Depths from which water was extracted

respective depths

to June 7.seecessnsssl00 1st 6 inches
June '8 Lo 14, ecensnesl00 1st foot (equally from each 6 inches)
June 15 to 27.e4000sse 67,7, 33.3 1st, 2nd foot
June 28 to July 4.... 60, 20, 20 1st, 2nd and top half of 3rd foot
July: 5 to - 1llesacsaugs 90, 20, 20 1st, 2nd and 3rd foot
July Rl 2%t0 185G o ciane, Ol 1550 45, 10 lst, 2nd, 3rd and top half of 4th foot
JOLvelOF £ o250k gla s et 00 3 IR L AR 1Y, 1st, 2nd, 3rd and 4th foot :
July'26. totAug, lesse 60, 10, 10, 10, 10a 1st, 2nd, 3rd, 4th and upper half 5th
foot

60, e T (SR ) lst, 2nd, 3rd and 4th foot
After Aug, i aveeest 00, 10, 10,:10,010a " Ist, 2nd 3rd, 4th and 5th . FooE

60, i Mo A L Rl lst, 2nd, 3rd and 4th foot

a., Used only if first 4 feet all have < 50 percent available moisture.

b. Used if any of first 4 feet have > 50 percent available moisture; however, after
Aug. 1, the percent available is always computed on the total available water in
the 5-foot profile.



Figure 5.

Non-stress evapotranspiration/open-pan ratio shown as a function of time

for meadow,
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The same extraction pattern was used for soybeans. Meadow was similar.but
the extraction pattern reflected the earlier seasonal development. An extraction
pattern needs to be developed which reflects the changes in the rooting habit
of the crop for which soil moisture is being predicted, under the particular soil
conditions and management practices being used. With adequate water, this problem
is relatively simple since the bulk of moisture removal comes from the shallower
depths. However, as the moisture supply is reduced, large differences in rooting
patterns may occur. Fertilizer helps most plants root deeper, corn seems to root
slightly deeper than soybeans, bluegrass is relatively shallow rooted, alfalfa is
deep rooted. Soils with heavy subsoils may not have roots as deep as a good per-
meable soil. These factors become more important under drier conditions but are

an essential requirement for correct soil moisture predictions,

Moisture Stress

It has been quite conclusively shown that the availability of soil water to
the plant is a balance between how much is in the soil and how much demand is
being placed on the plants by this atmosphere. This subject was discussed exten-
sively in earlier contract reports. In brief, this says that as the atmospheric
demand becomes higher, the soil moisture content necessary to meet this demand
must be higher. With a low demand, only a small supply of soil moisture is
necessary, with a high demand there must be a high supply of soil moisture or
the plant will be under stress. If the water supply does not meet this demand,
transpiration will be reduced and the plant is under some degree of moisture
stress., We are concerned here with the redﬁction in evapotranspiration due to
this lack of soil moisture. Laing's data (1966) obtained from 20-gallon containers

are reproduced in Figure 6. These are similar to data for corn shown by Denmead

and Shaw (1962).



Figure 6.

Average relative daily transpiration rates for three groups of days with
open-pan evaporation rates shown in body of figure, drawn as a function

of percent available soil moisture.
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This relation has resulted in generally good predicted values. However,
during 1965 when a long period without rain occurred, there appeared to be some
constant underestimation of the soil moisture extraction based on experimental
plot data which were available. Field samples also indicated this to some de-
gree, In the original program the correction for stress was based on the per-
cent available moisture in the root zone. With a long period without rain, which
depleted moisture in the shallow layers to zero, the weighting effect of this on
the percent of available moisture in the root zone is large and appears to cause
some underestimation of the moisture extraction. Other research data indicate
the reduction in extraction as the soil moisture decreases used in the original
program may have been too large. Our moisture predictions (except as just noted)
do not indicate this, but the entire procedure may well have a 'calibration"
constant built unintentionally into it. If the moisture extraction with stress
was changed, some other factor would also have to be changed in order to give
the correct estimated values. Part of the difference may have been due to
different procedures used for determining the soil water potential and the prob-
lems in converting relatively small soil container data over to field conditions
with a variable profile. Converting water loss from these containers to loss
under field conditions may also involve errors.

Laing (1966) tried a modification of the original procedure for predicting
soil moisture under soybeans. This procedure considered the wettest 18 inches
of the root zone. The printed output of the soil moisture estimation computer
program (Dale and Hartley, 1963) provides estimates of inches of available soil
moisture by 6-inch profile increments to a depth of 5 feet. The problem remains
as to what layers to average to arrive at a water content for the root zone which
may or may not occupy the whole profile., A set of rules were developed to an-
swer this problem which are based on certain assumptions concerning the behavior
of plant roots. 1In this description the 6-inch profile increments are numbered

1-10 beginning at the surface layer.
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1. At the beginning of the growing season layers 1 and 2 are averaged
until the average water content of layers 1-3 exceeds 1-2., Thereafter, layers
1-3 are averaged.

2. Whenever the water content of layer 1 drops below 32% of the available,
then layers 2-4 are averaged.

3. This process continues down the profile (to 5 feet) as the layers
nearer to the surface dry, always averaging three 6" increments on each day.

The dropping of a layer once it has reached 327 available is not done if the
layer below is less than 32%.

4, A return to the surface layers (1-2 or 1-3 whichever is the greatest) is
made if this zone is greater than the three layers averaged on the previcus day.
This is necessary to take care of a situation where a long period has elapsed

and then a heavy rain wets the surface layers.

5. Once the water in the surface layers has been utilized down to 32%, a
return is made to the layers which were being averaged immediately prior to the
rainfall.

By application of the above rules, each year is treated on the same basis
to arrive at an average available soil moisture content (volumetric or PAV per-
cent available) in the hypothesized ''wettest 18 inch" root zone. The figure of
327 available was chosen since this soil moisture condition appears to be the
boundary where decreased capillary conductivity completely masks the effects of
day-to-day weather changes on relative turgidity. In other words, below 327 the
soil factors of the water environment are completely controlling plant-water re-
lations. Peters (1957) has shown that corn roots do not elongate in soils main-
tained at between 4 and 5 atmospheres of tension. This tension is approximately

equivalent to 327 available soil moisture in Nicollet soil.
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In most years this procedure resulted in no change in the soil moisture
content under soybeans compared with the old procedure for corn. In a few
years with long periods of low rainfall some difference was measured.

Other than experimental plot data collected in 1965, no soil moisture data
were available to check the modified soil moisture procedure for soybeans. As
an indirect check, a weather index was computed for each day, using 1) average
soil matric potential in the rootzone as computed, 2) open-pan evaporation and
3) interaction of 1 and 2 to compute a daily 1400 relative turgidity value.

This value was converted to a relative photosynthesis value ranging from 0.10

to 1.00 which estimated the effect on the plant's production (1.00 indicates no
stress). The values of this index were accumulated for periods ranging from 1-10
phenological weeks in length through the growing season. These values were re-
lated to a 2l-year (1943-1963) period of soybean yield data where the same
variety has been grown under similar management conditionsl/. The correlation
coefficients for the association between the weekly phenological water stress
index and the mean yield of Hawkeye soybean are shown in Figure 7. The low
correlation in week 3 is probably an artifact of the sample and should not be
regarded as physiologically important. The apparent association of the early
weeks (periods 1 and 2) with yield may be an illustration of the ''climatological
effect" which has been described by Dale and Shaw (1965) in corn. The non-
independence of weekly stress indicies in this work resulted in high correlations
for periods where greatest physiological effects were not expected. In other
words, where stress conditions occur early there is a climatologically greater

chance of having stress later, and at a physiologically important stage of growth.

1/ Soybean yield data provided by C. R. Weber.



Figure 7.

Correlation coefficients for the association between phenological week
water stress index (P/Py) and the mean yield of Hawkeye from 1943-1963

at Agronomy Farm, Ames, Iowa,

261
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The accumulated index for the most critical seven-week period is shown in Figure
8. A summation value of 49 would indicate no stress occurred during the 7-week
period. The data points show a concentration of years with high yields with

only 6 years having yields less than 35 bushels per acre. Considering the number
of factors unaccounted for in the index, the explanation of 74% of the yield
variation is very good, and indicates the soil moisture values predicted must be
quite good,

Laing's procedure was tested on the corn data and gave little change. Layers
below the surface foot frequently dropped below 32% by extraction of soil moisture
before the top foot reached stress value, due to rainfall added to the top foot.

A modified procedure was used in which after July 5, if the top foot had less than
327 available the 7 available soil moisture was computed as the percent in the
root zone, less the top foot. The highest figure (top foot, entire root zone or
root zone minus top foot) was used. The effect of this was to extract soil mois-
ture at a more rapid rate at first, This higher rate of extraction resulted in a
lower percent available moisture which then reduced the rate. Calculation on
several years of data gave a maximum amount of greater extraction of about 0.5
inch out of the profile in about 3 years out of 10. There was no effect in about
half the years. Once the moisture difference reached near % inch, the procedure
gave almost identical results to the old method., Moisture was becoming low
enough that the two methods gave almost identical percent available moisture. It
is intended to program this procedure into the computer program.

In the dry summer of 1966 the prediction technique for meadow was tested in
the field at Amesg/. Alfalfa was maintained under natural conditions and all rain-

fall kept off other selected plots for the month of August. Both situations

2/ This experiment was conducted by Enrique Marchesi.
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Figure 8. Yield of Hawkeye variety from 1943-1963 at Ames, Iowa plotted
as a function of the seasonal summation (weeks 1-7) of the

water stress index (P/P,) for each day (maximum value = 49).
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provided low soil moisture conditions. Soil moisture samples were collected

on approximately a 10-day basis, Using the procedure which was reported in Cwb
contract 10278 the results shown in Table 3 were obtained., The differences
were within the errors in the soil moisture sampling and indicate the stress
factor used for meadow resulted in the proper extraction pattern.

Table 3. Comparison of observed and predicted soil moisture for selected periods
for alfalfa plots at Ames, Iowa., 1966.

Period Treatment Difference between measured and predicted
soil moisture (Total, 0-5 feet)

Aug. 1-11 Covered 0.16 inches
Aug. 11-23 Covered 0.35 inches
Aug. 23 - Sept., 2 Covered 0.29 inches
Aug, 1-11 Natural 0.06 inches
Aug. 11-23 Natural 0.03 inches
Aug, 23 - Sept. 2 Natural 0.11 inches

Relative turgidity and meteorological conditions

In predicting the water balance for a crop, the total area of interest must
be considered. Interest may be in the water balance per se, or in the water
balance as a tool in weather-crop yield relationships. Hydrologists, for example,
are generally most interested in the water balance as it applies directly to
water yield. Agriculturists are interested in the water balance as an indication
of present and possible future supplies of water for their crops, but are gen-
erally even more interested in the weather-yield relationships involved. Because
of this latter interest it is necessary to examine soil moisture - water balance
relations to see that plant relations are adequately represented, both as plant

use (transpiration) may affect the prediction and as the level of soil moisture

predicted may affect the crop.
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In the previous section, data were presented for soybeans showing a good
relationship between crop yields and predicted soil moisture values. In report
Cwb-10849 some data were presented showing the relationship between corn yields
and non-moisture stress days (weather index) for Ames and Castana, Iowa, Mandan,
North Dakota and Wooster, Ohio. The non-stress day determination, Orp, = £(ETpc),
(i.e., the soil moisture content at which plant turgor is lost, Oy, is a function
of the evapotranspiration rate at field capacity), was experimentally derived
from a visual inflection point of the curve constructed from plotting actual
evapotranspiration versus soil moisture content. This must be an accurate limit
to fully exploit the moisture balance work in weather - crop relations. A direct
plant measurement best determines the effect of moisture stress on the plant.
Relative turgidity measurements provide a direct means of defining the moisture
condition in the plant. The upper, actively photosynthesizing leaves are chosen
for this. Relative turgidity is defined as:

weight of fresh leaf - weight of dry leaf % 100
weight of turgid leaf - weight of dry leaf

RT

To obtain values of relative turgidity, leaves are selected in the field and
weighed to obtain the fresh weight. The leaves are then floated on distilled
water with the top side uppermost. The samples are floated for sixteen hours at
temperatures near 25°C under an illumination of 100 foot candles of light. The
samples are then removed, blotted to remove excess water and weighed to determine
the turgid)or fully water saturated, weight. After drying at 75° for two hours
the dry weight is obtained. The percent relative humidity is computed as shown.

This provides a direct measurement of the water status in plant tissue.
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Work done at Iowa State has shown that the limits assumed for non-stress
conditions were suitably selected. Laing (1966) obtained data for three widely
different types of atmospheric demand days as shown in Table 4, He found that
the relative turgidity of soybeans at which an appreciable reduction in trans-
piration occurred was 84-86%. Similar values would be expected for corn. This
value of relative turgidity is the same as that at which the critical levels of
soil moisture shown occurred for the different days. Visual observations on
soybeans have indicated the first obvious signs of wilting occur near 847 rela-
tive turgidity. It does appear that the limits for stress or non-stress con-
ditions have been properly chosen.

A further examination of the relationships between relative turgidity and
meteorological parameters may provide information as to which parameters are the
most important in predicting water balances and at the same time relate closely
to plant response.

When the soil moisture is maintained at or near field capacity the influ-
ence of soil factors on the degree of the water absorption lag in the plant is
at a minimum. Under these conditions an investigation of the relationship between
various meteorological parameters and the degree of daily maximum water deficits
in a plant is facilitated. A large number of relative turgidity samples have
been collected under these conditions from both potometers and in the field at
1400 hours. This represents the time of maximum water deficit in the plant leaf,

A scatter diagram of these soybean RT data is presented in Figure 9, as a
function of the vapor pressure deficit of the air measured at screen height at
the experimental site. The log of vapor pressure deficit (eg-ey) when fitted to

these data explained 577 of the variation. A regression model containing the



Figure 9.

Relative turgidity at 1400 hours plotted as a function of noon vapor pressure
deficit (measured at screen height) where the soil was maintained at field
capacity in 1963, 1964 (potometers) and 1965 (field data). Each data point
represents the mean RT on the particular day for all potometer or field

measurements where the soil was held at field capacity.
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Table 4. Comparison of atmospheric demand conditions, open-pan evaporation and
critical level of soil moisture.

Net radiation es-ea Pan evap. Critical soil moisture
gm, cal/day (m.m) (m.m.) level (%)
435 16.0 B il 90
140 4.8 320 60
143 1555 3.5 45

linear and quadratic terms for eg-ey explained a slightly greater proportion of
the variation, but the regression line was difficult to interpret in terms of the
mechanisms involved. In Figure 9, it can be seen that the log regression line and
the data points show a rapid decrease in relative turgidity at vapor pressure
deficits uyp to about 5 mm,, with a leveling off at higher deficits. This can

be explained in terms of transpiration - stomatal relationships. With increasing
energy supply (net radiation), increasing vapor pressure deficits will tend to
increase the transpiration rate. An increase in the transpiration rate on a daily
basis will decrease leaf turgor (hydration) at some rate, Decreased leaf turgor
will cause the turgor operated stomatal closure mechanism to increase the resis-
tance to transpiration and decrease transpiration at some critical level of turgor.
In the species used here, wilting symptoms occur ét approximately 85-83% relative
turgidity, and at this level the stomata have already undergone some degree of
closure.

The leveling off in the rate of decrease of relative turgidity with increase
in the vapor pressure deficit occurs in the relative turgidity range from 90 to
84%., These data would thus support the conclusions made by various workers that
the stomatal closure mechanism reduces the degree of internal water stress under
extreme conditions., This appears in the Shaw soil moisture prediction method as

a factor which reduces the water loss when the plant is under stress.
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The rate of transpiration is dependent upon not only the vapor pressure
gradient but also the energy required for latent heat of evaporation and the
transfer of the water vapor into the atmospheric sink. The interaction of in-
coming energy measured as solar radiation received up to 1400 hours and the
vapor pressure deficit of the air at noon is explained to some extent by the
data presented in Figure 10. A multiple regression equation containing the
logarithmic term for eg-ey, the linear term for solar radiation and the inter-
action of these terms was associated with 647 of the variation in relative
turgidity measured at 1400 hours. An accurate description of these results in
terms of theoretical considerations is somewhat limited since there is a strong
correlation between daily solar radiation received and the eg-eyz at 1200 hours
(r = 0.83). The dashed segments of the predicted curves represent the region
where low radiation (and most likely low air temperatures) could not be associ-
ated with high eg-e; under most natural conditions. The equation does show the
effects of the interaction of high radiation and high eg-e, on the development
of plant water deficits. Daily wind movement did not prove significant in the
equations tested with these relative turgidity data. The importance of wind
as a predictor of evapotranspiration appears to be a debatable question. In the
humid eastern areas of the U.S.,correspondence and personal communications in-
dicate it is of little consequence, but in the drier areas west of Iowa similar
information indicates wind may be of considerable importance. This may reflect

the relatively greater advective effects occurring under drier, hotter conditions.



Figure 10,

Relative turgidity at 1400 hours plotted as a function of noon vapor pressure
deficit. The multiple regression equation including terms for log vapor
pressure deficit (Xj1), linear terms for solar radiation up to 1400 hours (X2),
and the interaction of Xj; and Xp = X3, is shown in the body of the figure.
Estimated RT at various levels of solar radiation data, closed circles = data

:> mean of solar radiation data.

Y4
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The relationship of the daily minimum relative turgidity under near field

capacity conditions in the field and in potometers to Class A open-pan evapora-

26s

tion are shown in the bottom portion of Figure 11, Although these data show con-

siderable variation, they do indicate that increasing open-pan evaporation is not
related linearly to the development of mid-afternoon water deficits. A similar
relationship appears to exist between Bellani plate evaporation and the relative
turgidity of a field canopy near field capacity. This is another illustration
of the reduction in the magnitude of the water deficit brought about by stomatal
closure and again ethasizes the importance of the stress factor in predicting
soil moisture. The level of evaporation at which this effect becomes quite evi-
dent is near 6-8 mm open-pan evaporation per day. This is near .25 to .30 inch
per day. The .30-inch level corresponds to the level set for high atmospheric
demand in the soil moisture prediction technique.
Comparison of November Predictions Made from April Soil
Moisture Samples

Using the 360 program, soil moisture under corn was computed for 18 years,
1948-65 at Norwich, Iowa City, and Castana-Cherokee, Iowa. From 1954 to 1965,
the estimates were begun with the first soil moisture profile measurement of the
season, usually about the first week in April, and daily estimates continued
through to November 30 of each year. The comparison of the estimated total avail
able soil moisture in the top five feet with that measured later in the season at
the respective locations, usually in November are shown in Figure 12 for Norwich,
Iowa City, Castana, and Ames, Iowa. It should be pointed out that comparisons

between estimates and measurements in previous contract reports on soil moisture
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Figure 11, Relative turgidity (1400 hours) plotted against corrected Bellani
plate atmometer evaporation (1965 field data) and daily open=-pan

evaporation (1963, 1964, 1965 field and potometer data).
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Figure 12, Comparison of estimated soil moisture in top 5 feet (budgeted from
April measurement) with soil moisture measurements under corn made

in June, August, and November,
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have pooled all Iowa locations and have also been estimated for only a period
of two months, from one measurement (April, June, August, or November) to the
next. The estimates in Figure 12 are not corrected to the June, or August

measurements but are continued from the April measurement through the season.

The 45° lines represent the desired relation. They are not computed re-
gressions. The estimates appear best for Ames and Norwich, and exhibit an upward
bias for Castana. The soil moisture measurement plots are in the immediate
proximity of the weather stations at these three locations. At Iowa City, however,
the soil moisture measurements were about 25 miles from the weather station,

Iowa City was used because it is the only evaporation station in east central Iowa
and provides the evaporation argument needed in the Shaw method (1963). This
helps to explain the scatter at Iowa City, but the relation appears unbiased. The
variability in Figure 12 arises not only because of estimating errors, but also
from measurement of soil moisture on different plots as the crops are rotated from
year-to-year, Soil constants differ between plots.

The April soil moisture under corn following meadow (first year corn) is not
always the same as that for second-year corn. If sufficient moisture is not re-
ceived to raise all plots to field capacity in the spring, first-year corn will be
drier, since meadow continues to grow and use moisture longer in the fall than
corn. On Figure 12, the x's represent first year corn measurements. The fact that
there is no distinctive pattern indicates that usually sufficient rainfall is re-
ceived to increase soil moisture under first-year corn to that under second-year

corn by the time of the first check measurement in June,



28,

The dashed lines indicate the assumed available field capacities (AFC) for
the respective soils. They represent a bound for the estimates. The greater
measurements at Towa City are due to temporary water tables where water was re-
tained in the profile above the field capacity values. There have been no measure-
ments beyond the assumed available field capacity at Castana, and it appears to
be too high. Although even higher values have been measured experimentally, the
high AFC has been questioned by soils specialists. The evaporation and rainfall
measurements were taken on the same farm, but at a different site from the soil
moisture plots. The assumed available field capacity value has an effect upon
the soil moisture estimates, The scatter diagram in Figure 13 was prepared to
show the comparison of estimates using an assumed 12-inch AFC rather than a 9-
inch AFC for Ames, Iowa. If the Ames available field capacity were assumed to be
12 inches, instead of 9, the estimated amounts are biased upward. From this we
might expect that a lower assumed AFC for Castana would improve the soil moisture
estimates and remove what appears to be a bias in the values. It is interesting
to note, however, that the numﬁer of non-stress days (NSD) at Castana as com-
puted for 1954-1962 by Dale (1964), who adjusted the estimates to the current
measurement through the season (estimates identical to measurements for those
dates), are very close to those tabulated from the computer run starting from
April, as shown in Figure 1l4. Future calculations for Castana will use a 9.6-inch

available field capacity.

Soil Moisture Changes over the Winter Season
Dale and Shaw (1965) used the November 30 estimated budget to select the
following season's April 1 soil moisture '"measurement' to begin the budget. Shaw

.(1965) has reported that some change in soil moisture can occur between these

dates, but because of little cold season precipitation and frozen ground the
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Figure 13. Comparison of estimated and measured soil moisture values for
Ames, Towa using available field capacity (AFC) values of 9.00

and 12,00 inches,
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Figure 14, Castana 6B-3A non-moisture stress days comparison between unadjusted
computer run and estimates adjusted to occasional measurements (1354-

1962)., (6B-3A is period 6 weeks before to 3 weeks after corn silking.)



NON-STRESS DAYS

S
|

HAND TABULATION ADJUSTED TO MEAS.

3
l

S
o
|

CASTANA

[6Y
O
l

o
|

L R Yor P e
OU A0 200 300 a0 50", 60

COMPUTER RUN UNADJUSTED
NON-STRESS DAYS




29

change is usually small. It was necessary to estimate the beginning April soil
moisture measurement prior to 1954. As a basis for this, scatter diagrams of the
actual April measurement compared to the previous November 30 estimate for 1954-
1965 were plotted and are shown in Figure 15. Unless the measurements were taken
fairly early in April, there is a good chance that the soil will be thawed and
additional rainfall will be received. Therefore, the dots represent those

April measurements taken in the first half of the month and the x's in the second
half., The assumption that the starting April 1 soil moisture profile is approxi-
mately the same as the previous November 30 estimate seems adequate for all but
Towa City, where soil moisture in the spring shows a definite increase over that
in the fall. The southeast part of Iowa has slightly heavier winter precipitation
than the rest of the state, and a greater gain over the winter period may be
expected. This will be incorporated in future soil moisture computations for
Iowa, The starting soil moisture in April should not be assumed to be the same
as for the previous fall. Calculations and observations for the period November
1966 to April 1967 show the soil moisture change ranged from a loss of -0.1 in
west central Iowa to a gain of almost 3 inches in south eastern Iowa. Using the
winter procedure reported under contract Cwb-10554, estimation of the change

from November to April was with % inch of the measured value for over half of

approximately 20 stations, and on only two stations was the difference greater than

L inch,
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Figure 15. Comparison of estimated November 30 soil moisture (budgeted from
previous April measurement) with following April soil moisture

measurement (following corn), 1954-1965,
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Concluding Remarks

Of the data tested since the study was first started on soil moisture pre-
diction, the method which has been developed has worked within the limits of
soil moisture sampling errors for all data except the Coshocton, Ohio lysimeter
data. 1In early tests made on these data, our method considerably underestimated
the ET losses from the lysimeters. In a comparison with Pierce's method (Pierce,
1966) his gave ET losses 1.14 times greater than the Iowa procedure. His method
was calibrated to the lysimeter data. In a recent communicationé/, it was re-
ported that a 207 reduction was made by Pierce in his formula to bring it in
line with recent adjustments made in the lysimeter data. This would bring our
estimates much closer to the lysimeter readings, although actual computations
were not made. Some differences should be expected in comparing Pierce's method
based on temperature with ours based on evaporation pan as was shown by the
variable ratio shown in Figure 2, Emperical procedures such as these can be
tested ad infinitum without reaching positive conclusions using data which are
currently available., Until a network of observations, such as properly operating
lysimeters, is installed which will give accurate daily evapotranspiration values
under a range of field conditions, no conclusive statement can be made as to which
method gives the best results, and how adequate these results really are. A net-
work of lysimeters, although expensive would be invaluable in providing data
which would finally settle the controversy of emperical soil moisture prediction

techniques. Possibly such a network could become part of the National Agriculture

Weather Service,

3 Personal communication, Ted Pierce, November 14, 1966.
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These soil moisture calculations and stress computations have been and are
being used for a number of studies in Iowa. Dale (1966) used this procedure to
compare seasonal patterns of available soil moisture at locations in Iowa,
(Figure 16). Such data are useful in comparing different areas in land resource
studies, The soil moisture can be used to provide comparisons of stress condi-
tions for different locations and periods., The procedure has been used to con-
struct recofds for periods before soil moisture data were taken. In Figure 17,
the stress probabilities for an 18~year and 30-year period are compared (Dale,
1966) .

The technique using open-pan evaporation data as the measure of potential
evaporation is believed to predict soil moisture within the limits of accuracy
of presently measured soil moisture data, It is intended to use this procedure,
making any refinements which seem feasible, both as a means of supplying soil
moisture values for their own use and as a means of supplying such data for

moisture stress studies,
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Figure 16. Seasonal march of average soil moisture in the top five feet under
corn on well-drained land for indicated Iowa locations and available

field capacities, 1948-1965. (Dale, 1966.)
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Figure 17. Frequency of indicated number or fewer non-stress days for corn
in the 63-day period, 6 weeks before silking to 3 weeks after,

for indicated locations, 1948-1965 and for Ames, 1933-1965.
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