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THE USE OF CALCULATED ACTUAL AND POTENTIAL
EVAPOTRANSPIRATION FOR ESTIMATING

POTENTIAL PLANT GROWTH1

RODNEY J. ARKLEY and RUDOLPH ULRICH 2

PLANT GROWTH depends on three major factors-soil, climate, and manage­
ment-working together. Of the three, soil and management have been
investigated more thoroughly, for a longer period of time, and are better
understood than the climatic factor.

Recent methods of climatic analysis based on formulas developed by Thorn­
thwaite (1948), Penman (1948), and Blaney-Criddle (1950) have greatly
increased our understanding of climate as it influences plant growth. The
work, however, has centered on the radiant energy or temperature compo­
nents of climate as they influence evapotranspiration," and potential rather
than actual evapotranspiration has been emphasized. As few radiant-energy
measurements are available, temperature has been used as a measure of radi­
ant energy. For areas with temperature and moisture supply nearly in bal­
ance, as in the humid temperate eastern part of the United States, or where
moisture shortages can be corrected by irrigation, estimates of potential
evapotranspiration are especially useful.

Large areas of the United States and the world do not have a favorable
balance of temperature and moisture, however, and an estimate of actual
evapotranspiration in these places is more meaningful than potential evapo­
transpiration. Even in areas of favorable climate, it is important to have an
estimate of actual evapotranspiration so as to better understand the tempera­
ture and moisture balances involved and to provide a basis for management
decisions. Other research and applied uses in soils and with plants are also
possible.

'I'his paper presents a simplified method for calculating actual evapo­
transpiration (ETa) and the water balance of soil, and indicates the applica­
tion of the derived values to soil and land classification and soil use and man-

1 Received for publication August 10, 1961.
2 Mr. Arkley is Lecturer in Soils and Plant Nutrition and Specialist in the Experiment

Station, Berkeley; Mr. Ulrich is Soil Scientist, Soil Conservation Service, Berkeley.
8 "Evapotranspiration" is a term used to express the total water loss from the soil to the

atmosphere and includes both direct evaporation from the soil and transpiration via the
plant cover.
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agement. Actual evapotranspiration is used here in the same sense as by
Thornthwaite (1948). It refers to a value derived from the water balance and
the calculated potential evapotranspiration; thus it is also a calculateavalue
and does not imply a real measurement. The principle involved in calculating
actual evapotranspiration-that of evaluating the limitation on plant growth
due to either temperature or moisture-can be used with any of the methods
for calculating potential evapotranspiration. When the same reference stand­
ards are used, all the methods give similar results, according to recent studies
by Smith (1959). Alternatively, the procedure may be based directly on soil­
moisture or lysimeter measurements, and evapotranspiration for a particular
soil can be measured directly, rather than calculated by means of formulas.

PROCEDURE FOR CALCULATING CLIMATIC VALUES
AND THE WATER BALANCE

The calculations outlined below are basically the same as those described by
Thornthwaite (1948). But the procedure is simplified by using tables of Heat
Index and nomograms of potential evapotranspiration that are now avail­
able; and application to soil management and plant growth is facilitated by
rearranging the order of the calculations of actual evapotranspiration.

Thornthwaite and Mather (1954) have introduced a correction for a re­
duction in rate of actual evapotranspiration as the soil nears the wilting point.
In deriving annual or seasonal totals, this correction is of importance only
when the sum of the negative monthly values of precipitation minus potential
evapotranspiration is between 1.0 and 1.5 times as large as the maximum soil
moisture storage. But for studies of individual months, the correction should
be made as described by Thornthwaite and Mather or Palmer and Havens
(1958) .

The procedure outlined here assumes that runoff and deep percolation be­
yond the depth of rooting do not take place until the entire root zone has
reached field capacity. This assumption is reasonable for well-drained soils
on very gentle slopes and where the soil is sufficiently permeable to absorb the
precipitation as it falls. Where water losses due to runoff are important they
should be subtracted from the precipitation before calculating the water bal­
ance. Similarly, moisture that percolates beyond the depth of rooting should
be excluded from the water available to plants. For soils receiving runoff or
seepage water, this moisture should be added to the precipitation before cal­
culating the water balance.

Table 1 shows the water balance for Sacramento, California, for soils hav­
ing 2,4,6, and 7.33 inches available water-holding capacity based on average
monthly climatic data for that station (7.33 inches is used because it is the
maximum available for storage under average Sacramento climatic condi­
tions). Figure 1 shows the water balance graphically for soils with 4 and 7.33
inches available water-holding capacity. Calculations can also be on an aver­
age weekly basis or for any specific year, month, or week. Pruitt (1958) sug­
gested a simple timetable, recording cumulative depletion of soil moisture
using daily estimates of evapotranspiration, but Pelton, King, and Tanner
(1960) report that predictions of daily values based on mean temperature are
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not feasible. The step-by-step procedure for calculating the varIOUS climatic
values is given below.

Step 1. Enter mean monthly temperature in degrees Fahrenheit.
Step 2. Enter i values by months, for example, from Palmer and Havens

(1958, Table 1). The sum of the i values is the Heat Index, I.
Step 3. Determine potential evapotranspiration (ETp ) , for example, from

the graphs of Palmer and Havens (1958), which gives weekly values quickly
convertible to monthly values by the use of a table prepared for this purpose.
Alternatively, the van Hylckama (1959) nomogram may be used to obtain
monthly potential evapotranspiration.

Step 4. Enter mean monthly precipitation (P) in inches.
Step 5. Subtract potential evapotranspiration (ETlp ) from precipitation

(P) to obtain monthly positive or negative values.
Step 6. Determine the potential evapotranspiration for the frost-free sea­

son, ETp 32°. These values are the same as the monthly potential evapotran­
spiration exclusive of the months or parts of months having temperatures
below 32°F. Estimates for 28°, 24°, or other temperature extremes may be
similarly made.

Step 7. Determine or estimate the total available water-holding capacity
(AWC) of the soil in inches to the average depth of rooting of the dominant
crops. If a number of soils with differing available water-holding capacities
are to be considered, a series of AWC values, for example, 1, 2, 4, 6 inches,
should be selected and appropriate computations made. Using the selected
AWC, determine the change in soil moisture storage (~S) as follows: Begin­
ning with the first positive value in step 5 in the fall or winter (or if there
are no negative values in step 5, begin with the lowest positive value) enter
the monthly positive values as ~S until the sum equals the AWC. For the
remaining consecutive months with positive values enter zero as ~S ; the soil
remains at field capacity during this period and there is no change in soil
moisture storage. Beginning with the first month with negative value, mois­
ture is withdrawn from the soil; thus the negative values represent the nega­
tive change in soil moisture storage until the AWC is exhausted. In the re­
maining months with negative values, the soil remains essentially dry (at or
near wilting percentage) so that the net change in soil moisture storage for
these months is zero.
Note: This procedure assumes that soil moisture depletion proceeds at the
maximum rate. This assumption is generally satisfactory for calculating an­
nual or seasonal values of actual evapotranspiration.

Step 8. Enter the soil moisture storage (S) at the end of each month. If the
sum of the negative values in step 5 is less than AWC, then there is a carry­
over of soil moisture storage, which must be added to the beginning month
(step 7), and succeeding months readjusted accordingly.

Step 9. Calculate actual evapotranspiration (ETa) by comparing: (a) the
monthly ETlp (step 3) with (b) the sum of the rainfall (step 4) and soil
moisture storage (step 8) at the end of the previous month and enter which­
ever is the minimum. It is evident that moisture is not a limiting factor in
months with positive values for step 5. The same is true for all but the last
month in which ~S (step 7) is negative. Therefore enter the value of ETp
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(step 3) as ETa for the months in which moisture is not limiting. For the last
month in which ~S is negative, enter the sum of precipitation (step 4) plus
the value of ~S (step 7), disregarding the negative sign. For remaining
months in which storage (S) is zero (step 7), enter the precipitation only.'

Step 10. Determine actual evapotranspiration for the frost-free season,
ETa 32°. These values are the same as monthly ETa exclusive of the months
or parts of months having temperatures below 32°F. Estimates for 28°,24°,
or other temperature extremes may similarly be made.

SIGNIFICANCE AND USE OF THE CALCULATED VALUES
Potential evapotranspiration (ETp)

Potential evapotranspiration is the rate of water loss to the atmosphere from
the soil with a large area of continuous cover of green grasslike plants with
an optimum supply of moisture and ample plant nutrients. Potential evapo­
transpiration thus is an estimate of the maximum rate of water loss from the
soil and plant cover to the atmosphere that can take place under a given set
of climatic conditions. As plant growth and water use are directly related,
potential evapotranspiration can be used to estimate the maximum potential
plant growth to be expected where water and nutrients are in optimum sup­
ply. Data reported by workers such as Kiesselbach (1916) and Briggs and
Shantz (1914) show that plant dry-matter production is proportional to the
water transpired by a particular species of plant, other conditions being held
constant. The factors affecting the relation when conditions are varied were
analyzed by Arkley (1961), who found that relative humidity was the main
factor affecting the proportionality. Thus in regions of similar relative humid­
ity the annual potential evapotranspiration, ETp, can be used for frost­
tolerant perennial crops such as pasture, or the frost-free-season total, E Tp

32°, can be used for frost-sensitive crops such as corn or cotton.

Actual evapotranspiration (ETa)
Moisture is a limiting factor in many areas where crops are grown under
natural rainfall. As shown in Table 1, the actual evapotranspiration for each
month is determined by comparing the potential evapotranspiration with the
water available from precipitation and stored soil moisture. The actual
evapotranspiration may thus be limited by either temperature or moisture.
Temperature is usually the limiting factor during the winter months, but as
the temperature rises to the summer maximum, moisture becomes increasingly
limited. Table 1 shows that moisture supply becomes the limiting factor at
Sacramento in the month of June and continues through the month of October
for a soil having 4 inches of available-water-holding capacity. Thus actual
evapotranspiration provides an estimate of the climatic limitation on crop
growth where crops depend on natural rainfall and soil storage for their

i Where the sum of the negative values (step 5) exceeds both the Awe and the sum of
the positive values, the annual ETa can be obtained for any given Awe by the following
formula:

ETa (annual) = P (annual) +AWe - (Sum of positive values)
If the sum of the positive values is equal to or less than Awe, then the formula is simply
ETa (annual) = P (annual).
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moisture supply. It can be calculated for a soil of any moisture-holding
capacity and applied to any length of growing season. For instance, for frost­
sensitive crops, ETa 32° can be used.

For the purposes of soil and land classification and use in predicting plant
growth and behavior, the pertinent climatic values are:

Soil Climatic value to be used
management For frost-tolerant crops For frost-sensitive crops

Irrigated Annual ETp ETp 32°
Natural rainfall Annual ETa ETa 32°

In comparing one climate with another as they affect plant growth, it
should be kept in mind that actual evapotranspiration depends in part upon
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Fig. 2. Traverse through central California and Nevada, showing altitudes and distance
from coast of representative stations.

the available water storage capacities (AWC) of the soils in question. Purely
climatic comparisons can be based upon a soil of an assumed standard water­
holding capacity such as 4 inches (10 cm). This was done by Thornthwaite
(1948). For decisions about a specific soil, however, the water-storage capacity
of the soil in question must be used. Thus provision is made for calculating
actual evapotranspiration for various values of AWC in Table 1.

In arid regions where the precipitation available for storage (that is, the
excess of precipitation over evapotranspiration during the moist season) is
very low, even in years of above-normal rainfall, the amount of moisture
available for storage in the soil is usually only 1 or 2 inches. Thus in arid
areas, the moisture-storing ability of the soil is of little significance unless the
soil is to be irrigated. This fact has implications in mapping and classifying
soil in nonirrigated arid regions.

Water balance
The water balance (Thornthwaite and Mather, 1954, 1955) consists of the
complete analysis of measured or calculated additions to or subtractions from
available soil moisture on a yearly, monthly, weekly, or daily (Pruitt, 1958)
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basis. The additions may be either natural or artificial as under irrigation, the
amounts added being related to crop needs and available water-holding
capacity. The water balance thus provides essential information for inter­
preting soil behavior. The difference between the potential and actual evapo­
transpiration indicates the maximum potential increase in plant growth to
be expected from the change from dry-farmed to irrigated agriculture. For
example, the difference between potential and actual evapotranspiration for
soils with an available water-holding capacity of 4 inches is 23.1 inches at
Carlsbad, New Mexico, but only 9.0 inches at Helena, Montana. This repre­
sents a tremendous difference in growth potential even though the mean
annual precipitation at the two places is the same, about 13 inches. The differ­
ence between the two stations is even more marked for the frost-free season,
22.5 as compared with 5.6 inches.

STUDY TRAVERSE

To study the application of the water balance to land-capability classifica­
tion, the water balance was calculated according to the procedure outlined
above for a traverse extending from the Pacific Coast near San Francisco
inland into western Nevada (Fig. 2). Subsequently, the conditions along the
traverse were examined in the field by a group of soil scientists, a climatolo­
gist, and specialists in crops, range, and forestry. Within a few hundred
miles, the mean annual precipitation varied greatly, being about 25 inches at
Half Moon Bay, 15 inches at Sacramento in the Central Valley, 52 inches at
Soda Springs in the Sierra Nevada, and 5 inches at Fallon, Nevada. At the
same stations, the mean annual temperatures are 54°, 610, 50°, and 51°F,
respectively. Also included for comparison were colder stations north of the
traverse, such as Alturas, California, with 13 inches precipitation and a mean
annual temperature of 46°. Figure 3 shows the water balance for six stations
along the traverse. The calculated evapotranspiration values are indicated in
figures 4 and 5.The data for Sacramento shown in Figure 1 are a part of this
traverse.

Annual potential evapotranspiration (ETp), study traverse
Consider first the annual potential evapotranspiration in Figure 4. The
values increase from the coast at Half Moon Bay to a maximum in the
Central Valley, remain high in the foothills of the Sierra Nevada from
Auburn to Grass Valley, drop abruptly in the mountains from Soda Springs
to Boca, and rise again on the Nevada side of the mountains. The annual
precipitation is less than annual potential evapotranspiration in much of this
area so extra water must be supplied if the need is to be met. 'I'he maximum
potential growth for frost-tolerant crops under irrigation is in the Central
Valley, with lower values on the coast and in the desert, and minima at Boca
in the mountains and Alturas in a cold valley on the eastern side of the
mountains. A large number of crops such as fruits, nuts, vegetables, and
forage crops are possible in the Central Valley under irrigation. Double­
cropping with small grain in the winter and row crops in the summer is also
possible. But at Alturas hay and small grain are about the only adapted crops.
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Annual actual evapotranspiration (ETa), study traverse
Consider next the calculated annual actual evapotranspiration for a soil of
4 inches Awe in Figure 4. The values along the traverse are all limited by
moisture, as can be seen by comparing them with the corresponding annual
potential evapotranspiration values. This is true in most of the western
United States. Examining the annual actual evapotranspiration values, it is
evident the best growth of grass without irrigation would be expected at Half
Moon Bay (ETa =15.2 inches) on the coast and at Grass Valley (ETa =15.4
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Fig. 4. ETp and ETa (for soils with an available water-holding capacity of 4 inches) at
representative stations along the central California and Nevada traverse.

inches) in the more humid portion of the foothills of the Sierra Nevada. This
is in accord with the facts: perennial grasses thrive along the coast and in
the vicinity of Grass Valley, as the name implies; but only annual grasses that
can use winter moisture do well at Winters without irrigation (ETa =10.7
inches). In the mountains and eastward into the desert, the growth potential
is lower. At Fallon (ETa = 5.3 inches), the vegetative cover is mainly widely
spaced desert shrubs and a little grass in wet years.

Thus for unirrigated vegetation, the calculated annual actual evapotrans­
piration serves as an index for the expected growth of frost-tolerant plants.
The implications for ecology, range, and forest management are evident. For
dry-farmed crops, the soil is usually cultivated during the period between
harvest and planting time, so little or no water is transpired and more can be
stored in the soil for the growing season. The water balance must then be
altered in accord with local studies of the efficiency of fallowing as a means



454 Hilgardia [Vol. 32, No. 10

of conserving soil moisture. Most studies indicate that the efficiency of fallow­
ing varies from 10 to about 40 per cent, the other 60 to 90 per cent of the
precipitation during the fallow period being lost by evaporation from the
soil.

Another important point clearly evident in Figure 4 is the potential for
increased plant growth obtainable by irrigation, mentioned earlier. This is
shown by the difference between the annual ETp and ETa values at each
station. Thus for frost-tolerant crops, very large increases can be expected
under irrigation at Fallon and Winters, somewhat less at Half Moon Bay,
and still less at Alturas, although even here the potential increase is about
100 per cent.
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Fig. 5. ETp32° and ETa32° (for soils with an available water-holding capacity of 4 inches)

at representative stations along the central California and Nevada traverse.

Potential evapotranspiration for the frost-free season
(ETp 32°), study traverse

Figure 5 shows that west of Grass Valley the ET'p 32° is almost as great as
annual ETp. This reflects the very long frost-free season. The maximum
occurs near Folsom, where citrus is grown. The minimum occurs in the high
mountains at Portola and Boca, where the frost-free period is about one
month. In Nevada, ETp 32° is about two thirds of the annual.

Working in the Intermountain West, Hutchings (1954a-d, 1955) has
developed a tentative scale of values for ETp 32° as given in 'I'able 2. It is
clear from Table 2 that the number of crop alternatives increases with in­
creasing ETp 32°.
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To determine if the values given for cotton apply in Midwestern areas, it
was found that the ETp 32° for Alva, Woods County, Oklahoma, is 31.4 inches
and well within the range for cotton. The soil-survey report for adjoining
Alfalfa County, Oklahoma, shows that cotton is grown without irrigation.
This being the case, the ETa 32° should also fall within the range of ETp 32°
given for cotton. The ETa 32° value of 25.0 inches at Alva puts this area near
the lower limit of 24 inches evapotranspiration required for cotton. Cotton is
not grown to the north in Kansas, nor west of Woods County in Oklahoma
without irrigation.

TABLE 2

TENTATIVE RELATION BETWEEN ETp 32° OR DEVELOPMENT UNITS
AND CROP SUITABILITY

inches

Less than 8 .
8 to 12 .
12 to 18 .

18 to 24 .
24 to 38 .
More than 38 .

Development
units"

units

Under 2,000
2 l 000-3 ,000
3,000-4, 500

4, 500-6,000
6,000-10,000
Over 10,000

Suitable irrigated crops

Small grain for hay
Small grain for hay or grain, limited number of alfalfa cuttings
Those above plus corn and sorghums for silage and additional cuttings

of alfalfa
Those above plus corn and sorghums for grain
Those above plus cotton
Those above plus citrus] and avacados (Arizona)

• Hutchings (l954a-d, 1955) computes ETp 32° in centimeters of water and multiplies by 100 to obtain
Development Units. When ETp 32° is computed in inches of water, it is necessary to multiply by 254, i.e,
100 X 2.54, to obtain a comparable number of Development Units.

t Citrus is commercially grown in California locations with as low as 28 inches ETp 32°.

Actual evapotranspiration for the frost-fee season (ETa 32°),
study traverse

Along the traverse through Central California and Nevada, the calculated
ET'a 32° for a soil with AWC equal to 4 inches shows that the best area for
frost-sensitive crops grown without irrigation is along the coast, but a limited
amount of irrigation is helpful. Artichokes grow without irrigation, but
high production requires added water. The same is true near Folsom for
citrus. Irrigation would be of little value between Blue Canyon and Sierra­
ville on frost-sensitive crops, but it would be well worth while at Fallon,
Nevada, if water is available. The ETp 32° is too low for irrigated cotton,
however, at Fallon.

STATEWIDE STUDY

The water balance has also been computed for 211 stations in California and
27 adjoining stations in Nevada and Oregon. The results are given in the
Appendix and are plotted in Figures 6 to 9.

Annual potential evapotranspiration (ETp), statewide study
Figure 6 shows the distribution of calculated annual potential evapotrans­
piration, by 3- to 6-inch intervals in California. Maximum values (greater
than 51 inches) are in the desert regions where high temperatures and clear
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Fig. 7. Isograms of ETa, actual evapotranspiration in inches for soils of 4 inches avail­
able water-holding capacity: a relative index for frost-tolerant crops grown under natural
rainfall.
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Fig. 8. Isograms of ETp32°, potential evapotranspiration in inches for the frost-free season
(32°F) : a relative index for frost-sensitive irrigated crops.
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skies prevail much of the year. Precipitation, however, is very low so that
plant growth reflects the high potential only with irrigation, as in the Im­
perial Valley. Here, very high yields of alfalfa, cotton, and truck crops are
obtained.

Minimum values are in the high Sierra Nevada, and they are as low as 16
inches at the coldest weather stations. 'I'hey are probably lower still in the
highest areas, where climatic data are lacking, California, however, is a warm
state, generally speaking. Frost-tolerant crops, such as small grains, can be
grown with irrigation almost everywhere in the state except at high elevations
or where soil conditions are unfavorable. This is shown by annual potential
evapotranspiration values above 18 inches over most of the state.

Annual actual evapotranspiration (ETa), statewide study
Figure 7 shows the distribution of calculated actual evapotranspiration
for soils of 4 inches AWC in the state. At every station the values are less
than annual potential evapotranspiration (Fig. 6), although the differences
in the north coastal area are small. This reflects the summer moisture deficit
that prevails to greater or lesser degree everywhere in the state. Commercial
timber grows only where the values of ETa are greater than 12 inches. How­
ever, trees put down deep roots and probably obtain water from a depth of
soil holding considerably more than 4 inches of available water. Figure 7 also
indicates that the lower limit of actual evapotranspiration for dry-farmed
crops is near 7 inches. For example, in the San Joaquin Valley dry-farmed
barley is grown successfully in the areas where ETa is greater than 9 inches
but not at all in the area where ETa is less than 6 inches. Range pasture like­
wise produces only a very limited amount of forage where the values are
less than 6 inches. High yields of forage, however, are obtained in the north
coastal region, where the ET'a exceeds 15 inches.

Potential evapotranspiration for the frost-free season (ETp32°),
statewide study

Figure 8 shows the distribution of ETp 32°. Most of the important cultivated
crops grown in California are frost-sensitive irrigated crops. The least favor­
able climatic areas for these crops are in the Sierra Nevada and the north­
eastern part of the state. Here, ETp 32° values vary from 6 to 15 inches. On
the other hand, citrus is grown mainly in areas where ETp 32° is above 28
inches. Figure 8 suggests that citrus can be grown commercially in the San
Joaquin and Sacramento valleys wherever relatively frost-free conditions
exist. Cotton is grown mainly in areas where the values are above 30 inches
in the San Joaquin and Imperial valleys but Figure 8 indicates that, so far as
ETp 32° is concerned, cotton may be a feasible crop in the northern Sacra­
mento Valley." Some cotton has been grown in central coastal valleys such as
the Salinas, where ETp 32° values are as low as 24 inches. Most other frost­
sensitive crops do not require so much heat or so long a growing season as do

5 It should be kept in mind that this paper deals only with climatic limitations involving
moisture and seasonal evaporative energy. Other climatic limitations such as day and night
temperature fluctuations also affect crop production, especially with respect to flowering
and seed or fruit development (Kimball and Brooks, 1959).



May, 1962] Arkle.y-Ulrich: Estimating Plant Growth 461

citrus and cotton, and they can be grown with as little as 18 inches ETp 32°.
Values in excess of 18 inches cover much of the State except in the higher
parts of the Sierra Nevada and the northeastern portion.

Actual evapotranspiration for the frost-free season (ETa32°),
statewide study

Figure 9 shows the distribution of calculated ETa 32° over the state. The
values greater than 12 inches occupy a narrow band along the coast from
Orange County northward, as well as two local spots around Auburn and
Redding. Dry-farmed frost-sensitive crops such as lima beans are grown in
the coastal belt, where the growing period is prolonged by cool fogs or over­
cast skies. The areas around Auburn and Redding are not so favored. Temper­
atures rise rapidly in the spring and only soils of high water-holding capacity
would enable growth to continue long enough for frost-sensitive dry-farmed
crops to mature. Unfortunately, soils of high water-holding capacity are not
common in the vicinity of Auburn or Redding.
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