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Abstract:
Supplemental water, either supplied by irrigation or cloud-seeding, is a possible means of increasing
forage yield of rangeland (Perry 1976). A computer model (Wight and Hanks 1981) was tested for its
ability to accurately predict forage yield, by comparing simulated soil water and plant yield data with
field-measured values from twenty-two dryland and irrigated plots at two grassland sites in eastern
Montana (Weaver et al., 1981). The model was modified slightly to better "fit" the field data, and the
modified model was used to simulate ten water supplementation strategies in a variety of years. The
nine simulated years varied from the driest years to the wettest years in an eighty year record for Miles
City, Montana (USDC 1903-1983). Three general supplementation strategies were employed, to test
the effectiveness of both amount and timing of additional water. Water supplements (2.5 cm, 5.1 cm,
and 10.2 cm) were applied before the growing season began, natural precipitation events were
augmented during the growing season, and single showers (2.5 cm) were applied at various times (1
April, 15 May, 15 June, or 15 July) during the growing season. Two limited augmentation strategies
were compared to augmentation of all natural rain events, as well. This series of treatments, compared
in a variety of years, supported two generalizations about the simulated water supplementation
strategies. First, pre-season water application increased plant yield, and was most effective in years
when the soil was dry before the season began. Increased availability of supplemental water to plant
use, due both to low evaporative demand and to storage of water in deep soil layers, contributed to the
effectiveness and efficiency of pre-season supplements. Second, application of water during the
growing season was inefficient, due to evaporative water losses, and seldom effected large increases in
plant yield. Therefore, water supplementation for "drought relief", when the soil is already dry, is not
likely to increase yield. In years when soil water storage is available, preseason or early-season
supplementation might be effective in reducing or preventing the effects of drought. 
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ABSTRACT

Supplemental water, either supplied by irrigation or cloud- 
seeding, is a possible means of increasing forage yield of rangeland 
(Perry 1976). A computer model (Wight and Hanks 1981) was tested for 
its ability to accurately predict forage yield, by comparing simulated 
soil water and plant yield data with field-measured values from 
twenty-two dryland and irrigated plots at two grassland sites in 
eastern Montana (Weaver et al., 1981). The model was modified 
slightly to better "fit" the field data, and the modified model was 
used to simulate ten water supplementation strategies in a variety of 
years. The nine simulated years varied from the driest years to the 
wettest years in an eighty year record for Miles City, Montana (USDC 
1903-1983). Three general supplementation strategies were employed, 
to test the effectiveness of both amount and timing of additional 
water. Water supplements (2.5 cm, 5.1 cm, and 10.2 cm) were applied 
before the growing season began, natural precipitation events were 
augmented during the growing season, and single showers (2.5 cm) were 
applied at various times (I April, 15 May, 15 June, or 15 July) during 
the growing season. Two limited augmentation strategies were compared 
to augmentation of all natural rain events, as well. This series of 
treatments, compared in a variety of years, supported two 
generalizations about the simulated water supplementation strategies. 
First, pre-season water application increased plant yield, and was 
most effective in years when the soil was dry before the season began. 
Increased availability of supplemental water to plant use, due both to 
low evaporative demand and to storage of water in deep soil layers, 
contributed to the effectiveness and efficiency of pre-season 
supplements. Second, application of water during the growing season 
was inefficient, due to evaporative water losses, and seldom effected 
large increases in plant yield. Therefore, water supplementation for 
"drought relief", when the soil is already dry, is not likely to 
increase yield. In years when soil water storage is available, pre
season or early-season supplementation might be effective in reducing 
or preventing the effects of drought.
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INTRODUCTION

Water is a major limiting factor for plant growth throughout much 

of the world. (World Meteorological Organization 1975, Coupland 1958). 

Cloud seeding techniques have therefore been studied for decades as a 

possible mechanism for increasing crop or forage production (Cooper 

and Jolly 1969). In the semi-arid lands of the Northern Great Plains, 

for example, resultant rainfall increases due to weather modification 

might be quite large (Weinstein 1972).

It is difficult to determine the practicality of a cloud-seeding 

program, in part, because it is difficult to estimate production 

increases for various rainfall regimes. This difficulty is largely 

due to the complex response of agricultural or grassland ecosystems to 

additional water. The response depends on climatic variables, 

including temperature, insolation, precipitation, and season of 

application, as well as on soil and plant characteristics. Many have 

investigated separate environmental, edaphic and physiological factors 

which determine plant response to additional water (Perry 1976). 

Combination of the separate factors and their interactions through 

modeling should allow a more complete view of the system.

Three approaches have been used to estimate ecosystem response to 

additional water. These include irrigation studies, regression 

methods and computer simulation^ Irrigation studies have been used to 

measure native range response to additional water (Weaver 1981, Sala
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and Lauenroth 1982, Haglund 1981). Unfortunately, money, time, and 

space constraints limit the'number of regimes that can be tested 

experimentally. Regression methods are site specific and are usually 

limited in the number of variables considered. For example, 

precipitation is often correlated with yield (Smoliak 1956; Shiflet 

and Dietz 1974); soil moisture may be regressed with respect to yield 

(review, Veihmeyer and Hendrickson 1950, Rogler and Haas 1947), or 

evapotranspiration may be related to yield (review, Stewart et al. 

1976). In contrast, computer simulation, is a flexible and economical 

approach, and one that can simultaneously treat a large number of 

variables and their relationships to each other. Computer models have 

been developed to estimate the climate and yield relationship for 

specific crops, including wheat (Hanks 1974), sorghum (Arkin et al. 

1976), corn (Morgan et al. 1980), soybeans (Hill 1979), and others 

(Johnson and Weaver 1981). Only a few models evaluate native plant 

system responses to environmental variables, however. Among these are 

the Ritchie et al. (1976) model for predicting evapotranspiration from 

native rangeland, the de Jong and MacDonald (1975) simulation of soil 

moisture regimes in native grasslands, and the comprehensive grassland 

ecosystem model developed by the U.S. International Biological Program 

(Innis 1978).

The object of this study was to compare several cloud seeding 

strategies in terms of native plant growth. A computer model 

developed by Wight and Hanks (1981) was chosen as a basis for 

achieving this end because all required input data were available. It 

was run and tested with an existing data set, which included five
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years of climatic data, soil moisture data, and plant growth data from 

two grassland sites in eastern Montana (Weaver 1981). After several 

slight modifications to the model, the simulated soil water and yield 

values and the field data corresponded reasonably well. Historic 

climatic data wasthen used to run the modified model, in order to 

compare the effects of several different water supplementation 

strategies.
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METHODS

The model (Wight and Hanks 1981) was first tested to determine 

whether its water addition and removal functions correctly predicted 

field-measured values of soil moisture. The predicted plant growth 

(yield) indices were also compared to measured values of plant 

production. With several changes, the model was made to accurately 

simulate ("fit") five years (1977-1981) data from an available field 

data set. The modified model's soil water and plant growth functions 

seemed to operate in a realistic manner. The model fit was further 

tested (validated) by comparing simulated data with field data from 

six irrigation treatments applied in 1977; this validated the model's 

ability to accurately predict plant growth in plots given 

supplementary water. Historic precipitation data was then 

supplemented by varying additions, to compare the effects of a series 

of water supplements, which could be related to different cloud- 

seeding strategies. The precipitation manipulations were compared in 

dry, average, and wet years to determine what conditions and 

supplementation strategies promised the greatest benefits.

Field Data

Field data from two sites near Miles City, Montana, were used to 

fit, modify, and validate the model. One of the sites is dominated by 

Agropyron smithii (Agropyron), the other by Bouteloua gracilis
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(Bouteloua): both grassland types are representative of large areas of 

the Northern Great Plains (Kuchler, 1964). Weather data (driving 

variables), site characteristics (state variables), and soil water and 

production data (test variables) were available for irrigated and 

unirrigated plots over five years (1977-1981) (Weaver et al. 1981).

Five years (1977 to 1981) of precipitation and maximum-minimum 

air temperature data from both sites were available for use as driving 

variables in fitting and validation simulations. Annual precipitation 

(October to September) for these years ranged from 22.3 cm (1980) to 

53.6 cm (1978). This represents the entire range in precipitation at 

Miles City over the last eighty years (16.8 cm in 1931 to 60.1 cm in 

1972), (U.S. Dept, of Commerce 1903-1983).

Soil water data from both sites were available to fit and 

validate the model's soil water predictions. Weaver et al. (1981) 

used gypsum blocks (Taylor et al. 1961, and Taylor and Ashcroft 1972) 

to estimate soil moisture in control plots (used for model fitting) 

and in irrigated treatments (used for model validation). Weaver et 

al. (1981) made weekly measurements throughout each growing season of 

the five year study (1977-1981). Each week, six measurements were 

taken at each of three depths (10, 25, 75 cm) in each treatment. For 

the present study, the mean of the six values was determined for each 

depth and week, and compared to model-predicted soil water for each 

depth and week. The model calculates gravimetric water contents for 

each layer; therefore, block resistance readings were calibrated 

against gravimetric water content samples (1981) for three of the four 

soil layers modeled in this study, and for each site, over a wide
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range of water contents (Appendix A). The soil layers modeled, (and 

the corresponding block depths), were 0-10 cm (10 cm), 10-30 cm (25 

cm), 30-50 cm (none), and 50-100 cm (75 cm).

Biomass data, collected monthly between May and October (1977- 

1981) at each site (Weaver et al. 1981), were used to fit and validate 

model production estimates. These data were used to estimate standing 

crop for each date, as well as the date of peak standing crop.

Soil water and production measures were made on both irrigated 

and dryland plots in the period 1977-1981. The unirrigated plot data 

were used to "fit" the model, or adjust the model to the sites. Five 

irrigation treatments were applied to previously unirrigated plots in 

1977, and these data were used to validate, or verify, the model fit. 

The five irrigation treatments established by Weaver (1981) were a 

"spring wet" plot, (25 mm supplemental water per week until soil 

profile is filled to 75 cm), a plot guaranteed 6 mm of water per week 

(precipitation augmented by irrigation when rainfall was less than 6 

mm), a plot guaranteed 12 mm of water per fortnight (c.f. above), a 

"wet" plot, (25 mm supplemental irrigation per week regardless of 

precipitation record), and a"fall wet" plot (soil profile filled to 

75 cm in late September of the previous year).

A more complete description of sites, treatments, and 

observations is provided by Weaver (1981).

The Model

The Ekalaka Rangeland Hydrology and Yield Model, ERHYM, (Wight 

and Hanks 1981) was used in this study because it is relatively
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simple, requiring only four driving variables, as well as state 

variables, including soil, plant, and runoff parameters. The driving 

variables are daily precipitation, minimum and maximum air 

temperatures and solar radiation.

Water enters the system as precipitation, and may leave the 

system as either runoff, deep drainage, evaporation or plant 

transpiration (Figure I). When rain falls, progressively deeper, soil 

layers are filled to field capacity, and excess water drains to the 

next layer. Water may be lost from the system as runoff, or, if 

layers are filled, may move out of the system as deep drainage. Soil 

evaporation and plant transpiration, in that order, remove water from 

the soil profile, beginning with the uppermost layer. The potential 

evapotranspirative demand is calculated with the Jensen and Haise 

(1963) evapotranspiration equation. The potential demand is 

partitioned into potential transpiration and potential evaporation; 

these values are used to calculate actual transpiration and 

evaporation.

Water budget and plant growth calculations are summarized in the 

following paragraphs and in Figure 2.

- Water enters the system as rainfall or as snowmelt. Daily 

precipitation records are input to the model (Step I), and snowmelt is 

calculated on the basis of average temperature and a snowmelt factor 

(=0.18). Initial water content of the soil profile is an input 

parameter.

The runoff calculations in ERHYM (Step 11) use the Soil 

Conservation Service (SCS) curve number technique and are taken
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Step I

Step 2 B0:

Step 3 RGC:
Step 4 PET:

Step 5

Step 6 PTRAN:

Step 7 PEVAP:

Step 8 AEVAP:

Step 9 AEVAP:

Step 10
Step 11 RO:

Step 12

Step 13 DO:

Step 14 AEVAP:

Step 15 ATRAN:

Step 16 CTATRN:

Step 17 CTPTRN:

Read day's precipitation, minimum & maximum air temperatures, and 
solar radiation (SOLARR).
Calculate Jensen-Haise potential evapotranspiration (EO).
EO = ((0.14 * average temperature) - 0.37) * SOLARR/580.0
Compute relative growth value (=LAI) from curve [RGC],
Reduce EO by crop coefficient (CR0PC0) to calculate potential 
evapotranspiration from rangeland (PET).
PET = EO * CROPCO
Partition PET into potential evaporation (PEVAP) and potential 
transpiration (PTRAN).
Reduce PET by transpiration coefficient (TRANCO) and [RGC] to 
calculate potential transpiration (PTRAN).
PTRAN = PET * TRANCO * RGC
Reduce PET by PTRAN to calculate potential evaporation (PEVAP). 
PEVAP = PET - PTRAN
Actual evaporation (AEVAP) is equal to amount of rain if it is 
greater than 0 and less than PEVAP.

- 1/2Reduce PEVAP by (number of days since rain) (t)
AEVAP = PEVAP * t 1/2
Compute snowpack, snowmelt, and available water entering soil.
Compute runoff, peak flow [=0.0]; reduce available water entering 
soil by these values.
Add water to soil layers, filling each layer to field capacity; 
excess water moves to next layer.
Calculate deep drainage (DD), amount of water moving out of soil 
profile.
Evaporate water from snowpack and then from top 30 cm of soil to 
air-dry value (AIRDRY) only.
Reduce PTRAN by [soil water percentage factor] and root factor 
[ROOTF=I.0]; remove actual transpiration (ATRAN) from soil layers, 
drawing from progressively deeper layers, till PTRAN demand is 
net, or lower bound of plant available water (UNASM) is reached.
Accumulate actual transpiration [occurring at soil water 
potentials greater than -1.5 MPa].
Accumulate potential transpiration (PTRAN)

Step 18 Yield index = CTATRN / CTPTRN (cumulative)

Figure 2. Water budget and plant growth calculations in ERHYM.
Brackets indicate modifications which were made to 
original model functions or calculations.
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directly from Smith and Williams (1980). Parameters required are 

field size, channel slope, a watershed length-width ratio, the 

Condition II SCS curve number, and an initial abstraction coefficient 

for the SCS curve number.

Water is added to the soil profile (Step 12), filling each layer 

to field capacity; excess water moves to the next soil layer.

Deep drainage (Step 13) occurs whenever all soil layers are 

filled to field capacity, and this water is lost from the modeled 

system.

Maximal potential evapotranspiration (EO) is calculated with an 

evapotranspiration equation (Step 2), developed for alfalfa with water 

non-limiting (Jensen and Raise 1963). Since range grasses transpire 

less freely than alfalfa, this value is reduced by a crop coefficient 

(CROPCO); the new value represents potential evapotranspiration from 

rangeland (PET) (Step 4). PET = EO * CR0PC0. The crop coefficient 

was set equal to 0.85, calculated from lysimeter data taken in eastern 

Montana rangelands (Wight and Neff 1983).

Potential evapotranspiration from rangeland is then partitioned 

into potential transpiration (PTRAN) and potential evaporation (PEVAP) 

(Step 5).

Potential transpiration (PTRAN) is assumed to be dependent on 

both potential evapotranspirative demand and leaf area (Step 6). 

Potential transpiration is set at half of potential evapotranspiration 

by a transpiration coefficient (TRANCO). The value of TRANCO (50%) 

was determined for a rangeland site in eastern Montana (Wight and Neff 

1983); sensitivity analyses showed that yield predictions were not



11
sensitive to this parameter (Wight and Neff 1983). The model 

estimates leaf area from a "relative growth curve" (RGC) (Step 3). 

This curve represents the percent of maximum leaf area over time and 

thus limits potential transpiration until peak standing crop occurs 

(Figure 3). After peak standing crop, the relative growth value 

(percent maximum leaf area) decreases until the end of the growing 

season. PTRAN = PET * TRANCO * RGC.

Actual transpiration (ATRAN) is calculated from the potential 

transpiration value and draws water from each soil layer consecutively 

downward, until demand is met (Step 15). Potential transpiration is 

limited or reduced by three factors in the calculation of ATRAN: by a 

soil water value below which water is unavailable (UNASM), by soil 

water availability, and by a root activity function. The first limit, 

the lower bound of plant available water, is established by an input 

parameter for each layer (UNASM(i)), which corresponds to the 

permanent wilt soil water percentage for that layer. The availability 

of soil water, or the percentage available soil water, is the second 

limit to transpiration. The percentage available soil water is the 

ratio between available soil water and the available soil water 

capacity. (SO-ILM(i) - UNASM(i))/(MHC(i) - UNASM(i)). Available soil 

water is equal to the difference between the current soil water value, 

SOILM(i), and the UNASM(i) value. The available soil water capacity 

is the difference between the water content at field capacity, MHC(i), 

and the water content at the UNASM(i) value. Thus, transpiration 

occurs at a maximal rate only when the layer is at field capacity. 

The third limit to transpiration, the root activity function, is
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calculated from seasonal soil temperature curves (de Jong 1978) and 

soil temperature-root activity relationships developed by de Jong 

(1974) for Saskatchewan, Canada. Overall:

ATRAN = PTRAN * (SOILM(i) - UNASM(i))/(MHC(i) - UNASM(i)) * ROOTF 

Potential evaporation (PEVAP) is the remaining portion (50%) of 

potential evapotranspiration not allocated to potential transpiration 

(PTRAN) (Step 7). PEVAP = PET - PTRAN = 0.5 * PET.

Potential evaporative demand is reduced by a factor of the number 

of days since the soil was last wet (t) (Step 9). In the field, this 

reduction occurs as water drains to deeper soil layers, which are less 

exposed to drying air. AEVAP = PEVAP * t~l/2s

Actual evaporation (AEVAP) is calculated from the potential 

evaporation value and draws water from soil layers consecutively. 

Water loss is limited by depth, and by an "air dry" value for each 

soil layer. Maximum depth from which soil evaporation can remove 

water is set at .30 cm. The air dry value (AIRDRY) for the soil layers 

is an input parameter.

The yield index calculated by the model is an estimate of plant 

growth for current climatic conditions and site parameters, and is 

expressed as a percent of site potential yield (Step 18). This 

cumulative index equals the ratio of actual transpiration (CTATRN) 

(Step 16) to potential transpiration (CTPTRN) (Step 17). The index, 

or predicted total plant yield, is calculated on the date peak 

standing crop occurs, an input parameter. The product of site 

potential yield (kg/ha) and the yield index (%) therefore provides an 

estimate of cumulative production.
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Model Testing and Fitting

The ERHYM model was tested by running the model with measured 

state and driving variables, and comparing simulated soil water and 

yield values with those observed in the field. Input data included 

climatic records and site characteristics described below. Testing 

and fitting data included five years (1977-1981) of soil water and 

yield measurements gathered from control (unirrigated) plots at the 

Miles City sites. These five years include a very wet year (1978) and 

a very dry year (1980); thus, the simulations represented the range of 

likely system response.

The soil parameters required by the. model were assigned on the 

basis of field observations made in the period 1977-1981. Four soil 

layers (Figure I) were used in all simulations. The soil layers were 

chosen primarily for their compatibility with available soil water 

data (gypsum blocks), and secondarily, to approximate the natural 

layers found at the two experimental sites in eastern Montana. A thin 

soil layer, 0 to 10 cm, lies above a 10 to 30 cm layer, a 30 to 50 cm 

layer, and a layer extending from 50 to 100 cm. Values for percent 

water at field capacity and for percent water when the soil was "air 

dry", were estimated for each layer by the highest and lowest soil 

water percentages, respectively, which were observed in the five year 

field study (Weaver et al. 1981). Estimates of percent unavailable 

water were traditional permanent wilt soil water percentages, i.e., 

the -1.5 MPa pressure membrane values for each soil layer (Slatyer 

1967).
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Plant parameters required by the model include a definition of 

the growing season and the transpiration coefficients The growing 

season defined for the model extended from the first of April through 

the first of October. Date of peak standing crop was set. as I July 

(Julian day 182), on the basis of five years of monthly clip data at 

the two field sites. The transpiration coefficient was set equal to

0. 85, a value established from lysimeter data in eastern Montana 

(Wight and Hanks 1981).

To insure that the model "fit" the field data, instantaneous 

model predictions of soil water and a cumulative prediction of plant 

growth were compared to field data. Predictions of soil water were 

compared to values measured in the field; this comparison 

simultaneously tested both water addition and water removal functions 

of ERHYM. Plant growth predictions were compared to standing crop 

measures, to test the model's plant growth functions. While 

quantitative field measures of separate water addition and removal 

functions were not available in all cases, correspondence of simulated 

values to field conditions demonstrated the model's predictive 

capacity.

The major water addition and water removal functions in ERHYM are 

precipitation, runoff, deep drainage, and evapotrinspiration. 

Precipitation is the only process which adds water to the system; 

water is removed by runoff, deep drainage, and evapotranspiration,

1. e. evaporation and transpiration. - Comparison of simulated and 

field-measured values for each of these functions, and analysis of 

errors in each, provides a measure of model accuracy.
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Quantitative measures of precipitation were available for both 

sites. Rainfall was measured daily throughout each growing season, 

1977 through 1981.

Runoff was not observed in five years of data collection at the 

field sites, either as water flows or as debris terraces (personal 

communication Weaver). Since runoff was not observed in a very wet 

year (1978) or in any years on heavily irrigated plots (25 mm water 

per week), this function was set to zero. Although runoff may occur 

during heavy showers, resultant errors will be small since these 

events are rare in eastern Montana. In the event of a heavy shower, 

the model will, however, overestimate soil water. Errors due to 

runoff occurrence were assumed to be negligible.

No field measurements of deep drainage were made. If plant roots 

are present at depths greater than one meter, which was the bottom of 

the modeled profile, the model may underestimate available water. 

Deep drainage was observed in some of the simulations, but the 

conditions which caused deep drainage to occur also occurred during 

growing seasons when the plants were not greatly water-limited. 

Therefore, errors due to deep drainage were also assumed to be 

negligible.

No field measurements of evapotranspiration were available to 

compare with the model's evapotranspiration predictions. However, 

Wight and Hanks (1981) tested ERHYM's evapotranspiration functions by 

comparing model values to lysimeter values and to water-balance 

calculations, and found very good agreement. Lysimeter comparisons 

(water non-limiting), showed average model evapotranspiration values
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to be slightly low, due to early season underestimates (Wight and 

Hanks 1981). Comparison of three seasons of water balance 

calculations with field data yielded r^ values of .97 (1977), .98 

(1978), and .99 (1979) (Wight et al. 1983).

Plant yield can be used as a further corroboration of evaporation 

and transpiration functions. The model assumes that the plant yield 

index, the ratio of actual transpiration to potential transpiration, 

(both cumulative), is equal to a ratio of actual yield to site 

potential yield. Therefore, if the model yield index corresponds to 

measured biomass, then the model yield prediction corroborates both 

the model's transpiration and evaporation estimates.

Variations of the relationship between yield and transpiration or 

evapotranspiration have been used to predict yield for many crops 

(reviewed by Briggs and Shantz 1913, De Wit 1958, Vaux and Pruitt 

1983, and Hanks and Rasmussen 1982). This relationship has proven 

useful in predicting both grain and dry matter yields (including 

above- and below-ground yields) for crops such as corn, spring and 

winter wheat, sorghum, and cotton.

The yield-transpiration relationship has been less studied in 

native plant communities. Wight and Hanks (1981) found a high 

correlation, (r^ value of .74), when comparing field-measured yield 

and model-predicted yield for native range in eastern Montana; 

similarly, de Jong and MacDonald (1975) report very high correlation 

(r=.99) between evapotranspiration and range herbage yields in Canada.

Field measurements of plant biomass were compared to the model 

yield index, which is expressed as percent of site potential yield.
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The largest observed production measure (1978 fall wet plot) (Weaver 

1981) was used as an estimate of site potential yield.

Model Modification

Preliminary simulations of unirrigated plot data (1977-1981) 

showed deep soil layers drying too slowly late in the season. Minor 

changes in the model were therefore necessary, to better simulate the 

field-measured soil water data.

Three changes were made in the model to correct its late season 

underestimate of evapotranspiration. These changes increased 

transpiration by preventing spring and fall soil temperature 

limitation of root activity, by maintaining a large transpiration 

surface (LAI) after peak standing crop, and by increasing the 

availability of soil water to transpiration.

The root activity function was modified to prevent the original 

model's possible limitation of root water uptake in the spring and 

fall (ROOTF=I.0). The function used by Wight and Hanks (1981) was 

based on soil temperature data from Saskatchewan, Canada. The 

modification in duration of root activity was based on the assumption 

that soil temperature did not limit root activity during the growing 

season (I April to I October) at the more southerly Miles City sites.

The plants' relative growth curve was modified to allow maximum 

potential transpiration (potential growth) after peak standing crop 

(see Figure 3). This preserves a large leaf area for the plants, 

through the end of the growing season, and agrees with the observed 

maintenance of green leaf area (Newbauer 1985). In contrast, the
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original relative growth curve (leaf area) decreases from the day of 

peak standing crop through the end of the growing season (see Figure 

3).

The transpiration response function was modified so that soil 

water was freely used until available water fell to fifty percent of 

available water capacity and then became available, as a linear 

function of soil water (Figure 4). In contrast, the original 

transpiration response function shows a linear decline in the 

availability of soil water, throughout its range. The water 

characteristic curves of relatively clay-poor soils (Slatyer 1967), 

such as those of the Miles City sites, suggest water release 

characteristics similar to this modified function.

Soil water predictions made with the modified model in "fitting 

simulations" (non-irrigated plots, 1977-1981) compared favorably, but 

not perfectly, with gypsum block soil water data from both sites 

(Figure 5,6). Since differences between predicted and observed soil 

water may be no more due to model inaccuracies than to measurement 

inaccuracies, the assumption was made that the model predicted soil 

water realistically for unirrigated plots.

Gypsum block data is an imperfect estimate of water content. The 

estimate is affected by hysteresis (Taylor and Ashcroft 1972), which 

contributes to measurement inaccuracies and regressions used for block 

calibration do not take hysteresis into account (Appendix A). Since 

the mean block reading is a point estimate of water content in a 

relatively thick layer of soil, it is not as sensitive to light 

precipitation events (wetting) as is the model. For example, the
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Figure 4. Transpiration response function. The solid line 
represents the original transpiration response function 
(ERHYM). Dashed line represents modification of the 
function (ERHYM 10); when soil layer is drier than 50% of 
plant available water capacity, transpiration is limited 
by the percentage calculated with this function.
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JULIAN OAT

JULIAN DAT

Figure 5. Field-measured and simulated soil water; Agropyron.
Control (unirrigated) plots. Solid lines are model- 
predicted soil water for 3 of the 4 soil layers: SMl = 
soil water in 0-10 cm layer, SM2 = soil water in 10-30 cm 
layer, SM4 = soil moisture in 50-100 cm layer. There are 
no blocks in the third soil layer (30-50 cm). Symbols 
represent the field-measured soil water values for the 
same soil layers: K = 10 cm block reading, A = 25 cm 
block reading, O = 75 cm block reading. Year, site and 
treatment (c.f. 'Field Data') for each field plot and 
simulation are indicated in upper left of each graph.
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JULIAN DAT

JULIAN DAT

JULIAN DAT

JULIAN DAT

I980-BOGR

I978-60GR 
CNTRL

JULIAN DAT

Figure 6. Field-measured and simulated soil water; Bouteloua.
Control (unirrigated) plots. Solid lines are model- 
predicted soil water for 3 of the 4 soil layers: SM I = 
soil water in 0-10 cm layer, SM2 = soil water in 10-30 cm 
layer, SM4 = soil moisture in 50-100 cm layer. There are 
no blocks in the third soil layer (30-50 cm). Symbols 
represent the field-measured soil water values for the 
same soil layers: X = 10 cm block reading, A = 25 cm 
block reading, ❖ = 75 cm block reading. Year, site and 
treatment (c.f. 'Field Data') for each field plot and 
simulation are indicated in upper left of each graph.

I



23
uppermost block is located 10 cm below the soil surface; this is the 

bottom of the model's first soil layer. The sensor responded quickly 

to wetting fronts which reached block depth, but gave no response to 

rain events which wetted the soil to less than 10 cm. Second, blocks 

dry more slowly than either the surrounding soil or the simulated soil 

water. Since soil surrounding the block was filled with roots (roots 

do not penetrate the blocks), the soil dried more quickly than the 

block, and block drying lagged behind the more accurate model 

prediction. Examples of the failure to wet and of lags in drying of 

the blocks, relative to the more sensitive model predictions, can be 

observed in the soil water traces (Figure 5,6).

Predicted yields were higher than field measures in the 

preliminary simulations. It was therefore necessary to limit the 

accumulation of actual transpiration, in order to decrease the yield 

index (actual transpiration/ potential transpiration). Percent soil 

water at -1.5 MPa, as measured by the pressure membrane, was added as 

a limit to transpiration water allocated to the plant growth index. 

This limit allowed transpiration to continue at soil water potentials 

less than -1.5 MPa, but permitted no plant growth when soils were very 

dry (soil water potentials less than -1.5 MPa). In support of no

growth plant water use, Slatyer (1967) suggests that cuticular plant 

water loss might be a factor in the observed drying of soils beyond 

the permanent wilt soil water potential.

Agreement between the measured yield index (measured yield/site 

potential yield) and the modified model's predicted yield index 

(actual transpiration/potential transpiration) was quite good for the
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Agropyron site and marginal for the Boutelcma site. Regression of 

model-predicted yield index against measured yield index for the 

Agropyron site had an r^ value of 0.91 (p<<.01) (Figure 7). The 

Bouteloua site yield regression has an r2 value of only 0.58 (pC.Ol) 

(Figure 7). Production actually occurring on heavily irrigated plots 

in a wet year (1978 fall wet) served as the estimate of site potential 

yield.

The site potential yield value and its prediction for each site 

(points indicated by a in Figure 7) were excluded from the yield 

regressions. The two outlying points showed the model's yield 

prediction to be approximately fifty percent of the measured yield 

values. Measured "site potential yield" was 5980 kg/ha at the 

Agropyron site, and the model yield prediction was 2990 kg/ha. 

Measured "site potential yield" at the Bouteloua site was 2730 kg/ha 

and model yield prediction was 1720 kg/ha. The two excluded points 

represent simulation of plant production occurring in 1978 after soils 

were wet by a 16 cm irrigation in fall of 1977 (fall wet treatment), 

and kept wet by natural rainfall during the following very wet growing 

season (summer 1978). Production measured on the fall wet plots was 

two hundred percent greater than that of any other previously 

unirrigated plot, including that on plots receiving 2.5 cm of 

supplemental water weekly from late May through August of 1977. The 

large deficiency of predicted yield relative to measured yield for the 

fall wet plots may have been due to one or several processes. Both 

the top-down water use pattern of the model, and the limit to 

transpiration water use allocated to plant growth, reduce the model's
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Figure 7.
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Yield index regression. Comparison of predicted yield 
index (actual transpiration : potential transpiration) a 
predicted yield (kg/ha) with measured yield index (yield 
measure: site potential yield) and measured yield for 
1977-1981 control plots, and 1977 treatment plots. Values 
used for site potential yield are indicated by a 't' in 
each graph; this value is the highest yield measured, that 
for a plot irrigated heavily in fall 1977, and clipped in 
fall 1978. Solid lines represent regression and +_ 2 times 
the SE of the regression.
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yield prediction in limited water conditions. The low yield 

prediction is most likely due, however, to unmodeled plant population 

changes.

With respect to water use pattern, the model draws water from the 

upper profile, and then from successively deeper soil layers, to. meet 

transpirative demand. In some cases, transpirative demands are met, 

without growth, through use of water at soil water potentials less 

than -1.5 MPa, even though water is available in deeper, wetter 

layers. This would result in an immediate underestimate of growth, if 

plants use water selectively. In addition, if late season growth was 

excluded, due to its occurrence after the date of peak standing crop 

(input parameter), this would also result in an annual underestimate 

of both water use and growth. In order to predict "fall wet" plot 

yields, the model may therefore require a more selective water use 

function. This function would allow plant water use from wetter 

layers before exhaustion of soil water in dry upper layers. Wight and 

Hanks (1981) considered, and rejected, such a function in favor of the 

top-down water use pattern.

The modified model's plant production estimate is decreased by 

the differentiation between water use allocated to plant growth (yield 

index), and that which simply meets transpirative demand without any 

contribution to "plant growth". This differentiation limits the 

model's production estimate whenever the soil water potential is less, 

than -1.5 MPa (BAR15), and may be too strict a limit. Even if this 

distinction were incorrect, resultant errors should be small since 

little soil water is held at soil water potentials less than -1.5 MPa.
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For example, in the 0-10 cm soil layer at the Agropyron site, the 

difference between the water contents at the BARl5 value and at the 

UNASM value was 1.3 cm water; at the Bouteloua site, this difference 

was 0.5 cm water. In favor of the distinction, on the other hand, the 

large observed "site potential yield" value, (1978 fall wet), made the 

plant growth limit appropriate for all the other yield predictions, on 

both fitting and validation simulations (Figure 7).

The model's underestimate of yield for this pre-season treatment, 

(fall wet, 1978), was therefore attributed to increased plant density. 

Greatly increased plant densities were observed after plots were wet 

in the previous fall (personal communication. Weaver).

Whatever the cause, the model's yield prediction provided a 

minimal estimate of plant production for plots watered in one fall, 

and may also occur for those watered in winter or early spring, i.e., 

all pre-seasoh treatments. Model yield underestimates, for pre-season 

supplemental water could be as much as twenty-five percent of site 

potential after correction of the yield prediction by the yield 

regression equation (Figure 7).

The poor fit of the Bouteloua yield regression could be due to an 

incorrect value for the water availability limit where plant 

transpiration no longer contributes to growth (BARI5). This value, 

(percent water by weight at -1.5 MPa as determined by the pressure 

membrane), was much lower for the Bouteloua site than for the 

Agronvron site. The Bouteloua site is sandier than the Agroovron site 

(personal -communication. Weaver), which explains the lower pressure 

membrane value. For example, in the uppermost layer, BARl5 was equal
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to nine percent water for the Bouteioua site and equal to fifteen 

percent water for the Agropyron site. Lower Bouteloua site values for 

BARl5 allowed the model to provide more water for growth than may 

actually have occurred. If so, this suggests that Bouteloua production 

may be reduced more by drought than Agropyron production, i.e., 

Bouteloua discontinued growth at higher soil water potential than -1.5 

MPa.

Model Validation

The modified model was validated by comparing model-predicted 

values for soil water and forage yield to field measurements made in 

five irrigation treatments. Treatment plots received supplemental 

water in 1977, a year of average precipitation. Realistic simulation 

of irrigated plot conditions validated the model's prediction of 

short-term changes in soil water availability.

Amounts of supplemental water and timing of supplements varied 

greatly in the five experimental irrigation treatments. A variety of 

summer season supplements were compared, ranging from two small weekly 

increments, six and twelve mm water per week (varying irrigations), to 

a weekly 2.5 cm water supplement. In addition, an early-season 

treatment was applied, (spring-wet treatment), and a pre-season 

treatment was applied, (fall wet treatment).

Comparison of predicted and measured values for soil water and 

plant growth in these five treatments was undertaken to test model 

prediction of system response to supplemental water. Soil water 

predictions of the modified model compared well to the field-measured
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values for the irrigated plots when allowing for hysteresis (Figure 

8,9). Plant growth predictions for irrigation treatments also 

corresponded well (Agropyron) to field measures; the comparisons are 

included in the yield regressions discussed above.

Model -Application

The fitted, modified, and validated model was used to estimate 

the effects of supplemental water (irrigation or weather modification) 

on Agropyron grasslands. Fitting and validation simulations indicated 

that simulated soil water and forage yield predictions compared to 

field measures with a reasonable degree of accuracy for both treated 

and untreated plots. Model yield predictions for Bouteloua grasslands 

were used cautiously, to provide qualitative comparisons, due to 

larger prediction errors than those associated with Agropyron 

simulations.

In order to explore possible effects of cloud seeding on 

rangeland, the model was used to simulate system response over a wide 

range of precipitation regimes. Precipitation regimes ranged from 

single, light water applications to heavy irrigations or showers, to 

augmentation of all natural showers, and to limited augmentation 

strategies. This wide range of supplementation strategies was applied 

in a series of years, including the three driest, the three most 

average, and the three wettest years on record.

Simulated water regimes fall into three general categories, with 

several comparisons in each. The first category explored the effects 

of pre-season water supplements on rangeland. The remaining two
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1977-AGSM 1977-AGSMSM

JULIAN DAT JULIAN DAT

1977-AGSM
06 1977-AGSM

JULIAN DAT JULIAN DAT

180JULIAN DAT 180JULIAN DAT

Figure 8. Field-measured and simulated soil water; Agropyron.
1977 irrigated plots. Solid lines are model- 
predicted soil water for 3 of the 4 soil layers: SN I = 
soil water in 0-10 cm layer, SM2 = soil water in 10-30 cm 
layer, SM4 = soil moisture in 50-100 cm layer. There are 
no blocks in the third soil layer (30-50 cm). Symbols 
represent the field-measured soil water values for the 
same soil layers: X = 10 cm block reading, A = 25 cm 
block reading, ❖ = 75 cm block reading. Year, site and 
treatment (c.f. 'Field Data') for each field plot and 
simulation are indicated in upper left of each graph.

I
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I977-80GR 1977-BOCR

JULIAN DAY JULIAN DAT

ISOJULIAN DAT

1977-BOCR
12

1978-BOCR

ISOJULIAN DAT

Figure 9. Field-measured and simulated soil water; Bouteloua.
1977 irrigated plots. Solid lines are model- 
predicted soil water for 3 of the 4 soil layers: SM I = 
soil water in 0-10 cm layer, SM2 = soil water in 10-30 cm 
layer, SM4 = soil moisture in 50-100 cm layer. There are 
no blocks in the third soil layer (30-50 cm). Symbols 
represent the field-measured soil water values for the 
same soil layers: K = 10 cm block reading, a  = 25 cm 
block reading, ❖ = 75 cm block reading. Year, site and 
treatment (c.f. 'Field Data') for each field plot and 
simulation are indicated in upper left of each graph.
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categories compared water treatments applied during the growing 

season. All of the tested water regimes, were compared to a control 

simulation, where no additional water was applied.

To determine effects of water added before the growing season 

begins, i.e. added in the fall, winter, or early spring, comparison 

was made between effects of three increments to pre-season soil water, 

2.5 cm, ("PS 2.5"), 5.1 cm, ("PS 5.1"), and 10.2 cm ("PS 10.2").

To.examine effects of single showers or irrigations falling in 

different parts of the growing season, showers of comparable size were 

applied at four different times during the growing season. 

Specifically, the effects of single 2.5 cm water supplements applied 

in early April ("Ap 2.5"), mid-May ("Ma 2.5"), mid-June ("Jn 2.5"), or 

mid-July ("Jl 2.5") were compared. The early April application was 

the same as the PS 2.5 treatment.

Three strategies of augmenting growing season showers were 

compared, in accordance with three possible cloud-seeding strategies. 

In the most optimistic of the augmentation strategies, (augment-all), 

it was assumed that all rain events can be increased by cloud seeding. 

An exponential curve of the form y = -a + b (x) was used to 

increase shower size (Figure 10). Reference points for the curve were 

chosen on the basis of midpoint values for a step function devised by 

Changnon and Huff (1971), and used by James and Eddy (1982). The step 

function is based on the assumptions that small showers can be greatly 

increased, while large showers are naturally more efficient and their 

yields will be increased by only small percentages. The curve was 

further modified so all seeded showers, including rain events



P
E

R
C

E
N

T 
IN

C
R

E
A

S
E

33

o

NATURAL SHOWER SIZE (CM.)

Figure 10. The rainfall augmentation scheme. (After Changnon and 
Huff 1971). The curve shows percent increases of natural 
shower size for augmented showers. Precipitation traces, 
and showers less than 0.2 cm (cutoff indicated by dashed 
line) are assumed to yield 3 mm water with cloud seeding.
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naturally yielding only a trace, yielded at least three mm of 

precipitation.

Augmentation of showers was also used selectively, to compare 

benefits of more limited seeding strategies. Effects of the "augment- 

all" treatment were compared to two selective weather modification 

strategies, i.e., augmenting only showers occurring when the soil is 

dry" (augment-dry"), and conversely, augmenting only showers occurring 

when the soil is wet ("augment-wet"). "Dry soil" corresponded to 

conditions when the upper soil layers (to 30 cm) were drier than -1.5 

MPa; alternatively, "wet soil" was defined as conditions when upper 

soil layers (to 30 cm) were wetter than -1.5 MPa.

Historic weather records were examined, in order to find a wide 

range of years in which to test the supplementation strategies. The 

three wettest years of the last eighty (1978,1915,1972), the three 

driest years (1931,1934,1936) and three years with October to 

September precipitation nearest the eighty year average 

(1943,1951,1929) were chosen. United States Department of Commerce 

weather records for Miles City (U.S. Dept, of Commerce 1903-1983) were 

used as driving variables in simulations for these years.

EKHYM requires initial soil water values and day of peak standing 

crop, in addition to precipitation and temperature data, as input data 

for each model run. These additional data were unavailable for the 

nine test years, and were therefore estimated.

Initial soil water was estimated by assuming it to be correlated 

with winter precipitation (October through March). Both winter 

precipitation and initial soil moisture values were known for the five
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years used to fit the model. However, only winter precipitation was 

known in the "historic" years. Therefore, unknown spring soil water 

values for the nine years were assigned by equating them to initial 

values observed in a year with similar winter precipitation (Appendix 

C). In one case (1972), winter precipitation was almost twice that in 

any fitting year, and was 8.9 cm more than the amount of water 

required to fill the soil profile; thus in 1972, the soil profile was 

filled as initialization.

The model also requires date of peak standing crop as an 

initialization parameter, on which to calculate the yield index. July 

I (Julian day 182) was assigned as a reasonable estimate of date of 

peak standing crop. This assignment was based on observed dates of 

peak standing crop in control plots from 1977 to 1981, as well as on 

indications that the peak is photoperiod controlled, to a large degree 

(Weaver and Forcella 1982). Date of peak standing crop for 1978 was 

set to Julian day 206, the observed date of peak standing crop for the 

experimental control plot, in contrast to simulations for which I had 

no measured date of peak standing crop.
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RESULTS

Pre-season Applications: Agropyron

The largest increases in yield index, relative to controls, in 

any treatment or year, occurred with pre-season water applications 

when the soil profile was dry early in the season, and summer rain was. 

slight. Even so, this effect may be underestimated due to the model's 

possible underestimate of yield responses to fall watering (c.f. 

regression discussion, pp.16-18). For example, pre-season treatments 

at the Agropyron site showed the greatest yield index increases of 

tested treatments, relative to the control, in all three dry years 

(Table I). In all these dry year simulations, increases in amount of 

pre-season water also increased yield indices. As expected, yields 

progressively increased as supplements increased from 25 mm to 50 mm 

to 100 mm.

When soils were dry before the season began, and summer rainfall 

was above average, large yield increases for pre-season supplements 

were also predicted; yield may be underestimated in these years, as 

well, due to large water stores remaining in the soil when peak 

standing crop was calculated. For example, 1951 is an average 

precipitation year with a dry winter, and the soil profile is very dry 

early in the season; simulated yield is high in this year, relative to 

other treatments. However, contrary to the pattern observed in dry 

years, the 10.2 cm supplement did not increase the yield index over



Table I. Simulated system response for an Agronvron site in dry years. Yield indices,
effective water supplements, soil evaporation totals, and available water stored on
day of peak standing crop.

Yield Indices^ Water Suppl.^ Soil Evap. Water Stored^
TRTMT1 1931 1934 1936 1931 1934 1936 1931 1934 1936 1931 1934 1936

Control 12 21 15 0.0 0.0 0.0 7.3 5.7 6.3 0.0 0.1 0.1

PS 2.5 32 39 33 2.5 2.5 2.5 7.5 5.7 6 .4 0.1 0.5 0.2
PS 5.1 46 64 57 5.1 5.1 5.1 7.5 5.7 6.4 0.8 1.1 1.1
PSlO .2 74 76 77 8.4 6.3 7.2 7.5 5.7 6.4 2.7 1.5 1.7

Ap 2.5 32 39 33 2.5 2.5 2.5 7.5 5.7 6.4 0.1 0.5 0.2
Ma 2.5 18 28 25 2.5 2.5 2.5 8.3 6.8 7.2 0.1 0.2 0.2
Jn 2.5 15 23 17 2.5 2.5 2.5 8.5 6.5 7.5 0.1 0.2 0.2
Jl 2.5 12 21 15 2.5 2.5 2.5 7.3 5.7 6.3 0.0 0.1 0.1

Agm all 20 27 28 2.7 2.0 4.3 8.3 6.4 8.9 0.1 0.2 0.2
Agm dry 14 21 15 1.7 0.9 1.4 8.1 6.2 7.6 0.0 0.1 0.1
Agm wet 16 26 24 0.4 0.6 1.2 7.3 5.7 6.5 0.0 0.2 0.2

Treatment names refer to:
control: no additional water
PS #: pre-season supplements of 2.5 cm, 5.1 cm, and 10.2 cm 
Ap-Jl 2.5: single 2.5 cm shower in April, May, June or July 
Agm all: augmentation of all shower events by amount indicated in Figure 10.
Agm dry: augmentation of only those showers which occur when the soil is dry
Agm wet: augmentation of only those showers which occur when the soil is wet

 ̂ Yield index is the simulated yield, expressed as % of site potential yield (=5980 kg/ha). 
 ̂ Water supplement = cm effective water supplement = additional water - deep drainage.
4 Water stored = cm plant available water at peak standing crop.
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that of the 5.1 cm pre-season supplement (Table 2). There was very 

little deep drainage for the 10.2 cm treatment; however, the amount of 

water stored in the soil profile on the day of peak standing crop was 

almost twice as much in this simulation as in the simulation with only  ̂

5.1 cm of supplementary water. If, contrary to the model, plants had 

continued growth under conditions of adequate water supply, day of 

peak standing crop would have been postponed, and current year 

production would have been greater. It is not clear whether continued 

growth would, in fact, occur; it is not possible in the current model, 

since the day on which peak standing crop occurs is an input, 

parameter. There is evidence that the latest day peak standing crop 

could occur is photoperiod set (Weaver and Forcella 1982). However, 

measured day of peak standing crop for irrigated plots in Miles City 

often occurs later than I July (Weaver et al., 1981). It is therefore 

possible that plots given a 10 cm pre-season water supplement will 

actually reach peak standing crop later in the season (than I July) in 

1951, and may show a greater yield index than the plots given a 5 cm 

supplement. If not allocated to late season above ground plant 

growth, deep water stores might contribute to below ground plant 

growth and would thus contribute to next season's early plant growth. 

If unused in the current season, the water stores would contribute to 

early season growth unless the winter season was unusually wet.

Drainage beyond.the root zone minimized the value of pre-season 

additions in other average years and in wet years. For example, in 

two of the years of average precipitation (1943 and 1929) and in all 

three wet years, the soil profiles were wet at the start of the



Table 2. Simulated system response for an Agropyron site in average years. Yield indices,
effective water supplements, soil evaporation totals, and available water stored on
day of peak standing crop.

Yield Indices^
3Water Suppl. Soil Evap Water Stored^

TRTMT1 1943 1951 1929 1943 1951 1929 1943 1951 1929 1943 1951 1929

Control 51 33 57 0.0 0.0 0.0 9.7 7.5 9.6 7.4 2.1 5.1

PS 2.5 57 46 57 2.5 2.5 2.5 9.7 8.4 9.8 9.4 2.4 7.6
PS 5.1 57 51 57 2.5 5.1 2.6 9.7 8.4 9.8 9.4 4.7 7.6
PSlO.2 57 51 57 2.5 9.2 2.6 9.7 8.4 9.8 9.4 8.8 7.6

Ap 2.5 57 46 57 2.5 2.5 2.5 9.7 8.4 9.8 9.4 2.4 7.6
Ma 2.5 57 35 55 2.5 2.5 2.5 9.8 8.6 9.7 9.4 2.3 7.6
Jn 2.5 51 35 50 2.4 2.5 2.5 9.8 7.7 9.9 9.7 4.4 7.4
Jl 2.5 51 33 57 2.5 2.5 2.5 9.7 7.5 9.6 7.4 2.1 5.1

Agm all 57 31 51 4.4 4.9 4.7 11.0 9.4 10.8 10.1 4.5 8.8
Agm dry 51 28 56 0.8 3.4 0.9 9.7 9.0 10.0 8.2 3.3 5.6
Agm wet 51 33 57 1.3 0.3 1.2 10.0 7.5 9.7 8.4 2.4 6.2

1 Treatment names re fe r  to:
control: no additional water
PS #: pre-season supplements of 2.5 cm, 5.1 cm, and 10.2 cm 
Ap-Jl 2.5: single 2.5 cm shower in April, May, June or July
Agm all: augmentation of all shower events by amount indicated in Figure 10.
Agm d ry : augmentation of only those showers which occur when the so il is dry
Agm wet: augmentation of only those showers which occur when the so il is wet

2 Y ie ld  index is  the simulated y ie ld , expressed as % of s ite  p o ten tia l y ie ld  (=5980 kg/ha).
3 Water supplement = cm e ffe c tiv e  water supplement = add ition a l water -  deep drainage.
 ̂ Water stored = cm plant ava ilab le  water a t peak standing crop.
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growing season. In all these cases, the effective water supplements 

for the pre-season treatments were therefore small, less than three cm 

at the Agronvron site, regardless of amount of water actually applied 

(Tables 2,3). In 1943, pre-season treatments were among the most 

effective of the treatments tested, but plant growth was only somewhat 

increased relative to the control; in 1929, and in the wet years, pre

season water supplements caused little or no increase in yield 

indices. Available water stored in the soil profile on the date of 

peak standing crop, however, was much greater for pre-season treatment 

simulations, except in 1929, than it was for control plot simulations. 

Again, if the plant growth period had been extended by available 

water, or if water were stored into the following season, larger yield 

increases would have occurred.

Predictably, pre-season water treatments were not effective in 

years when the soil profile was already at field capacity early in the 

growing season. In wet 1972, for example, the soil profile was 

predicted to be full at the start of the growing season. All 

supplemental water applied before the season drained out of the 

system, and pre-season treatment yield indices showed no differences 

from those of the control simulations (Table 3).

Value of pre-season supplements can be emphasized by comparing 

amounts of effective water supplements among treatments. For example, 

in dry 1931 and 1936, average 1951 and 1929, and wet 1978, effective 

water supplements were larger for one or several of the summer 

augmentation treatments than for the 2.5 cm pre-season water 

supplement. However, yields were greater for pre-seasOn treatments in



Table 3. Simulated system response for an Aeronvron site in wet years. Yield indices,
effective water supplements, soil evaporation totals, and available water stored on
day of peak standing crop.

Yield Indices2 Water Suppl Soil EvapI • Water Stored^
TRTMT1 1978 1915 1972 1978 1915 1972 1978 1915 1972 1978 1915 1972

Control 49 55 41 0.0 0.0 0.0 15.4 10.7 11.1 3.1 8.6 10.2

PS 2.5 50 57 41 2.5 2.5 0.0 15.5 10.8 11.2 5.5 11.1 10.2
PS 5.1 50 57 41 2.9 2.6 0.0 15.5 10.8 11.2 5.9 11.1 10.2
PSlO .2 50 57 41 2.9 2.6 0.0 15.5 10.8 11.2 5.9 11.1 10.2

Ap 2.5 50 57 41 2.5 2.5 0.0 15.5 10.8 11.2 5.5 11.1 10.2
Ma 2.5 50 50 42 2.5 2.5 0.7 15.7 11.1 11.4 5.3 10.7 10.6
Jn 2.5 53 61 45 2.5 2.5 1.8 16.0 10.8 11.3 5.0 11.1 11.9
Jl 2.5 44 55 41 2.5 2.5 2.5 16.0 10.7 11.1 5.0 8.6 10.2

Agm all 44 65 49 7.6 1.5 2.8 17.7 12.4 12.3 8.5 11.9 11.9
Agm dry 43 64 42 2.8 2.4 0.0 16.1 11.5 11.3 5.2 10.2 11.1
Agm wet 49 59 43 1.8 0.9 0.8 16.1 10.9 11.7 5.8 9.2 10.4

Treatment names refer to:
control: no additional water
PS #: pre-season supplements of 2.5 cm, 5.1 cm, and 10.2 cm 
Ap-Jl 2.5: single 2.5 cm shower in April, May, June or July 
Agm all: augmentation of all shower events by amount indicated in Figure 10.
Agm dry: augmentation of only those showers which occur when the soil is dry
Agm wet: augmentation of only those showers which occur when the soil is wet

2 Yield index is the simulated yield, expressed as % of site potential yield (=5980 kg/ha). 
 ̂ Water supplement = cm effective water supplement = additional water - deep drainage.
^ Water stored = cm plant available water at peak standing crop.
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all these cases. Wet 1915 was an exception to this pattern, however, 

with larger, yield response to smaller supplement when comparing 

augmentation strategies to pre-season supplements. The relatively 

large yield response for pre-season supplements corresponded to 

relatively small evaporative water losses; thus more water was 

available to the plants after pre-season treatments.

Pre-season Applications: Bouteloua

Pre-season water applications in dry years at the Bouteloua site 

produced larger yield increases than summer supplements, as in 

Agropyron simulations. In average and in wet years, however, yield 

increases corresponded much more closely to effective water 

supplements than did those at the Agropvron site.

In two of the three dry years (1931 and 1936) at the Bouteioua 

site, yields increased with increased pre-season water supplement, as 

they .did in Agropyron site simulations (Table 4). In the exception, 

(dry 1934), the 100 mm and 50 mm water supplements produced the same 

yields. In this year, the soil profile was fairly wet at the 

Bouteloua site at the start of the growing season, and 0.1 cm of the 

5.1 cm addition and 5.1 cm of the 10.2 cm addition drained beyond the 

foot zone, making the effective water supplements equal (Table 4). 

Therefore, the production for these two treatments was also equal.

If treatments of similar effective water supplements are compared 

in dry years and two average years, pre-season water supplements 

produced larger yields than in-season supplements, as in Agropyron 

simulations. For example, yields are higher for all pre-season



Table 4. Simulated system response for a Bouteloua site in dry years. Yield indices,
effective water supplements, soil evaporation totals, an available water stored at
the end of the season.

Yield Indices^ Water S u p p l Soil Evap. Water Stored^
TRTMT1 1931 1934 1936 1931 1934 1936 1931 1934 1936 1931 1934 1936

Control 08 20 17 0.0 0.0 0.0 11.0 8.8 10.0 0.4 1.0 0.3

PS 2.5 16 29 25 2.5 2.5 2.5 11.0 8.9 10.0 0.4 1.0 0.4
PS 5.1 22 37 33 5.1 4.9 5.1 11.1 8.9 10.0 0.4 1.0 0.4
PSlO .2 35 37 36 8.8 4.9 5.8 11.1 8.9 10.0 0.4 1.0 0.4

Ap 2.5 16 29 25 2.5 2.5 2.5 11.0 8.9 10.0 0.4 1.0 0.4
Ma 2.5 13 24 22 2.5 2.5 2.5 11.8 10.0 10.8 0.4 1.0 0.4
Jn 2.5 14 24 20 2.5 2.5 2.5 12.0 9.8 11.2 0.4 1.0 0.4
Jl 2.5 12 24 17 2.5 2.5 2.5 12.1 10.2 11.0 0.4 1.0 0.4

Agm all 15 25 24 5.3 3.9 7.1 13.6 10.3 14.7 0.7 1.6 0.6
Agm dry 13 22 18 4.4 2.7 4.1 13.3 10.1 13.2 0.7 1.2 0.6
Agm wet 10 22 21 0.4 0.6 1.2 11.0 8.8 10.7 0.4 1.0 0.4

Treatment names refer to:
control: no additional water
PS #: pre-season supplements of 2.5 cm, 5.1 cm, and 10.2 cm 
Ap-Jl 2.5: single 2.5 cm shower in April, May, June or July 
Agm all: augmentation of all shower events by amount indicated in Figure 10.
Agm dry: augmentation of only those showers which occur when the soil is dry 
Agm wet: augmentation of only those showers which occur when the soil is wet 

 ̂ Yield index is the simulated yield, expressed as % of site potential yield (=2730 kg/ha). 
^ Water supplement = cm effective water supplement = additional water - deep drainage.
^ Water stored = cm plant available water at peak standing crop.
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supplements than for any augmentation strategy, even though water 

supplements for augment-all and augment-dry treatments are greater 

than the smallest pre-season supplement (2.5 cm) in all three dry 

years. In addition, the 1951 augment-all and PS 10.2 treatments' 

effective water supplements were approximately equal, 11.6 cm and 9.7 

cm of water respectively, but the yield index of the PS 10.2 treatment 

was greater (Table 5). Effective water supplements of the augment-dry 

and the PS 5.1 treatments were also very close, 5.7 cm and 5.1 cm 

water respectively; however, pre-season water application produced a 

higher yield index than summer water supplements. Additions of single 

supplements (2.5 cm) in May and July 1951 also produced less than the 

PS 2.5 cm treatment. In all these cases, yield index differences may 

be attributed to differences in evaporative water losses because 

evaporative water losses were greater after summer water 

supplementation. Exceptions to this pattern, however, were seen in 

the June 1951 2.5 cm addition, and in 1943, as well as in wet years.

Simulations of Bouteloua site yield responses for two of the 

three average years, (1929 and 1943), and all three wet years 

confirmed Agropyron findings that pre-season water application to wet 

soils failed to bolster yields (Tables 5,6). The soil profile was wet 

in these years at the start of the growing season, and most of the 

pre-season water supplement drained beyond the root zone. It is not 

surprising, therefore, that yield indices did not increase relative to

the control simulations.



Table 5. Simulated system response for a Bouteloua site in average years. Yield indices, 
effective water supplements, soil evaporation totals, and available water stored at 
the end of the season. *

Yield Indices^ Water Suppl.^ Soil Evap. Water Stored^
TRTMT1 1943 1951 1929 1943 1951 1929 1943 1951 1929 1943 1951 1929

Control 59 55 56 0.0 0.0 0.0 16.1 15.0 13.5 0.1 2.3 2.7

PS 2.5 69 63 56 2.5 2.5 0.1 16.1 15.5 13.5 0.2 2.5 2.7
PS 5.1 71 68 56 2.9 5.1 0.1 16.1 15.5 13.5 0.2 2.7 2.7
PSlO .2 71 87 56 2.9 9.7 0.1 16.1 15.5 13.5 0.2 3.9 2.7

Ap 2.5 69 63 56 2.5 2.5 0.1 16.1 15.5 13.5 0.2 2.5 2.7
Ma 2.5 70 61 56 2.5 2.5 0.1 16.2 15.7 13.5 0.2 2.3 2.7
Jn 2.5 69 66 60 2.5 2.5 1.7 16.2 15.5 14.0 0.2 2.3 2.7
Jl 2.5 64 59 61 2.5 2.5 2.5 17.0 16.1 14.6 0.2 2.3 2.7

Agm all 77 72 59 7.8 11.6 6.8 19.3 18.3 17.9 0.5 6.7 3.8
Agm dry 63 58 56 3.4 5.7 3.8 17.5 16.2 16.7 0.1 2.7 3.0
Agm wet 72 59 59 0.8 1.3 2.3 17.5 15.7 14.4 0.3 5.7 3.3

* Treatment names refer to:
control: no additional water
PS #: pre-season supplements of 2.5 cm, 5.1 cm, and 10.2 cm 
Ap-Jl 2.5: single 2.5 cm shower in April, May, June or July 
Agm all: augmentation of all shower events by amount indicated in Figure 10.
Agm dry: augmentation of only those showers which occur when the soil is dry 
Agm wet: augmentation of only those showers which occur when the soil is wet 

 ̂ Yield index is the simulated yield, expressed as % of site potential yield (=2730 kg/ha). 
 ̂ Water supplement = cm effective water supplement = additional water - deep drainage.
^ Water stored = cm plant available water at peak standing crop.



Table 6. Simulated system response for a Bouteloua site in wet years. Yield indices,
effective water supplements, soil evaporation totals, and available water stored at
the end of the season.

Yield Indices^ Water S u p p l Soil Evap. Water Stored^
TRTMT1 1978 1915 1972 1978 1915 1972 1978 1915 1972 1978 1915 1972

Control 51 91 87 0.0 0.0 0.0 15.1 21.2 18.9 4.2 8.2 2.6

PS 2.5 61 91 87 2.5 0.4 0.0 15.2 21.4 18.9 4.3 8.4 2.6
PS 5.1 63 91 87 3.2 0.4 0.0 15.2 21.4 18.9 4.3 8.4 2.6
PSlO .2 63 91 87 3.2 0.4 0.0 15.2 21.4 18.9 4.3 8.4 2.6

Ap 2.5 61 91 87 2.5 0.4 0.0 15.2 21.4 18.9 4.3 8.4 2.6
Ma 2.5 59 91 88 2.5 0.5 0.7 15.5 21.5 19.2 4.3 8.4 2.8
Jn 2.5 59 92 89 2.5 0.5 1.8 15.4 21.3 19.4 4.3 8.7 3.4
Jl 2.5 56 92 89 2.5 0.8 2.5 16.3 21.3 19.3 4.3 9.0 7.5

Agm all 65 95 90 9.3 5.8 7.4 19.0 23.5 21.5 5.6 11.9 6.9
Agm dry 56 92 89 4.2 2.2 2.3 17.5 21.9 19.4 4.5 9.4 3.9
Agm wet 55 92 89 1.9 2.5 3.0 15.7 22.4 20.5 4.6 9.6 3.5

* Treatment names refer to:
control: no additional water
PS #: pre-season supplements of 2.5 cm, 5.1 cm, and 10.2 cm 
Ap-Jl 2.5: single 2.5 cm shower in April, May, June or July
Agm all: augmentation of all shower events by amount indicated in Figure 10.
Agm dry: augmentation of only those showers which occur when the soil is dry
Agm wet: augmentation of only those showers which occur when the soil is wet

2 Yield index is the simulated yield, expressed as % of site potential yield (=2730 kg/ha).
3 Water supplement = cm effective water supplement = additional water - deep drainage.
 ̂ Water stored = cm plant available water at peak standing crop.



47

Early 2.5 cm water additions produced larger yields than later 

additions in dry and average years. In wet years, however, a single 

shower in June produced higher yields than single showers in April, 

May, or July. This response often corresponded to, and was probably 

caused by, larger evaporative water losses associated with later water 

additions. Effective water supplements for single showers were 

reduced by deep drainage only in 1972. Water storage was increased 

relative to the control, but there was seldom much storage difference 

among treatments.

In the three dry years tested, benefits of early-s eason 

supplementation were clear. Application of 2.5 cm of' water in April 

(=PS 2.5) produced a large increase in the yield index, which 

progressively declined with later applications (Table I). July 

applications caused no yield index increase, since they occurred after 

the (defined) date of peak standing crop (July I) at the Agronvron 

site. The decrease in yield index with progressively later water 

applications corresponded to increased evaporative water losses. 

Evaporative water losses associated with 2.5 cm water additions in 

April were only slightly greater than losses predicted in control 

simulations; therefore, essentially all of the additional water was 

available for plant use. In contrast, evaporative losses were 

successively greater for later water applications, so that less of the 

supplemental water was available for plant transpiration and growth.

In the three average years tested, yields were increased most 

with April additions, and were progressively less with later 2.5 cm

Single Showers: Agropvron
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water supplements, as in dry years (Table 2). In average years, 

however, increases in treatment yield indices relative to the control 

were smaller than in dry years.

Surprisingly, simulated yields after May and June 1929 

supplements were actually less than those of the control simulations. 

The simulated treatment yield was less than that of the control 

simulation when supplemental rainfall occurred as showers which 

slightly wet the upper soil layers. When layers were wet to soil 

water potentials less than -1.5 MPa, the plants transpired water from 

the dampened upper layers, without contribution to the yield index. 

In contrast, the plants of the control simulation drew water from 

deeper, wetter soil layers, where water was held at soil water 

potentials greater than -1.5 MPa;. this transpired water contributed to 

the yield index. This model inaccuracy might be corrected by using 

shorter time steps for evapotranspiration functions or by adding a 

function which allows plant water use from wettest soil layers rather 

than its current sequential (top-down) water use pattern. 

Partitioning evapotranspirative demand over shorter time steps would 

allow more transpirative water use under conditions of limited water 

availability. Wight and Hanks (1981) tested a vertically non

sequential water use function, and found it to be inaccurate in the 

original version of ERHYM, where no limit is made to plant water use 

which is allocated to growth.

Evaporative water losses were similar among applications made in 

different seasons in average years (Table 2). Therefore, effective 

additions and yields were also similar since there was no deep
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drainage. Water storage in single shower simulations of average years 

was mostly similar among treatments, but was greater than storage of 

control simulations. Again, this indicates the possibility of yield 

increase if available water stores postponed peak standing crop, or if 

stored water were used in the following year. Timing of single 2.5 cm 

water applications was apparently less critical in years of average 

precipitation than in dry years.

Simulations for the three wet years at the Agronvron site showed 

that a 2.5 cm water supplement in June produced the largest yield 

increase among single shower treatments (Table 3). The effective 

water supplement for 2.5 cm treatments was less than the applied 

treatment only in 1972; therefore deep drainage cannot account for 

yield differences. Evaporative water losses for the June treatment 

were among the highest of the 2.5 cm treatments, but were not 

significantly different from evaporative losses of the control 

simulation. Transpiration, and therefore the yield index, in control 

and treatment simulations were seldom limited by lack of water; the 

June treatment occurred after the control simulation began to be water 

limited and therefore it effected a slight yield increase in wet 

years. Available water stores indicated that the soil profile was 

still fairly wet on the date of peak standing crop for all of the 2.5 

cm supplements in all three wet years (Table 3). If the plants can 

use the stored water, yields were underestimated.
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In dry years, yield increases for 2.5 cm water supplements were 

smaller in Bouteloua simulations than in Agronvron simulations. As in 

the pattern observed in Agronvron simulations, yield increases 

declined with postponement of water applications (Table 4). These 

patterns can be explained by higher evaporative losses occurring with 

later water applications, i.e. by smaller effective additions.

In years of average precipitation at the Bouteloua site, yields 

seemed unaffected by timing of single showers (Table 5). Evaporative 

water losses were highest in July for all three average years and 

yields for July treatments were lowest in 1943 and 1951, consistent 

with the pattern for dry years. Soil evaporation values and stored 

available water were all about equal for April through June 

supplements in average years and yields were also similar, within five 

percent of each other. Thus, as at the Agronvron site; timing of 2.5 

cm supplementations was not critical in average precipitation years, 

and such showers are unlikely to be very effective.

The Bouteloua site simulations for two of the three wet years 

showed the greatest yield responses to June additions, as in Agronvron 

simulations. However, there was little or no difference between yield 

indices for progressively later water supplements (Table 6). In 

contrast, the highest yield index for the 2.5 cm supplements in 1978 

occurred in April, as in drier years. The model showed deep' drainage 

occurring in some of the single shower treatments in 1915 and 1972, 

but with least drainage loss for the June supplements. This accounts 

for minor differences in yield indices, with the plants again

Single Showersr Bouteloua
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responding more closely to amount of applied water in Bouteloua than

t

in Agropyron simulations. Records of simulated available water stores 

indicated that the soil remained fairly wet through the end of the 

growing seasons and evaporative water losses were similar to those of 

control simulations, as they were in the Agropyron simulations. This 

suggests that production was rarely water limited in wet years.

Summer Shower Augmentation: Agronvron

Augmentation of all precipitation events in dry years at the 

Agroovron site was less effective than the smallest (2.5 cm) pre

season water supplements, even though amounts of supplemental water 

applied were sometimes greater (Table I). Soil evaporation totals 

were much higher for this augmentation strategy than for pre-season 

treatments and served to reduce the effective water supplement,. 

Stored available water differed little between this treatment and 

control treatments in dry years.

Yield responses for augmentation of all showers in average and 

wet years at the Agronvron site were variable and did not relate to 

supplementation totals (Tables 2,3). In simulations for three of the 

six wet and average years, (average 1943, wet 1915, and wet 1972), 

augmentation of all showers produced larger yield increases than for 

any treatment tested; in the other three wet and average years, 

(average 1951, average 1929, and wet 1978), yield responses were 

smaller than those of the control simulations.

"High yield response" years, 1943, 1915, and 1972, were 

characterized by extremely wet summer seasons. The 1943 winter
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precipitation was very low, (Appendix C), with large early-summer 

showers bringing the season precipitation total up to normal levels. 

The other two years were the wettest years in the eighty-year 

precipitation record, and large showers occurred frequently during the 

growing season. In all three years, the soil profile remained wet 

enough to allow yield increases in augmentation simulations, relative 

to those of control simulations. Yield differences were not great, 

however, since control conditions were seldom water-limiting before I 

July.

In contrast, precipitation during the "poor yield response" 

years, (average 1951, average 1929, and wet 1978) usually occurred 

when upper soil layers were dry, i.e., soil water potentials less than 

-1.5 MPa. The model drew water (transpiration) from relatively dry 

upper layers, but did not allocate it to the yield index, due to the - 

1.5 MPa limit to transpiration water use allocated to growth. 

Therefore, in these years, treatment yield indices were lower than 

those of control simulations, where water was drawn from deeper, wet 

soil layers. If water transpired from dry upper layers does 

contribute to growth, (contrary to the modified model), the low yield 

indices were artifacts of the model's water use functions. In these 

cases, predicted yield indices are underestimates if plants used the 

large water stores predicted by the model, either later in the year or 

in the following year.
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Augmentation of all precipitation events in dry years at the 

Bouteloua site produced less forage than the smallest (2.5 cm) of the 

pre-season water supplements (Table 4), as observed in Agronvron 

simulations. High soil evaporation losses after these summer showers 

reduced the effective water addition, and there was little increase in 

end-of-season water stores.

Augmentation of all showers in average and wet years at the 

Bouteloua site was a successful treatment relative to the others 

tested, although predicted yield increases were small(Tables 5,6). 

In these years, yield indices corresponded more closely to the amounts 

of effective water applied than they did in the Agronvron simulations. 

For example, the 1978 simulation for the Bouteloua site, a wet year, 

showed a similar pattern to that of 1943, an average year, with 

Bouteloua yields responding closely to water supplement amounts. The 

augment-all strategy produced 9.3 cm of water during the growing 

season in 1978, and 7.8 cm additional water in 1943 (Tables 5,6). The 

largest pre-season supplements provided only 3.2 cm of additional 

water in 1978, and 2.9 cm in 1943, due to deep drainage losses. Yield 

increases corresponded to these widely different water amounts, with 

the augment-all treatment showing the largest yield increase of any 

tested treatments.

Selective Summer Shower Augmentation; Both-Sites

Neither of the two selective augmentation strategies tested 

produced large increases in yield, in any year (Tables I through 6).

Summer Shower Augmentation: Bouteloua
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Augmentation of showers occurring when the soil was wet was usually a 

better strategy than augmentation of showers occurring when the soil 

was dry. In most cases, soil evaporation losses were higher for the 

augment-dry strategy than for the augment-wet strategy. However, 

differences in effective water supplements for the two strategies made 

this comparison of marginal value. The small number of showers 

occurring when either of these criteria were met, and high evaporative 

demand after these summer showers, both served to reduce the 

effectiveness of either of these seeding strategies.

Efficiency of Supplemental Water-Use

When either water or the resources to supply water are limited, 

efficiency of the supplement is important. Consideration of both 

measures, efficiency of water use and effectiveness in producing yield 

increase, therefore determines optimal use of resources for either 

irrigation or weather modification strategies. In order to determine 

optimal use of additional water in any given year, the treatments must 

be compared in terms of forage return for each unit of additional 

water applied; A comparison of the ratio of yield index increase: 

precipitation increase indicates which treatments had the greatest 

effect on "plant response", relative to each cm of water supplied. 

This index measures relative efficiency of units of supplemental 

water, quite distinct from direct comparisons of effectiveness of 

treatment, or yield increases due to various water supplementation 

treatments. Use of this index is most appropriate when the cost of a 

centimeter of water is nearly constant across seasons.
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Table 7. Efficiency of Supplemental Water, Agropyron. Water use 
efficiency index is the ratio of yield index increase: 
precipitation increase = % : cm.

TRTMT1 1931
DRY
1934 1936 1943

AVG
1951 1929 1978

WET
1915 1972

PS 2.5 8.0 7.2 7.2 2.4 5.2 0.0 0.4 0.8 0.0
PA 5.1 6.7 8.8 8.2 1.2 3.5 0.0 0.3 0.8 0.0
PSlO .2 7.4 8.7 8.6 0.8 2.0 0.0 0.3 0.8 • 0.0

Ap 2.5 8.0 7.2 7.2 2.4 5.2 0.0 0.4 0.8 0.0
Ma 2.5 2.4 2.8 4.0 2.4 0.8 0.0 0.4 0.0 1.4
Jn 2.5 1.2 0.8 0.8 0.0 0.8 0.0 1.6 2.4 2.2
Jl 2.5 — — — 0.0 —  — —

Agm all 3.0 3.0 3.0 1.3 0.0 0.0 0.0 6.7 2.9
Agm dry 2.0 0.0 0.0 0.0 0.0 0.0 0.0 3.8 0.0
Agm wet 10.0 8.3 7.5 0.0 0.0 0.0 0.0 4.4 2.5

I Treatment names refer to:
control: no additional water
PS #: pre-season supplements of 2.5 cm, 5.1 cm, and 10.2 cm 
Ap-Jl 2.5: single 2.5 cm shower in April, May, June or July 
Agm all: augmentation of all shower events
Agm dry: augmentation of showers which occur when the soil is 

dry
Agm wet: augmentation of showers which occur when the soil is

wet
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Table 8. Efficiency of Supplemental Water, Bouteloua. Water use 

efficiency index is the ratio yield index increase: 
precipitation increase = % : cm.

TRTMT1 1931
DRY
1934 1936 1943

AVG
1951 1929 1978

WET
1915 1972

PS 2.5 3.2 3.6 3.2 4.0 3.2 0.0 4.0 0.0 0.0
PS 5.1 2.7 3.5 3.1 4.1 2.5 0.0 3.8 0.0 0.0
PS10.2 3.1 3.5 3.3 4.1 2.3 0.0 3.8 0.0 0.0

Ap 2.5 3.2 3.6 3.2 4.0 3.2 0.0 4.0 0.0 0.0
Ma 2.5 2.0 1.6 2.0 4.4 2.4 0.0 3.2 0.0 1.4
Jn 2.5 2.4 1.6 1.2 4.0 4.4 2.3 3.2 2.0 1.1
Jl 2.5 1.6 1.6 0.0 2.0 1.6 2.0 2.0 1.3 0.8

Agm all 1.3 1.3 1.0 2.3 1.5 0.4 1.5 0.7 0.4
Agm dry 1.1 0.7 0.2 1.2 0.5 0.0 1.2 0.5 0.9
Agm wet 5.0 3.3 3.3 16.3 3.1 1.3 2.1 0.4 0.7

I Treatment names refer to:
control: no additional water
PS #: pre-season supplements of 2.5 cm, 5.1 cm, and 10.2 cm 
Ap-Jl 2.5: single 2.5 cm shower in April, May, June or July 
Agm all: augmentation of all shower events
Agm dry: augmentation of showers which occur when the soil is 

dry
Agm wet: augmentation of showers which occur when the soil is

wet
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Pre-season water treatments were the most efficient treatments in 

dry years, while in average and in wet years, their water-use 

efficiency was fairly low (Tables 7,8). These data support and 

strengthen conclusions drawn from direct comparisons of yield indices 

in dry years, which showed these treatments to be the most effective 

treatments as well. Reduced evaporative water losses, which explained 

the effectiveness of pre-season treatments, also underlie the high 

efficiency of pre-season water supplements in dry years. In average 

and in wet years, on the other hand, where relatively large initial 

water stores were predicted, the efficiency index for the pre-season 

water additions was low, due to deep drainage.

In most years, efficiency of single summer showers was 

progressively less for later showers. This pattern was also observed 

in direct comparisons of yield. This observation is also due to 

evaporative water losses, since efficiencies dropped with time and 

evaporative losses rose as the season progressed.

Augmentation of all summer showers was an efficient strategy in 

two of three wet years at the Aeronvron site, but never at the 

Bouteloua site. More simulations are necessary to determine whether 

this strategy would be useful in years when precipitation is 

plentiful.

The augment-wet strategy, although ineffective in terms of yield 

increase, was water-use efficient in dry years at both sites (Tables 

7,8). Even though water supplements were quite small, the water was 

used efficiently in terms of increased "plant yield". Less stringent 

definition of "wet soil" would increase the number of seeding events
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as well as increase the amount of supplemental water. These increases 

might serve to improve effectiveness of the augment-wet strategy, but 

efficiency would decrease, as observed in water-use efficiency of the 

limiting case, the augment-all strategy.

Water addition to dry soil was a less efficient treatment than 

additions to wet soil, in most of the years tested. Both high 

evaporative water losses, and the unavailability of some of the water 

supplement, reduced efficiency of supplementation of precipitation 

when soils were dry. Therefore, water supplementation when the soil 

was dry was neither efficient nor effective.
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DISCUSSION

A computer model simulating the soi1-plant-atmosphere system, 

ERHYM, was used to test the effectiveness of ten water supplementation 

strategies in increasing plant yield. Each of the ten treatments was 

tested under dry, average and wet climatic conditions. Water 

supplements increased yield predicted by ERHYM, in proportion to the 

effect of additional water on transpiration; additional water also 

affected evaporation, soil water storage, and deep drainage. An 

analysis of treatment affects on these variables provided insight into 

reasons for the relative effectiveness of different water management 

strategies in increasing yields. Tables 9 and 10 provide a detailed 

summary of rainfall augmentation strategies and resultant plant and 

soil system responses.

Pre-Season Applications

Pre-season water supplementation strategies were both more 

effective (increased plant yield), and more efficient (plant yield 

increase per cm water increase), than strategies involving water 

application during the growing season. These benefits were made 

possible by relatively low evaporative water losses (Tables 9,10). 

Pre-season water supplements were subject to less evaporation than in- 

season treatments for two reasons. First, evaporative demand was 

lower at the start of the growing season than it was later in the 

season, and more of the applied water was transpired before it



Table 9. Comparison of ecosystem responses to supplemental water: Agronvron grassland. Each
treatment was tested in dry (D)1 average (A), and wet (W) years. The responses are
presented as increases over the normal (unwatered control plot) condition.

TREATMENTS:1
ECOSYSTEM
RESPONSE YRS

PRE-SEASON 
10.2 5.1 2.5

AP
2.5

MA
2.5

JN
2.5

JL
2.5

AGM
ALL

AGM
DRY

AGM
WET

Mean Yield , D 60 40 19 19 8 2 _ _ 9 I 6
Index Incr.2 A 8 8 6 6 2 -2 — -I -2 0
(%) W I I I I -I 5 — 5 2 2

Mean HOH D 7.3 5.1 2.5 2.5 2.5 2.5 3.0 1.3 0.7
Supplement"3 A 4.8 3.4 2.5 2.5 2.5 2.5 — 4.7 1.7 0.9
(cm) W 1.8 1.8 2.5 2.5 1.9 2.3 — 4.0 1.7 1.2

Mean HOH D 1.9 0.9 0.2 0.2 0.1 0.1 0.1 0.0 0.0
Stor Incr. A 3.7 2.3 1.6 1.6 1.5 2.3 — 2.9 0.8 0.8
(cm) W 1.8 1.8 1.6 1.6 1.6 2.0 — 3.5 1.5 1.2

Mean Evap. D 0.1 0.1 0.1 0.0 1.0 1.1 — 1.5 0.9 0.1
Increase A 0.3 0.3 0.3 0.3 0.4 0.1 —— 1.4 0.6 0.1
(cm) W 0.1 0.1 0.1 0.1 0.3 0.3 — 1.7 0.6 0.5

Mean WUE D 8.2 7.9 7.5 7.5 3.1 0.9 — 3.0 0.6 8.6
Index A 0.9 1.6 2.5 2.5 1.1 0.3 — 0.4 0.0 0.0
(%/cm) W 0.4 0.4 0.4 0.4 0.6 6.2 — 3.2 1.3 2.3

Treatment names refer to:
control: no additional water
PS #: pre-season supplements of 2.5 cm, 5.1 cm, and 10.2 cm
Ap-Jl 2.5: single 2.5 cm shower in April, May, June or July (JL 2.5 shower occurs

after date of peak standing crop, when yield index is calculated.)
Agm all: augmentation of all shower events by amount indicated in Figure 10.
Agm dry: augmentation of only those showers which occur when the soil is dry
Agm wet: augmentation of only those showers which occur when the soil is wet

Yield index is the simulated yield, expressed as I of site potential yield («=5980 
kg/ha); control plot mean yield indices were 16%, 47%, & 48% in dry, average and wet 
years, respectively.

Water supplement = cm effective water supplement = additional water - deep drainage.
WUE is water use efficiency; this index is the % yield index increase per cm effective 

water supplement.



Table 10. Comparison of ecosystem responses to supplemental water: Bouteloua grassland.
Each treatment was tested in dry (D), average (A), and wet (W) years. The
responses are presented as increases over the normal (unwatered control plot)
condition.

ECOSYSTEM
RESPONSE YRS

TREATMENTS:1 
PRE-SEASON 

10.2 5.1 2.5
AP
2.5

MA
2.5

JN
2.5

JL
2.5

AGM
ALL

AGM
DRY

AGM
WET

Mean Yield , D 24 19 11 11 8 7 6 9 6 6
Index Incr.2 A 14 8 6 6 5 8 4 12 2 6
(%) W 4 4 4 4 3 4 3 7 3 3

Mean HOH D 6.5 5.0 2.5 2.5 2.5 2.5 2.5 5.4 3.7 0.7
Supplement^ A 4.2 2.7 1.7 1.7 1.7 2.2 2.5 8.7 4.3 1.5
(cm) W 1.2 1.2 1.0 1.0 1.2 1.6 1.9 7.5 2.9 2.5

Mean HOH D 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.2 0.0
Store Incr. A 0.6 0.2 0.1 0.1 0.0 0.0 0.0 2.0 0.2 1.4
(cm) W 0.1 0.1 0.1 0.1 0.1 0.5 1.9 3.1 0.9 0.9

Mean Evap. D 0.1 0.1 0.0 0.0 1.0 1.1 1.2 3.0 2.3 0.3
Increase A 0.1 0.1 0.1 0.1 0.2 0.3 1.0 3.6 1.9 1.0
(cm) W 0.1 0.1 0.1 0.1 0.3 0.3 0.6 2.9 1.2 1.1

Mean WUE D 3.3 3.1 3.3 3.3 1.9 1.7 1.1 1.2 0.7 3.9
Index4 A 2.1 2.2 2.4 2.4 2.3 3.6 1.9 1.4 0.6 6.9
(%/cm) W 1.3 1.3 1.3 1.3 1.5 2.1 1.4 0.9 0.9 1.1

I

2

3
4

Treatment names refer to:
control: no additional water
PS #: pre-season supplements of 2.5 cm, 5.1 cm, and 10.2 cm 
Ap-Jl 2.5: single 2.5 cm shower in April, May, June or July 
Agm all: augmentation of all shower events by amount indicated in Figure 10.
Agm dry: augmentation of only those showers which occur when the soil is dry
Agm wet: augmentation of only those showers which occur when the soil is wet

Yield index is the simulated yield, expressed as % of site potential yield (=2730
kg/ha); control plot mean yield indices were 16%, 47% & 48% in dry, average and wet
years, respectively.

Water supplement = cm effective water supplement = additional water - deep drainage.
WUE is water use efficiency; this index is the % yield index increase per cm effective 

water supplement.



62
evaporated from the soil surface. Second, if upper soil layers were 

moist at time of application, as is common in spring, either 

supplemental water or that of subsequent spring showers is more likely 

to be stored in deep soil layers not affected by soil evaporation. 

The high effectiveness of pre-season water was also demonstrated by a 

similar study of the effects of increased precipitation on grain 

sorghum (James and Eddy 1982).

Benefits of pre-season water treatments were less when large 

amounts of water were stored in the soil at the time of water 

application. For example, benefits were lost in years with high 

winter precipitation, because the soil profile was partially filled, 

and excess supplementary water drained from the system.

Simulations of pre-season treatments, often the most effective of 

the water supplements tested, may have underestimated yields for two 

reasons. First, the yield regression calculated from the data used to 

fit and validate the model indicated that in fall water treatments, 

the model's predicted yield index may underestimate plant production 

by up to twenty-five percent (c.f. pp. 16-18). If present, this 

inaccuracy is probably due to the model's inflexible plant growth 

functions, which do not provide for changes in plant population 

density dr plant phenology. Work of James and Eddy (1982) and others, 

(reviewed by Vaux and Pruitt 1983), shows significant correlation 

between crop yield response and precipitation, by growth stage. 

Therefore, additional water could be more or less effective in 

increasing plant yields, depending on the growth stage of the plant. 

The model is currently unable to evaluate these effects, and data
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required to construct a model of this sort are unavailable for 

rangeland. Second, water storage on the date of peak standing crop 

was high after some pre-season treatments (Table 9). This stored 

water should either support plant growth beyond the "normal" day of 

peak standing crop, or contribute to production in the following year. 

In either case, effects of pre-season treatments will be 

underestimated. While the maximum day of peak standing crop is 

affected by photoperiod, monthly biomass measurements on field plots 

at Miles City show that peak standing crop occurs later in irrigated 

plots than in unirrigated plots, and may occur as late as mid-August 

(Weaver et al. 1981).

Single Showers

If applied as single 2.5 cm showers during the growing season, 

supplementary water, may be beneficial when applied early in either dry 

or in average years. Low evaporative water losses, due to low 

springtime evaporative demand, or water storage in deep soil layers 

not affected by evaporative demand, contributed to high yield indices 

for early season watering in dry and average years, when water storage 

capacity was available.

In contrast, the small benefits of 2.5 cm supplements in wet 

years were greatest for June treatments. Transpiration was rarely 

water-limited before June in wet years, so earlier water 

supplementation was ineffective.

Since yield index increases were not large, the principal 

advantage of 2.5 cm water supplements in June or earlier, may lie in
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increased storage of water into the following year. Available water 

stored on day of peak standing crop was increased by 2.5 cm treatments 

in all years, relative to control simulations. Storage increases were 

small in dry years, and relatively large in average and in wet years. 

Increased water storage may allow delay of day of peak standing crop 

and increased production in the current year or over-winter storage 

that will contribute to the following season's early plant growth.

As in pre-season treatments, early-season 2.5 cm water 

supplements are of little use when the soil profile is at or near 

field capacity, since they are lost to deep drainage. Drainage loss 

was predicted for 2.5 cm water supplements in two of the nine years 

simulated at the Agronvron site, and in three of nine years at the 

Bouteloua site.

Summer Shower Augmentation

Augmentation of all summer precipitation events was marginally 

effective in increasing predicted yield indices in dry and wet years 

and was ineffective in average years. Water-use efficiencies were low 

in most years, although in two of three wet years, efficiencies were 

higher than for other treatments.

In dry years, the small plant response to the augment-all 

treatment was due to the small number of precipitation events 

available for seeding, and to high evaporative demands during summer, 

which reduced effectiveness of summer shower supplements. In average 

years, the yield index showed little or no increase, even though 

numbers of augmented showers and amounts of additional precipitation
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were often high. The lack of plant response was due in part to high 

evaporative losses associated with showers falling during the summer 

season. However, the additional precipitation increased available 

water stores on day of peak standing crop. Unused water stores in the 

model could support increased production, either through postponement 

of peak standing crop or through storage of water into the following 

year.

Selective augmentation strategies (augment-wet and augment-dry) 

were ineffective in most years tested. This was due largely to the 

small numbers of showers meeting the criteria for either strategy. 

With less stringent definition of wet or dry soil, effects of either 

strategy would approach those of the augment-all treatment. In any 

case, high evaporative water losses during summer showers will keep 

efficiency of either strategy low, and especially so for the augment- 

dry strategy. . .

Model-Improvement

Although the model realistically simulated soil water and plant 

growth, further modification could improve model predictions. Such 

modifications would, however, require a more complete understanding of 

three physical processes or controls. The processes or controls are: 

plant growth relative to date of peak standing crop, effects of low 

soil water potentials on plant growth, and the apportioning of water 

use between evaporative and transpirative demands.

The model's assumption that production ceased after mid-summer, 

(I July), limited plant growth when water was still available in many
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treatments, especially wetter treatments. If water availability 

actually prolonged the growing season, yields resulting from cloud 

seeding or irrigation would be underestimated in those cases where 

significant water stores remained. If model predictions of above

ground production were correct in cases where water stores remained, 

the model still may have underestimated effects of the treatments, in 

two ways. First, late season water use may be allocated to below

ground production (Newbauer, 1985), which could support increased 

vigor in the following year. Alternatively, if the following fall and 

winter were dry, water remaining in storage could support greater than 

normal growth in the following year.

The assumption that soil water potentials less than -1.5 MPa 

limited plant growth, even though transpiration continued, will 

underestimate plant growth slightly, if this limit is unrealistic. 

However, since soils hold little plant available water at water 

potentials less than -1.5 MPa, this possible error will be small.

The model apportions water in the soil profile first to 

evaporative demands and then to transpirative demands. This function 

may underestimate transpiration and yield resulting from light showers 

in dry soils. Use of shorter time steps would increase allocation to 

transpiration and yield. Opinions differ.as to whether the water 

would, in fact, contribute to transpiration and/or yield (Sala and 

Lauenroth 1982, Johnson and Weaver 1985).
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CONCLUSIONS

The modified model appears to be adequate for preliminary 

comparisons of cloud-seeding strategies. The relationship of soil 

profile water content to winter precipitation is sufficiently precise 

for model initialization, and rainfall input is accurately measured. 

Demonstration that the model accurately simulated field-measured soil 

water showed that total water loss was reasonably well simulated. 

Plant growth is estimated from transpiration; comparison of predicted 

yields and measured yields suggested that the model correctly 

partitioned evapotranspirative water loss between evaporation and 

transpiration.

Model output might be improved to an unknown degree by further 

modification. Such modification would be based on process studies, 

which would enlarge our basic understanding of ecosystem function. A 

better understanding of three processes could dictate model 

improvements: first, late season water use and its relation to 

production, second, water use at low soil water potentials, and third, 

plant response to light showers.

In years when the soil profile is dry before the growing season 

begins, possible drought effects might be reduced or prevented by pre

season or early-season water supplementation. Efficient and effective 

use of additional water occurred in pre-season treatments when water 

was applied at times of low evaporative demand and when the soil
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surface was already wet. In such cases, supplemental water was 

stored, often in soil layers not affected by soil evaporation, and was 

used by the plants as needed. Even in very dry years, (e.g. 1931, 

1934, and 1936), predicted plant yields were increased to near normal 

levels by 2.5 cm of pre-season water.

Pre-season supplements will not be effective treatments in wet 

years. Deep drainage reduced effective water supplements for pre

season treatments in all three wet years, and water use efficiency was 

also low. In addition, water losses due to deep drainage will limit 

efficiency of pre-season treatments in shallow, or coarse-textured 

soils.

Pre-season supplements may be effective treatments in average 

years. Yields were increased, somewhat, and water stores were 

predicted to be fairly large for pre-season supplements in average 

years. The water stores are likely to increase growth, either after 

"peak standing crop", or in the following season, and yield 

predictions were therefore underestimated.

Supplemental water applications during the growing season were 

not effective nor efficient in increasing plant yield, and therefore 

neither light irrigation nor weather modification during the season is 

likely to ameliorate drought in rangeland of the Northern Great 

Plains. Large fractions of applied water evaporated quickly from dry 

surface soils, reducing the effective water additions for summer 

applications. In addition, lack of eligible weather systems during 

drought would probably limit water supplementation by cloud seeding,
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and below normal water supplies would limit irrigation water 

availability.

Augmentation of all natural showers may be an effective strategy 

in average and wet years, although yield increases will not be large. 

Water stores remaining in the soil on the date of peak standing crop 

were relatively large in average and wet years, and therefore yield 

predictions were likely to be underestimated.

Single 2.5 cm showers during the growing season may increase 

yield if applied in June of wet years, or possibly if applied as a 

pre-season supplement in dry and average years. Some water store is 

predicted for the June wet year treatments, and therefore yield may be 

underestimated.

Limited augmentation strategies are unlikely to be effective 

strategies in any year, due to high summertime evaporative losses and 

to low effective water supplements.

Irrigation or cloud seeding before the growing season begins will 

provide the land manager with the most effective and efficient use of 

applied water when the soil profile is not near field capacity. In- 

season supplements are subject to relatively high evaporative losses 

and may provide plants with water for photosynthesis but much of the 

water will not result in increased above-ground growth. Therefore, 

the economic costs and benefits of water supplementation in the off

season, i.e. fall, winter or spring, may provide the land manager with 

viable options for resource allocation.
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APPENDIX A

RELATION OF GYPSUM BLOCK RESISTANCE READINGS TO 
SOIL LAYERS' WATER CONTENTS
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APPENDIX A

Figure 11. Relation of gypsum block resistance readings to soil 
layers' water contents. (No blocks are located in soil 
layer 3, the 30-50 cm layer.) Regression lines are used 
to estimate water content for each soil layer from the 
field-measured soil water value, the mean of six block 
resistance readings.
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APPENDIX B

WINTER PRECIPITATION AND SPRING SOIL WATER VALUES
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Table 11. Winter precipitation and spring soil water values. Soil 
water contents for test years were initialized with values 
equal to those observed in a data year with similar Oct-Mar 
precipitation.

Oct-Mar Ppn Oct-Mar Ppn Spring Soil Water (cm)
TEST YEARS DATA YEARS DATA YEARS
Year cm HOH cm HOH Year Aesm Boer

1931 5.6 6.7 1981 9.6 9.5
1934 7.1 . 7.5 1977 11.2 13.0
1936 7.8 7.5 1977 11.2 13.0

1943 5.6 6.7 1981 9.6 9.5
1951 4.5 3.8 1980 6.8 6.7
1929 12.7 12.2 1979 12.6 14.7

1978 14.5 14.5 1978 8.6 12.3
1915 13.1 12.2 1979 12.6 14.5
1972 27.4 18.4* 18.8*

*Soil profile was filled as initialization for 1972, since the 
large amount of winter precipitation exceeded its water 
holding capacity.
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