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SPAW
A Soil-Plant-Air-Water (SPAW) Hydrologic Model 

Field & Pond Hydrology

VERSION 6.1 for WINDOWS

Introduction

Manuals

The SPAW model descriptive manuals are written as three separate documents, each with a different level of user interest or question in mind.  The three manuals by necessity have some overlap and duplicative material since they are describing the same simulation model.  They do, however, address similar descriptions in a progressively detailed manner.

SPAW Operational Manual:  This manual is intended to answer rather immediate and specific user questions while actually operating the model by manipulating the screen functions.  Most emphasis is placed on data and function descriptions to insure correct model application.

SPAW Users Manual:  This manual describes the model functions and typical applications to provide the user with ideas and concepts about these applications.  Descriptive detail is sufficient to assure that the model is being applied to a proper situation and with correct analytical interpretations.

SPAW Reference Manual:  This manual provides details about the model logic, algorithms and their source.  This material will be useful to the user who desires to know the scientific basis embodied in the model and the supportive reference material.  Soil water hydrology, pond hydrology and soil chemistry are sufficiently complex that even this level of manual will not provide the full documentation and the user will need to rely on reference reading to develop the full skill level included in the SPAW knowledge applications.

Field Hydrology

The most important quantities within the hydrologic cycle of a farm field are those related to the water processes within the soil profile.  The soil provides the storage capacity for precipitation and often accepts 80 to 90 percent of the annual climatic input through the infiltration process.  In turn, soil water provides the water supply for plants, percolates water to groundwater reservoirs, and significantly influences runoff and erosion quantities.  The relationship between soil water and crop production steadily grows more important as food production and water resources increase in demand.

The time distribution of soil water within the upper soil profile supplying plant roots is a complex interaction of many variables related to current and past occurrences of weather, crops, and soils.  While soil water principles have been studied for centuries, only in recent years have we begun to develop a complex systems approach to the understanding and prediction of soil water over time.  This has largely come about as a result of modern computer capability which now makes it practical to process large quantities of data through multitudes of linked mathematical equations.  Mathematical simulation (computer modeling) brings a wide range of scientific knowledge to bear on a particular system in a simultaneous, interactive mode which more closely represents the physical and biological processes than any other previous method.  This is the same technique engineers and physicists have long used in more simplified fashion to predict such things as structural strength of beams and water flow in canals. 

The general objective for developing a predictive model of the soil-plant-air-water (SPAW) system was to provide a method to estimate the time-depth distribution of soil water in the active soil profile of vegetated agricultural landscapes.  This would then enhance hydrologic predictions of infiltration, runoff, erosion, and water quality.  Equally important was the assessment of available soil water throughout the growing season for major agricultural crops.  Once the knowledge had been assembled and mathematical representations developed for these objectives, a host of secondary objectives appeared, such as crop water stress effects on growth and yield, soil water influences on soluble fertilizer distribution, the percolation of soil water for groundwater recharge and runoff estimates for offsite utilization and management.

On most landscapes, the soil water is replenished by infiltrated precipitation with a dynamic time distribution of hours or at most a few days.  Then the soil water begins a much slower depletion by surface evaporation, plant transpiration, and percolation.  In addition, the water within the soil profile is in a continual state of flux caused by pressure gradients largely due to spatial variations of water content and associated matric potentials for that particular soil profile.  

This simplified description of the soil water system suggests the basis of the SPAW model.  It is a predictive procedure for the daily accounting of soil water within specified soil layers which is governed by the major effects of weather, plants, and soils.  While representing a very complex physical and biological system, the data requirements were restricted to those readily available through normal sources and the computations were held to a level which, on modern computers, would allow repeated or extended applications on a normal budget and yet not sacrifice undue accuracy for most applications.

By careful parameter and data selection, the SPAW model will provide a vertical, daily water budget simulation for most vegetated landscapes.  It was specifically developed for agricultural fields with annual or perennial crops and the water supplied by precipitation, however the SPAW relationships have been extended to irrigated fields, native grasslands, and forests.  The principles which determine soil water as represented within the SPAW model are quite similar for many landscapes and thus the SPAW model has proven to be widely applicable.

The SPAW model computes a daily estimate of surface runoff, soil water content, actual evapotranspiration (ET), plant water stress and deep percolation based on the environmental, biological and mechanical state of the control volume.  Figure 1 shows the soil and air control volume for a one-dimensional (vertical) water budget.  The arrows suggest the several major hydrologic processes which are considered.
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Figure 1:  The Soil-Plant-Air-Water (SPAW) system of an agricultural field.

The space-time increments of the control volume in Figure 1 describes the modeling process.  Daily estimates are made of all quantities except redistribution of soil water which is estimated  multiple times each day to maintain computation stability, usually at maximum time steps of 1 to 4 hours.  The soil profile is represented by a specified number of layers and depths to reflect the average soil profile over the field being presented.  Each layer is described by a unique set of soil water characteristics (tension and conductivity).  Above-ground, a uniformly distributed plant canopy is assumed  Each model application assumes horizontally homogenous plant-soil-atmospheric conditions represented by model parameters and data.

As with all mathematical predictions, assumptions are implicit and must be continually examined to avoid improper applications.  For example, no diurnal patterns of the ET, soil heat, or soil water are considered even though they occur.  Only daily integrals are applied.  Also, no time distribution of infiltration is used.  Daily infiltration is assumed to occur instantaneously, then the Darcy Equation of unsaturated soil water flow is utilized to provide a more realistic soil water flow within the profile depth. Many other such assumptions are either stated or implied within the model and the user must be always cognizant of these.

To mathematically model the complex physical-biological SPAW system, a guiding philosophy was developed to define appropriate choices such as time-space framework, computational detail, sophistication of mathematics, etc.  Of course, items such as objectives, required accuracy, computational time permitted, and data availability all played a dominant role to develop this philosophy.

In brief, the requirements for the SPAW model were to develop a daily vertical soil water budget that would closely simulate field conditions throughout multiple years for a wide variety of crop-soil-climatic conditions.  Input data was to be relatively simple and readily available from literature, experience or by estimating for most common agricultural locations.  A large variety of options was needed to accommodate varying degrees of data availability.  Model outputs were to provide significantly improved estimates of hydrologic antecedent conditions and assess crop water status from saturation to drought stress.  Computations were to be kept to a minimum to allow simulations of several years or multiple sites.

Field Description

The SPAW field model system requires three general classes of data descriptions related to (1) climate, (2) crops, and (3) soils, plus a few run control parameters.  Some data are required and some are optional depending upon availability and prediction objectives.  Most of these data have already been mentioned in the preceding discussion and additional details are given in the INPUT routine presented later; therefore, each category will only be briefly summarized here.

Climate

Daily climatic data are the principal hydrologic inputs which drive water budgeting.  Precipitation is the water source and atmospheric evapotranspiration creates the largest water utilization.  While net radiation is the principal determinant of the evaporation process, air temperature, humidity and wind travel also contribute.  It is uncommon to have all these data components available to estimate potential evaporation causing most users to estimate theses daily values from pan evaporation or other method.  Air temperature data are not required except for cold weather hydrology where they are used to estimate snow accumulation and melt and frozen soil depths.

The SPAW model requires measured or estimated daily PET values for each day of calculation, which are in turn multiplied by a  mean monthly coefficient.  The coefficients in Table 1 summarize those that have been commonly applied to pan evaporation.  Those of Mustonen and McGuinness (1968) are generally more applicable to the humid eastern U.S. and those of Fleming (1975) for the dry western U.S.  These mean monthly coefficients are specified by the user as mean monthly values in the regional climatic default file.

Table 1:  Example mean monthly ratio values of Potential Evapotranspiration to Pan Evaporation (Pan coefficient values, PET/Pan)

	Month
	Saxton et al., 1974a
	Mustonen and McGuinness, 1968, pg. 77
	Fleming, 1975, pg. 62

	
	
	
	

	January
	0.55
	0.59
	0.62

	February
	0.70
	0.69
	0.60

	March
	0.78
	0.75
	0.60

	April
	0.84
	0.76
	0.65

	May
	0.88
	0.78
	0.71

	June
	0.88
	0.78
	0.72

	July
	0.88
	0.77
	0.71

	August
	0.86
	0.75
	0.71

	September
	0.80
	0.72
	0.69

	October
	0.70
	0.67
	0.69

	November
	0.58
	0.60
	0.67

	December
	0.53
	0.56
	0.62

	
	
	
	

	Annual Mean
	0.75
	0.70
	0.67


Daily PET model input can be determined as either daily measured or estimated values in the climatic daily file or, if daily values are not available or missing, then monthly average values from the climatic default file based on long term records are automatically substituted.  It is common to not have recorded data available at the study site, thus nearby data must be substituted.  If the study site and data site have significantly different PET characteristics due to location, elevation or other reasons, adjustments based on mean annual values from the two locations are made.  Mean annual pan evaporation or open water lake evaporation can be estimated from regional maps published by the US Weather Bureau (Farnsworth et. al, 1982).

Soil Profile

The field soil is described by a series of soil layers from the surface to a depth below the deepest rooting depth expected.  The layers are defined such that they approximate reference soil horizon descriptions which are available from local sources.  The layers must also be defined such that the hydrologic processes of evaporation and redistribution are accommodated.  Percolation and evaporation are more fully described in the section of hydrologic processes. Upper and lower boundary layers are specified for the surface evaporation and deep percolation.  Intermediate layers must not be so small to cause undue calculations, usually not less than 4 inches, and not so large as to create redistribution discontinuities.  A typical soil profile description would have a number of layers near the surface of 4-6 inches, then a series of layers of 12-15 inches at the deeper depths.  If the profile horizon description has layers larger or smaller than these hydrologic limits, approximate that horizon with two or more model layers.

Crop Growth

The crop is described by annual distributions of a crop growth patterns and conditions.  Crop development is described by three data curves; canopy, greenness, and rooting depth.  A fourth curve, yield susceptibility, defines the relative impact of crop water stress on grain yields over the growing season such that when accumulated for the crop year is correlated with grain yields.  For simulations involving nitrogen budgets, the nitrogen uptake annual pattern is included in the crop definitions. Crops growing over the end of the calendar year require two years of definitions.  Multiple year crop rotations are developed by selecting the cropping sequence in the “management” screen.

Canopy:  Because each surface evaporates at rates controlled by its conditions and position, it is necessary to consider plant and soil surfaces separately.  Because solar radiation plays the major role in causing ET, percent crop canopy cover was selected to represent that portion of the potential ET impinging on the plant and not on the soil.  While there are many ways to express canopy, a mean daily soil shading percentage varied over the calendar year was used to describe this division of PET between plant and soil surfaces.  Values vary from zero for bare soil to near 100 for dense canopies.  Measured or estimated values are entered for a sufficient number of days which will approximate the annual canopy conditions with straight line segments.  The program linearly interpolates along the line segments to provide a canopy value for all intermediate days.

Canopy values can be derived by several methods.  Visual estimates of soil shading provide a good guide, but of course are somewhat judgmental.  The model is not highly sensitive to these values, and reasonable seasonal distributions of even fast-growing crops provide reasonable results.  Relationships with planting dates and air temperature would help the estimates.  Observation of vertical photographs from above the canopy is a measurement technique.  Also, measuring total leaf area per unit of soil surface provides a leaf area index (LAI) which is often used in crop physiology documentation.  An LAI value is defined as the total leaf area divided by the horizontal soil surface covered by these leaves.  An LAI value of about 3 relates closely to an equivalent nearly complete canopy of perhaps 90-95% as shown in figure 2.  Values of LAI of several crops have been compared and found similar (Saxton and McGuinness, 1982).  However, canopy architecture plays some role and the measurements are perhaps more difficult than 

warranted by water budget models.  Example canopy curves are shown in Figure 4 and Appendix II of the users manual.
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Figure 2:  Relationship between canopy cover and leaf area index (LAI)

Greenness (Phenology):  All canopies do not freely transpire, even if soil water is available, because of biological development related to their normal phenology.  Normal maturation is the most obvious case where the plants mature, set seed, and senesce.  However, their canopy remains until it is harvested or slowly decays.  Crop residues are also canopy cover because they also intercept radiation and provide soil shading, but of course they do not transpire.  

This effect of canopy transpirability is represented separately from canopy cover by a phenological or "greenness" curve.  This “greenness” curve is defined by values of the canopy transpirability with values ranging from 0% for dead residue to 100 % for a fully transpiring plant leaf.  Entered data are date and values sufficient to represent the canopy condition over the calendar year by straight line segments which are interpolated by the program for daily values.

The greenness effect is not to be confused with the canopy coverage, thus newly emerging plants with minimal canopy coverage would have a greenness value of 100%, and a fully residue covered soil surface would have a value of 0%.  The model combines these two values along with soil water availability and PET to estimate plant transpiration. 

Example greenness curves for corn and brome grass are shown in Figure 3.  The corn readily transpires from emergence until maturation begins.  Brome grass is a cool-season plant which begins growth early but matures and dies during the hot mid-season, then re-grows with early fall coolness.  Winter wheat performs similarly with a dormant winter period (greenness near zero) due to cold temperatures, but again becomes active with warm spring temperatures as growth resumes.  (??add example??)
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Figure 3:  Greenness examples for corn and brome grass.

Roots:  While volumes have been written about plant roots (Weaver 1926, and Taylor and Lund, 1970), the description, physics, and quantification of how roots extend and abstract water remain quite rudimentary.  The difficulty of root research is, of course, the primary reason.  Certain fundamentals are known.  Each plant species has some habit of root pattern, but this can be modified by soil environment (physical, chemical, atmosphere, water) from a limited to an excess amount.  Water uptake effectiveness is strongly related to root age.  Most water apparently is absorbed by new, exploring roots.  Soil water contacts roots by both root exploration and water flow toward the roots.  Most plants set the majority of their roots in the upper 2 or 3 feet of soil, thus this becomes the active hydrological zone.

Because of the limited knowledge about root water uptake, two rather simple methods of a water abstraction pattern with depth were programmed.  The first method defined the percent of water to be abstracted from each soil layer for selected dates over the calendar year.  Of course, more dates were needed for rapidly changing roots and water uptake distribution.  Each distribution was applied to succeeding dates until a new distribution was specified.  This reasonably coarse, stepped time incrementation appeared to function satisfactorily.  

A second method of soil water root abstraction was defined to make input data easier and more readily defined.  The maximum crop root depth was specified for varying dates over the calendar year to be represented by linear segments.  The maximum root depth for each day is interpolated, then a root density distribution from the soil surface downward to the maximum depth assigned by the 40, 30, 20 and 10% rule for each quarter of the depth moving downward.  Lastly, the root density in each soil layer is interpolated by the layer depth and thickness.  This method seemed to be equally representative as the first, although not as flexible, and is the one currently recommended.

Yield Susceptibility:  The susceptibility of grain production by an agricultural crop is affected by crop water stress in a variable pattern over the crop growing period varying from little effect at early growth and late maturity to maximum during the pollination and early grain filling periods (Denmead and Shaw, 1962).  This susceptibility pattern is described by arbitrary weighting values of 0.00 to 0.50, and these are entered as date-susceptibility data values over the calendar year.  These data are optional and have no effect on the simulated water budgets.  They are only used for those instances when the user is interested in water stress impact on grain yields.

Combined crop description graphs:  It is most useful to see all of the crop descriptive graphs on the same time axes since they need to correspond at selected dates such as planting and harvest.  The input routine for the screens version shows these graphs as shown in Figure 4.  Additional examples of crop growth curves are provided in Appendix IIb.  
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Figure 4.  Example combined crop description graphs for corn.

Field Hydrologic Processes

Figure 5 shows a flow diagram for the model computations.  In overview,  the atmospheric potential ET (PET) is determined, then separated into principle components of interception evaporation, soil water evaporation, and plant transpiration which combine to provide an estimate of actual ET (AET).  After subtracting actual ET from existing soil moisture, daily infiltration of rainfall or irrigation water is distributed among the soil layers, and deep percolation and runoff, if any, are determined.  The next section briefly discusses details for each of the major processes within this model framework of Figure 5.  Additional details about these processes is provided in Appendix III. 
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Figure 5:  The computational flow chart of the SPAW field water budgeting model.

Precipitation

It is imperative for a daily water budget model to have accurate daily precipitation data from a gage representative of the field being simulated.  Most  climatic data files do not distinguish the form of precipitation being either rain or snow, thus air temperature data are necessary to estimate snow accumulation and melt to have an appropriate time distribution of the available water to the infiltration process.

Irrigation can also be a major water source to the field hydrology and a separate routine allows for this data input.  Irrigation water is budgeted much the same as precipitation.  Details of irrigation scheduling and budgeting are provided in a later section.

Infiltration

Daily infiltration value was originally programmed to be estimated by one of two methods.  If measured daily runoff was available and correctly associated with the causative precipitation, then it was entered as an item of the climatic data file and daily infiltration was computed as simply precipitation minus runoff.  But, since runoff values were rarely available for other than a research setting, this approach was not included in the current model version.

The current method to estimate infiltration is to first estimate daily runoff as some percentage of daily rainfall by a modified version of the Soil Conservation Service (SCS) curve number (CN) method. (Woolhiser 1976).  Daily infiltration then becomes the simple difference of rainfall or snowmelt minus runoff.  This infiltrated water is budgeted to the upper soil layers according to their current storage capacity.  

The SCS-CN method estimates an amount of the daily precipitation which becomes runoff by first an initial abstraction, and then a percentage of precipitation that becomes runoff, based on a series of empirical curves.  The curve numbers are selected by tabulated CN values for crop-soil combinations plus an antecedent moisture adjustment.  Table 1 provides the suggested CN values for the crop-soil combinations.  The SCS-CN method is described in the U.S. Soil Conservation Service National Engineering Handbook (1973).

The standard SCS-CN method was modified as suggested by Woolhiser (1976) to utilize the predicted estimates of crop canopy and soil moisture.  Because these are both dynamic variables computed in the SPAW model, it is no longer necessary to use average annual conditions.  To adjust the CN for the current canopy, the CN values for fallow and crop conditions are entered from Appendix I.  These values are then prorated according to the computed canopy ranging from the fallow value with no crop to less than the “average” crop canopy represented by the annual tabled crop values.  The full canopy value is computed as a value as much below the average value as the difference between the average canopy value and the fallow value.

Similarly, the significant effect of antecedent soil moisture is dynamically considered by setting limits for the application of the antecedent conditions I and III.  The soil water of the second layer (first real layer below the evaporative boundary layer) is used as the antecedent index.  Based on experience simulations on research watersheds, condition I was defined for when the soil water of this layer is below 60% of FC and condition III when it is above FC.  These limits were selected by several calibrations to provide approximately correct annual surface runoff volumes on experimental watersheds.  Runoff and infiltration volumes can be calibrated by modifying the CN values from those suggested in Appendix I.  

Daily infiltration was not given a time distribution.  The water volume is added to the uppermost soil layers which can store this amount without exceeding 90% of saturation moisture content.  The infiltrated water is divided into daily time steps defined for the Darcy redistribution,  cascaded to successive deeper layers until adequate storage is achieved, then all further redistribution is by the Darcian soil moisture redistribution routine.  Should the entire profile reach 90 % saturation due to exceptional rains or restrictive soil layers, additional runoff is estimated.  Without an infiltration time distribution there is no time distribution to the runoff, thus the SPAW model is not designed to provide hydrographs or stream routing.

Potential ET

The concept and definition of potential ET (PET) is not universal among hydrologists and other scientists.  Most recognize that the maximum, or potential, ET largely depends upon the energy available for the liquid-to-vapor phase change, and that this energy source is primarily solar radiation.  But in addition, the time-spatial distribution of this energy, the advection or energy transfers, and local reception characteristics such as slope, aspect, albedo, surface roughness, thermal and psychometric properties, and biological flora and fauna all modify this basic input.  Therefore, methods based on radiation or radiation plus air properties have been the most widely used for short-term estimates.  These methods, such as Penman, Jensen-Haise, and Kanemasu, all define PET from atmospheric conditions with little surface influence.  Pan evaporation is an indirect, integrated method of estimating PET.

Another common method to define PET used primarily for irrigation-related estimates is that water lost from a well-watered reference crop such as grass or alfalfa.  These measured values are then related to other crops with different growth stages and water requirements.  While quite practical, this method incorporates both meteorological and reference crop variables and generally requires some local calibration.  Summaries and references to a variety of ET methods are given by Saxton and McGuinness (1982), Saxton (1971),  Saxton (1981) and  Jensen,(1973). 

PET for the SPAW model may be obtained from one of the several meteorological methods.  It is currently written for either daily pan evaporation modified by a monthly adjusted pan-to-PET coefficient or values calculated by meteorological measurements using the Penman equation.  Other meteorological methods are equally applicable and can be accommodated with a variety of coefficients with either daily or monthly values.  However, there may need to be some local calibration if the method contains surface or site conditions unique to the method or measurements.

Interception

When PET energy is available, free water on plant and soil surfaces (interception water) readily evaporates, with little surface interaction or vapor resistance.  Therefore, the PET value is reduced by the amount of interception evaporation before plant and soil water evaporation is computed.  This interception evaporation becomes the first of the three components for estimating actual ET (AET).

Interception is specified as a storage device with a constant maximum capacity which represents the potential interception.  This storage is filled by precipitation and sprinkler irrigation, and depleted by PET.  Both plant and soil surfaces will accumulate surface water films during rainfall which is then available for interception evaporation, ie. water which evaporates with no surface resistance.  Defining the potential interception is not obvious.  Few data are available and the concept is somewhat nebulous.  Each plant canopy has some ability to intercept water and prevent that portion of the precipitation from becoming infiltration or runoff.  Residues and the uppermost soil surface similarly hold water films.

Limited data suggests that 0.10 inch (2.5 mm) is a nominal interception amount for agricultural crops (Chow, 1964 p.6-10).  Soil surfaces without the waxy surfaces of most leaves would likely have half this amount.  Maximum values for plant and soil surfaces are input variables.   Refinements not included could account for time variation as the canopy develops, different canopy architecture or various soil surfaces and depressions.

Interception can accumulate to become a significant proportion of the water budget.  Thirty or forty precipitation events are common in many agricultural climates, which results in some 3.0 to 4.0 inches (75 to 100 mm) of interception evaporation as one component of perhaps 25 to 30 inches (635 to 760 mm) of annual actual ET.

Soil Water Evaporation

The rate and quantity of evaporation from a soil surface is a complicated process affected by many soil characteristics, tillage, and environmental interactions.  However, it is known that energy and water availability largely dominate the process, thus on the average these broad principles can be used to estimate direct soil water evaporation.  This evaporation is not to be confused with that considered as intercepted soil surface water since water from deeper that a few soil grains must be moved toward the surface to interact with eh climatic energy, thus it encounters variable resistance due to gradient flow characteristics and latent soil heat.

Soil water evaporation is represented by defining a thin (0.5-1.0 inch) upper boundary layer (evaporation layer) of the soil profile which is included in the soil profile incrementation.  This upper boundary layer has all of the same functions as other layers (except no roots), plus the water is readily evaporated and limited only by PET.  The lower limit of soil water content in the evaporative layer is set as just below wilting point.  

Upward water movement from the second layer into the evaporation boundary layer and its evaporation is estimated by a modified Darcy equation using a reduced unsaturated conductivity rate for the current soil water content.  The conductivity reduction by a small percentage represents the fact that evaporation is largely vapor flow rather than liquid and the effective conductivity is significantly less.  This upward flow is obviously also dependent on the soil water content in the second and deeper soil layers.  Effects such as tillage or deep soil cracking can be estimated by increasing the evaporation percentage.

This soil water evaporation routine was developed in an attempt to represent the effect of soil characteristic, and yet maintain SPAW's balance of complexity and accuracy.  The programmed routine approximates the traditional observed three-stage drying process.   The upper boundary layer evaporation is limited only by the PET rate (stage 1), upward movement and evaporation from a wet soil remains rapid at a decreasing rate with drying (stage 2), and evaporation from a relatively dry soil becomes very restricted (stage 3).  Soil surface evaporation can accumulate to several inches over a year depending on the crop canopy, precipitation pattern and amount and PET.  This soil surface water evaporation makes up the second component of actual ET.

For dry soil conditions with a partial canopy, there is some portion of the radiation energy (PET) which impinges on the soil surface but is not utilized in water evaporation.  This energy heats the soil, adjacent air, and canopy, and is then reflected or absorbed and reradiated.  The result is that the crop canopy has this available as a second source of PET in addition to the directly intercepted energy.  To represent this effect, a linear relationship of canopy versus percent of unused energy or sensible heat absorbed by the canopy is included as shown in Figure 6.  Based only on intuitive reasoning, it was assumed that when the canopy value reaches 60 percent, all soil surface unused energy is re-captured by the canopy and it becomes a part of the potential transpiration.
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Figure 6:  Unused soil water evaporation energy transfer to plant canopy.

Plant Transpiration

Well-watered, vigorous crops will usually transpire at nearly the rate demanded by the atmospheric conditions (PET), but as their water supply becomes limited, physical and biological controls begin to limit the rate of transpiration.  The lower limit, of course, is near zero transpiration, which causes plant decay and death if it persists.  The rate of transpiration, and thus soil water depletion, is reasonably clear and agreed upon at the wet and dry end points.  What rates occur at the intermediate moisture contents is not clearly known and considerable differences exist among published results and contemporary scientists.

It is apparent that plant water use rates are a function of both atmospheric evaporative demand and plant available soil water.  Plants have unique abilities to control water flow rates within their vascular system and through stomatal action.  They make soil water available by root extension and by creating competitive water pressure within their membranes to cause gradients and water flow.  However, with our lack of understanding and the complexity of soil water uptake and biological response, there is minimal detail which is currently warranted to represent the effects of crop water stress.  Therefore, a simplified approach based on atmospheric demand and plant available water has been programmed, which represents a current general understanding.

The curves of Figure 7 provide a relationship between plant available soil water, defined by the range from wilting point to field capacity, and the ratio of actual transpiration to potential transpiration.  Each curve represents a different level of total atmospheric demand, i.e., PET.  The general shape of the curves are modifications of those derived by Denmead and Shaw (1960, 1962) in controlled pot studies of corn.
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Figure 7:  Actual over potential transpiration as a function of plant available water.

These curves of Figure 7 express the effect that actual plant transpiration will decrease from potential transpiration as plant available water is decreased in a quite non-linear pattern.  The curves representing different levels of PET indicate that for a given level of plant available water, the plant will transpire a greater percentage of potential transpiration when PET is low than when PET is high.  This is readily observed when crops show significant wilting under a high PET day, but very little on a subsequent low PET day with very similar soil water conditions.  (??example??)

The exact shapes of these curves are not well defined by research results, particularly the soil water content at which transpiration reduction begins. It is particularly important to define what portion of the soil profile is used to assess the quantity of plant available water.  Young plants have set roots only in the upper part of what will eventually be a full root penetration, yet some use the total "root zone" as the base for percent available water.  The Denmead and Shaw results were from plants with limited root zone in which the entire pot likely had extensive root activity.  In the SPAW model, the curves of Figure 7 are applied independently to each specified soil layer and the potential transpiration of that layer is a multiple expression of the PET, canopy, phenology and root density.  The maximum possible available soil moisture for each layer is defined by field capacity minus the wilting point, as defined by the soil water holding characteristics specified for each layer.

The PET values assigned to each curve of Figure 7 are only approximately known, thus may require calibration for specific crop-soil-atmospheric conditions.  Although experience has shown original values determined for corn were applicable to soybeans.  Some modification was made for grass and dryland winter wheat, which indicates some calibration for crop may be desirable.  Values for curves A to E for corn were 0.05, 0.10, 0.20, 0.30, and 0.70 inches; for grass, 0.05, 0.10, 0.25, 0.40 and 0.70 inches; and for wheat 0.0, 0.15, 0.40, 0.60 and 0.85 inches.  These values provide the relative capability for plants to continue transpiration under water stress caused by a lack of available water, high atmospheric demand, or both.  Generally these adjustments were not significant to the overall field hydrology and default values for those of corn are used.  Currently the wilting point can be adjusted to accommodate crops with variable drought tolerance.

Plant transpiration is estimated as the combined effect of PET, root density distribution, and soil water content and distribution.  The daily potential transpiration (PET minus interception times canopy) is allocated to soil layers according to the root mass of that layer, reduced according to the actual/potential transpiration curves of figure 7, and summed for the profile.  Transpiration then becomes the third component of the daily actual ET.  For well watered agricultural crops, transpiration can be 15-25 inches depending on crop characteristics, growth period and atmospheric demand.  Crops with water stress often exhibit significantly less transpiration.

Crop Water Stress

The SPAW model focus is on hydrologic water budgets of agricultural fields as compared with emphasis on crop growth and production. However, the cropping plants play a major role in water budgeting,  and if they are impacted by water availability, that effect needs to be estimated.  Having estimated daily plant transpiration, it is a logical extension to estimate the magnitude of transpiration-related water stress and its effects on growth, phenological development, root distribution and yield.  Only grain yield does not in turn affect the plant status and future transpiration, therefore these effects can be considered as feedback loops as shown in Figure 5.

Daily plant stress was defined as:

Stress = 1 - (Actual Transpiration/Potential Transpiration)

Or simply, if the daily AT was only 80% of PT, the daily stress value would be 0.20.  With AT/PT defined for each soil layer, the total plant stress is the weighted summation of all active soil layers, the weighting being the proportionate share of PET assigned to that layer according to root density and layer thickness.

Water stress effects on canopy growth and crop greenness cause reductions from the entered canopy and greenness values which represent non-stress conditions.  The stress was classified into three different zones as depicted in Figure 8.  For canopy development, stress zone A (where AT/PT is high) assumes normal growth conditions, Zone B computes a linear decline of growth from full normal daily growth to no growth, and no growth occurs if the AT/PT ratio falls in zone C.  The ranges and number of zones have been fixed to default values.  The increment of expected daily growth is computed from the entered canopy curve, then this amount is reduced by multiplying the factor for the stress zone encountered.  
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Figure 8:  Crop water stress zone effects on crop canopy and greenness.

Similarly, crop greenness is reduced by defined stress zones.  The values associated with each zone are actual percentages of greenness which are subtracted from those entered (not a multiplied percent as for canopy).  More stress for greenness than growth is required before permanent damage and loss of transpirability result.  Thus, non-stress conditions are assigned to a stress value of 0.5, the increasing amounts of phenology loss are applied.   Values derived by calibration with observations from several stress years were made default.  Other crops and locations may require adjustments, or additional data may suggest refinement.

The effect of crop stress and non-uniform soil water profiles on root distribution and abstraction has not yet been included in the SPAW model.  This is an obvious refinement which may improve accuracy in some specific cases.

Water stress effects on crop yield can be significant and but difficult to evaluate.  There are many individual effects which integrate to result in any specific crop yield, and all but water availability are outside the bounds of this model.  Yet, for any particular crop and locality under non-irrigated farming, available soil water is often the single most significant yield determinant.  Therefore, assuming all other effects are near normal, an accurate estimate of daily crop water stress and how this stress is integrated throughout the growing season to result in a final yield could provide a strong predictor of yield reduction.  This capability has been incorporated into the SPAW model.

It is well known that water stress affects grain yields more severely if it occurs during the fruiting period than during the vegetative phase.  Some crops appear to be more susceptible to this fruiting period stress than others.  Corn is a good example.  Some crops are quite stress resistant compared with others, such as some sorghum varieties.  

To represent this relative water stress susceptibility in time and among crops, susceptibility relationships were developed as shown for corn and soybeans in Figure 9.  The susceptibility numbers are arbitrary to provide relative values.  Highest values occur during times involved with pollination and seed production.  The time scales are begun at planting to allow some flexibility.  However, it is more critical to center the maximum values when the crop actually flowers, thus the entered susceptibility curve may need to be modified by stretching or shrinking the time scale.  The yield susceptibility data are entered as time-value data pairs to form linear segments representing the calendar year.

Corn
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Soybeans
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Figure 9:  Example yield susceptibility curves for corn and soybeans.

Each day's plant stress (1 - AT/PT) is multiplied by the corresponding susceptibility value and these values accumulate to the end of the growing season.  These seasonal values, of course, are only relative water stress indices.  They only become meaningful  when correlated with observed crop yields from the site or region.  Many such correlations were made for corn in a regional study by Examples are shown in Figure 10 (Saxton and Bluhm, 1982; Saxton et al, wheat??).  These results show that the cumulative effects of crop growth, soil water availability, atmospheric demand, and crop stage can provide a reasonably good estimate of crop water stress effects on yield under rain-fed conditions.  

[image: image14.png]Y=4402 -316 X
R. Sq.=0.92
Std. Dev.=276 kg/ha

H

Soybean Yield, kg/ha (X 10°)

o) 3 6 9 12 15
Water Stress Index




[image: image15.png]y=3.20-0.16x

- R? = 0.53
o S, ,=0.59, t-ha"
| 3 n=16
whed
x°]
D 5
>.
pra—
(4]
Q
s
0

o 2 4 6 8 10 12 14
Water Stress Index (WSI)




Figure 10:  Correlations of computed annual crop water stress index with grain yields.

There is evidence that vegetative growth is closely allied with plant transpiration (Dewit 1958).  Thus, the estimated transpiration from SPAW can also provide water stress effects on vegetative crops such as forage and grassland.

Root Water Uptake

Plant roots play a very important role in the connection between evaporative demand at the leaf surfaces and plant available soil water.  The dynamic root growth of agricultural crops is particularly influential as the new roots penetrate new soil mass and water source.  Established plants such as perennial grass also continually grow new roots, but in a less dramatic seasonal pattern.

The solution of root water abstraction are not highly sensitive to the rooting description partially because of compensation by soil water redistribution.  If root uptake is overestimated for a specific layer, that layer becomes dryer than expected but water moves from moisture layers to the dry layer, thus a compensation of processes. The root water density distribution does not include the effects of soil water availability.  Any water uptake reductions due to soil drying are estimated by the crop water stress relationship.

While the "typical" root pattern of a given plant provides a good approximation by the entered distribution, modifications due to moisture gradients, dense soil layers or high water tables should be considered.  A procedure to adjust the entered distribution to represent root modifications when soil water profiles stop growth in dry layers and cause proliferation in wet layers are not included, although it would be a realistic addition. 

Actual ET

A daily estimate of actual ET is obtained by the summation of interception evaporation, soil water evaporation, and plant transpiration. These water depletion components are then subtracted from their corresponding source and soil layers.  Interception evaporation is removed from the interception storage, soil water evaporation is removed from the first and/or second soil layer (first layer is the thin evaporation layer, second layer can absorb from lower layers), and transpiration is removed from the appropriate soil layers containing roots and moisture.

Soil Water Redistribution

Soil water is continuously moving in response to pressure gradients.  These pressure gradients are caused by capillary and hydraulic forces unique to each soil element according to its pore structure, water content, chemicals, and other minor effects.  This water redistribution within the soil profile plays a significant role in the replenishment, deep percolation and plant water abstraction processes.  It is a very necessary process to be computed for any ET-soil water model to provide realistic simulations, although one of the more difficult processes to represent because of the detailed mathematics and data requirements.

A simplified form of the Darcy equation for vertical water flow up or down between the specified soil layers has been included in SPAW.  The Darcy equation in finite difference form is
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where:

q
= estimated water flow per time step across layer boundaries, cm 

k()
= mean hydraulic conductivity of the two layers being considered as a function of their respective water contents, cm/hr

h()
= matric potential head difference between the two layers being considered as a function of their respective water contents, cm

Z
= distance between the layer midpoints, cm 

t
= time, hrs 


= water content, cm3/cm3
While many solutions are available for the equation Darcy (or similar Richards equation) which use sophisticated numerical analysis techniques, a simplified method of forward differencing by constant time steps was programmed for SPAW.  The objective was to keep the computations to a minimum, and still provide reasonable redistribution estimates and computational stability. 

The pressure and conductivity relationships as a function of moisture content are the most difficult to obtain and input into the model for the redistribution solutions.  Measured values of these relationships are very seldom available for hydrologic study sites, yet it is important to use curves that approximate the water holding characteristics of the soil layers.  There are numerous estimating methods in literature for various curve parameters, but many require at least some  field or laboratory data.  

To stay consistent with the SPAW model goals of developing applicable methods without undue burden of data requirements, we have sought to develop an estimating method for water holding characteristics based on commonly available soil profile descriptions.  The developed technique  is a set of generalized equations which describe soil pressure and conductivity relationships versus moisture content and based primarily on soil textures.  The basis of the equations was a very large data set assembled by the USDA Hydrology Laboratory (Rawls, et al., 1982) and re-analyzed to provide continuous curve estimates from dry to saturation (Saxton et al. 1986),.  The equations are valid within a range of soil textures approximately 5-60% clay content and 5-95% sand content (Figure 11).  Recent additions to the method have included effects of organic matter, bulk density, gravel and salinity.  This methodology is incorporated in the SPAW model and is also available as a stand-alone program.  Access the method by the soil screen and clicking the icon before the sand percentage.  The HELP from the texture triangle screen provides additional information and references.

First estimates of the water holding characteristics can be made from the texture descriptions of  each soil layer.  Adjustments for the other variables of organic matter and density can be made if these values are known.  If there are any measured values from either laboratory or field such as field capacity or saturated conductivity, the texture values can be used as calibration values to find a representative texture which possesses approximately those characteristics.  Either the sand or clay percentages can be estimated, although water characteristics are most sensitive to clay.

The solution for the Darcy equation programmed in SPAW is a simplified  forward difference, non-iterative method with time steps to complete 24 hours.  To limit computation costs, the time step intervals begin at some entered maximum (e.g. 4 hrs), evenly divisible into 24 hours.  But if strong pressure gradients or high conductivity cases exist, this delta time may allow too much change within the time step to be computationally correct or stable.  Therefore, a limit of pressure change (200 cm has been successful) is set at the default, and when exceeded, the delta time is halved and the entire computation restarted.  Usually, this sets the necessary time step during the first time increment and it remains sufficient for the remainder of the day because the profile is tending to equilibrate after the previously computed additions and subtractions.  A limit for the minimum time step size is also entered to avoid excessive daily incrementation.  Cases of significant infiltration, sandy soils or thin soil layers (less than 4 inches or 10 cm) cause the smaller time steps and result in excessive computation time by this part of the model.  Other more sophisticated computation methods, such as the tri-diagonal matrix solution, have been tested and provide and provide very similar hydrologic budgets.

The upper and lower boundary conditions for a one dimensional flow equation such as Darcy must be specified.  An upper (evaporative) and lower (image) boundary layer have been added to the segmented soil profile to provide this information.  Separate rules of operation are provided for each of these.  While these rules are somewhat arbitrary, they provide useful values to the overall water budgeting processes.

The upper (evaporative) layer is considered to be a very thin layer (about 0.5-1.0 inch) which rapidly dries with no resistance, as in stage 1 soil water evaporation.  It re-wets to near saturation by precipitation and dries to a percentage between field capacity (FC) and completely dry soil. 

A lower soil layer is specified below the last real soil layer of interest and termed an "image" layer because it is similar to the last real layer.  The image layer controls deep percolation or upward-flowing water back to the profile.  It is assumed to have the same water characteristics (pressure and conductivity) as the last real layer, and a specified thickness.  If the water content of the image layer exceeds its field capacity, that water is cascaded downward to become groundwater recharge and is lost from the control volume.  If the last real layer becomes drier than the image layer, water will move up from the image layer according to the Darcy calculation; however, the image layer cannot pull water up from below itself if it gets dry.  Thus, the image layer serves as a temporary water storage or water source, and this volume can be varied by the thickness assigned.  It does not need to be the same thickness as the last real layer, usually, 6 inches to 2 feet will provide useful results.

The depth incrementation of the soil profile and the assigned water characteristic curves for each layer are entered data.  Except for the two boundary layers, the layers should reflect the soil profile changes plus provide an incrementation to allow soil water profile definitions and changes.  Usually, smaller increments (4 to 8 inches) are used in the first 2 or 3 feet below the surface, then 12 to 18 inch increments thereafter.  Thinner layers are not warranted and cause excessive computations.  
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Figure 11:  Texture triangle method of estimating soil water holding characteristics.

Irrigation

The SPAW model performs a one dimensional, single field, water budget of the specified climate-crop-soil situation.  The size of the field may be as small as a point or as large as conditions remain sufficiently uniform.  Non-uniformity's such as the different depths of water which occur longitudinally in furrow irrigation can be considered only by including such differences as input conditions in separate runs.  The method of irrigation largely only affects the water budget by the vertical flow of water in the control volume.  Only with sprinkler irrigation does interception of water by foliage occur.  Many other important irrigation processes such as the hydraulic behavior of water in furrow irrigation or the impact of droplet size on the soil under sprinkler irrigation are not considered.  Runoff from an irrigated field is not usually described by the SCS curve number procedure; therefore the default value for run-off from irrigation water is zero, however runoff from rainfall is estimated.

The irrigation simulation options provided in the model permits much flexibility in water application.  Effective use of water in irrigation requires careful attention to scheduling, that is, when to irrigate and how much water to apply.  To help irrigation planners with scheduling decisions, the irrigation options include ten methods to determine when to irrigate and six to determine how much water to apply.  Some options permit entry of known or otherwise specified irrigation data.  Others specify conditions to be met before irrigation is accomplished, thus causing the irrigation schedule to be estimated by the simulation.  Options selected must be used throughout the growing season, and cannot be changed during the season.  

The time and depth options included in the model are summarized below.  Operational detail on the options are presented in the Screen Help.  Some combinations of the time and depth options may be unreasonable, thus careful selection and definition are required.

Time Options for irrigation:

1.  Fixed interval:  Irrigation occurs on an established initial date and at the user-specified interval in days thereafter.

2.  Fixed dates:  Irrigation occurs on user-specified dates.

3.  Soil water depletion of the root zone:  Irrigation occurs when the soil moisture within the root zone is depleted above user-specified limit.

4.  Soil water depletion of total soil profile:  Irrigation occurs when the soil moisture within the total soil profile is depleted above user-specified limit.

5.  Soil water tension at a specified depth:  Irrigation occurs when calculated soil moisture tension in a selected layer exceeds a user-specified value.

6.  Soil water tension in root zone: Irrigation occurs when calculated soil moisture tension weighted by root distribution exceeds a user-specified value.

7.  Accumulated PET:  Irrigation occurs when the calculated accumulation of potential evapotranspiration since the previous irrigation exceeds a user-specified value.

8.  Accumulated AET: Irrigation occurs when the calculated accumulation of actual evapotranspiration since the previous irrigation exceeds a user-specified value.

9.  Vegetative stress index (moving average): Irrigation occurs when the moving average of the daily vegetative stress index exceeds a user-specified value.

10.  Yield reduction index (moving average): Irrigation occurs when the moving average of the daily yield reduction index exceeds a user-specified value.

Depth Options for  Irrigation: 

1.  Fixed depth for all irrigations:  A fixed depth of water applied at each irrigation.

2.  Specified depths for each irrigation:  A user-specified depth of water is applied for each irrigation.

3.  Refill the root zone:  The water added will increase the simulated soil moisture level in the root zone to a user-defined upper limit, which is typically field capacity but which may be greater or less than field capacity.

4.  Refill the total soil profile:  The water added will increase the simulated soil moisture level in the total profile to a user-defined upper limit, which is typically field capacity but which may be greater or less than field capacity.

5.  Accumulated PET: The depth of water applied is a user-specified percent of the potential evapotranspiration accumulated since the previous irrigation.

6.  Accumulated AET:  The depth of water applied is a user-specified percent of the actual evapotranspiration accumulated since the previous irrigation.

Simulation Output

The model provides several standard output files for ready viewing or printing.  These are based largely on time of accumulation of days, months or years.  A full range of variables are listed which provide the results of all major hydrologic processes such that a complete hydrologic budget can be estimated for each time period for the SPAW control volume.

More detailed budget values are available in three levels of increasing detail.  Level 1 output provides only the first two lines of daily and cumulative values.  Level 2 provides additional details of model ET and soil water components for each soil layer.  Level 3, includes all of level 2 plus the state variables involved in each iteration of the Darcy redistribution computations.  These detailed budgets are used mostly for model debugging and computation verification. 

A graph routine provides annual distributions for nearly all of the daily hydrologic results.  Examples are shown in figure 12a and 12b.  Options include viewing daily values, accumulated values over a calendar year, soil water for the profile and individual layers.  The profile graph is particularly useful to study the result of all hydrologic processes simultaneously.
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Figure 12a.  Example graphical output for SPAW field simulation showing daily and annual accumulative precipitation, actual ET, and runoff.
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Figure 12b.  Example graphical output for SPAW field simulation showing daily precipitation and profile soil water by soil layer.

Pond Hydrologic Budgeting

Following development of the SPAW field hydrologic budgeting model, it was a logical extension to add a inundated pond budget since much of the required data was already at hand in the SPAW budget.  A transfer file from each SPAW field simulation provides the daily climate, runoff and deep drainage.  One or more of these files are used as one part of the input for a pond hydrologic budget.  A pond watershed can be assumed to be one or several fields which provide the runoff and interflow to the pond and the same climate as the last file read.

There are numerous types of ponds requiring hydrologic budgets, each with a unique set of descriptors and expected outputs.  These range from natural depressions serving as wetland ponds to constructed ponds and reservoirs for animal or irrigation water supply.  Farm lagoons are similar with various added water supplies and operational requirements.  Lagoon simulations were made possible by adding these features to the natural impoundment descriptions and processes.

Adding the ponding hydrologic simulations has greatly expanded the utility of the SPAW model for hydrologic analyses.  These include applications such as defining wetland inundation frequency, stock water reliability and lagoon sizing and pumping requirements.  With more input detail about watershed and pond hydrologic processes, these analyses are now dynamically tuned to the specific location conditions and climate.

Pond Description

The pond descriptions for hydrologic simulation will be quite variable depending on if it is a natural depression, a constructed impoundment and the installed controlling devices.  These descriptors are entered into a single data file along with the file name for the SPAW field simulation results used for the watershed.  Once the pond characteristics are defined, the simulations are accomplished with minimal computer time which provides the opportunity for multiple runs to change one or more design options to achieve the desired hydrologic results or test variable sensitivity.  Figure 13 shows a “generic” pond diagram with definitions related to the descriptions and processes.

A daily pond budget can be simulated subsequent to one or more SPAW-field simulations.  The SPAW simulation for one or more fields provides an estimate of runoff into the pond as surface or subsurface flow.  The watershed is specified by selecting one or more of the SPAW-field simulations to be accumulated as the contributing watershed with each field size specified.  A percentage of the deep percolation of each field may be assigned to enter the pond as subsurface flow.  The SPAW output provides the pond routine with not only the estimated runoff but also the daily precipitation and potential evaporation. 

The inundated ponded area is described in terms of a depth-area relationship, the outlet pipe as depth-discharge relationship and depths above the pond bottom to various pump inlets and spillway outlet levels.  The pump intake depths provide a depth below which no withdrawal can occur, and the draw-down pump has an upper limit to turn it on when exceeded.  A specified seepage rate plus direct precipitation and evaporation occur for the estimated pond surface area.  If a outlet pipe is involved, the depth above the pond bottom to the inlet is specified and spillage begins anytime the water depth exceeds this level at a rate specified by the depth-discharge table, the depth being the water depth above the intake.  A maximum depth is specified at which spillway overflow occurs at an unrestricted rate if the water depth exceeds this level.  Lastly, an initial depth is specified.

A pond bottom with a dry soil infiltrates some depth of water before becoming inundated, e.g. increasing from field capacity to saturation content for some perceived depth of active soil profile (e.g. 30% FC to 45% SAT for 60 inches depth = 9.0 inches depth over an area of the newly inundated bottom).  Similarly, the pond side slopes are assumed to have this same storage capacity wetted by direct rainfall and dryied by potential ET.  If this pond side storage becomes saturated, additional runoff is generated as side slope runoff.

Beyond considerations for a wetland/pond with natural inflow and outflow, several options are provided for constructed situations involving pumps, pipe outflow and water supplied to user needs. Supplemental inflow can be provided by an input pump from an off-stream source into the pond.  Each pump period can be specified by day-on, duration and pump rate, gallons/minute (GPM).  This supplemental input could also be used to simulate inflow from other sources such as wash water from an animal confinement housing unit.  The input pump can be controlled either by dates or by high-low depth specifications.

Two other pump options provide water to user needs such as a supply pump, for example for animal water, and a drawdown pump used for lagoon water depth management.  The supply pump will operate whenever the water level is above the pump intake depth and a pumping period has been designated.  If during the designated period the pond level drops below the pump intake, the pump will be shut off but will restart when the pond depth is again above the intake level, and a deficit amount is tabulated for the “off” period for risk assessment.  The drawdown pump will either operate automatically between an upper level and an intake lower level in “sump-pump” fashion, or between specified beginning and ending dates if no upper level is specified.

Irrigation supply can be specified by first simulating an irrigated FIELD by SPAW for each separate field, then selecting these field simulations and assigning field acreage.  The specified daily irrigation water will be withdrawn from the reservoir anytime the pond level is above the irrigation lower limit depth specified (feet above the reservoir bottom) and water is required according to the SPAW simulation for any one of the specified fields.  An irrigation efficiency is assigned to each irrigated field representing application losses such that more water is withdrawn from the pond than required by the soil water profile.

For wetland analyses, the inundation hydrology is simulated and analyzed by the pond model.  Inputs include the wetland “growing” season and the minimum duration period to be inundated.  Outputs include a depth-duration table and an inundations table including the percentage of years qualifying as a wetland for various ponding depths.

POND HYDROLOGIC PROCESSES

The principle hydrologic processes considered in the POND model are the following as depicted in Figure 13 by a schematic of the inflows, with-drawls and losses from various inundated wetlands, lagoons, ponds or reservoirs:

· Field runoff inflow:  Daily water supplied to the pond by watershed runoff (comprised of one or more fields which have had runoff estimated by a SPAW-Field hydrologic simulation).  

· Pond Side Runoff:  Runoff from pond side-slopes above the water level. 

· Inter-flow inflow:  Daily water supplied to the pond by an estimated percentage of deep drainage by the watershed fields.

· External input: Water supplied to the pond from a source other than a watershed such as an off-stream pump or an animal housing flush system.  An optional pump control by specified pond depths is provided.

· Rainfall:  That precipitation falling directly on the pond surface.

· Evaporation: Daily ponded surface evaporation estimated as the potential of the climatic data.

· Infiltration:  An amount infiltrating into the pond bottom soil as it is initially inundated.

· Seepage:  A constant daily seepage rate to the local groundwater beneath the inundated area, or upward groundwater seepage into the pond due to external high water levels.

· Water Table:  If the local water table level is above the pond bottom at any time in the year, the depth in relation to the pond bottom for various dates is entered.  This will repeat each year of the simulation.  The rate of water influx to the pond is the same as the seepage rate.

· Outlet Pipe:  A daily flow of a pipe outlet system having a specified crest elevation and a stage-discharge relationship for depths above the crest.  Crest heights are variable over time for water depth management.

· Spillway overflow:  An uncontrolled daily flow from the uppermost spillway or outlet.

· Supply pump:  A daily amount pumped from the pond for designated periods and rates with a specified inlet lower limit of pond depth.

· Draw-down pump:  A daily amount pumped from the pond for designated periods and rates with specified upper and lower limits of pond depths to start and end pumping cycles.

· Irrigation:  A daily irrigation amount supplied by the pond to one or more fields previously defined by a SPAW-Field water budget simulation with irrigation for each field if water depth is above a specified irrigation lower limit.

The ponded area is described by a depth-area table and specific depths for permanent storage, pump inlets, pipe-outlet and the emergency spillway outlet.  Each of these depths provides limits, or impacts the operation of the various budgeting processes such as the pumps, pipe outlet, or availability of irrigation water.
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Figure 13:  Pond hydrologic process descriptions.

Field and Pond Hydrologic Applications

The SPAW model is intended to be quite adaptable for a variety of applications through changes in data and descriptive parameters.  It has been tested extensively on agricultural crops of corn, soybeans, bromegrass, and wheat (Sudar et. al, 1981; Saxton and Bluhm 1982; Koelliker et al. 1976; Saxton et al. 1974a, 1974b; Saxton et al., 1992; other “application” citations).  Figure 15 shows a typical comparison of observed and predicted soil water by soil layers.  For other applications, how well the predictions compare with observed data will depend on the data available and applicability of the soil water pressure curve.

Some calibration is recommended wherever possible.  The calibration technique found most useful is to compare measured and observed soil water as shown in Fig. 14.  This is not a completely accurate calibration since actual ET and percolation are only inferred.  Only lysimeter data would provide this complete data set such as that described by Maticic et al, 1995??.  Time distribution of soil water data usually suggests which model parameters or representations need adjustment.  Early experience with the model will readily suggest which parameters are changeable for calibration and what processes each will affect.  

Several studies have applied the SPAW model or some modified version.  Sudar et al. (1981) developed a crop water stress technique and analyzed plot data in Iowa and Missouri.  Saxton and Bluhm (1982) used this extended model to estimate crop water stress on corn yields across a broad region of Missouri, Kansas, Iowa, and South Dakota.  Koelliker et al. (1976) tested wheat land soil water and percolation.  Campbell and Johnson (1975) used a modified version for flat, tile-drained land in north central Iowa, and Anderson et al. (1978) combined the SPAW model into a hydrology model and analyzed data in western Iowa.  A separate model to predict the daily soil nitrogen profile in loess soils used the output from the SPAW model as input (Saxton et al., 1977).
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Figure 14:  Observed and simulated soil water for three years under corn in Western Iowa (Sudar et al, 1981).

Applications of the POND model have ranged from determining wetland inundation frequencies, sizing stock watering ponds for minimal deficiencies, sizing waste water lagoons and associated pumping capacities, and the long-term levels of wildlife ponds.  With the many operational inputs included in the pond model, data can be derived to arrive at representative descriptions for many types of water ponding options.  Similar to the field hydrology, pond hydrology is generally best understood by analyzing pond states and processes over times of days and years.  The tabled and graphical outputs provide many analytical opportunities.  No published applications are currently available since this model is the most recent addition to the model and used largely for direct applications. 

Current Status:

Predictive programs such as SPAW are continually being modified, supplemented, tested and revised.  Thus, new versions are developed just as new models of manufactured machines are brought to the market.  While SPAW has now been developed to a stage of correctness and utility, users would be advised to check the WEB site (http://www.bsyse.wsu.edu/saxton/spaw) or correspond with the authors or supporting agencies before extended new applications.  This manual applies to the SPAW model version 6.1.
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Appendix I:  USDA/SCS Curve Number Method

SCS curve numbers are used to estimate the amount of precipitation which becomes runoff, and the amount which infiltrates into the soil.  The curve numbers, shown graphically in figure 15,  are selected from tabulated values for fallow or appropriate land use, treatment, and hydrologic conditions (crop condition) plus an antecedent moisture adjustment. Runoff and infiltration volumes can be calibrated by entering override curve numbers for a field.  The standard SCS-CN method (USDA-SCS National Engineering Handbook, 1973) was modified as suggested by Woolhiser (1976).  The enhancements are curve numbers that vary from fallow conditions to full crop cover, depending on canopy cover, and automatic adjustments for wet and dry antecedent conditions (conditions I and III) depending on estimated soil water in the top soil layer (layer no. 2).  If the moisture of layer 2 is below 60% of field capacity (antecedent condition I) the curve number is adjusted down (equation 1), and if the moisture of layer 2 is above field capacity (antecedent condition III) the curve number is adjusted up (equation 2).  The amount of runoff is determined by equation 3.

CN = .39*CN*EXP(0.009*CN)





(1)

CN = 1.95*CN*EXP(-0.00663*CN)





(2)

S = (1000/Curve Number) - 10

Runoff = (Precipitation - 0.2 S)2/(Precipitation + 0.8 S)


(3)

(If (Precipitation - 0.2 S) is negative Runoff = 0
Table 1:  Runoff curve numbers for hydrologic soil cover

	(Antecedent moisture condition II, and Ia=0.25)

	Cover
	
	
	
	

	Land use
	Treatment 
	Hydrologic
	Hydrologic soil group

	
	or practice
	condition
	A
	B
	C
	D

	
	
	
	
	
	
	

	Fallow
	Straight row
	----
	77
	86
	91
	94

	
	
	
	
	
	
	

	Row crops
	Straight row
	Poor
	72
	81
	88
	91

	
	
	Good
	67
	78
	85
	89

	
	Contoured
	Poor
	70
	79
	84
	88

	
	
	Good
	65
	75
	82
	86

	
	Terraced
	Poor
	66
	74
	80
	82

	
	
	Good
	62
	71
	78
	81

	
	
	
	
	
	
	

	Small grain
	Straight row
	Poor
	65
	76
	84
	88

	
	
	Good
	63
	75
	83
	87

	
	Contoured
	Poor
	63
	74
	82
	85

	
	
	Good
	61
	73
	81
	84

	
	Terraced
	Poor
	61
	72
	79
	82

	
	
	Good
	59
	70
	78
	81

	
	
	
	
	
	
	

	Close-seeded
	Straight row
	Poor
	66
	77
	85
	89

	legumes
	
	Good
	58
	72
	81
	85

	or
	Contoured
	Poor
	64
	75
	83
	85

	rotation
	
	Good
	55
	69
	78
	83

	meadow
	Terraced
	Poor
	63
	73
	80
	83

	
	
	Good
	51
	67
	76
	80

	
	
	
	
	
	
	

	Pasture
	Natural
	Poor
	68
	79
	86
	89

	or range
	
	Fair
	49
	69
	79
	84

	
	
	Good
	39
	61
	74
	80

	
	Contoured
	Poor
	47
	67
	81
	88

	
	
	Fair
	25
	59
	75
	83

	
	
	Good
	6
	35
	70
	79

	
	
	
	
	
	
	

	Meadow
	Natural
	Good
	30
	58
	71
	78

	
	
	
	
	
	
	

	Woods
	Natural
	Poor
	45
	66
	77
	83

	
	
	Fair
	36
	60
	73
	79

	
	
	Good
	25
	55
	70
	77

	
	
	
	
	
	
	

	Farmsteads
	
	----
	59
	74
	82
	86

	
	
	
	
	
	
	

	Roads
	(dirt)
	----
	72
	82
	87
	89

	
	(hard surface)
	----
	74
	84
	90
	92
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Figure 15:  Graphical solution of the SCS Curve Number method for estimating daily runoff from daily rainfall.

Appendix IIa:  Example crop data.

CORN
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WINTER WHEAT-HARVEST YEAR
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PERENNIAL PASTURE GRASS
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Appendix IIb:  Example Input Data--Field

To apply the SPAW model to a study site field involves accumulating the minimum data and parameters to describe the weather, crop, and soils of the system, then entering this information for processing by the SPAW model.  The original FORTRAN version of SPAW was written to be adaptable to a variety of situations, data handling methods, and computers.  As a result, an input routine was devised based on keyword recognition to flexibly manipulate the input data.  

Subsequently, the model has been reprogrammed into visual BASIC language with much of the data entered via data screens.  However, once entered on the screens, the data are written to a keyword file much as the original model as the input file for the model processing.  Several pieces of information were added to the front of the current  input data file (xxx.spw) to identify the user, dates and files being applied in the simulation.

Most simulations will be accomplished by the screen data entries and initiating the simulation with no need to review or modify the intermediate “xxx.spw” data input file.  This intermediate file is re-written at each simulation using the current screen contents.  There may be the occasion when the user would prefer to modify an input separate from that generated by the screens.  This can be accomplished by manually editing one of the “xxx.spw” files, then initiating the simulation from the Options/Manual Run menu item on the main screen.  Particular care must be exercised to maintain the formatting on the intermediate file.

The following is one example of a “xxx.spw” intermediate file generated by the version 6.1 Screens version of the model.  These files are viewable and editable for each run from the View menu item.

Field Simulation Input Data Example

NOECHO  keyword lines to report file

TITLE

C:\PROGRAM FILES\SPAW HYDROLOGY\SPAW\Projects\Fields\Brookings SD (Sample)\Corn\Corn.fld

Brookings Corn (Sample)

Jan 01, 1960

Dec 31, 1960

Dec 18, 2002 10:10:17

7.1.33

*** UNITS are all output in English measure

User Information

Keith Saxton

Research Engineer

USDA/ARS (Retired)

1250 SW Campus View

Pullman, WA 99163

PRINT OPTIONS Annual = 1; Monthly = 1; Daily = 1; Irrigation = 0; Graph = 1; Salinity = 0; Nitrogen = 0; Detailed = 0

FILES

Field                  : Brookings Corn (Sample)

                         C:\PROGRAM FILES\SPAW HYDROLOGY\SPAW\Projects\Fields\Brookings SD (Sample)\Corn\Corn.fld (Dec 18, 2002 10:10)

Climate                : Brookings, South Dakota (Sample)

                         C:\PROGRAM FILES\SPAW HYDROLOGY\SPAW\Database\Climates\Sample Brookings.clm (Oct 14, 2002 09:24)

   Evaporation Defaults: South Dakota (Sample)

                         C:\PROGRAM FILES\SPAW HYDROLOGY\SPAW\Database\Climates\Defaults\Sample South Dakota.evpd (Nov 05, 2002 10:20)

   Precipitation       : SD1076 - Jan 01, 1960 to Dec 31, 1998

                         C:\PROGRAM FILES\SPAW HYDROLOGY\SPAW\Database\Climates\Data\Brookings.txt (Aug 04, 2002 14:15)

   Evaporation         : SD1076 - Jan 01, 1960 to Dec 31, 1998

                         C:\PROGRAM FILES\SPAW HYDROLOGY\SPAW\Database\Climates\Data\Brookings.txt (Aug 04, 2002 14:15)

   Air Temperature     : SD1076 - Jan 01, 1960 to Dec 31, 1998

                         C:\PROGRAM FILES\SPAW HYDROLOGY\SPAW\Database\Climates\Data\Brookings.txt (Aug 04, 2002 14:15)

Management             : Corn (Sample)

                         C:\PROGRAM FILES\SPAW HYDROLOGY\SPAW\Database\Managements\Sample Corn.mgmt (Nov 06, 2002 08:54)

   Crop (  1)          : Corn (Sample)

                         C:\PROGRAM FILES\SPAW HYDROLOGY\SPAW\Database\Crops\Sample Corn.crop (Nov 06, 2002 08:54)

Soil                   : Silty-Loam (Sample)

                         C:\PROGRAM FILES\SPAW HYDROLOGY\SPAW\Database\Soils\Sample Silty Loam.soil (Nov 05, 2002 09:40)

*** SOILS DATA SET - Silty-Loam (Sample)

LAYERS  General & Profile: Texture ID, Depth, % Sand, % Clay, Bulk Density, % Gravel

  8  1.00  1.00  0.05 (General: Number of Layers, Percent FC Before Drainage, Max Drainage Rate, Evaporation Conductivity)

 0   1.00  20  20  1.50   0  1.27 (Evaporative Layer)

 0   6.00  20  20  1.50   0  1.27

 0  12.00  72  12  1.50   0  1.42

 0  24.00  36  35  1.50   0  1.22

 0  36.00  20  20  1.50   0  1.27

 0  48.00  20  20  1.50   0  1.27

 0  72.00  20  20  1.50   0  1.27

 0  96.00  20  20  1.50   0  1.27 (Image Layer)

WATER TABLE  Number of dates, Ground Water Salinity, Ground Water NO3 & Ground Water Tracer followed by Month/Day/Depth sets

  0   0.00   0.00   0.00

*** CLIMATE DEFINITION - Brookings, South Dakota (Sample)

FREEZE - Snow melt and soil thaw rate factors.

   4.00  0.970

MONTHLY - Mean daily estimated evap (inch/day) for each month, for missing daily evap values, and estimated evap to PET coefficient.

   0.0400 0.0590 0.0856 0.1475 0.1903 0.2576 0.3064 0.3007 0.2458 0.1618 0.0905 0.0476

   0.55   0.70   0.78   0.84   0.88   0.88   0.88   0.86   0.80   0.70   0.58   0.53

*** Begin Yearly Data Sets

*** Simulation for 1960

DATES - Year, Start Day & Month, End Day & Month

1960   01 01   31 12

*** CROP DEFINITION - Corn (Sample)

CANOPY - Day of year, % cover

 17 Values for nonstressed canopy cover (decimal)

     1  0.15

    75  0.15

    76  0.05

   131  0.00

   142  0.05

   159  0.20

   166  0.40

   183  0.70

   197  0.90

   214  0.95

   245  0.95

   265  0.90

   274  0.85

   275  0.30

   320  0.30

   321  0.15

   366  0.15

  0 Values for canopy susceptibility (decimal)

GREENNESS - Day of year, greenness (decimal)

 10 Values for nonstressed crop greenness (decimal)

     1  0.00

   130  0.00

   131  1.00

   214  1.00

   245  0.90

   259  0.80

   275  0.50

   281  0.20

   306  0.00

   366  0.00

  0 Values for greenness susceptibility (decimal)

YIELD SUSCEPTIBILITY  - Day of year, stress weighting curve.

 10 Values for yield susceptibility

     1   0.00

   131   0.00

   142  -0.08

   153   0.00

   183   0.20

   197   0.50

   228   0.50

   259   0.30

   275   0.00

   366   0.00

ROOT DEPTHS - Day of year, depth of roots (in).

 16 Values for root depth distribution

     1    6.00

    75    6.00

    76    0.00

   130    0.00

   131    6.00

   159   12.00

   166   24.00

   179   30.00

   186   36.00

   193   42.00

   200   48.00

   207   54.00

   214   60.00

   274   60.00

   275    6.00

   366    6.00

INTERCEPTION  - Maximum surface interception storage for the soil and the crop (Inch).

0.05   0.10

WP FACTOR - Wilting point reduction factor for stress tolerant plants (decimal 0.25 to 1.25)

1.00

CHEMICAL UPTAKE - Day of year, % uptake

  0 Values for nitrogen uptake (decimal)

SCS CN - Hydrological Soil Cover Complexes

91 82

PRECIPITATION DATA (in/day)

1960

  0.00  0.30  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.02  0.00  0.00  0.00  0.00

  0.00  0.00  0.02  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.02  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00

  0.00  0.09  0.00  0.00  0.00  0.00  0.00  0.00  0.30  0.00  0.18  0.00  0.00  0.00  0.09  0.00  0.00  0.00  0.02  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.19  0.00

  0.00  1.50  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.58  0.00  0.00  0.27  0.00  0.00  0.00  0.00  0.20  0.06  0.00  0.00  0.00  0.00  0.00  0.09  0.30  0.00

  0.00  0.00  0.00  0.67  0.00  0.04  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.23  0.08  0.18  0.69  0.07  0.20  0.00  0.00  0.00  0.26  0.60  0.00  0.00  0.05  0.00  0.19

  0.25  0.00  0.00  0.25  0.00  0.00  0.00  0.00  0.37  0.84  0.00  0.00  0.00  0.00  0.29  1.86  0.07  0.04  0.00  0.37  0.05  0.00  0.12  0.00  0.00  0.00  0.00  0.00  0.22  0.00

  0.42  0.10  0.00  0.00  0.21  0.00  0.00  0.00  0.00  0.00  0.34  0.02  0.00  0.00  0.00  0.00  0.20  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.07  0.06  0.00  0.00  0.00  0.07  0.00

  0.00  0.00  0.10  0.00  0.97  0.24  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.05  0.00  0.00  0.00  0.75  0.57  0.00  0.00  0.00  0.00  1.58  1.90  0.00  0.45  0.37  0.00  0.00  0.00

  0.00  0.00  0.00  0.00  0.00  0.00  0.00  1.25  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.56  0.35  0.00  0.00  0.00  0.30  0.11  0.05  0.00  0.00  0.00  0.02  0.00  0.00

  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.55  0.00

  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.10  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.78  0.00  0.00

  0.00  0.00  0.00  0.00  0.97  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.12  0.00  0.00  0.00  0.00  0.13  0.00  0.00  0.00  0.00  0.00  0.00

  -999

POTENTIAL EVAPORATION DATA (in/day)

1960

  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999

  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999

  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999

  -999  -999  -999  0.58  0.19  0.05  0.37  0.02  0.24  0.10  0.16  0.00  -999  0.19  0.28  0.02  0.25  0.21  0.17  -999  -999  0.14  0.23  0.22  0.00  0.06  0.22  0.03  0.09  0.18

  0.18  0.24  0.10  -999  0.17  0.30  0.40  0.27  0.30  0.36  0.38  0.34  0.29  0.57  0.25  0.14  0.26  0.17  -999  -999  -999  0.32  0.17  0.30  0.23  0.17  0.22  0.20  0.21  0.35  0.23

  0.38  0.33  0.23  -999  -999  0.80  0.22  0.02  -999  0.37  -999  -999  0.24  0.37  0.29  -999  -999  -999  1.48  -999  0.33  0.20  -999  0.07  0.31  0.47  0.22  -999  -999  0.30

  -999  0.15  0.32  0.30  0.24  0.20  0.32  0.21  0.21  0.43  0.13  0.25  0.31  0.28  0.42  0.37  -999  -999  0.18  0.27  -999  0.43  0.27  0.43  0.15  0.36  0.42  0.36  0.34  -999  0.35

  0.27  0.31  0.45  0.26  -999  0.70  0.34  0.02  0.31  0.26  0.14  -999  -999  1.01  0.15  0.25  -999  -999  -999  0.75  0.34  0.20  0.27  -999  -999  -999  0.32  0.18  0.22  0.15  0.20

  0.24  0.40  -999  0.20  0.24  0.21  -999  -999  0.12  0.08  0.20  0.26  0.09  0.09  0.19  0.16  0.27  -999  0.02  0.10  -999  -999  -999  0.14  0.28  0.14  0.11  -999  0.19  0.09

  -999  -999  0.42  0.25  0.20  0.07  0.21  0.11  -999  0.36  0.17  0.11  0.03  0.13  0.25  0.16  0.08  0.24  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999

  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999

  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999  -999

  -999

AIR TEMPERATURE DATA (degrees F max min)

1960

    27   19    21    9     9   -5    13  -21     6  -24    33    0    34   22    29    4    22    8    24    5    30    3    31   29    32   28    29    7    17   -1    20   -2    18   -2    18    4    16   -2    13   -5     8   -7     5  -10    13  -15    21   -8    23    3     7    2    19    5    22   14    28    0    36   12    36   10

    26   20    30   26    35   26    33   13    31   19    29   21    31   19    38   28    29   10    15    6    16   -4    21   -7    20   -9    30    1    35    4    31   16    19    6    16    5    10  -10    15    4    12   -6    16   -8    16   -8    20   -2    18    1    20   -3    18   -5    14   -5

    16   -7    10    2     9   -9     5  -19    10  -20    16  -10    14   -8    18   17    24   13    21    7    20   -7    21  -16    17  -14    20  -21    28   15    28    5    29    1    34   15    31   16    27   -1    40   -1    38    4    33   14    31    3    32   12    39   15    46   31  -999 -999    46   27    35   27    43   26

  -999 -999  -999 -999    43   28    36   30    41   21    49   35    48   29    46   27    33   16    52 -999    64   41    64   31    65   46    69   34    67   46    61   44    49   29    63   31    73   36    71   45    78   37    87   50    78   48    56   40    48   37    52   27    47   21    48   38    48   43    51   22

    68   26    70   40    61   34    54   40    53   42    55   38    51   30    61   27    66   37    64   30    67   27    73   33    79   41    79   41    80   37    72   52    72   39    69   52    69   53    61   49    72   49    76   42    79   50    84   62    77   57    61   50    69   44    72   42    70   48    77   43    83   58

    80   52    80   53    76   47    73   49    68   41    71   51    75   48    73   53    70   57    60 -999    65 -999    62 -999    76   48    80   47    76   49    65   51    72   44    81   53    81   53    76   59    66   55    77   44    78   50    75   44    79   47    86   57    84   63    83   59    82   51    80   52

    77   43    79   62    78   48    77   45    75   52    77   45    81   45    82   55    83   65    89   64    86   67    81   66    79   51    81   44    86   58    87   61    86   62    86   56    89   54    94   60    95   67    93   63    94   63    91   65    90   65    87   57    92   54    96   55    95   56    84   44    86   43

    89   60    94   62    90   60    88   54    83   60    86   57    83   56    82   54    73   53    79   46    86   48    87   52    84   57    87   44    79   52    87   65    78   58    78   58    78   58    81   56    85   55    87   61    88   64    79   52    79   56    77   44    86   57    85   56    77   44    87   59    90   59

    90   66    89   63    90   65    90   60    91   64    90   64    87   55    65   54    66   41    75   40    73   50    74   35    70   38    74   41    76   44    77   50    72   47    55   46    70   38    83   48    81   52    54   40    54   44    65   48    71   34    68   46    66   34    66   41    60   34    55   40

    66   40    62   31    68   34    74   44    73   41    69   35    69   34    75   45    75   35    78   45    79   46    75   57    73   36    62   40    58   39    70   31    67   32    51   37  -999   13  -999   10    61   18    62   36    53   32    58   22    58   37    50   35    66   30    62   26    52   34    44   37    40   34

    43   33    45   28    52   26    48   32    50   23    47   29    46   23    44   28    29   16    45   10    45   17    51   30    50   22    60   37    54   37    44   27  -999   22  -999   15  -999   31  -999   17  -999   33    55   28    44   13    51   25    65   29    54   27    30   21    31   14    17    7    15   -1

    28   -5    39   20    44   26    43   31    47   19    20   16    26   15    18   -2    40    8    35   20    25    6    25    1    44   14    53   19    39   14    28   10    31    9    25    6    14    4    12  -14    -5  -18     2  -10    27  -19    30    8    25    7    19    4    19   -2    20   -3    21    5    35   10    32    9

  -999 -999

GO  - Run simulation for 1960

STOP - End Simulation
Appendix IIb:  Example Input Data--Pond

Input data for the Pond simulations are entered via the main Project/Pond screen.  Prior to simulation, an intermediate file is written to “xxx.pnd” which contains all values need for the pond portion of the model.  As with the Field hydrology model, the input file is governed by key words and associated data Pond hydrology plus initial data of run documentation.  

The “xxx.pnd” file is viewable and editable from the View menu when the pond screen for the associated simulation is selected.  Should the user wish to simulate a combination not available from the data screens, the intermediate file can be manually edited and the pond simulated without being overwritten by the screens by using eh Options/Manual Run/Pond menu.

The following is an example of the “xxx.pnd” data file generated by version 6.1 of the SPAW model.

Pond Simulation Input Data Example

NOECHO  keyword lines to report file

TITLE

C:\PROGRAM FILES\SPAW HYDROLOGY\SPAW\Projects\Ponds\Brookings SD (Sample)\Wetland\Wetland.pond

Wetland (Sample)

Dec 18, 2002 10:59:44

7.1.33

*** UNITS are all output in English measure

User Information

Keith Saxton

Research Engineer

USDA/ARS (Retired)

1250 SW Campus View

Pullman, WA 99163

Print Options: Time Step = 1; Annual = 1; Monthly = 1; Daily = 1; Depth Duration = 0; Inundation = 0; Detailed = 0; Graph = 1

Dates - Start & End (day month year)

01 01 1960

31 12 1960

Growing Season - Start & End (day month)

01 04

30 09

Inundation Limit - Days inundated to be a wetland.

14

Depths - Irrigation Lower Limit, Spillway Crest, Initial Depth, Infiltration Depth

    0.00    5.00    3.50    3.00

Pond Depth-Area - Number of Pairs & Pairs

6

  0.00    1.00

  1.00    1.50

  2.00    2.00

  3.00    3.25

  4.00    4.50

  5.00    6.00

SEEPAGE RATE - Number of Items & Date (day month) & Seepage Rate

1

01 01    0.10

Watershed Fields - Number of Items & Description, File Name, Area, & Interflow for each item

1

Brookings Corn (Sample)

C:\PROGRAM FILES\SPAW HYDROLOGY\SPAW\Projects\Fields\Brookings SD (Sample)\Corn\Corn.pin

 50.00   50

Appendix III:  Model Logic and Computation Methods

This part of the manual contains a step-by-step discussion of the model logic, equations used, and, when necessary, how the model treats certain physical situations.  The discussion is restricted to the MAIN subroutine because it is from this subroutine that all others are called.  When applicable, reference by number is made to Figure 16, which is a schematic diagram of the physical processes and their interactions being modeled by SPAW. 

This description was prepared when the model was fully programmed in FORTRAN language.  In the process of reprogramming in Visual Basic language, an effort was made to preserve the logic and mathematical representation of the various processes, therefore much of what follows will still be applicable, although perhaps a bit more difficult to follow within the actual programming.
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Figure 16:  The computational flow chart of the SPAW field water budgeting model with corresponding discussion numbers.

Pre-Daily Accounting

A.
Initialization of Variables


Variables are set to zero in anticipation of a new run before input routine is called.  This zeroing happens, also, at the end of the GO keyword execution, just prior to calling the input routine for additional keywords.

B.
Input


See discussion of keywords and of the INPUT subroutine.  

C.
Initialization of Soil Moisture Data 


Three things are done here.  First, the maximum allowable saturation amount (inches) of each layer is reduced by 10 percent.  This gives a more realistic limit to the amount of water which can actually be held in any given layer.  This is done for the purpose of infiltration, which is dealt with later in its own section.  Second, if the soil moisture for any layer is zero, an arbitrary initial soil moisture value (inches) of 70 percent of field capacity is assigned.  Third, the average thickness (DELTZ) used in the Darcy equation for soil moisture movement is calculated for each layer excluding the lower boundary layer.  This layer is an artificial soil layer considered to have the same characteristics as the real soil layer immediately above.  The water movement into or out of the boundary layer determines the amount of deep percolation or upward flow (negative percolation) into the contiguous real layer.

D.
Evaporation Constants


1.
Pan

If the pan evaporation data is to be prorated geographically, then the monthly pan coefficients (PANCO) and the mean daily pan evaporation for each month (AVPAN) are modified here accordingly (see EVAPORATION keyword).  The annual pan evaporation for the standard site is calculated in the input subroutine (see monthly keyword).


2.
Soil

The initial soil moisture conductivities and tensions for the top two layers are computed here.  The top layer is an evaporative boundary layer and is usually quite thin (0.5 to 1.0 in).  The conductivity and tension values for this top layer are computed using the minimum soil moisture (SM1MIN, in) that the layer is allowed to reach by evaporation. SM1MIN is calculated as follows:

SM1MIN = ((WP + (1-EVPCT))* (FC-WP)) * THICK

where:
WP
=
wilting point of soil type of the evaporative layer, percent.



EVPCT
=
Calibration coefficient varying from 0.0 to 1.0 and read in by the EVAPORATION keyword.



FP
=
Field capacity of soil type of the evaporative layer, percent.



THICK
=
Thickness of the evaporative layer, in.

The conductivity and tension values for this layer are constant throughout the program since it is only used if soil water evaporation extends to the second layer (if no available water in first layer).


3.
Test Values for SCS Antecedent Conditions

If measured daily runoff is entered, the program skips to the determination of the first date of observed soil moisture.  An accumulative canopy value (CANTOT) is first calculated as a summation of the daily canopy amounts.  An average canopy (CANAVE) is computed by dividing the growing season length in days into CANTOT in the input routine.  Two soil moisture limits for the first real soil layer (layer two) are set.  These two limits, FC2 and FC2P6, are the field capacity and 60 percent of field capacity of layer two.  The difference (CNDIF) between the SCS curve numbers for the fallow and for the proper hydrologic soil cover conditions, both for antecedent soil moisture condition II, is calculated.  FC2, FC2P6, and CNDIF are all used in estimating daily runoff using the SCS method.  See the discussion of the SCSQ function for details.  The first date of observed soil moisture is found next.


4.
Set Output Interval and Level

This final pre-daily accounting section initializes the output conditions.  The output from the first and last day is always printed; and if remote storage of the output is desired as specified in the SAVE keyword, a header record is written.  The header contains the title, year of analysis, beginning, ending, planting and harvest dates, number of soil layers (excluding the image layer), and the depths of the bottom of each soil layer. 

Daily Accounting 

All program steps discussed in this part are carried out on a daily basis.  The first steps (about fifteen) determine (1) the month and day of the date being simulated, (2) whether the date is during the growing season, and (3) what type of printing and data storage is required.  Data for the day of the end of the run and for the day when observed soil moistures are supplied are printed regardless of the print conditions.

A.
Freeze Control

The only step here is to call the FREEZE subroutine which returns freezing coefficients (FREZCO) for each soil layer.  These coefficients are used to reduce the hydraulic conductivity in DARCY subroutine of any layer determined by the subroutine to be frozen.  See the discussion of the FREEZE subroutine for details.

B.
Potential Evapotranspiration, Precipitation, and Runoff

Potential ET is calculated by multiplying the daily pan evaporation by the pan coefficient for the month.  Any missing values of daily pan evaporation are supplied here by values from the standard site (see (1) on Figure 16).  Any other method of determining an atmospheric potential ET would require changing these few statements.  Daily precipitation is evaluated and if equal to zero the model is routed around the calculations of stored interception and amount of precipitation reaching the soil surface.  Daily runoff is determined next.  If measured values of daily runoff are not available, they are estimated by the SCS method.

C.
Interception--(See (2) in Figure 16)


The potential interception (PINT) is calculated as follows:

INT = SINTMX - SINT

where:
SINTMX = maximum allowable interception storage, in, 



SINT
= total interception, in stored until the end of the previous day. 

The stored interception (SINT) is then increased by the amount of precipitation (P) during the current day.  If SINT exceeds SINTMX, then SINT is reduced to SINTMX.  The precipitation (P) is reduced to represent the amount of precipitation which reaches the soil surface by subtracting PINT from the amount of precipitation.  If the reduced precipitation is less than or equal to zero, then no water reaches the soil surface, i.e., all of the precipitation has been intercepted.  If runoff occurs on a day when no precipitation fell, as in the case of baseflow or a long time of concentration, no water is allowed to enter the soil profile.

The next few steps determine how much of the PET demand can be met by SINT.  If PET is greater than SINT, then SINT is reduced to zero and transpiration and soil evaporation will occur in an effort to meet the PET demand.  If PET is less than or equal to SINT, then SINT supplies all of the PET demand, and is reduced by that amount.  No transpiration or soil evaporation will occur.  The reduced amount of SINT is used to calculate PINT for the next day.  Thus the amount of evaporated interception (EINT) is a function of the degree to which the stored interception can meet the potential ET demand.  All of the above discussion refers to (2) in Figure 16.

More recent updates have provided two interception storage volumes, one for plant material and a second for the soil surface.  The plant material has first opportunity of storage and evaporation based on the percentage of canopy over the soil surface.

D.
Potential Transpiration and Soil Water Evaporation

The remaining potential ET is now divided between potential transpiration and soil evaporation (see (3) and (4) in Figure 16).  The amount of potential transpiration is calculated as follows: 

                             TRANSP = CANVAL * PETMI,

where:
TRANSP

= potential transpiration, in.



CANVAL
= canopy cover, percent.



PETMI

= potential ET minus interception, in.


The remainder is potential soil evaporation, i.e., PETMI minus TRANSP.

E.
Actual Soil Water Evaporation

Actual soil water evaporation is assumed to occur from only the evaporative boundary layer and the first real soil layer, and is calculated by the EVAP function (see EVAP function description for details).  See (5) in Figure 16.

F.
Evaporative Energy to Transpiration

If the potential soil water evaporation demand is still not met by actual soil water evaporation, a portion of the potential soil evaporation is transferred (see (6) in Figure 16) to the plant canopy for up to 60 percent canopy cover according to the relationship

               Percent Transfer = 1.67 * (percent canopy).

A 100 percent transfer was assumed for canopies greater than or equal to 60% (see (7) in Figure 16).  That soil evaporation which is not transferred to potential transpiration is considered to be used by other energy sinks such as sensible heat and soil heat (see (8) in Figure 16).

G.
Phenological Influence on Potential Transpiration

Potential transpiration, now composed of the plant portion of the potential ET plus unused potential soil evaporation energy, is first reduced by a seasonal relationship of the plant's phenological state which depicts its ability to transpire, i.e., percent of canopy which transpires (PHEVAL).  See (10) in Figure 16.  If PHEVAL is less than 1.00, a portion (1 - PHEVAL) of the energy for potential transpiration is assumed lost to other energy sinks (see (9) in Figure 16).

H.
Actual Transpiration


1.
Root distribution

Next, a percentage of the daily potential transpiration (already reduced by the phenological status) is assigned to each soil layer depending on a distribution of soil water extraction, or the distribution of roots by layer throughout the soil profile (see (11) in Figure 16).  The root distribution must be varied to follow the development of the crop throughout the growing season.  A constant root distribution is assumed between days of root data.


2.
Plant moisture stress

The amount of water extracted from each soil layer for transpiration is a function of the percent plant available soil moisture in the layer, the potential ET, the potential transpiration, and the distribution of the roots.  If the ratio of actual to potential transpiration is less than one, then plant stress is said to occur.  On this assumption, reductions of ET caused by crop moisture stress are considered for each  soil layer by applying the relationships in Figure 16 (see (12) in this Figure 16) to each soil layer in the root zone.  Values for the ratio of actual to potential are determined from the plant available soil moisture (AVSM) of the layer being considered and the total potential ET demand by the atmosphere (curves B, C, or D).  The AVSM will range from 1.0 representing field capacity to 0.0 representing permanent wilting point which is the 15 bar wilting point (WP) multiplied by the reduced wilting point factor, REDWP, to allow plant ability to permanently wilt at moistures other than 15 bar moisture content.  More than one curve is used because observations have shown that plants with equal available moisture have more moisture stress on days with larger potential ET.  Vertical linear interpolations are made between the curves for the potential ET of a given day.  The values for each curve relate to the crop's ability to continue transpiration under moisture stress.  Interpolations are done by the DINTRP function which returns the actual-to-potential transpiration ratio for the given layer (RTRRAT).  Then the actual transpiration (water extraction) from each layer is calculated by

                    ATRANS = PPTRAN * RTRRAT * ROOTDS

where:
ATRANS
= actual transpiration, in



PPTRAN

= potential transpiration from entire soil profile adjusted for phenology,

in



RTRRAT

= ratio of actual-to-potential transpiration



ROOTDS
= fraction of root system occupying the layer, decimal percent. 


The ATRANS values are summed to yield a total transpiration amount (SUMTRN).  See (13) in Figure 16.

I.
Plant Stress

When there is a potential for transpiration, a stress coefficient, STRESS is computed by

                      STRESS = 1.0 - SUMTRN/PPTRAN

which indicates zero stress for SUMTRN = PPTRAN up to a maximum stress of 1.0 for SUMTRN = 0.  This value, STRESS, is subsequently used for computing the effect of soil moisture deficiency on phenology, canopy growth, and yield.  STRESS is computed during the growing season only.

J.
Phenological Susceptibility

The decline in the ability of a plant to transpire is calculated using STRESS and the susceptibility of the plant to phenological reduction at that given stress level.  The variable PHESUS contains the information to approximate the daily decimal percent reduction in phenology which is accumulated in the variable PHERED.  Any necessary interpolation is done by the YINTRP function.  See the discussion of the PHENOLOGY keyword for details on values to be input for use here.  Phenological reduction is assumed to be cumulative to reflect permanent damage caused to the plant by water stress.  A numerical indicator for reference is computed by the equation:

           PHEVAL = (1 - PHERED) * PHENOL(J)

where:
PHEVAL = actual phenological plant status on day, J



PHENOL = potential phenological plant status on day J (user supplied).


PHEVAL may never be less than zero.  See (14) in Figure 16.

K.
Yield Susceptibility

The calculation of the daily yield stress index (YLDRED) is done by multiplying the STRESS by the susceptibility of the crop to yield (YLDSUS) on the given growth day.  This index reflects the accumulative water stress effect for the growing season and must be correlated with actual yield reductions for predictive capability.  See the discussion of the YIELD keyword for the type of data needed for the yield susceptibility, YLDSUS.  See (15) in Figure 16.

L.
Canopy Susceptibility

The potential daily canopy growth (CANGRO) is determined from input data (see CANOPY keyword).  If the crop canopy is increasing, then CANGRO is adjusted by the canopy susceptibility (CANSUS) vs. stress relationship (entered by the CANOPY keyword).  If the canopy is decreasing, then CANGRO is adjusted by the ratio of the previous day's canopy percentage (the actual canopy status) to the potential accumulated status.  This adjusted CANGRO value (computed by either means) is accumulated using the variable CANVAL described above as "the previous day's canopy percentage."  This actual canopy status is used as the basis for the separation of soil evaporation and transpiration as described in section D in this part.  See (16) in Figure 16.

M.
Actual Evapotranspiration

The calculated daily actual ET is the sum of the interception evaporation, soil water evaporation, and transpiration.  This actual ET represents the energy used in water evaporation, and the ET components define which water was acted upon.  These amounts of water were then deducted from their respective storage positions and lost from the system (see (17) in Figure 16).

N.
Infiltration and Redistribution of Soil Moisture

To complete the soil moisture status in preparation for the next day's computations, infiltration and redistribution are considered (see (18) and (19) in Figure 16).  Daily infiltration is computed as the average watershed precipitation, minus that abstracted by interception and watershed runoff, expressed as depth from the runoff area.  No time distribution is given to the infiltration.  It is considered stored in the top soil layer unless this layer reaches 90 percent of saturation; then the excess is cascaded downward to succeeding lower layers, with the same restriction, until sufficient storage is available.  Any water which infiltrates into the lower boundary layer becomes part of deep percolation.  Vertical soil moisture redistribution is modeled by the one-dimensional Darcy equation for unsaturated flow utilizing moisture-tension and moisture-conductivity relationships which are applied to each layer in the soil profile.  For details, see the discussion of the DARCY subroutine.

O.
Soil Moisture Calibration

At this point, the model will, if desired by the user, adjust the computed soil moistures to those of observed data.  This recalibration is done for each soil layer in the profile and may be done up to 26 times per calendar year (limited only by array size of entered observed soil moisture).

Subroutines and Functions 

The main program calls all of the following subroutines and functions.  Their discussions are brief and are provided only to inform the in-depth programmer.  Any modifications made to any of these subroutines or functions should be done with extreme care because some are used in multiple ways.  The authors suggest that a small data set be used to test all changes. 

A.
CTDIRR (Subroutine)

This routine is called when the IRRIGATION key word is used.  It allows the user to select irrigation options to determine when to irrigate and the depth of water to apply for several types of irrigation.  For more detail see Appendix A.

B.
DARCY (Subroutine)

Darcy uses a finite difference technique to redistribute soil moisture with the one-dimensional Darcy equation for unsaturated flow utilizing moisture-tension and moisture-conductivty relationships.  Initial tension (pressure) and conductivity values are determined by either interpolation of user data or standard curves or by soil texture dependent equations.  Then, using a maximum specified time increment, the amount of water movement between all layers is calculated.  The soil moisture for each layer is then adjusted to account for the water movement.  No layer is allowed to exceed 90 percent saturation and the image layer does not exceed field capacity, which is a good estimate for well drained subsoil.  This should be changed to 90% saturation for poorly drained subsoil.  New tensions and conductivities are determined and, if the absolute difference between the new and old tensions exceeds the maximum specified change of tension (see TOLERANCE keyword), the time step is halved and the entire process is repeated until the tolerance is not exceeded in that time increment.  If the time increment falls below the minimum specified allowable and the tolerance level is not met, then it is conceivable that the subroutine will never reach a solution.  This usually indicates improper tension and conductivity curves.  This subroutine is the most time consuming of all parts of the SPAW model.  Any improvements should be made with efficiency of computation in mind.

C.
DATE (Subroutine)

This subroutine converts the Julian date to the month and day of the month.  The subroutine uses the year as specified in the DATES keyword to properly adjust the date for leap year.  Julian dates which are too large are also diagnosed.

D.
DINTRP (Function)

This double interpolation function is used only to compute the actual-to-potential transpiration ratio from the moisture stress curves.  The curves are read in with the two-dimensional variable, ETRATE (see STRESS keyword).  When the function is called, the one-dimensional variable, TAB, is equivalenced to ETRATE.  It is the variable TAB which is searched for the closest input values of available soil moisture and potential ET rate.  When the values are found, a double interpolation is done and the function returns the proper ratio.

E.
EVAP (Function)

EVAP calculates the amount of actual daily soil water evaporation for a given daily potential.  Water for evaporation is assumed to be available from only the evaporative boundary layer (layer 1) and the first real layer (layer 2).  Any of the potential not supplied is made available for transpiration.  First, moisture is readily evaporated from layer 1, and if the potential demand can be supplied from this layer, i.e., if potential evaporation is satisfied before the minimum soil moisture level is reached in layer 1, then the soil moisture for the layer is adjusted and the function returns to the main program.  If the potential evaporation cannot be met by layer 1, then additional moisture is taken from layer 2 based on a Darcian type of water movement up from layer 2.  In this case, the amount taken from layer 2 is reduced for effects of tillage discontinuities and relative conductivities of vapor and liquid water.  Evaporation from the second layer is always the lesser of potential evaporation or available water.

F.
FILL (Subroutine)

FILL interpolates between input values of canopy cover and phenology to fill out the corresponding arrays so that cover and phenology values are assigned for every day of the calculation year.  This subroutine is called from the INPUT subroutine only.

G.
FREEZE (Subroutine)

This subroutine uses the daily average temperature.  If the soil layer is frozen, FREZCO is set to 0.1 and used to reduce the conductivity of the layer to 10% of value for unfrozen soil.

H.
INPUT (Subroutine)

No additional discussion is needed here.  Refer to the earlier description of keywords and data requirements.

I.
IPARM (Function)

If one or more numeric values on a keyword line (record) are needed, this function is called to sort the numbers from the text.  Before the first value is read from any keyword record, the printer variable, ISTART, must be set to 1.  ISTART indicates in which column of the 80-column keyword record the search for values is to start or continue.

J.
JDATE (Function)

JDATE converts the month and day of the month for any date to the corresponding Julian date.  This function is called from the INPUT subroutine only, and more specifically from the DATES keyword.  Leap year is correctly considered.

K.
SCSQ (Function)

If both CNFAL and CNII are not zero (i.e., values have been entered) then this function estimates daily runoff using the SCS method of curve numbers and antecedent moisture condition.  The runoff curve number for soil moisture condition II is first calculated.  If the soil moisture in the top real layer (layer 2) is less than 60 percent of the field capacity of layer 2, then the curve number is adjusted to the type I condition.  If the soil moisture in layer 2 is greater than the field capacity, then the curve number is adjusted to the type III condition.

M.
YINTRP (Function)

This interpolation function takes an x value, and from the appropriate one-dimensional array (xi, y1), (x1, y2), . . . (xm, yn), and interpolates the associated y value.  The variable LASTX is the number of elements in the array minus 1.  This function is called more often than any other function or subroutine and should, therefore, be modified with efficiency in mind.

N.
TENCAL (Subroutine)

This subroutine is used to calculate the pressure (matrix potential) if soil type specified in LAYERS input keyword is 12-42 and uses the % sand and % clay values entered by keyword LAYERS.

O.       FREEZE    Snow accumulation, snowmelt and soil freezing/thawing.

To provide realistic, year-around hydrologic representations to agricultural fields, a routine is included which accounts for snow accumulation, snow melt, and soil freezing.  To keep the data requirements minimal, only air temperature daily maximums and minimums were used for these computations.  Daily average temperatures are computed as the arithmetic average of the max-min's.

Snow accumulation is assumed to occur any day in which the average daily air temperature is zero or less and precipitation is recorded as having occurred.  Snow density is currently assumed as a constant of 0.10 gms/cm**3, thus snow depths are readily estimated as the snow water equivalent divided by this density.  A running average of snow water and snow depths is computed with no losses assumed.


Snow melt is by the equation:





SMELT = SNOCOE * TMAXC/10

where SMELT is the daily snowmelt, cm, T is daily maximum air temperature (C) and  SNOCOE is a coefficient usually taken as 4.57, but a substitute value can be put in through the key word FREEZE.  This equation is similar to that reported by Osborn et al. and that used in SWRRB reported by Arnold.  Snowmelt water is applied back as precipitation on the day of melt and subject to infiltration.  No accounting is given to melt caused by rainfall on snow.


Soil freezing is important to water budgeting due to causing  immobility of soil water and the resulting influence on infiltration and runoff.  Soil freezing is estimated  the method summarized by Jumikis (1966) with some minor modifications.  This method was started by the Stephan theory (1890), then later Neumann's Theory (1937 & 1948), and expanded to be applied to a multilayered system as reported by Jumikis(1966).  The approach is to estimate the cumulative freezing degree-days required from the surface downward through a multilayered soil system.  Each additional layer has a freezing requirement and the thermal resistance of the overlying soil layers and snow.  The expression for this cumulative soil freezing index (SFI) is:


SFI = THICK (80*SMOIST*BD) + HEATCAP} * RESIST/24*3600

where:



SFI
= Soil freezing index, C-days


THICK
= layer thickness being computed, cm


SMOIST
= Soil Moisture, dec. %


HEATCAP
= Heat capacity of mineral soil+ upward heat transport, cal/cc-C


RESIST
=
Accumulative resistance of snow and overlying soil, cm-s-C/cal

The SFI values vary with soil water and snow depths, thus the values for each profile layer need to be assessed each day of computation.  The SFI values become increasingly large with depth as the overlying resistances increase.  The soil resistances are computed from the soil conductance divided by the associated depth.  The conductance’s are computed by the method of Devries (1975) as described in Hillel (1980) where the soil constituents of mineral, air, water or ice are given their proportionate weighting of their individual conductance values.  The conductance’s change with soil water content and whether this water is frozen or not.  Snow thermal conductance is computed as a function of snow density, assumed a constant here, thus only snow depth influences daily variation of the estimated snow thermal resistance.

An accumulative degree day climatic freezing index (CFI) is computed from by the relationship




CFI = FREZCF * CFI -TAVEC * EXP(-0.4*SRF*SND)

where:


CFI

= the cumulative freezing index by the climate, C-days


FREZCF
= a coefficient to reduce the cumulative (0.97) or as assigned


TAVEC
= daily average temperature, C


EXP

= the exponentiation of the ( ) terms


SRF

= Snow reduction factor (0.08 if T<0, 0.50 if T>0)


SND

= Snow depth, cm

To estimate the soil freezing depth, the accumulative positive values of the climatic freezing index (CFI) are matched against those of the soil freezing index (SFI) required to freeze the profile to various layer depths.  Obviously only when the mean daily air temperature falls below zero do the CFI values accumulate (TAVE negative values). They decline and estimate thawing for above freezing conditions due to both the temperature term and the FREZCF value being less than zero.  The CFI values are usually initialized at some amount of negative value to account for initial cooling required in the soil before freezing can actually begin.

This routine, while lacking rigorous physical computations, accounts for most of the major factors of soil freezing and thawing such as soil water, bulk density, snow depth, thermal conductivity's, and the climatic temperature.  Significant testing has not been accomplished with the current program version, but trial cases show expected freeze-thaw patterns as shown in the accompanying graphs.  Actual applications should begin with some calibration using the snowmelt and climatic freezing index coefficients input through the keyword FREEZE.




Appendix IV:  Input Data Keywords

The original programming for the SPAW model was in FORTRAN language and data were inputted to the model in a single file.  The various data sets were incorporated into a rather rigid format lacking flexibility and demanding accuracy.  To partially overcome some of the rigidity, a series of “Keywords” were defined which when detected in the data string would direct the input routine to specific data input read statements.  This allowed a variable data input order, using default data for those data not entered, and much improved input accuracy.

With recent reprogramming to VISUAL Basic language and data largely from screen inputs or predefined files, the input data file for the model run has now become more remote to the user since it is correctly assembled at each simulation beginning.  However, the keyword structure  has been maintained to provide ease of understanding the input data file and manual changes should future development need this capability.  As a result, it is useful to include the original keyword definitions in this manual since they are still valid and may become useful.  With the addition of the screen input, some keywords may have slightly changed definitions or values.

Proper orchestration of selected keywords (input and program control options) provides the user with the flexibility of mixing and matching several different study sites, data types, data storage units, input formats, and output controls.  Keywords are listed in alphabetical order for ease of reference only.  With the exception of file control and output keywords, the keywords may be used in any order, however the data and its format which is to follow after each keyword is in a required pattern.  In most cases, the model program uses only the first three letters of the key word and all additional characters and words are ignored.  All currently available keywords are discussed in this section.  The discussion of each keyword consists of four parts.

1.
DESCRIPT:
A description of what happens when a keyword is selected, and the capabilities of the keyword.

2.
DATA:
Digital requirements of the data requested by use   of the keyword, i.e., form of the data, units, acceptable range and how to assemble the data. 

3.
DEFAULT:
Specifies default values if available, and where they are assigned for the data associated with the keyword.  If no default values are available, the keyword is not optional unless so stated.  Optional keywords may not have default values appropriate for your application.

4.
RESTRICT:
Rules and restrictions for use of the keyword, such as another keyword prerequisite.

*** or Blank   
DESCRIPT:
Comment card.

DATA:
If all stars or all spaces are read in as the first three characters of a line, the record is ignored.

DEFAULT:
None.

RESTRICT:
None.

AIR TEMPERATURE
CANOPY
DESCRIPT:
Read canopy data.  Both canopy cover (CANOPY) and canopy susceptibility (CANSUS) values are expected.

DATA:
For canopy cover, the data should contain the number of values to be read in (range is 0 to 50, even numbers only) and then pairs of data where the first number is the number of days before or after planting, and the second number is the decimal percent canopy cover associated with the number of days before or after planting.  Negative values for the number of days since planting can be used to indicate canopy conditions prior to planting, e.g., crop residue.  If 36 values for canopy cover are indicated, then 18 pairs are required (18 days with respective canopy cover values).  See the section on the FILL subroutine for a discussion of the use of these values.  For canopy susceptibility, the data are:  the numbers of values to be read in (range is 0 to 50, even numbers only), and then pairs of data where the first number is the amount of STRESS (1 - AT/PT) on the soil moisture stress graph, and the second number refers to the decimal percent of no stress canopy growth expected for the day, associated with that level of STRESS.  Eight canopy susceptibility values imply four STRESS values and four corresponding potential canopy growth values.  Linear interpolation is used to determine intermediate points.

DEFAULT:
BLOCK DATA, CANOPY = 0.0.  CANSUS has no default values.  Required keyword.

RESTRICT:
Keywords DATES must be used before CANOPY.

CHEMICAL UPTAKE


(See recent programming examples)

DATES
DESCRIPT:
Contains the year (IY), and  month and day of: beginning of analysis period (IMB, IDB), planting date (IMP, IDP), harvest date (IMH, IDH), and the end of analysis period (IME, IDE).  All dates are converted by the JDATE function to a Julian date.  A calendar year is assumed.

DATA:
Two-digit integer values of year, month and day.

DEFAULT:
Default values are Jan. 1 for beginning, June 1 for planting, Oct. 1 for harvest, and Dec. 31 for end.  These numbers are assigned (as Julian dates) in BLOCK DATA under the variables JDAYB, JDAYP, JDAYH, and JDAYE, respectively.  Required keyword.

RESTRICT:
The dates must be read in before inputting either the canopy or the greenness data.  January 1st cannot be used for planting date.

ECHO
DESCRIPT:
Causes subsequent formats and keywords to be printed into the detailed budget file (*.bdg).  Implementation of the NOECHO keyword countermands ECHO, which will remain in effect until NOECHO is used.

DATA:
None.

DEFAULT:
NOECHO is default keyword if neither ECHO nor NOECHO are used.  Optional keyword.

EVAPORATION
DESCRIPT:
Reads in the average annual pan evaporation in inches for the study site (EVPSIT) and for the site with the daily pan evaporation data used in the daily accounting (EVESIT).  Also, reads in a calibration coefficient (EVPCT) for evaporation from the top layer.

DATA:
The annual pan evaporations from the two sites are obtained from regional maps with isolines of pan evaporation.  If daily pan evaporation is not available at the study site, then the daily values from the nearest station with pan evaporation records are "transferred" to the study site using the ratio EVPSIT/EVESIT.  If any daily values from the nearest site are missing, they are supplied to that site from the standard site (a third site with a long record, EVSTD) using the ratio EVESIT/EVSTD.  EVSTD is calculated in the model.  If the pan evaporation site is the same location as the study site, input identical values for EVESIT and EVPSIT.  Any missing values will still be supplied from the standard site (see the MONTHLY keyword).  EVPCT is a decimal percentage modification of the minimum soil moisture that the artificial first layer is allowed to reach by soil evaporation.  EVPCT values of 0.0 and 1.0 are associated with minimum soil moisture levels at field capacity and wilting point, respectively, while values greater than 1.0 are associated for soil moistures less than WP.  As the amount of soil evaporation is adjusted by EVPCT, the subsequent "draw-up" from the next layer will be changed also by EVPCT.  EVPCT is a calibration coefficient and should be changed to adjust the model soil evaporation output for a particular study.

DEFAULT:
In BLOCK DATA, EVESIT = EVPSIT = 45.4 and EVPCT = 1.00.  Optional keyword.

RESTRICT:
None.

FILES
(See recent programming examples)
FREEZE
(See recent programming examples)

GO
DESCRIPT:
Ends reading of keywords and begins program execution.  Checks for input errors and, if so, terminates execution.

DATA:
None.

DEFAULT:
Required keyword.

RESTRICT:
For multiple runs, this option must follow each set of new keywords (ie. last keyword for each set of data).

INTERCEPTION
DESCRIPT:
Reads the maximum interception storage in inches (SINTMX).

DATA:
A reasonable estimate.

DEFAULT:
In BLOCK DATA, SINTMX = 0.10.  Optional keyword.

RESTRICT:
None.

IRRIGATION
DESCRIPT:
(See Appendix A)

LAYERS
DESCRIPT:
Reads the number of soil layers, the bottom depth (in or cm, see UNITS keyword) of each layer, the soil type index of each layer and % sand and % clay of each layer, respectively, if texture specific soil moisture tension and conductivity curves are desired.

DATA:
A good estimate of the physical soil profile is essential.  The soil type index specified for each layer in the profile indicates which one of twenty (20) soil moisture tension curves and conductivity curves will be used for that layer for soil moisture redistribution calculations.  There are ten (1-10) standard soil types available at run time from BLOCK DATA.  The next ten soil types (11-20) are available for user defined tension and conductivity curves.  (See SOIL keyword for the data requirements).  Their default curves are equivalent to the standard soil types.  Following is a list of the soil types for which tension and conductivity curves are defined in the model (BLOCK DATA) and the corresponding soil type index:

           Index              Soil Type 

          01 (11)                 Sand 

          02 (12)                 Loamy sand 

          03 (13)                Sandy loam 

          04 (14)                 Sandy clay loam 

          05 (15)                 Loam 

          06 (16)                 Silt loam 

          07 (17)                 Clay loam 

          08 (18)                 Silty clay loam 

          09 (19)                 Silty clay 

          10 (20)                 Clay 


Soil types 1-20 do not require use of % sand and % clay values, so any value may be used.  Soil types above 20 do require % sand and % clay within the range of 5-95% sand and 5-50% clay with the sum of the two values not exceeding 100%.  Soil types above 20 use textural relationships to determine soil water pressure and conductivity, and is the best method if actual pressure and conductivity data are not available.

DEFAULT:
None.  Required keyword.

RESTRICT:
None.


(See recent programming examples – The above are rarely now used)

MOISTURE
DESCRIPT:
Reads in the month, day, year and corresponding observed soil moisture values in percent moisture for the number of soil layers in the defined profile.  The observed soil moistures are used to re-calibrate the computed soil moisture profile during the analysis period as selected by the keyword RECALIBRATE.  

DATA:
Two-digit integer values of the month, day, and year of each observation date and real values for the soil moisture (percent of layer thickness) for each layer in the profile except the image layer.  The soil moisture for the image layer is set at the same percent as the lowest real layer.  The top evaporative layer should be assigned the same value as the uppermost real layer.

DEFAULT:
All observed moistures are set to zero under OMOIST in BLOCK DATA and dates are set to 999 (Julian date) under JMOIST.  Optional keyword. 

RESTRICT:
None.

MONTHLY
DESCRIPT:
Reads a mean daily pan evaporation for each month of the year to be used when daily pan or PET are missing.  These standard site values are summed by the program to provide an annual total pan evaporation which is used to prorate these values to other study sites with higher or lower pan evaporation as input in the EVAPORATION keyword.

DATA:
Monthly pan evaporation totals are divided by the number of days in the corresponding month to provide mean daily values (in/day) for each month.  To obtain values for months when the pan is frozen, available data are graphed and extrapolated following a sinusoidal line to cover the frozen period.

DEFAULT:
None.  Required keyword.

RESTRICT:
None.

NH4

(See recent programming examples)

NO3

(See recent programming examples)

NOECHO

DESCRIPT:
Turns off the printing of input information described in the discussion of the ECHO keyword.

DATA:
None.

DEFAULT:
NOECHO is default if neither ECHO nor NOECHO are used.  Optional keyword.

RESTRICT:
None.

NUTRIENT


(See recent programming examples)

POTENTIAL EVAP

DESCRIPT:
Reads observed daily PET.  The year of the data is read in first.  These data may be from either the site of the study or a nearby evaporation site--not to be confused with the standard site described in the discussion of the option MONTHLY.  A more detailed discussion of the relationships among the three possible evaporative sites appears in the keyword EVAPORATION and under Potential ET of Part I.  A monthly account of the number of missing daily pan evaporation values is recorded and written onto output file LP1.

DATA:
Daily pan evaporation amounts are required.  An extra value for leap year must be included.  Missing values must be indicated by entering a dummy value of 9.99 to be recognized as missing input.  Note:  All 9.99 values are changed to zeroes in input routine and any zero value is substituted with monthly average daily values.  This means if you intend to indicate a zero pan evaporation day, it will be substituted.

DEFAULT:
In BLOCK DATA, zeros are assigned to variable PAN.  Optional keyword. 

RESTRICT:
None.

GREENNESS
DESCRIPT:
Reads in both the standard greenness (phenology) and greenness susceptibility curves.

DATA:
For greenness, the data should contain the number of values to be read in (range is 0 to 50, even numbers only) followed by pairs of data, where the first number is the number of days before or after planting, and the second number is the decimal percent greenness associated with the number of days before or after planting.  Negative values for the number of days since planting can be used to indicate greenness conditions prior to planting, e.g., weed growth.  If 36 values for greenness are indicated, then 18 pairs are required (18 days with respective greenness values).  See the section on the FILL subroutine for a discussion of the use of these values.  For greenness susceptibility, the data are:  the number of values to be read in (range is 0 to 50, even numbers only) and pairs of data where the first number is the amount of STRESS (1 - AT/PT) on the soil moisture stress graph, and the second number refers to the actual amount of greenness reduction for the day, associated with that level of STRESS.  Linear interpolation is used to determine intermediate points.  The greenness reduction is accumulated over the growing season.  For Iowa corn, the numbers range from 0.0 at zero stress to 0.10 at full stress (1.0).

DEFAULT:
In BLOCK DATA, PHENOL = 0.0.  PHESUS has no default specification.  Required keyword.

RESTRICT:
The DATES keyword must be exercised before the GREENNESS option.  No space should be inserted between PHENOL and PHESUS values.

PRINT OPTIONS
DESCRIPT:
This keyword is designed to provide the user with control over the frequency (INTVAL) and level of detail (LEVEL).

DATA:
Print interval or number of days simulated between printing (e.g., 5 indicates that every fifth day will be printed); level, the degree of detail desired to be seen (see below).  There are three possible levels of detail available (see list of variables for explanation of variables being printed):

          Level of detail    Description of output

1     minimum:

ID, IM, IY, PET, AET, AEVAP, SUMTRN, EINT, PRECIP(J), Q, PERC, CANVAL, STRESS, YLDRED APET, AAET, AAEVAP, AATRAN, AEINT, AP, AQ APERC, PHEVAL, ASTRESS, AYLDRD

                             

also soil water content by layer 

2    intermediate:

All of the information from level 1 plus a complete moisture budget of every layer is printed.  The additional variables printed are:  CN, CANV, CANAVE, SINT, EV1, EV2, DELTIM, SMOIST, ATRANS, AINFIL, OUTFLW, ZTRAN, ZINF, ZOUTF, and HTRAN.

3     maximum:

This level produces an enormous amount of output and should be used for debugging only.  All of the information from level 2  plus other variables in every iteration of DARCY.  The additional variables are TENZ, CONDZ, and COND.


For a discussion of the output to tape, see the SAVE keyword.

DEFAULT:
In BLOCK DATA, INTVAL = 0 (every day), LEVEL = 1.  Optional keyword.

RESTRICT:
None.

PRECIPITATION
DESCRIPT:
Reads in observed rainfall (in/day).

DATA:
The year of the data must be supplied and then a precipitation amount (inches) for every day of the rain period.  Any missing value may be denoted by 99.99, and a monthly count of missing values is kept.  It is best to estimate a value for missing data since values of zero will be substituted for values of 99.99. 

DEFAULT:
In BLOCK DATA, zeros are assigned to every day.  Optional keyword. 

RESTRICT:
None.

ROOT DISTRIBUTION

DESCRIPT:
Reads in the root distribution data.  The values are used to distribute the transpiration demand among the soil layers based on the percentage of the root system occupying each layer.

DATA:
The number of observation dates must be entered first (integer value).  For each given observation date since planting, the portion (integer percent) of the root system occupying each layer must be supplied for all layers except image layer.  The data are arranged such that the observation dates (number of days since planting) occupy the top row of the matrix and the percentage distributions are arranged by layer vertically below each corresponding date--in short, below the dates, one row per layer and one column per date.  The row corresponding to the top evaporative layer must contain all zeros.  Each column of percentages under each date must sum to 100.

DEFAULT:
None.  Required keyword.

RESTRICT:
Dates must occur in chronological order.

RUNOFF
DESCRIPT:
Reads in observed runoff for days when runoff occurred.  The month, day, and year of each observation are also read in.

DATA:
Date of observation (three interger values in the order of month, day and year) and amount of runoff (one real value in inches/dry) for that day.  If no runoff data are available, see SCS keyword to estimate.

DEFAULT:
In BLOCK DATA, every day is assigned a value (RUNOFF = 0.0).  Optional keyword.

RESTRICT:
A blank data record must follow the final runoff date to terminate keyword execution.

SCS CN
DESCRIPT:
Reads in two SCS curve numbers (CNFAL, CNII) for the proper Hydrological Soil Group.  The curve numbers are for (1) fallow condition, and (2) appropriate land use, treatment, and hydrologic conditions.  Both curve numbers are for the Type II antecedent moisture condition.

DATA:
The curve numbers are estimated and entered as real values.  If runoff is to be read in (see RUNOFF keyword), enter values of zero for both curve numbers (default values).

DEFAULT:
In BLOCK DATA, CNFAL = CNII = 0.  Optional keyword.

RESTRICT:
If neither SCS nor RUNOFF keyword is used, then default values are used and no runoff will occur for any rainfall.

SOIL
DESCRIPT:
Reads in the soil moisture tension curve, conductivity curve, and wilting point (WP), field capacity (FC), and saturation values (SAT) for a user-defined soil type with soil types 11 through 20.  This keyword is not used for soil types above 20.

DATA:
The soil type index is entered on the same line as the keyword.  Next, in the following order are the tension curve, conductivity curve, wilting point, field capacity, and saturation values.  The number of values entered as an integer in each   curve must be placed immediately before the curve data and is limited to 50 (25 pairs).  The data for each of the curves are entered in pairs:  soil moisture (decimal percent) and hydraulic conductivity (cm/hr or inches/hr, see UNITS keyword) for the conductivity curve, and soil moisture (decimal percent) and soil moisture tension (cm of water or millibars) for the tension curve.  At sea level, one atmosphere is equivalent to 1013 millibars or 1034 cm of water, and the difference is approximately 2 percent.  For this reason, the model will accept tension as millibars or cm without significant error.  Wilting point, field capacity, and saturation values must also be supplied.  These values are obtained from the appropriate capillary pressure vs. soil moisture curves.  The values should be input as decimal percent soil moisture (volumetric basis).  Approximate definitions are:  field capacity, 1/3 atm; wilting point, 15 atm; and saturation, near zero atm.

DEFAULT:
See the discussion of the LAYERS keyword for a list of the currently "pre-defined" soil types.  Soil moisture tension curves and conductivity curves for each of these soil types, 1 through 20, are assigned in BLOCK DATA.  Values for WP, FC, and SAT are also assigned in BLOCK DATA.  Optional keyword.

RESTRICT:
A maximum of ten standard and ten user defined soil types are allowed.

STOP
DESCRIPT:
Terminates program execution.  If multiple runs are desired, this should be the last keyword selected in the final run.

DATA:
None.

DEFAULT:
None.  Required keyword.

RESTRICT:
This keyword must be the very last one selected.

STRESS
DESCRIPT:
Reads in potential ET (in/day) for five stress curves and a factor REDWP to reduce the wilting point for stress tolerant crops.

DATA:
Five decimal values of potential ET are entered for each of the stress curves in the model.  A decimal value for REDWP is also entered.  A value of 1.0 indicates no change in wilting point.

DEFAULT:
For STRESS (in/day) 0.05 0.10 0.25 0.40 and 0.70.  REDWP = 1.0,  Optional keyword.

RESTRICT:
None.

TITLE
DESCRIPT:
Reads in the title of the current run.

DATA:
Allows maximum of 80 characters to be input as the title.

DEFAULT:
None.

RESTRICT:
If multiple runs are desired, a new title should be input (but is not required) at the beginning of each run.

TOLERANCE
DESCRIPT:
Reads in three constants for the DARCY subroutine.

DATA:
The first constant, TOLIN, is the tolerance in centimeters used to compare a presently computed soil moisture tension to that of the previous iteration.  If the difference between the two tensions exceeds TOLIN, the time step is halved and the day's computations begin anew.  The second and third constants, DTMN and DTMX (both in hours) are the minimun and maximum time intervals allowable in DARCY, respectively.  Maximum time is used until tolerance is exceeded.

DEFAULT:
In BLOCK DATA, tolerance is set to 200, minimum time to .03, and maximum time to 4.  Optional keyword.

RESTRICT:
Minimum and maximum time interval must be such that 24 hours divided by the time interval must be exactly a whole number.

TRACER


(See recent programming examples)

UNITS
DESCRIPT:
Reads in unit conversion factors (CONVC and CONVD, respectively) to be used in conjunction with the hydraulic conductivities and bottom depths of the soil layers.  The following convention will result in all output dimensions in inches not cm, assuming all other input data has units of inches not cm. 

DATA:
Either 2.54 or 1.00 must be supplied for CONVC and CONVD for the following conditions: CONVC = 2.54 if conductivities using SOIL keyword are supplied in cm/hr, 1.00 if conductivities are supplied in in/hr. CONVD = 2.54 if bottom depths of soil layers using LAYERS keyword are supplied in inches, 1.00 if bottom depths are supplied in cm.

DEFAULT:
In BLOCK DATA, CONVC = CONVD = 2.54.  Optional keyword.

RESTRICT:
None.

YIELD SUSCEPTIBILITY
DESCRIPT:
Reads in the yield susceptibility curve.

DATA:
The yield susceptibility curve indicates a relative reduction weight for water stress throughout the growing season.  The numbers are input in pairs.  The first number is the number of data values to be read in (twice the number of data pairs with a range for 0-50, even numbers).  Each data pair consists of the first number as days since planting, and the second number is the relative susceptibility of the crop to yield reduction on that day, i.e., the potential amount of reduction of yield (decimal percent).  Negative numbers for susceptibility can be entered and indicate that moisture stress enhances yields.

DEFAULT:
None.  Required keyword.

RESTRICT:
None.




Appendix V:  Irrigation Options

IRRIGATION 

DESCRIPT:
This keyword begins the entry of irrigation data and the irrigation-related calculations.

DATA:
The irrigation keyword requires data to be entered in three parts: (A) control, (B) time-options for irrigation, and (C) depth-option of irrigation (6 available).  Each of the sixteen options is discussed separately.  Descriptions of input data are included for each of the ten options for time of irrigation, and for each of the six options for depth of irrigation water.

A.
Control

DESCRIPT:
The user must specify values of the following parameters, in accordance with the data requirements shown below.

1.  type of irrigation used.

2.  time option selected to determine when irrigation will be accomplished.

3.  depth option selected to determine how much water will be applied at each irrigation.

4.  first date upon which irrigation will be permitted.

5.  last date upon which irrigation will be permitted.

6.  minimum number of days permitted between irrigation's.

7.  maximum total depth of water that may be applied during the season.

DATA:
The data requirements for the seven input parameters are:

1.  Word to designate the type of irrigation employed:  sprinkler, flood, furrow, or drip.

2.  The time option 1 through 10.  [See (B), Times of Irrigation, below].

3.  The depth option 1 through 6.  [See (C), Depths of Irrigation Water, below].

4.  The day, month and year that irrigation may begin (three two-digit numbers).

5.  The day, month, and year after which irrigation will no longer be permitted (three two-digit numbers).

6.  A minimum number of days that must elapse between two irrigation's permitting the user to honor constraints to irrigation scheduling such as labor or equipment availability.  (If no such constraints exist, a low number, perhaps one, should be entered).

7.  A maximum depth of water (inches) that may be applied during the season.  Allow the user to include a constraint on the total amount of irrigation water that may be applied in a single year, such as a limit imposed by an allotment or a water right (a five-digit floating point number).  If the depth of water is unlimited, the value of 0.0 should be entered.

DEFAULT:
None.

RESTRICT:
See data requirements above.

ex:
sprinkler 08    03    20 06 75    25 08 75    03   0.00

In this example, sprinkler irrigation will be used, and irrigation's will be scheduled option eight and depth option three.  Irrigation may begin on or after the 20th day of June, 1975 and cannot occur after the 25th day of August, 1975.  The time between irrigation's will be at least three days and there is no limit to the depth of water that can be applied during the season.

B.
Times of Irrigation

The SPAW-IRIG model contains ten options determining the days upon which irrigation will be accomplished.  Some options permit the user to establish the dates in advance, while others permit the user to establish the criterion to be met, in which cases the dates are outputs of the simulation rather than inputs to it.  The time and depth options selected should be mutually compatible.  Users are expected to select the pairs of options that best accomplish the purposes of the study being conducted.

The ten options are described below.

1.
Fixed interval.
DESCRIPT:
The first irrigation occurs on the day specified by the user.  Thereafter, irrigations are accomplished at the interval specified by the user, until the day is reached or passed after which irrigation is no longer permitted.

DATA:
The date of the first irrigation is entered as day, month, and year.  This is followed by a similar entry for the last day, month, and year upon which irrigation is permitted.  Finally, the user specifies the interval, at which irrigation's will be accomplished between the first and last days specified.  The day of the last irrigation need not coincide with the day set by the interval.

DEFAULT:
None.

RESTRICT:
Set the variable NDAIRR to zero for time option one.

ex:  27 05 75   19 09 75    10.

Irrigation will occur first on the 27th day of May, 1975, and at ten-day intervals thereafter until the 19th day of September.

2.
Specified dates
DESCRIPT:
Irrigation is accomplished on the days specified.  This option is useful for simulations of field trials already accomplished (historic mode) or of variations thereof (predictive mode).

DATA:
The number of irrigation dates to be specified is entered, followed by the specified dates.  Each date is entered on a separate line as day, month, and year of irrigation's.

DEFAULT:
None.

RESTRICT:
Set the minimum elapse days in control (A) portion to zero for time option two.

ex:
3


15 06 75


05 07 75


30 07 75

Three irrigation's are to be accomplished: on the 15th day of June, and on the 5th and 30th days of July, 1975.

3.
Soil water depletion using only the root zone.

DESCRIPT:
Irrigation's when the simulation calculations show that the allowable soil moisture depletion from the root zone has occurred, provided the minimum number of days between has elapsed.  The allowable depletion can be changed during the season.  Irrigation dates are thus outputs of the simulation, rather than inputs to it.

DATA:
The value for the number of pairs of days and depletion's to be entered.  Pairs of day + %  and XMAD [the percent (decimal form) of available water in the root zone that can be depleted before irrigation is required].

DEFAULT:
None.

RESTRICT:
The model permits as many as five pairs of day - % to be entered.  

ex:
3


40 .6500 080 .5000 365 .75

The growth period is divided into three portions.  Through 40 days after planting, 65% of available moisture in the root zone will be depleted before irrigation is accomplished.  From 41 through 80 days only 50% will be depleted.  From 81 days through the end of the year, 75% depletion will be allowed.

4.
Soil water depletion using the total soil profile.

DESCRIPT:
Irrigation's are accomplished when the simulation calculations show that the allowable soil moisture depletion from the entire soil profile has occurred, provided the minimum number of days between irrigation's has elapsed.  The allowable depletion can be changed for different plant growth stages during the season. Irrigation dates are thus outputs of the simulation, rather than inputs to it. 

DATA:
The user first enters number of pairs of days and depletion's to be used.  The user then enters pairs.  XMAD is an array of floating point numbers telling the days since planting + % [(decimal form) of the available water in the total soil profile that can be depleted before irrigation is required].

DEFAULT:
None.

RESTRICT:
The model permits as many as five pairs of day - % to be entered. 

ex:
The example in ITOI = 3 applies but for the entire soil profile rather than the root zone only.


3


40 .650  080 .500  365 .75

The growth period is divided into three portions.  Through 40 days after planting, 65% of available moisture in the root zone will be depleted before irrigation is accomplished.  From 41 through 80 days only 50% will be depleted.  From 81 days through the end of the year 75% depletion will be allowed.

5.
Soil water tension at a specified soil layer. 
DESCRIPT:
Irrigation's are accomplished when the soil water tension at the specified depth (layer) in the soil has reached the critical value entered by the user, provided the minimum number of days between irrigation's has elapsed.  Critical values of tension can be different during the season. 

DATA:
The user first enters a number specifying the soil layer in the profile which will be used to schedule irrigation's.  The next entry (NTEN) is the number of pairs of days since planting - tension (cm) used in the simulation.  TEN is an array of floating point numbers telling the soil water tension at or above which irrigation will be required, tension considered here as being positive in sign.  These values are entered in cm or millibars (mb) of water.  JTEN is an array of numbers of days after planting through which the paired values of TEN apply.

DEFAULT:
None.

RESTRICT:
Up to five pairs of days + tension may be entered.

ex:
4    3


45 800     70  2000  365 10000

Soil layer four is selected for soil water tension sensing, and three pairs of days and tensions will be entered.  These indicate that through 45 days after planting, the critical level of soil water tension for scheduling irrigation's will be 800 cm of water.  On days 46 through 70 since planting, the critical tension will be 2000 cm.  On day 71 and through the rest of the year (i.e., the growing season), the critical tension will be 10,000 cm.

6.
Soil water tension weighted by root distribution
DESCRIPT:
Irrigation's are accomplished when the simulation calculations indicate the soil moisture tension weighted by root distribution has reached the critical value entered by the user, provided the minimum number of days between irrigation's has elapsed.  Critical values of tension can be different for designated periods during the growing season.

DATA:
The user first enters the number of pairs of days and tension (cm) to be used in the simulation.

DEFAULT:
None.

RESTRICT:
Up to five pairs of JTEN and TEN may be entered.

ex:
3


45   800  70  2000 365 10000

Three pairs of days and tensions will be entered.  These indicate that through 45 days after planting, the critical level of soil water tension for scheduling irrigation's will be 800 cm of water.  On days 46 through 70 since planting, the critical tension will be 2000 cm.  On day 71 and through the rest of the growing season, the critical tension will be 10,000 cm.

7.
Accumulated PET from previous irrigation
DESCRIPT:
Irrigation's are accomplished when the simulation calculations indicate the accumulated potential ET since the last irrigation equals or exceeds the critical value entered by the user, provided the minimum number of days between irrigation's has elapsed.  Critical values of accumulated PET can be different for designated periods during the growth season.

DATA:
The user first enters the day after planting on which accumulation of PET will start.  (it may reasonably be set as the planting date).  Next, the number of pairs of days after planting and PET in inches, at or above which an irrigation is required.

DEFAULT:
None.

RESTRICT:
The model permits up to five pairs of day - PET to be entered. 

ex:
30      3


60 2.000 90 2.500 365 3.000

Accumulation of PET will begin on the 30th day after planting, and three pairs of DAI - PET will be entered.  These indicate that through the 60th day after planting, the limiting value of accumulated PET will be 2.0 inches.  From 61 through 90 days the value will be 2.5 inches.  From 91 days through the rest of the growing season the value will be 3.0 inches. 

8.
Accumulated AET from previous irrigation
DESCRIPT:
Irrigation's are accomplished when calculations indicate actual ET since the last irrigation equals or exceeds the critical value entered by the user, provided the minimum number of days between irrigation's has elapsed.  Critical values of accumulated AET can be different for designated periods during the growing season.

DATA:
The user first enters the Julian day on which accumulation of AET (it may reasonably be set as the planting date).  Next, the number of pairs of days - AET. Accumulated AET, in inches, at or above which an irrigation is required. 

DEFAULT:
None.

RESTRICT:
Up to five pairs of days - AET may be entered

ex:
30      3


60 2.000 90 2.500 365 3.000

Accumulation of AET will begin on the 30th day after planting, and three pairs of JAET and AETLIM will be entered.  These indicate that through the 60th day after planting, the limiting value of accumulated AET will be 2.0 inches.  From 61 through 90 days the value will be 2.5 inches.  From 91 days through the rest of the growing season the value will be 3.0 inches.

9.
Vegetative stress index (moving average)
DESCRIPT:
Irrigation's are accomplished when simulations indicate that the moving average vegetative stress index equals or exceeds the critical value entered by the user, provided the minimum number of days between irrigation's has elapsed.  The moving average value of stress is used to avoid unreasonable response to single day extremes.  Critical values of vegetative stress can be different for designated periods during the growing season.

DATA:
The user enters the number of days to be included in the moving average.  Next, the number of pairs of days - accumulated stress and VSTRES that will be entered.

DEFAULT:
None.

RESTRICT:
As many as five pairs of days - stress may be entered.

ex:
150     4       3


45 0.050  90 0.070 365 0.100

The moving average is to include the vegetative stress for four consecutive days.  Three pairs of JSTRES and VSTRES will be entered.  These indicate that through the 45th day after planting, the limiting value of the average vegetative stress index will be 0.050.  From 46 through 90 days the value will be 0.070.  From 91 days through the rest of the growing season the value will be 0.100.

10.
Yield Reduction Index (moving average)
DESCRIPT:
Option ten is similar to option nine, except daily water stress is multiplied by a yield susceptibility factor to form a yield reduction index, i.e.. an indicator of crop reduction due to water stress.  Irrigation's are accomplished when the moving average yield reduction index equals or exceeds the critical value entered by the user.  A moving average value is used to avoid unreasonable response to single day extremes.  Critical values can be specified for designated periods during the growing season.

DATA:
The user enters the number of days to be included in the moving average.  Next, the number of pairs days - WSI (water stress index) be entered.  WSI the mean daily yield reduction index at or above which irrigation is to be accomplished.  The moving average yield reduction index is computed daily.

DEFAULT:
None.

RESTRICT:
Up to five pairs of days - WSI may be entered.

ex:
150       4        1


365  0.010

The moving average is to include indexes for four consecutive days.  One pair of JWSI and WSI will be used, indicating that throughout the growing season the limiting value of the mean daily yield reduction index will be 0.01.

C.
Depths of Irrigation Water

The SPAW model also contains six options for setting the depth of water to be applied at each irrigation during the growing season.  Some options permit the user to establish the depths in advance, while others permit the user to establish the criteria to be met, in which case the depth to be applied is an output of the simulation.  For sprinkler irrigation, part of the depth applied is intercepted by the crop and lost to the atmosphere, leaving the balance to enter the soil.  If the water is applied by other methods, intercepted evaporation is considered negligible and the entire depth enters the soil.  The six depth options are: 

1.
Fixed depth per irrigation.
DESCRIPT:
Each time an irrigation is accomplished, the user-specified amount of water, depth in inches, is applied.  This option is a simplification of the more general option for those systems that are set to apply the same depth of water each time they operate.

DATA:
The user enters a single real number specifying the amount of water to apply each irrigation, in inches.

DEFAULT:
None.

RESTRICT:
None.

ex:
3.00

At each irrigation during the growing season, 3.00 inches of water will be applied to the vegetative surface.

2.
Specified depth per irrigation
DESCRIPT:
At each irrigation, the user-specified depth of water in inches for that irrigation is applied to the vegetated surface.  This option is intended for use when both the time and depth of each irrigation are known in advance, as is the case when field tests are being simulated.  (This option is generally to be used with time option 2).

DATA:
The user first enters the number of irrigation's.  Irrigation depths applied, are entered as inches.

DEFAULT:
None.

RESTRICT:
Five values of VDOI may be entered.

ex:
5


1.55 2.43 2.71 3.48 3.11

Five depths of water are to be used in the simulation.  Irrigation dates are given in times option 2.  The five depths are 1.55, 2.43, 2.72, 3.48, and 3.11 inches, respectively.

3.
Refill the root zone to a user defined upper limit
DESCRIPT:
The existing soil moisture level in the crop root zone is increased to a user-defined upper limit.  This limit is wilting point plus a user-defined portion of the total available moisture (field capacity -wilting point).  The limit can therefore be greater than, equal to, or less than field capacity, but not less than wilting point.

DATA:
The user enters the number of pairs to be used in the simulation.  Days after planting - % that specify the minimum percent available soil moisture (field capacity - wilting point) after an irrigation occurs.  If % = 1.0, soil water content will be restored to field capacity following irrigation.  If % is less than 1.0, the upper limit will be less than field capacity, and % may be greater than 1.0 to account for leaching.

DEFAULT:
None.

RESTRICT:
Five pairs of day - % may be entered.

ex:
3


90 1.000 120 0.900 365 0.800

Three pairs are to be used, which indicate that irrigation's through the 90th day after planting will increase the soil moisture level to field capacity; from day 91 through 120 to 90% of available water; from day 121 through the rest of the growing season to 80 % of available water.

4.
Refill the total soil profile to a user defined upper limit
DESCRIPT:
The moisture content in the total soil profile is increased to a user-defined portion of the available soil moisture (field capacity - wilting point).  The limit can therefore be greater than, equal to, or less than field capacity, but not less than wilting point.

DATA:
The user specifies the number of pairs of days after planting - % specifying the available soil moisture after irrigation.

DEFAULT:
None.

RESTRICT:
Up to five pairs of days - % may be entered.

ex:
3


90 1.000 120 0.900 365 0.800

Three pairs of days - %, which indicate that irrigation's through the 90th day after planting will increase the soil moisture level to field capacity; from day 91 through 120 to 90% of available moisture; from day 121 through the end of the growing season to 80% of available moisture.

5.
Percentage of accumulated PET since the previous irrigation
DESCRIPT:
The depth of water applied is a user-specified percent of accumulated PET since the last irrigation, or since the accumulation began in the case of the first irrigation.

DATA:
The user enters the day of planting on which PET accumulations begin.  Next, the number of pairs of days - % PET, the percent (decimal form) of accumulated PET since the previous irrigation that is to be applied.

DEFAULT:
None.

RESTRICT:
Up to five pairs of days - % PET may be entered.  This option may only be used with time options 5 or 6.

ex:
150     3


60  0.900 120 1.000 365 0.900

Accumulation of PET is to begin on day 150 after planting, and three pairs of day - % PET will be used in the simulation.  These paired values indicate that through the 60th day after planting, the depth of water applied in any irrigation will be 90% of the accumulated PET since the last irrigation.  From the 61st through the 120th day, 100 percent of accumulated PET will be replaced. Thereafter, 90 percent will be replaced.

6.
Percentage of accumulated AET since the previous irrigation
DESCRIPT:
The depth of water applied is a user-specified percent of accumulated AET since the last irrigation, or since the accumulation began in the case of the first irrigation.

DATA:
The user enters the day after planting on which the accumulation of AET begins.  Next, the number of pairs of day - % AET, the percent in decimal form of accumulated AET since the previous irrigation that is to be applied.

DEFAULT:
None.

RESTRICT:
Up to five pairs of day - % AET may be entered.  This option can only be used with time options 5 or 6.

ex:
150      3


60 0.900 120 1.000 365 0.900

Accumulation of AET is to begin on day 150, and three pairs of days - % AET will be used in the simulation.  These paired values indicate that through the 60th day after planting, the depth of water applied in any irrigation will be 90% of the accumulated AET since the last irrigation.  From the 61st through the 120th day, 100% of accumulated AET will be replaced.  Thereafter, 90% will be replaced.

� From SCS National Engineering Handbook
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Corn Curves

		36527		36527		36527		36527

		36656		36601		36657		36601

		36657		36602		36668		36602

		36740		36657		36679		36656

		36771		36668		36709		36657

		36785		36685		36723		36685

		36801		36692		36754		36692

		36807		36709		36785		36705

		36832		36723		36801		36712

		36892		36740		36892		36719

				36771				36726

				36791				36733

				36800				36740

				36801				36800

				36846				36801

				36847				36892

				36892



Harvest

Tillage

Tassel / Silk

Senescence

Root Depth

Canopy

Greenness

Yield Susceptibility

Residue/Weeds

Tillage

Residue

Planting

Greenness

Canopy

Yield Susceptibility

Root Depth

Date

Relative Values (%)
Greeness, Canopy, Yield Susceptibility

Root Depth (inch)

Corn Crop Curves

0

15

0

6

0

15

0

6

100

5

-7.5

0

100

0

0

0

90

5

20

6

80

20

50

12

50

40

50

24

20

70

30

30

0

90

0

36

0

95

0

42

95

48

90

54

85

60

30

60

30

6

15

6

15



Corn

		Crop Data																		Graphing Dates				Offset =		1

		Date		Greenness		Date		Canopy		Date		Yield Susceptibility		Date		Root Depth				Date		Date		Date		Date

		1/1/00		0		1/1/00		15		1/1/00		0		1/1/00		6				1/2/00		1/2/00		1/2/00		1/2/00

		5/9/00		0		3/15/00		15		5/10/00		0		3/15/00		6				5/10/00		3/16/00		5/11/00		3/16/00

		5/10/00		100		3/16/00		5		5/21/00		-7.5		3/16/00		0				5/11/00		3/17/00		5/22/00		3/17/00

		8/1/00		100		5/10/00		0		6/1/00		0		5/9/00		0				8/2/00		5/11/00		6/2/00		5/10/00

		9/1/00		90		5/21/00		5		7/1/00		20		5/10/00		6				9/2/00		5/22/00		7/2/00		5/11/00

		9/15/00		80		6/7/00		20		7/15/00		50		6/7/00		12				9/16/00		6/8/00		7/16/00		6/8/00

		10/1/00		50		6/14/00		40		8/15/00		50		6/14/00		24				10/2/00		6/15/00		8/16/00		6/15/00

		10/7/00		20		7/1/00		70		9/15/00		30		6/27/00		30				10/8/00		7/2/00		9/16/00		6/28/00

		11/1/00		0		7/15/00		90		10/1/00		0		7/4/00		36				11/2/00		7/16/00		10/2/00		7/5/00

		12/31/00		0		8/1/00		95		12/31/00		0		7/11/00		42				1/1/01		8/2/00		1/1/01		7/12/00

						9/1/00		95						7/18/00		48						9/2/00				7/19/00

						9/21/00		90						7/25/00		54						9/22/00				7/26/00

						9/30/00		85						8/1/00		60						10/1/00				8/2/00

						10/1/00		30						9/30/00		60						10/2/00				10/1/00

						11/15/00		30						10/1/00		6						11/16/00				10/2/00

						11/16/00		15						12/31/00		6						11/17/00				1/1/01

						12/31/00		15														1/1/01
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Fallow-Winter Wheat Curves

		36527		36527		36527		36527

		36585		36587		36892		36572

		36587		36607				36587

		36617		36617				36601

		36618		36618				36617

		36662		36662				36618

		36663		36679				36648

		36723		36723				36662

		36724		36724				36679

		36790		36785				36693

		36801		36786				36709

		36807		36790				36723

		36832		36801				36724

		36838		36821				36789

		36845		36832				36790

		36892		36892				36801

								36807

								36814

								36892



Planting

Tillage

Frost

Root Depth

Canopy

Greenness

Yield Susceptibility

Residue

Weed Growth

Weed Growth

Tillage

Greenness

Canopy

Yield Susceptibility

Root Depth

Date

Relative Values (%)
Greeness, Canopy, Yield Susceptibility

Root Depth (inch)

Fallow / Winter Wheat Crop Curves (Planting Year)

0

30

0

6

0

30

0

6

25

40

9

25

40

12

0

15

12

0

15

0

40

25

0

40

25

3

0

10

6

0

10

9

10

0

12

100

0

12

100

5

0

15

20

0

10

25

3

10

25

6

9

12

12



Fallow-Winter Wheat

		Crop Data																		Graphing Dates				Offset =		1

		Date		Greenness		Date		Canopy		Date		Yield Susceptibility		Date		Root Depth				Date		Date		Date		Date

		1/1/00		0		1/1/00		30		1/1/00		0		1/1/00		6				1/2/00		1/2/00		1/2/00		1/2/00

		2/28/00		0		3/1/00		30		12/31/00		0		2/15/00		6				2/29/00		3/2/00		1/1/01		2/16/00

		3/1/00		25		3/21/00		40						3/1/00		9				3/2/00		3/22/00				3/2/00

		3/31/00		25		3/31/00		40						3/15/00		12				4/1/00		4/1/00				3/16/00

		4/1/00		0		4/1/00		15						3/31/00		12				4/2/00		4/2/00				4/1/00

		5/15/00		0		5/15/00		15						4/1/00		0				5/16/00		5/16/00				4/2/00

		5/16/00		40		6/1/00		25						5/1/00		0				5/17/00		6/2/00				5/2/00

		7/15/00		40		7/15/00		25						5/15/00		3				7/16/00		7/16/00				5/16/00

		7/16/00		0		7/16/00		10						6/1/00		6				7/17/00		7/17/00				6/2/00

		9/20/00		0		9/15/00		10						6/15/00		9				9/21/00		9/16/00				6/16/00

		10/1/00		10		9/16/00		0						7/1/00		12				10/2/00		9/17/00				7/2/00

		10/7/00		100		9/20/00		0						7/15/00		12				10/8/00		9/21/00				7/16/00

		11/1/00		100		10/1/00		5						7/16/00		0				11/2/00		10/2/00				7/17/00

		11/7/00		15		10/21/00		20						9/19/00		0				11/8/00		10/22/00				9/20/00

		11/14/00		10		11/1/00		25						9/20/00		3				11/15/00		11/2/00				9/21/00

		12/31/00		10		12/31/00		25						10/1/00		6				1/1/01		1/1/01				10/2/00

														10/7/00		9										10/8/00

														10/14/00		12										10/15/00

														12/31/00		12										1/1/01
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Winter Wheat-Fallow Curves

		36527		36527		36527		36527

		36572		36572		36618		36572

		36585		36601		36648		36587

		36587		36632		36679		36618

		36679		36679		36709		36632

		36693		36709		36715		36648

		36709		36723		36729		36662

		36739		36739		36892		36679

		36740		36740				36709

		36785		36770				36770

		36786		36771				36771

		36831		36785				36785

		36832		36831				36801

		36892		36832				36832

				36892				36892



Harvest

Tillage

Frost

Flowering

Senescence

Root Depth

Canopy

Greenness

Yield Susceptibility

Residue

Weed Growth

Greenness

Canopy

Yield Susceptibility

Root Depth

Date

Relative Values (%)
Greeness, Canopy, Yield Susceptibility

Root Depth (inch)

Winter Wheat / Fallow CropCurves (Harvest Year)

10

25

0

12

15

25

0

12

20

30

10

15

100

80

50

21

100

95

50

27

95

95

10

33

90

93

0

39

15

85

0

45

0

60

48

0

60

48

30

25

0

30

25

0

0

35

3

0

30

6

30

6



Winter Wheat-Fallow

		Crop Data																		Graphing Dates				Offset =		1

		Date		Greenness		Date		Canopy		Date		Yield Susceptibility		Date		Root Depth				Date		Date		Date		Date

		1/1/00		10		1/1/00		25		1/1/00		0		1/1/00		12				1/2/00		1/2/00		1/2/00		1/2/00

		2/15/00		15		2/15/00		25		4/1/00		0		2/15/00		12				2/16/00		2/16/00		4/2/00		2/16/00

		2/28/00		20		3/15/00		30		5/1/00		10		3/1/00		15				2/29/00		3/16/00		5/2/00		3/2/00

		3/1/00		100		4/15/00		80		6/1/00		50		4/1/00		21				3/2/00		4/16/00		6/2/00		4/2/00

		6/1/00		100		6/1/00		95		7/1/00		50		4/15/00		27				6/2/00		6/2/00		7/2/00		4/16/00

		6/15/00		95		7/1/00		95		7/7/00		10		5/1/00		33				6/16/00		7/2/00		7/8/00		5/2/00

		7/1/00		90		7/15/00		93		7/21/00		0		5/15/00		39				7/2/00		7/16/00		7/22/00		5/16/00

		7/31/00		15		7/31/00		85		12/31/00		0		6/1/00		45				8/1/00		8/1/00		1/1/01		6/2/00

		8/1/00		0		8/1/00		60						7/1/00		48				8/2/00		8/2/00				7/2/00

		9/15/00		0		8/31/00		60						8/31/00		48				9/16/00		9/1/00				9/1/00

		9/16/00		30		9/1/00		25						9/1/00		0				9/17/00		9/2/00				9/2/00

		10/31/00		30		9/15/00		25						9/15/00		0				11/1/00		9/16/00				9/16/00

		11/1/00		0		10/31/00		35						10/1/00		3				11/2/00		11/1/00				10/2/00

		12/31/00		0		11/1/00		30						11/1/00		6				1/1/01		11/2/00				11/2/00

						12/31/00		30						12/31/00		6						1/1/01				1/1/01
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Generic Curves

		36527		36527

		36892		36892



Greenness

Root Depth

Date

Relative Values (%)
Greeness, Canopy, Yield Susceptibility

Root Depth (inch)

Crop Curves

0

0

0

0



Generic

		Crop Data										Graphing Dates				Offset =		1

		Date		Greenness		Date		Root Depth				Date		Date

		1/1/00		0		1/1/00		0				1/2/00		1/2/00

		12/31/00		0		12/31/00		0				1/1/01		1/1/01
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_1088252319.unknown

_1083138578.xls
Corn Curves

		36527		36527		36527		36527

		36656		36601		36657		36601

		36657		36602		36668		36602

		36740		36657		36679		36656

		36771		36668		36709		36657

		36785		36685		36723		36685

		36801		36692		36754		36692

		36807		36709		36785		36705

		36832		36723		36801		36712

		36892		36740		36892		36719

				36771				36726

				36791				36733

				36800				36740

				36801				36800

				36846				36801

				36847				36892

				36892



Harvest

Tillage

Tassel / Silk

Senescence

Root Depth

Canopy

Greenness

Yield Susceptibility

Residue/Weeds

Tillage

Residue

Planting

Greenness

Canopy

Yield Susceptibility

Root Depth

Date

Relative Values (%)
Greeness, Canopy, Yield Susceptibility

Root Depth (inch)

Corn Crop Curves

0

15

0

6

0

15

0

6

100

5

-7.5

0

100

0

0

0

90

5

20

6

80

20

50

12

50

40

50

24

20

70

30

30

0

90

0

36

0

95

0

42

95

48

90

54

85

60

30

60

30

6

15

6

15



Corn

		Crop Data																		Graphing Dates				Offset =		1

		Date		Greenness		Date		Canopy		Date		Yield Susceptibility		Date		Root Depth				Date		Date		Date		Date

		1/1/00		0		1/1/00		15		1/1/00		0		1/1/00		6				1/2/00		1/2/00		1/2/00		1/2/00

		5/9/00		0		3/15/00		15		5/10/00		0		3/15/00		6				5/10/00		3/16/00		5/11/00		3/16/00

		5/10/00		100		3/16/00		5		5/21/00		-7.5		3/16/00		0				5/11/00		3/17/00		5/22/00		3/17/00

		8/1/00		100		5/10/00		0		6/1/00		0		5/9/00		0				8/2/00		5/11/00		6/2/00		5/10/00

		9/1/00		90		5/21/00		5		7/1/00		20		5/10/00		6				9/2/00		5/22/00		7/2/00		5/11/00

		9/15/00		80		6/7/00		20		7/15/00		50		6/7/00		12				9/16/00		6/8/00		7/16/00		6/8/00

		10/1/00		50		6/14/00		40		8/15/00		50		6/14/00		24				10/2/00		6/15/00		8/16/00		6/15/00

		10/7/00		20		7/1/00		70		9/15/00		30		6/27/00		30				10/8/00		7/2/00		9/16/00		6/28/00

		11/1/00		0		7/15/00		90		10/1/00		0		7/4/00		36				11/2/00		7/16/00		10/2/00		7/5/00

		12/31/00		0		8/1/00		95		12/31/00		0		7/11/00		42				1/1/01		8/2/00		1/1/01		7/12/00

						9/1/00		95						7/18/00		48						9/2/00				7/19/00

						9/21/00		90						7/25/00		54						9/22/00				7/26/00

						9/30/00		85						8/1/00		60						10/1/00				8/2/00

						10/1/00		30						9/30/00		60						10/2/00				10/1/00

						11/15/00		30						10/1/00		6						11/16/00				10/2/00

						11/16/00		15						12/31/00		6						11/17/00				1/1/01

						12/31/00		15														1/1/01
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Fallow-Winter Wheat Curves

		36527		36527		36527		36527

		36585		36587		36892		36572

		36587		36607				36587

		36617		36617				36601

		36618		36618				36617

		36662		36662				36618

		36663		36679				36648

		36723		36723				36662

		36724		36724				36679

		36790		36785				36693

		36801		36786				36709

		36807		36790				36723

		36832		36801				36724

		36838		36821				36789

		36845		36832				36790

		36892		36892				36801

								36807

								36814

								36892



Planting

Tillage

Frost

Root Depth

Canopy

Greenness

Yield Susceptibility

Residue

Weed Growth

Weed Growth

Tillage

Greenness

Canopy

Yield Susceptibility

Root Depth

Date

Relative Values (%)
Greeness, Canopy, Yield Susceptibility

Root Depth (inch)

Fallow / Winter Wheat Crop Curves (Planting Year)

0

30

0

6

0

30

0

6

25

40

9

25

40

12

0

15

12

0

15

0

40

25

0

40

25

3

0

10

6

0

10

9

10

0

12

100

0

12

100

5

0

15

20

0

10

25

3

10

25

6

9

12

12



Fallow-Winter Wheat

		Crop Data																		Graphing Dates				Offset =		1

		Date		Greenness		Date		Canopy		Date		Yield Susceptibility		Date		Root Depth				Date		Date		Date		Date

		1/1/00		0		1/1/00		30		1/1/00		0		1/1/00		6				1/2/00		1/2/00		1/2/00		1/2/00

		2/28/00		0		3/1/00		30		12/31/00		0		2/15/00		6				2/29/00		3/2/00		1/1/01		2/16/00

		3/1/00		25		3/21/00		40						3/1/00		9				3/2/00		3/22/00				3/2/00

		3/31/00		25		3/31/00		40						3/15/00		12				4/1/00		4/1/00				3/16/00

		4/1/00		0		4/1/00		15						3/31/00		12				4/2/00		4/2/00				4/1/00

		5/15/00		0		5/15/00		15						4/1/00		0				5/16/00		5/16/00				4/2/00

		5/16/00		40		6/1/00		25						5/1/00		0				5/17/00		6/2/00				5/2/00

		7/15/00		40		7/15/00		25						5/15/00		3				7/16/00		7/16/00				5/16/00

		7/16/00		0		7/16/00		10						6/1/00		6				7/17/00		7/17/00				6/2/00

		9/20/00		0		9/15/00		10						6/15/00		9				9/21/00		9/16/00				6/16/00

		10/1/00		10		9/16/00		0						7/1/00		12				10/2/00		9/17/00				7/2/00

		10/7/00		100		9/20/00		0						7/15/00		12				10/8/00		9/21/00				7/16/00

		11/1/00		100		10/1/00		5						7/16/00		0				11/2/00		10/2/00				7/17/00

		11/7/00		15		10/21/00		20						9/19/00		0				11/8/00		10/22/00				9/20/00

		11/14/00		10		11/1/00		25						9/20/00		3				11/15/00		11/2/00				9/21/00

		12/31/00		10		12/31/00		25						10/1/00		6				1/1/01		1/1/01				10/2/00

														10/7/00		9										10/8/00

														10/14/00		12										10/15/00

														12/31/00		12										1/1/01
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Winter Wheat-Fallow Curves

		36527		36527		36527		36527

		36572		36572		36618		36572

		36585		36601		36648		36587

		36587		36632		36679		36618

		36679		36679		36709		36632

		36693		36709		36715		36648

		36709		36723		36729		36662

		36739		36739		36892		36679

		36740		36740				36709

		36785		36770				36770

		36786		36771				36771

		36831		36785				36785

		36832		36831				36801

		36892		36832				36832

				36892				36892



Harvest

Tillage

Frost

Flowering

Senescence

Root Depth

Canopy

Greenness

Yield Susceptibility

Residue

Weed Growth

Greenness

Canopy

Yield Susceptibility

Root Depth

Date

Relative Values (%)
Greeness, Canopy, Yield Susceptibility

Root Depth (inch)

Winter Wheat / Fallow CropCurves (Harvest Year)

10

25

0

12

15

25

0

12

20

30

10

15

100

80

50

21

100

95

50

27

95

95

10

33

90

93

0

39

15

85

0

45

0

60

48

0

60

48

30

25

0

30

25

0

0

35

3

0

30

6

30

6



Winter Wheat-Fallow

		Crop Data																		Graphing Dates				Offset =		1

		Date		Greenness		Date		Canopy		Date		Yield Susceptibility		Date		Root Depth				Date		Date		Date		Date

		1/1/00		10		1/1/00		25		1/1/00		0		1/1/00		12				1/2/00		1/2/00		1/2/00		1/2/00

		2/15/00		15		2/15/00		25		4/1/00		0		2/15/00		12				2/16/00		2/16/00		4/2/00		2/16/00

		2/28/00		20		3/15/00		30		5/1/00		10		3/1/00		15				2/29/00		3/16/00		5/2/00		3/2/00

		3/1/00		100		4/15/00		80		6/1/00		50		4/1/00		21				3/2/00		4/16/00		6/2/00		4/2/00

		6/1/00		100		6/1/00		95		7/1/00		50		4/15/00		27				6/2/00		6/2/00		7/2/00		4/16/00

		6/15/00		95		7/1/00		95		7/7/00		10		5/1/00		33				6/16/00		7/2/00		7/8/00		5/2/00

		7/1/00		90		7/15/00		93		7/21/00		0		5/15/00		39				7/2/00		7/16/00		7/22/00		5/16/00

		7/31/00		15		7/31/00		85		12/31/00		0		6/1/00		45				8/1/00		8/1/00		1/1/01		6/2/00

		8/1/00		0		8/1/00		60						7/1/00		48				8/2/00		8/2/00				7/2/00

		9/15/00		0		8/31/00		60						8/31/00		48				9/16/00		9/1/00				9/1/00

		9/16/00		30		9/1/00		25						9/1/00		0				9/17/00		9/2/00				9/2/00

		10/31/00		30		9/15/00		25						9/15/00		0				11/1/00		9/16/00				9/16/00

		11/1/00		0		10/31/00		35						10/1/00		3				11/2/00		11/1/00				10/2/00

		12/31/00		0		11/1/00		30						11/1/00		6				1/1/01		11/2/00				11/2/00

						12/31/00		30						12/31/00		6						1/1/01				1/1/01
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Generic Curves

		36527		36527

		36892		36892



Greenness

Root Depth

Date

Relative Values (%)
Greeness, Canopy, Yield Susceptibility

Root Depth (inch)

Crop Curves

0

0

0

0



Generic

		Crop Data										Graphing Dates				Offset =		1

		Date		Greenness		Date		Root Depth				Date		Date

		1/1/00		0		1/1/00		0				1/2/00		1/2/00

		12/31/00		0		12/31/00		0				1/1/01		1/1/01
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