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A.  WATER BALANCE: WRSI AS A MONITORING TOOL

Objectives of Section:


(  Review general concepts of the water balance in the context of the Water Requirements Satisfaction Index (WRSI).


(  Review the data requirements and options for securing data to operate the WRSI.


(  Proceed with exercises dealing with practical applications and limitations of the WRSI.


(  Enhance the user's understanding of the WRSI method for use in early warning for food security in SADC.

1.0  Background


The FAO Water Requirements Satisfaction Index (WRSI) has long been used in many countries as illustrated by Frere and Popov (1986).  It is a simple one-layer model based on the water balance.  It also has some limitations, which are discussed in this volume.  This index may not be appropriate in some more humid areas.  Improvements in the basic water balance is possible.  This volume presents basic concepts and limitations of the method so that the agrometeorologist can better interpret the results and seek improvements in the index.

1.1  Concepts


Conceptually, the water balance follows the principle of supply and demand.   Water is supplied in the form of precipitation or irrigation; demand is the requirement by the crop, soil and atmosphere.  When demand exceeds supply, the crop is stressed.  When supply exceeds demand, water is lost through runoff and/or soil percolation.  However, when these processes do not occur fast enough, excess water can accumulate on the surface and damage the  crops.  The degree of the damage when supply is not in balance with demand depends on many factors, among which are the crop growth stage, variety, soil factors, farming practice, etc.


The process of moisture loss from the crop and soil surface is referred to as "evapotranspiration".  It is a physical (evaporation) and a physiological (transpiration) process involving the soil-plant-air continuum.  In the water balance procedure, the concept of "Potential Evapotranspiration" (at times referred to in the literature as PET or ETP or ETo) is used.  PET is defined as the maximum amount of water lost by an active and fully-covered vegetation (grass) surface with no shortage of water.  It is now defined as the rate of evapotranspiration from a hypothetical crop of 12 cm height with canopy resistance of 69 and with a canopy reflection (albedo) of 0.23 (Smith, 1991).  There are many ways to estimate PET, depending on the available data.  Calculation of the different PET methods, however, is not within the scope of this manual.  


For different crops, the maximum (or its potential) amount differs.   This maximum crop evapotranspiration (ETc) differs not only with crops but also with different growth stages and length of the crop cycle (planting to maturity) (see Figure 1).  It assumes optimum water and disease-free conditions in a large field.  The relationship between PET and ETc is dealt with for different crops and stages by the use of the "Crop Coefficient" (Kcr), defined as the ratio of the two, i.e.
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1Figure 1.  Relationship between potential evapotranspiration (PET), maximum evapotranspiration (ETcrop), and crop coefficient (Kcr) for a 12-dekad cycle crop.





Kcr = ETc / PET

The above equation shows that Kcr  (Figure 1) is related to the potential evapotranspiration of a referenced fully-covered grass surface and the maximum evapotranspiration for a given crop.  It also differs at different crop stages.  These crop coefficients have been published in FAO Paper 24 (Doorenbos and Pruitt, 1986).  By using the crop coefficient at different crop stages, one can calculate the within season and the total end of season water requirement by the formula:





WR = ETc x Kcr  


The determination of the crop water requirements can be used for agrometeorological crop assessment in an index called the "Water Requirements Satisfaction Index".

1.2  Water Requirements Satisfaction Index, (WRSI)


WRSI indicates the extent (in percent) to which the water requirements of the crop has been satisfied in a cumulative way at any stage of the crop growing season.  WRSI can also be viewed as the percent of maximum crop evapotranspiration that is met.  When the water requirement is met throughout the growing season, one can expect optimum crop response.  Other factors, not considered however, can lead to a different response.  


The index starts with a value of 100 at the beginning of the season.  Water deficits and excesses decrease the value.  The final index depicts the condition of the crop in a qualitative way.  The higher the index at the end of the season, the lower the water stress and the likely it is for higher crop yield.  In the Crop Yield Model section (Section B) below, it will be shown that this index can also be used in a quantitative way.  


The WRSI is the backbone of the agrometeorological tools used in SADC.  Much has been published on this index (Frere and Popov, 1986), including the FAOINDEX and related computer software programme (Gommes, 1992).  The reader is encouraged to review these publications for an intensive discussion of the method.


A brief step-by-step discussion is presented in the "Procedure" (Section 3.0) below.  However, as indicated earlier, the emphasis in this manual is placed on the operational aspects of the use of WRSI in early warning for food security including, advantages and disadvantages; time frame when it is most effectively applied; options for input data (soil moisture, weather) to the end of growing season; sensitivity of method, need for correct planting date, etc.

2.0  Data Requirement


The following data sets are required to operate the index.  Other variables needed in the calculation of the WRSI are shown in Table 1.  These are derived from the basic data set.

2.1  Dekadal and Effective Rainfall


For practical reasons, the 10-day period is recommended.  As known, the total rainfall accumulation reveals little about the distribution of the amount.  Therefore, one adjunct datum set that is used indirectly and subjectively is the number of rain days.  This variable, however, does not go directly into the calculation of WRSI.


In a flat terrain, it is assumed that all of the rainfall infiltrates into the soil.  In areas where the land is hilly, however, all of the rainfall is not effective due to runoff.  Similarly, low lying areas may receive additional water from runoff and consequently, receive more than the recorded rainfall amount.  To consider the effects from different land (and vegetative) surface characteristics, the effective rainfall ratio (ERR) is recommended in the calculation of WRSI.


ERR is defined as the ratio of the net effective rainfall and the total actual rainfall after runoff, i.e.


ERR = (Effective Rainfall/Total Actual Rainfall)


ERR is obviously difficult to assess in a varied terrain.  One way to determine ERR is to use either reported runoff figures from the literature or from expert knowledge of agricultural extension officers.  A more practical way however, is to estimate it by an iterative process.  The iterative process involves using a historical data set and calculating the index with a range of ratios.  The ERR associated most closely with the calculated index and the crop condition is selected.


In the FAO procedure, the end of season WRSI is always calculated.  Consequently, at any time prior to the end of the season, one must either use the "normal" rainfall value or use other methods for a value in the appropriate dekads of the season.  Options to deal with this operational issue is discussed further in section 6.0.

2.2  Soil water holding capacity


The soil water holding (or retention) capacity is the available water for a particular soil type.  It is the difference between the field capacity and the permanent wilting point, two important characteristics of the soil.  These two characteristics are technically measured in terms of soil suction (pF).  However, for practical application in early warning, the total available water can be viewed as the difference between water remaining after free drainage has ceased and what remains in the soil when the plant begins to wilt.  It is higher for clay soils and lower for sandy soils.
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2Figure 2.  Approximate maximum water retention capacity (in percent volume and cm/cm soil depth) for various soil types (modified after Kramer, 1983 in Frere and Popov, 1986).


For application in the WRSI, it is clear that some idea of the rooting depth is necessary.  This depth, however, varies with the crop, its age and the physical characteristics of the soil.  Consequently, the soil water extraction by the crop involves the volume of the specific soil encompassed by its roots through the growing season.  For operational applications of the WRSI, generalizations  of the available water can be made.  For example, if the planted area is known to have a shallow rooting system due to the nature of the soil, the soil water retention capacity is reduced accordingly.


For general guidance, Figure 2 can be used to estimate the available water.  It shows the relationship between the various soil types and their water content by percent volume and depth (modified after Kramer, 1983 in Frere and Popov, 1986). The figure depicts the field capacity and the permanent wilting percentages for different soil types.  The difference between the two is the available water.  The right vertical scale also shows the approximate amount of water content (in cm) per cm of soil depth.


If the approximate soil depth of the root zone is known, it is possible to calculate the amount of water (cmx10=mm) per cm of root depth.  For example, it is required to know the of a sandy loam soil which is known to have a effective rooting zone of 60 cm for sorghum.  The field capacity is 21 percent by volume; the wilting point is 11 percent.  The difference between the two is  11 percent, which is the available water by volume.  This corresponds to 10 mm of water per 10 cm of soil.  For a 60 cm depth, the available water is 60 mm.  In Figure 3, the available water can also be approximated by reading the right side of the vertical axis.  The values are approximately 0.21 for field capacity and 0.11 for wilting point.  The difference is 0.10 cm (or 10mm) per cm of soil.  Of course, if field data from the area of interest are available, they should be used.  More and more SADC countries have implemented soil survey projects from which information of soil water can be obtained.  

2.3  Soil Reserve at Planting


Another critical datum needed to operate the WRSI is the available water at the start of the season.  In practice, this is not easily known.  An estimate can be made when one is familiar with the climate of the region.  Also, if heavy rains have occurred prior to planting, it could be assumed that the soil profile is near its holding capacity.  However, a more practical way in operational use is to start the index a few dekads before the estimated planting dekad.  Six (or less) dekads has been suggested.  The soil reserve at that time is assumed to be zero.  This is the approach suggested in FAOINDEX (Gommes, 1992).  It permits an objective approach to achieving a more realistic value at the planting dekad.


The recommended minimum number of dekads to start before planting date depends on the climate of the area.  For example, in semi-arid Botswana, it may be sufficient to start about two dekads before the planting dekad.  In the sandy soils of Botswana, the soil profile retention is probably near zero at the start of the growing season. 

2.4  Normal or Actual Dekadal PET


The FAO recommended method for determining PET depends on the availability of data.  Possible methods include the Combination method, the Radiation method, the Temperature method and the Pan Evaporation method.  The best-performing method is the Penman-Monteith approach (Combination method).  Nevertheless, for many SADC countries, all the required data for this procedure are not readily available.  In the absence of the necessary data, the Modified Penman approach (another Combination method) has been recommended.


In situations where operational data to estimate PET are not available, it may be possible to use normal data.  "Normal" meteorological data usually refers to a thirty-year standard period, e.g. 1961-1990.  Because of the variable record length of meteorological stations, other lengths have been used.  Technically, to preserve the homogeneity of data, the same record length for all the stations should be used.  Realistically, this is not possible in some SADC countries.  Short record periods of less than 20 years are not considered adequate to establish "normal" data.  This is particularly the case in semi-arid areas.  If this is the only record period available, it is important to qualify this in the output product with easily understood statements.   It has been found that dekadal normal PET can be interpolated from monthly PET without much difference.
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3Figure 3.  Crop Coefficient during the growing season in relationship to the phenological stages (V, R, M) and fraction of crop cycle.


The step-by-step procedures to calculate PET are described in FAO publication 73 (Frere and Popov, 1986).  The user is also referred to this publication and the excellent discussion of the comparison of these methods in the "Report on the Expert Consultation on Revision of FAO Methodologies for Crop Water Requirements", 28-31 May 1990. (Smith, 1991)

2.5  Crop coefficient


Values of crop coefficients are usually between 0.3 and 0.4 near germination (see Figure 3).  They increase to about 1.0 to 1.2 around the reproductive stage and drops to about 0.5 to 0.6 at maturity. (FAO 24, Dorrenbos and Pruitt, 1984).  In practice, for sorghum and maize varieties in SADC, the coefficients should not depart significantly from these values.  The specific value depends on the length of the crop cycle.  By plotting the crop calendar of the growth stages from historical data, it is possible to interpolate the approximate crop coefficient (using FAO 24) for each 10-day (dekad) period and for general classes of varieties, e.g. 100, 120, 150-day, etc.


A value of 0.15 is suggested when the index is started before planting.  This value is approximate for bare soil or sparse grass (and/or other cover) at the start of the growing season in SADC countries. In practice, it is suggested that one starts the index about six dekads before planting to objectively estimate the available water content value in the soil at planting.

2.6  Crop Cycle (Length of Growing Season)


The length of the crop cycle used depends on the prevailing variety grown in the area.  For expediency, and to correspond with the conventional format of rainfall data in the WRSI, the crop cycle is reported in dekads (10-day period) or days, e.g. 10 (100), 12 (120), 15 (150) dekad/days, etc.  This information can be secured from the agricultural extension service.


There are times when the prevailing variety grown is a local, hybrid or a mixture (composite) of the two.  The area could also be planted with a combination of all three varieties.  Consequently, the water requirements and the responses from all three will differ.  In such a situation, it is necessary to run the WRSI for each variety when the values are to be used for crop yield forecasting.  If a generalized areal index for these three varieties is to be depicted, one solution is to calculate a weighted average of the three where the weights are the percent of the planted area for each of the three varieties.


Varietal differences also consider the effects of temperature with changes in elevation.  It is known, for example, that longer cycles prevail as the elevation increases.  This being the case, the crop coefficients in the calculation of the WRSI should be adjusted accordingly.

2.7  Crop Phenological Dates


Misleading values of WRSI could occur if the prevailing planting date is not specified correctly.  Therefore, it is important to secure the best information on planting date as well as growth stages for the area of interest.


In operational implementation of WRSI, it is recommended to secure crop reports from the agricultural extension service and/or agrometeorological observers.  A "crop card" (to be discussed in Volume L of this manual) is a useful way for this.  Often, however, the data are delayed, making real-time application difficult.  Nevertheless, this input can be "corrected" into the analysis as the season progresses.  With a software such as FAOINDEX, this easily done.


In practice, several options are available to deal with the problem of unknown or varying planting dates.  One option is to assume that planting occurs when a sufficient threshold amount of rainfall has fallen in a dekad.  This threshold depends on the area, but a value of 25-30 mm per dekad has been used.  This value, however, is not firm.  The approach can be misleading as the threshold amount could fall in a very short period (e.g. one day or even one hour).  Other variations which specify conditional amounts over more than one dekad has also been used.


Another option is to start the index for three dekads centered at the estimated average planting dekad.  This means three concurrent runs of the WRSI throughout the season.  At the end of any period, the average or weighted average is calculated, depending on how much of the crop was planted during each of the three periods.


It is also recommended that a file on the crop calendar of major crops and varieties be kept for ready reference.  The calendar should depict average planting date, average dates of phenological stages, and average harvesting period.  This resource is extremely valuable for early warning activities.

3.0  Procedure: Step-by-Step Description

3.1  Prepare tabular format (Refer to Table 1)


(
Determine the variety for crop cycle length (dekads/days).


(
Determine the Soil Water Retention Capacity (mm) for the soil profile.


(
Secure planting date information for the major variety at the site.


(
Starting with six dekads before planting dekad, enter normal rainfall (column 3) and normal PET (column 7) for the entire cycle. 


(
Decide on the Effective Rainfall Ratio (ERR) to be used for calculation in column 6.


(
Enter the crop coefficients from FAO publication 24 (column 8).


(
Calculate the dekadal water requirement, WR (column 9) = PET (column 7) x Kcr (column 8).


(
Determine the total seasonal water requirement (planting to maturity).  This is the sum of the water requirement (column 9) for the entire crop cycle.

3.2  Find difference between effective rainfall and water requirement (RAIN-WR, column 10)


(
Subtract column 6 (effective rainfall, RAIN) from column 9 (dekadal water requirement, WR).


(
If water requirement is greater than rainfall, column 10 should be negative; otherwise positive.

3.3  Calculate soil reserve (column 11)


(
If rainfall exceeds water requirement, excess moisture goes into soil reserve until it reaches the retention capacity.


(
If rainfall is less than water requirement, the crop secures the necessary balance  from the soil reserve (if greater than zero) in the previous dekad.   Soil reserve cannot be less than zero, nor can the reserve exceed the retention capacity.


(
It is assumed that the crop uses rain water before any soil reserve is used. 

3.4  Calculate surplus (S) or deficit (D) (column 12).


(
Surplus is any excess (positive sign) water after meeting the soil retention capacity; Deficit is any water requirement shortage (negative sign) after depleting the balance soil reserve.


(
If the soil reserve is zero, the deficit is equal to the difference between rainfall and water requirement (column 10).

3.5  Calculate WRSI (column 13).


(
WRSI starts at 100 prior to planting date.  It never increases during the season.


(
It decreases when there is a Deficit (column 12) of water requirement.  The amount of decrease is calculated as follows:



Percent Decrease = [(-Deficit)/Total Seasonal Water Requirement] x 100.


(
WRSI also decreases by 3 percent for each 100 mm of surplus (column 12) water.  This is an arbitrary number and not easily determined for different crops and stages. 

4.0  Sample Calculations (see Table 2)

4.1  When there is neither a deficit, nor a surplus of crop water requirement (when S/D, column 12 is zero).


In dekad 1, actual rainfall is 40 mm.  ERR is 0.80.  Effective rainfall is 32 mm (40 x 0.80).  Water requirement in dekad one is 21 mm (60 x 0.35).  Difference between effective rainfall and water requirement (RAIN - WR) is +11 mm.  Since the soil reserve is zero in the previous dekad, 11 mm goes into soil reserve.  There is no surplus nor deficit of crop water requirement in this dekad so the index remains at 100.

4.2  When there is a deficit of crop water requirement (when S/D, column 12 is negative).


In dekad 5, actual rain is 5 mm.  Effective rain is 4 mm (5 x 0.80).  Crop water requirement is 56 mm (column 9)=[PET(column 7) x Kcr (column 8)].  Difference between the rain and water requirement is -52 mm (column 10).  This requirement is partially met from the soil reserve of 11 mm in the previous dekad (thus reducing the reserve to 0).  The crop requires 41 mm more.  Therefore, there is a deficit of -41 mm.  This amount corresponds to about 8 percent [(-41/526)*100] of the total requirement of 526 mm.  Subsequently, the index of 100 from the previous dekad is reduced to 92.   

4.3  When soil water retention capacity is reached.


In dekad 9, 160 mm of rain fell.  The effective rainfall is 128 mm.  The crop water requirement is 56mm, leaving an excess of 72 mm.  The soil reserve in the previous dekad (eight) is zero.  Only 65 mm goes into soil reserve (since the soil water retention capacity is only 65 mm).  The balance (72 - 65 or 7 mm) is lost as runoff.  As the water requirement has been met, the index remains the same at 60.

4.4  When there is surplus of crop water requirement that reduces the index (when S/D column exceeds 100 mm).


In dekad 10, 200 mm of rain fell.  The effective rainfall is 160 mm.  The crop water requirement during this dekad is 49 mm. There is an excess of 111 mm.  Since the soil reserve in the previous dekad is already at capacity (65), no more water can enter the soil.  There is a surplus of 111 mm (column 12).  This amount is considered lost and in accordance with the ground rule above (greater than 100 mm surplus), 3 percent is subtracted from the previous dekad to consider possible stress from excess moisture. 

5.0  Limitations of the WRSI model


As the reader notes, the WRSI is an empirical procedure.  Consequently, all of the complex processes associated with varying weather, crops, and soils are not taken into account.  This is done for practical reasons.  A better understanding of these limitations should help the agrometeorologist determine whether the resultant index is realistic or not.  The largest (and most damaging) error can occur when the crops are dying in the fields and the WRSI index is shown to be close to 100.  When this occurs, a close re-evaluation of the data inputs is needed.

5.1  Only one soil layer


By using only one soil layer in the WRSI, no account is taken of crop root growth and its extraction pattern at different growth stages.  Increasing the number of soil layers to consider the root progression and the soil profile water budgeting in the procedure may help, but no substantial work has been reported on this issue to demonstrate that doing so increases the precision of the WRSI.

5.2  Oversimplified effect of surplus water


As discussed above, each 100 mm of surplus is equivalent to a decrease of three percent in the index.  This means for a surplus of 200 mm, the index is decreased by six percent.  This rule applies during the entire crop cycle.  Effects of excess water can differ at different growth stages.  The procedure could possibly be modified so that this reduction is implemented at only selected growth stages (e.g. germination and maturation period).  Also long duration of standing water can lead to crop failure.  In the absence of experimental data, however, the more simplified approach is taken.

5.3  No provision for WRSI index to increase


The index starts at 100 and cannot increase again after it decreases.  The model was designed to consider the cumulative effects of water stress during the season.  It is assumed that the negative effects are additive and subsequent moisture improvements leading to recovery, if any, are not considered.


Field observations during early growth stages e.g. vegetative, however, suggest that the crop may recover to some extent after limited moisture stress.  Furthermore, the effects of water stress is greater during the flowering (reproductive) stage than any other stages.  Provisions could be implemented to consider this.  However, as in the other proposals, the question is whether implementation of these changes will increase the precision of the index. If test data show that they do, a further question is whether the increase in precision will lead to better information for the convergence of evidence.

5.4  WRSI designed especially for water shortage situation


Operational use of the WRSI indicate that this index works best during water shortage periods and in semi-arid areas.  It is a good indicator of a progressing drought condition.  In more humid areas, however, the sensitivity of the index, particularly at values above approximately 85, show high variability of crop condition and therefore, should be interpreted with caution.


Crop failure is usually associated with values close to 50.  However, in some regions harvestable yields have been noted with the WRSI below 50 (e.g. Botswana).  The agrometeorologist is in the best position to determine the range of applicable values for an area.

5.5  Assume constant phenology


It is assummed that that phenology is constant.  This means that if a maize is a 12-dekad (120 day) variety, one assumes maturity at the end of this period.  It is known, however, that phenology varies with temperature, water stress, photoperiod or other factors that do indeed affect plant growth and development.

5.6  Time frame: dekadal period


It is well recognized that daily period is a better duration for monitoring changes in crop condition.  Practicality of data processing and resources, however, dictate compromises on the use of the 10-day period.  This period is not ideal, but is considered adequate for large area monitoring.

6.0 Potential Operational Issues

6.1  Starting the index when planting date is not known. 


Due to communication delay and extended workload on personnel, agricultural extension reports may not be sufficiently timely to use in starting the WRSI.  In addition, as rainfall is highly variable in the SADC countries, one may be reluctant to use the threshold value (e.g. 30 mm) to start the WRSI.  It is known that farmers in a region spread their planting date over a period of a few dekads.  Given all of these uncertainties, one might start the index on three consecutive dekads centered around the most likely planting dekad.  When this is done the WRSI for each dekad are averaged (weighted average by percent planted area).  Later, if field reports on planting dates become available, they should be used in recalculating the index if the dates differ significantly.

6.2  Should actual rather than climatological PET be used?


When real-time data necessary to calculate PET is available, they could be used instead of the climatological value.  If data are reported operationally, a system to input these data in a computer compatible format is required.  The reality, however, is that resources to calculate PET are often not easily available for operational use.  For large area application in SADC, the climatological PET has been found to suffice.

6.3  What to do when rainfall data are missing.


The first obvious step is to minimise missing data with a network whose observers are dependable and reliable.  This is not always obtainable.  Invariably, missing data do occur and this may not be the fault of the observers.  When this happens, options to secure alternative information must be sought.


The first option is to replace the missing data with "normal" data.  For obvious reason, this procedure should not be done continuously.  The second option is to analyse a plotted rainfall map with isohyets.  By this process, an estimate could be used.  The third option is to use satellite remote sensing data in connection with the reported station network to secure an estimate for the station (or area) concerned.  In essence, in early warning, application of agrometeorology is to extract the best information from all the available data sources.

6.4  What are the within season operational options for rainfall data through the end of the season?


In real-time operations, the rainfall data for after the current dekad is obviously not known.  When the end of season WRSI needs to be calculated, several options are available.  One is to use climatological normal rainfall.  During a drought, this may not be a wise choice, however.  In such a situation, it may be more prudent to assume zero rainfall for a worse case scenario.  On the other hand, one could also use the probable value determined from probability analysis.   The threshold probability must be determined by the agrometeorologist.  The 80 percent probability level is suggested, but may not be a wise choice in a drought situation.


There has been considerable interest in long-range forecast.  These forecasts, however, are still within the realm of research.  Application of long-range forecast into operational products such as the WRSI is still considered not reliable.  If they are considered, it is recommended that they be used in selecting the threshold probability level discussed above.

6.5  How effective is the reported rainfall in mountainous terrain?


In mountainous or hilly terrain where rapid slope changes occur (e.g. Lesotho, Malawi and Swaziland), the apparent adequate rainfall report may, at times, contrast with observed field crop reports.  This observation can be partially addressed by incorporating the Effective Rainfall Ratio (ERR) defined above.  The effective rainfall can be determined by trial and error.  This process can easily be accomplished with the use of software FAOINDEX by changing the ERR on each of several runs of the WRSI.  Only approximate values of ERR is selected as the terrain slope can be highly variable.

6.6  How sensitive is the index?


During the beginning of the season, with the indices close to 100, isolated water-stressed areas may not be discernable.  As the water requirement increases during the reproductive stage, shortages of water will be more strongly reflected in the index.  Consequently, in SADC it may not be until February/March that the index can be effectively used for early warning.


If the index remains fairly high (say, above 85) towards the end of the season (maturity), there can be a large range of crop condition in the field.  On the other hand, if there is severe water shortages approaching a lengthy drought situation, the index will show a reduction (say, below 80) that is more likely to reflect current field crop condition.   


Obviously, if other episodic weather events (e.g. frost, hail, wind) occur, the results of the index may not apply.  The interpretation of the index should then be made with caution.  There are many potential errors in the inputs to the index (see Section 6.12) that will decrease the sensitivity of the final index.  They need to be considered in totality.  To consider this expected variability, it is suggested that spatial WRSI be depicted as classes of values.

6.7  What can be done to consider temperature effects?


Although temperature is implicit in some of the inputs to the calculation of the WRSI, the effects of temperature per se is not considered except in the selection of the appropriate crop cycle length.  At higher elevation, the crop cycle is longer.  The direct impact of abnormal temperature may be considered when developing crop yield models (see Section 2.0).  Higher than normal temperature, for example, during flowering can reduce the yield significantly, depending on the duration of the abnormality.

6.8  What value can be used for soil water content at the start of the season?


(  zero but begin six dekads before planting.


(  estimate based on rainfall before planting.


(  estimate based on "crop card" reports, if available.

6.9  How is WRSI calculated in an area (e.g. district) when more than one major variety is grown.


As each variety has a different cycle length, the index should be run for each of them.  If the WRSI is to be integrated for display on a map, it is recommended that a class range of WRSI values be shown.  If only one value is to be shown, it is probably prudent to determine the WRSI for the major variety in that district, or that of a weighted average  The separate (by percent planted/harvested area for each variety).

6.10  How does one deal with finding representative areal data.


A difficult problem in agrometeorology is to find representative meteorological data for an area to input in the WRSI.  These data include all the variables required in calculating the index.  The major variable, however, is rainfall.  It drives the index.  Further discussion of representativeness is presented in Section E.  The use of simple averages (e.g. 2 or 3 sites) can sometimes lead to large errors.  Obviously, other tools, such as satellite remote sensing data would help considerably in reducing this potential spatial error.

6.11  Should the end of season WRSI always be used?


Not necessarily so.  The philosophy is that if the index can be calculated with minimum assumptions, and related to crop condition, it is better to do so.  In minimizing the assumptions, errors described in section 6.12 can be reduced.  Nevertheless, one must remember that the original WRSI was designed to include the effects of the complete crop cycle in a cumulative way.

6.12  What are the possible significant errors in the WRSI?


The agrometeorologist must consider the potential source of errors in the operational use of the index.  Among the major potential errors are mis-specification of: spatial representativeness of data, model error, inappropriate crop cycle (varieties), soil water holding capacity and planting date.  As indicated above, these must be considered in the interpretation of the final index.

7.0  Exercise (Answers in Section 8.0)

7.1.  Using the data sets given in Table 3, calculate the WRSI for the season with the use of a hand calculator.

7.2  Using Table 4, find the WRSI when the soil water retention capacity changes from 65 to 30 mm.

7.3  The planting dekad has been changed from the third dekad of November to the second dekad of December (see Table A.5).  What effect has this change on the final index?

7.4  The district was planted to 100,000 hectares of local maize.  These were planted as follows: 15,000 hectares in the first dekad of December; 43,000 hectares during the second dekad and 32,000 during the third dekad of December.  Find the weighted average WRSI of the district given the following WRSI: dekad 1=60; dekad 2=80; dekad 3=90.

7.5.  List the possible options that can be taken to "calibrate" the index so as to more realistically reflect the crop condition in an area?

7.6  Only one rainfall station is available to calculate the WRSI in your area of interest.  How would you present the result to the decision-maker in light of the limited data.

7.7  Using Figure 3, find the soil water retention capacity (in mm) in a 100 cm soil profile for a silt loam soil.

7.8  The final index for an area shows it to be well above 90.  Yet the crops are dying and the crop is considered a total failure.  Describe the steps you would use to rectify this undesirable situation.

8.0  Answers to Exercises in section 7.0

8.1  Answer to Exercise 7.1 (see Table 3 (Answer))

8.2  Answer to Exercise 7.2 (see Table 4 (Answer))

8.3  Answer to Exercise 7.3 (see Table 5 (Answer))

8.4  Answer to Exercise 7.4: (0.15 x 60) + (0.43 x 80) + (0.32 x 90) = 72

8.5  Answer to Exercise 7.5.  One could change the soil water retention capacity and/or the effective rainfall ratio and calculate the index.  These steps, however, should be done only if there is a rational reason for doing so.  For example, the physiographic site of the crop may be such as to lead one to suspect that these inputs could be adjusted.  One should never calibrate so as to justify the observed answer.  The planting dekad could also be reviewed to determine if a change could make a difference.

8.6  Answer to Exercise 7.6.  With only one station, it is obviously risky to base all analyses on this one sample.  The rainfall time series could be plotted for this one station with notes to the effect that it is only one site.  Unless one has a basis to extend this analysis to other areas, it would be foolish to do so.

8.7  Answer to Exercise 7.7.  Using Figure 3, the field capacity for silt loam is 39 percent by volume; for wilting point, it is 20 percent by volume. The difference of 19 percent represents 19 mm of water for each 10 cm of soil.  Given a 100cm of soil profile, the soil has 190 mm of available water.

8.8  Answer to Exercise 7.8.  You are in trouble if the results are released.  Items to check for: data inputs, any episodic events?  Insects?  Disease?  Is the area hilly?  Can the Effective Rainfall Ratio be changed? What about the soil retention capacity?  Is the cycle length appropriate?  Is the planting date correct?
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