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ABST RACT 

Arid and semi-arid countries are facing the exhaustion of their water 

resources and are being forced to use saline water (brackish groundwater and 

drainage water) for imgated agriculture. The result is often disastrous as 

extensive productive regions become salinized. Nevertheless, there is 

potential to expand irrigated agriculture through the increasing use of saline 

waters for irrigation. Two kinds of evidence are given to support this 

contention. Literature is cited to document the successful use of saline waters 

for irrigation around the wodd. Results of numerous field tests demonstrate 

the feasibilty of using saline waters for irrigation through the development of 

new crophater management strategies and practices. 

This study presents an analysis of the performance of a transient state 

model for numerical simulation of water and solute transport, known as 

LEACHM-C. It is assessed for areas where saline water may be an option for 

crop production. The model estimates the salt and water balance of a soi1 

profile given certain irrigation and crop rotation strategies. 

First, the predictive capability of the model was successfully tested 

using one year of data frorn a field experiment in a dry region of India. 

Cornparison between observed and predicted values of soi1 profile salinity (0- 

120 cm) was perfomed by graphical display techniques and by using four 

statistical indices: root mean square error (RMSE), coefficient of residual mass 

(CRM), coefficient of determination (CD) and rnodeling efficiency (EF). Based 

on the statistics, as well as the graphical displays, initial mode1 simulations 

were marginal. The mode1 over-estimated the measured values. RMSE 

results ranged from 28 to 70%. Agreement was improved when water 

retention parameters a and b were adjusted using regression equations for 

calculating retentivity reporteci in Appendix D. The RMSE values, following 

adjustment of the water retention parameters, ranged from 26 to 36%, 



indicating the importance of obtaining accurate values of soi1 parameters for 

optimum model performance. 

Second, potential usefulness of the LEACHM-C mode1 as a tool in the 

planning of reclamation activities was examined for a semi-and basin in Syria. 

Three management scenarios fitted to an ongoing research program in Syria 

were simulated. Two different water qualities and two water management 

schemes were used for reclarnation. Predicted soil saiinity rose to a pre- 

detemined threshold value of 4 dS m", noted for the semi-and basins of 

Syria, at the end of the three-year simulations. 

Despite some differences between obsenred and simulated EC, 

values, the LEACHM-C model does predid accurate trends. In absolute 

ternis, the mode1 is not precise, but it is capable of indicating the appropriate 

salt built-ups. Results frorn mis study may not be sufficient to assess the 

model's field validation and its application for semiarid saline irrigation. 

Additional testing with field data is required. 



Les pays arides et semi-arides font face à l'épuisement de leurs 

ressources hydriques et doivent utiliser des eaux salines (eaux souterraines 

saurngtres et eaux de drainage) pour irriguer les cultures. Les résultats sont 

souvent désastreux alors que des régions de production intensive se salinisent. 

Malgr6 tout, on peut envisager d'étendre la superficie irriguée, en augmentant 

l'utilisation d'eaux salines pour l'irrigation. Plusieurs arguments supportent cette 

these. On trouve dans la littérature de nombreux cas ou I'eau saline est utilisée 

avec succès pour l'irrigation. Plusieurs expériences au champ montrent qu'il est 

possible d'irriguer avec des eaux salines en utilisant de nouvelles pratiques et 

stratégies de gestion des cultures et de I'eau. 

Cette étude prbsente l'analyse de la performance de LEACHhrl-C, un 

modele de simulation numérique en régime transitoire du transport de I'eau et 

des matières dissoutes. Le modéle a 616 évalué pour les conditions qui existent 

dans des régions où I'eau saline pourrait être utilisbe pour l'irrigation. Le 

modéle estime les bilans hydrique et de salinite des sols pour différentes 

stratbgies d'irrigation et de rotations des cultures. 

Les tests avec une annee de donn4es provenant d'un champ 

expérimental d'une région séche de l'Inde ont montré que le modéle a une 

bonne capacité de préâiction. La comparaison de valeurs observées et prédites 

de salinit6 des sols (entre O et 120 cm) a bté faite avec des méthodes 

graphiques et par le calcul de 4 indices statistiques (erreur quadratique 

moyenne, RMSE; coefficient de valeurs cumulées résiduelles, CRM; coefficient 

de d6termination, CD; et Miciente de modelisation, EF). Si on se fie à la 

methode graphique et aux indices statistiques, les résultats des simulations 

initiales furent plut6t mitigés. Les valeurs calculees par le modéle étaient 

surestimées. RMSE allal de 28 à 70%. Les valeurs prédites et observées se 

sont rapprochdes lorsque les paramètres de retention de I'eau, a et b, ont été 

ajustes @ce à des 6quations de régression prhsentées à l'annexe D. Les 

iii 



valeurs d'erreur quadratique, aprés ajustement, allaient de 26 à 36%, ce qui 

montre l'importance d'obtenir des données de sol précises. 

On a aussi examine la possibilitb d'utiliser LEACHM-C comme outil de 

planification des activitbs d'amendement des sols d'un bassin semi-aride de 

Syrie. On a simuld trois situations qui sont relides à un projet de recherche 

présentement en cwn en Syrie. Deux stratégies de gestion ont été examinées. 

Après une simulation avec 3 années de données, les valeurs prédites de 

salinit6 des sols ont atteint la limite maximale de 4 dS ms' qui avait été 

observée dans des bassins semi-arides de Syrie. 

Malgré certaines diffdrences entre les valeurs prédites et observbes de 

conductivité dectrique (ECd, le modéle LEACHM-C peut prédire adéquatement 

les tendances. En ternes absolus, le modele n'est pas précis mais est capable 

de calculer adequatement les accumulations de sels. Les résultats de cette 

étude ne suffisent pas à valider le modéle et ne permettent pas de se 

prononcer sur une éventuelle utilisation pour planifier les irrigations avec de 

l'eau saline en milieu semi-aride. Des travaux additionnels, avec des données 

experimen tales, sont n4cessaires. 
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I . INTRODUCTION 

1.1 BACKGROUND 

While the earth's renewable water resources are finite, the earth's 

population is projected to double from the present 5.6 billion to about 10 

billion by the year 2050 (U.N. Population Fund, 1993). Most of this increase 

will occur in arid and semi-arid regions, where close to 80% of the world's 

population is located (Ghassemi et al., 1995). Moreover, supplies of good 

quality water for irrigation are expected to decrease in the future because 

the development of new water supplies is not expected to keep Pace with 

the increasing water needs of industries and municipalities . Thus, 

conservation of fresh irrigation water through efficient conveyance and 

irrigation practices and usefreuse of the drainage effluent or other relatively 

poor quality water for irrigating crop lands is essential. 

In many arid and semi-arid regions good agricultural land has either 

gone out of production due to waterlogging and salinity problems or the fresh 

water resources available are not sufficient for achieving profitable crop 

production. As stated by Von Hoyningen Huene (1993), throughout history, 

great civilisations have flourished in these regions of the world by setting up 

sizeable irrigation projects. However, in the past, many of these projects 

eventually failed due to the problems created by irrigation. Rising water 

tables, combined with increasing salinity, rendered many low-lying areas 

useless for agriculture. The resultant loss of land severely reduced the 

quantity of arable land available and that, in turn, lowered the standard of 

living of the people depending on irrigation for their livelihood. 

Water resources problems are consiuered a crucial matter in arid and 

semi-arid regions. The same crop grown in arid and semi-arid regions 

needs more water to sustain it than it would in other areas because of high 

tempeiatures, which cause high evapotranspiration. Sustainable use of 

drainage water or brackish groundwater as a water source for irrigation 



depends on a number of factors. Basically, the use of saline water requires 

three changes from standard irrigation practices: (1) selection of 

appropriately salt-tolerant crops; (2) improvernent in water management; and 

(3) maintenance of soil-physical properties to assure soi1 tilth and adequate 

soi1 permeability to meet crop water leaching requirements. 

To date most studies support the feasibility of irrigating crops with 

saline water, but uncertainty still exists about long-terrn effects of this 

practice on the physical characteristics of the soil. Irrigation, fresh or saline, 

may increase soi1 salinity, soi1 sodicity and may even reduce soi1 infiltration 

rate. The most limiting factor to the use of saline waters on soils may be the 

deterioration of soi1 physical conditions with consequent effects on crop 

production. Also, one should note that the deterioration of soi1 physical 

conditions generally does not result from using saline water per se but from 

subsequent rainfall or application of low salinity waters. Thus far, the 

emphasis on using saline waters for crop production has centred on yields 

and less attention has been given to the long-ten consequences on soi1 

physical conditions. 

An array of models is available to sirnulate the effects of various saline 

water irrigation management strategies. Based on results computed from 

these models, which consider the osmotic and matric potential effects on 

plant growth, promising strategies can be developed for the effective use of 

saline water for crop production. The major deficiency of these models is 

that they do not directly account for the effects of water quality on soi1 

physical conditions. 

Numerous management strategies have been suggested for 

economical use of saline water for crop irrigation. One approach blends the 

saline water with good quality water to an acceptable salinity as 

characterised by the electrical conductivity of the water (Eck) and then uses 

this water to irrigate crops (Rolston et al., 1988). Choice of €Ch, would be 

based upon the salt tolerance of the specific crop and availability of the 



water supplies. A second method uses a cyclic irrigation strategy whereby 

the crop is initially irrigated with high quality water when the crop is generally 

more sensitive to salinity and then uses a lower quality water for later 

irrigations when the crop is more tolerant to salinity (Rhoades 1984, 1987). 

A third strategy cycles waters of various salinities in a crop rotation scheme 

as a function of the crop's salt tolerance. This strategy allows osmotic stress 

to be applied to the crop which is most tolerant to this stress (Rhoades et. al, 

1988). 

Long-term field experiments are one way to develop suitable irrigation 

strategies, but are expensive, site specific, and time consuming. A 

supportive activity is the use of computer simulation models. Once 

calibrated using experimental information these models could aid as 

management and decisionniaking tools to obtain quantitative and qualitative 

guidance in developing and evaluating irrigation strategies. Such a 

computer mode1 should allow the use of different combinations of existing 

field conditions (soit, crop, climate and water). Models can provide a quick 

and reasonably accurate estimate of crop growth, water needs and salt 

balance. 

"Mathematical modeling is an accepted scientific approach for 

providing the mechanism comprehensively integrating basic processes and 

describing a system beyond what can be accomplished using subjective 

human judgementsn (Hutson and Wagenet, 1989). In recent years, great 

strides have been made to better understand the cornplex soil-water-plant- 

atmosphere system. This, coupled with easy availability of microcornputers, 

suficient computer languages, and lower computing costs are tuming the 

attention of scientists and engineers to develop computer rnodels to be used 

as research and management tools in agriculture. 

"The boom in agriculture modeling during the past two decades is 

producing a dramatic impact on agricultural research, management, 

planning and policy making, thus fostering a much needed change from 



qualitative to quantitative approaches in agriculturen (Stockle, 1989). 

According to Huston and Wagenet (1989), the next step in modeling water 

and solute rnovement under field conditions is to condense the 

comprehensive descriptions provided by research models into management 

tools useful in providing quantitative guidance under field conditions. 

1.2 STUDY OBJECTIVES 

The general objective of this study is to evaluate the LEACHM-C 

model, a process-based model of water and salt movement, for assessing 

the impact of irrigation management with saline water on soi1 salinity and 

leaching, at field scale. In particular the objective is to determine if the 

model is applicable to field scale analysis of the semi-arid basins. The 

specific objectives are: 

1. Review one-dimensional computer transient models used for predicting 

salt and water movement in unsaturated soils. 

2. Test the LEACHM-C computer model performance for simulating water 

and salt movements in the soi1 profile using data obtained frorn field work 

in India. 

3. Demonstrate the predictive use of the model for semi-arid basins of Syria 

where the problern of fresh water availability exists and irrigation with 

poor quality groundwater is a recent development. 

1.3 SCOPE OF THE THESIS 

This study investigates the performance of the LEACHM-C rnodel 

(Salinity submodel of LEACHM) in its unmodified fom, version 3.0, in semi- 

and conditions. Suitable field data for the model validation were colfected in 

irrigation studies conducted by the Central Soil Salinity Research Institute, 



Karnal, lndia and represents an irrigated semi-arid area where saline water 

(brackish ground water and drainage water) is used for crop production. 

This study is considered a first step towards further research directed 

at developing suitable strategies for the safe use of saline aquifers for 

sustainable supplemental irrigation in the serni-arid regions of Syria. 



2. LITERATURE REVIEW 

This review has been divided into two sections. The first section 

presents selected references to saline water use for irrigation and its effect 

on soi1 p hysical properties. The second section reviews corn puter transient 

models developed over the last 10 years for water and salt movement, salt 

chemistry and interaction in the root zone. In the latter section, no attempt is 

made to give a comprehensive review of simulation models of flow and 

transport processes in the soil, as only the models relevant to the current 

study are presented. 

2.1 USE OF SALINE WATER FOR IRRIGATION 

Depending on local conditions and management options adopted for 

its use, saline water for irrigation has been practiced throughout the world 

with varying degrees of success. However, its indiscriminate use in some 

places has led to severe soi1 and environmental degradation. Several 

extensive reviews of the world literature have been conducted on this topic, 

including those of Bresler (1979), Gupta (1979), Gupta and Pahawa (1981) 

and Rhoades (1992). Some examples of the beneficial use of saline water 

for irrigation are given here to emphasize the point that saline water can be 

used successfully for field scale crop production. 

Farmers have successfully used waters that are conventionally 

classified as having moderate to sever restrictions to irrigate a broad 

spectrum of crops (Ayers and Westcot, 1985; Rhoades, 1992) in Bahrain, 

Egypt, Ethiopia, India, Iraq, Israel, Pakistan, Somalia, Tunisia, United Arab 

Emirates and The United States. In addition, numerous experiments have 

reported successful use of saline irrigation waters ranging in salinity from 2 

to 8 dS rn-' (Pasternak et al., 1986; Hamdy, 1989; Maas and Poss, 1989; 

Minhas and Gupta, 1993a; van Hoom, 'î99l). 



In the Pecos Valley of West Texas, United States, groundwater 

averaging about 2500 mg l*', but ranging far higher (to at least 6000 mg T'), 

has been successfully used to irrigate chile pepper, cotton, srnall grains, 

sorghum and alfalfa on about 81000 hectares of land for three decades 

(Moore and Henfer, 1977; Miyamoto et al.. 1984). 

Other uses of saline water for successful irrigation under hot dry (arid) 

climates were demonstrated by Ayers and Westcot (1985) and Rhoades 

(1988). The experience of lsrael of 16 years of research carried out in the 

field of Ranat Negev experiment station (Pasternak et al., 1986), evidently 

support the potentiality of using relatively high saline water for irrigation 

under arid conditions even under the harsh desert conditions of Israel. They 

cultivated different crops that could be grown commercially such as: wheat, 

sorghum, sweet corn, sugarbeets, cotton, tomato, asparagus. broccoli, beet, 

celery, melon and lettuce. 

Use of saline water for irrigation is not new. Listed below are 

examples of areas where saline water is the only available water resource. 

Yet, it has been used extensively for a long time and the local population has 

leamed, mostly by trial and error, the conditions and limits of its use. 

The Middle East and North African countries are examples where 

fresh water resources for agricultural use are rather limited and extension of 

irrigated agriculture is heavily dependent on the exploitation of saline water 

resources. Due to inherent water resource scarcities prevailing in these arid 

countries, saline water resources of different types are increasingly used for 

crop production. In Egypt, the offÏcial policy is to use drainage water, up to 5 

dS m", for irrigation. Currently, the drainage water used for irrigation 

amounts to 5 . 0 ~ 1 0 ~  rn3 ~i' and 1 is likely to increase to 7 . 7 ~ 1 0 ~  m3 by 

the year 2000 (Abu-Zeid, 1989). Saline surface water, of up to 3.0 dS m-', is 

used for irrigation in Tunisia (Medjerda River) (Van't Leven and Haddad, 

1968; van Hoom, 1971) and Iraq (Shatt El Arab River) (Hardan, 1976). 

Unconfineci aquifers salinized by seawater intrusion in the coastal plains of 



Yemen, Gaza, Bahrain and Libya (Tagora area) are widely used for cereals 

and fruit trees. Saline aquifers in Egypt (western deserts), Jordan (desert 

areas), Tunisia (Messoudia and Msherfa areas), Iraq (central and southern 

regions), Morocco and the United Arab Emirates, are currently used for crop 

production. 

The sustainability of viable, permanent irrigated agriculture, especially 

with the use of saline irrigation waters requires the implernentation of 

appropriate management practices to control soi1 and water salinity, not only 

with inigated soils, but also within entire irrigation projects and even whole 

geohydrologic systems. 

Three general management strategies seem practical: (a) control 

salinity within pemissibie levels, (b) change specific conditions of use to 

improve crop response, (c) change management practices to maintain yield 

at the field level when salinity causes damage at the plant level. All three 

can be used together, but the first one is the most commonly used. 

Neveraieless, the sustainable use of saline water for irrigation 

requires that research programs should be modified from individual to 

integrated ones where crop rotation, water management and soi1 

amendments are al1 combined. In this way, many very poor quality water 

sources can be sustained and successfully used. 

2.1 .l Water quality auessrnent 

Water quality has different meanings and usually denotes "suitability" 

for use, which depends obviously on the specific purpose (Chhabra, 1996). 

For irrigation water, suitability is related to its effect on soils and crops and 

on the management that rnay be necessary to obtain optimum crop yields. 



The evaluation of sources of saline water is complex and has to be 

done individually for each reg ion, depending on local conditions. 

Nevertheless, for simplification some general schemes of water classification 

have been proposed and used. Most schemes have three basic criteria: 

salinity or total concentration of soluble salts; sodicity or concentration of 

sodium relative to calcium and magnesium ion concentration; and 

concentrations of boron and other elements that may be toxic tu plant growth 

(Shainberg and Oster, 1978). They have ranged from general schemes 

designed for average conditions (US. Salinity Laboratory Staff, 1954; 

Doneen, 1967; Rhoades 1972; Ayers and Westcot, 1985) to specific water 

quality ratings based on a given crop in a specific region (Gupta, 1979; 

Minhas and Gupta, 1992). 

Salinity is the most important criterion for evaluating irrigation water 

quality . Total concentration is important because rnost crops iespond to 

total concentration of ions in the growth medium rather than to any specific 

ion. Generally an increase in the sait content of irrigation water will result in 

an increase in the salinity of the soi1 water. The rate and extent of the 

increase will depend on a number of factors including: the leaching fraction; 

the ionic composition of the irrigation water; and physical properties of the 

soi1 such as infiltration, moisture characteristics, drainage and water 

application. 

Sodicity or sodium hazard of irrigation and soi1 waters can negatively 

affect crop production. Unlike salinity hazards, excessive sodium does not 

impair the uptake of water by plants but does impair the infiltration of water 

into the soi1 and the movement of the water within the soil. Plant growth is 

thus affected by unavailability of soi1 water (Pratt and Suarzes, 1990; 

Rhoades, 9992). 



Toxicity nonnally results when certain ions, which are taken up with 

the soi1 water, accumulate in the leaves during water transpiration to an 

extent that results in damage to the plant. The usual toxic ions in irrigation 

water are chloride, sodium and boron. Ayers and Westcot (1989) describe 

these toxicities and provide data on the tolerance of crops with regard to 

these and other elements. 

Some trace efements that occur in water and soi1 are essential for 

plant growth, but can become toxic at an elevated concentration. Pratt and 

Suarez (1990) provide data on the recommended maximum concentration of 

15 trace elements (arsenic, beryllium, cadmium, chromium, cobalt, copper, 

fluorine, lead, lithium, manganese, molybdenum, nickel, selenium, vanadium 

and zinc). Similar data are also available in Ayers and Westcot (1989). 

Rhoades (1990) argues that numerous schemes for the classification 

of water for irrigation are essentially empirical and have some problems. For 

example, substantial experience in using brackish water for irrigation shows 

that waters which would be classified by Ayers and Westcot (1989) as 
@ having a sever restriction for use have been successfully used in numerous 

places throughout the world under widely varying conditions of soi1 clirnate, 

irrigation technique, cropping system, econornics and cultural organizations. 

This fact shows that actual suitability of a given water for irrigation depends 

much on the specific conditions of use and on the relative economic benefits 

that can be derived from irrigating with that water compared to viable 

alternatives. 

However, the ultimate method of assessing the suitability of water for 

irrigation awaits the attainment of our capabilities to: (1 ) effectively predict 

the composition and matric potential of the soi1 both in time and space, and 

(2) interpret such information in ternis of how sail conditions are affected 

under any set of clirnatic conditions (Rhoades, 1992). As stated by 

Rhoades, the basic approach is to (1) predict the salinity, sodicity, and toxic- 

solute concentrations of the soi1 water within a simulated crop root zone 



resulting from use of a particular irrigation water of given composition at a 

specified leaching fraction, and (2) evaluate the effect of this salinity level (or 

solute concentration) upon crop yield and of the sodicity level on soi1 

peneability. 

Prognoses of water suitability are made after the soi1 water 

composition is predicted. A soi1 salinity problem is deemed likely if the 

predicted root zone salinity exceeds the tolerance level of the crop to be 

grown. Use of the water will result in a yield reduction unless there is a 

change in crop and/or leaching fraction (LF). If yield reduction can be 

tolersted, then the apprapriately higher salinity tolerance level can be used 

in place of the no yield loss threshold values. 

2.1.2 Leaching management 

Leaching is the key factor by which soi1 salinity can be rnaintained at 

acceptable levels that are not toxic to the crops. A certain amount of excess 

irrigation water is required to pass through the root zone. A minimum net 

amount is required to remove salts (originally in the irrigation water) that 

have accumulated from evapotranspiration. This amount, in fractional 

tens, is referred to as the 'leaching requirement" (U.S. Salinity Laboratory 

Staff, 1954). However, soi1 salinity control becomes more difficult as water 

quality decreases. The higher the salinity of the irrigation water, the higher 

the leaching or drainage required to maintain the salinity in the soit at levels 

below that may cause undue damage to crops. Indeed, one implication of 

increased need for leaching as the salinity of the irrigation water increases is 

that soi1 physical properties must be maintained and in some instances 

improved. Therefore, there is a need to be aware of the sodicity hazards 

associated with water infiltration, hydraulic conductivity and soi1 tilth. 



How are assessrnent of the best strategy for leaching usually made? 

As stated by Shalhevet (1994), leaching need not occur with every irrigation. 

Starting from non-saline soils, as may occur after a rainy season, it makes 

no sense to start a leaching scheme before salts have accumulated in the 

soil. He indicated that the rate of salinization depends on the amount of 

saline water applied, which should thus be kept to a desirable minimum. 

Only when soi1 salinity reaches hazardous levels, should leaching be applied 

(Shalhevet and Yaron, 1973). Such procedures will also result in a more 

efficient removal of salts and water use. Thus, seasonal leaching is 

preferred to leaching every irrigation. 

An irrigation test conducted by Hamdy (1 WOa,b) which consisted of 

four periodical leaching treatrnents: Tl=Leaching at each irrigation, T2= 

Leaching after one month of irrigation with saline water, T3= leaching after 

two months of irrigation with saline water, T4= Leaching after harvest in 

combination with four salinity levels of irrigation (0.9, 3, 6, 9 dS m-') used 

durum wheat as an indicator plant. He concluded that, periodical leaching is 

more efficient rather than leaching at each irrigation. In addition, supporting 

the idea of seasonal leaching, Hamdy (1996) recommended that leaching 

should be carried out in accordance with critical stages of the crop where 

stress should be prevented. 

Rainfall is an unmanageable variable in the leaching equation. When 

rainfall is seasonal, as in the Mediterranean region and the Middle East 

where rainfall occurs during the winter, the accumulated salinity may be 

removed annually from the root zone, depending on the water holding 

capacity of the soi1 and the total effective rainfall. van Hoon (1993) 

dernonstrated from a salt balance study conducted in Tunisia that leaching 

during high demand can be postponed to when more water is available, 

during the winter. He stated that leaching during a period of high 

consumptive use means that not only are larger amounts of water applied 

but also that larger amounts of sait are brought into the soil. The author ako 



showed that, as permanent leaching (imposing a leaching fraction with each 

irrigation) means greater water applications, there is greater risk of water 

stagnation and suffocation of the crops. 

In practice. more or less leaching occurs during water applications 

depending on irrigation regime and method, but there is no strict need for 

permanent leaching during the summer period of peak demand. Moreover, 

the combined effect of irrigation water and rainfall in winter at least in the 

Mediterranean area and the Middle East draws advantages such that 

leaching should be limited to the winter period (period of low consumptive 

use) as much as possible. 

2.1.3 Management sbategies 

Use of saline water (brackish ground water or drainage water) in 

inigation has appeared as one the more important options in arid and serni- 

arid regions, depending on the quality and availability of the water. A major 

issue related to the use of saline water is the mode of application. Saline 

waters can be applied to crops in three ways: application of saline water 

alone; application after blending fresh water and saline water; and cyclic use 

of fresh water and saline waters. 

A blending strategy involves the mixing of saline water with good 

quality water in order to obtain water suitable for irrigation as characterized 

by electrical conductivity (EC) and then uses this water to irrigate crops 

(Rains et al. 1 987; Rolston et al., 1 988). Choice of EC would be based upon 

the salt tolerance of the specific crop and availability of the water supplies. 

Shalhevet (1 984) discussed two blending processes: mixing waters together 

in the inigation conveyance system, or using the soi1 as a medium for mixing 

waters of different qualities by interrnittently imgating with the two waters. 

Considerable research efforts on technical aspects of the dilution process 

(mixing different kinds of water into a single distribution system) within the 



water distribution network have been pursued by Jury et al., 1980, Tyagi and 

Tanwar, 1986 and Tyagi, 1996. 

Meiri et al. (1986) conducted a three-year study in lsrael to compare 

crop performance under mixing irrigation waters or intemittently applying 

them to the soil. Their main finding was that no significant difference in yield 

occurred whether the waters were rnixed prior to application, or were 

intermittently applied for different lengths of time. They concluded the crops 

responded to the weighted mean water salinity regardless of the blending 

method. 

A cyclic irrigation strategy consists of initially irrigating a crop with high 

quality irrigation water when the crop is more sensitive to salinity and then 

the use of a lower quality water for later irrigations when the crop is more 

tolerant to salinity (Rhoades 1984; 1987). The cycle strategy also 

advances a crop rotation plan that makes use of salt-tolerant and 

moderately salt-sensitive crops. Indeed, it is possible to cycle waters of 

various salinities in a crop rotation scheme as a function of the crop's salt 

tolerance. This strategy allows osmotic stress to be applied to the crop 

which is rnost tolerant to this stress (Rhoades, et al. 1988). 

Rhoades et al. (1988) conducted an extensive study on a 20-ha 

commercial field located in the Imperia1 Valley, California. The objective was 

to test a strategy of seasonal cyclic use, called ''dual rotation", where non- 

saline water is used for sait sensitive crops and for initial growth stages of 

tolerant crops to leach out salts accumulated from previous irrigations. The 

fint was a rotation of wheat, sugar beets, and melons. Colorado River water 

(900 mg 1-') was used to inigate the melons and for preplant and early 

irrigations of wheat and sugar beets. Alamo River drainage water (3500 mg 

1") was used for al1 of the other irrigations. The two-year rotation was 

repeated a second time. Sugar beet and wheat yields were not reduced, 

even when drainage water supplied up to 75% of the irrigation water. 

Subsequent melon yields ako were not reduced. 



The dual cropping consisted of cottonhrvheat, followed by two years of 

alfalfa. Saline water was used only on cotton after seedlings were 

established. Colorado River water was used for al1 other irrigations. In this 

crop pattern, they found that no signifiant yield losses occurred for any crop 

grown with the cyclic strategy. 

Minhas and Gupta (1993a,b) and Naresh et al. (1993) performed a 

comprehensive study to compare varying mixing and cyciic use modes of 

saline ground water (12 dS m-') and canal waters (0.2 dS m-') in ternis of 

crop responses and salinity build-up in soils. The authors stated if facilities 

for blending exist and different quality waters are available on demand for 

each irrigation, cyclic use is preferable than blending. The cyclic use of 

water of low and high salinity prevents the soi1 from becoming too saline 

while pemitting the substitution of brackish water by non-saline water to 

irrigate salt-sensitive crops and for the initial stages of tolerant crops. During 

the initial stages of growth the root interaction zone is limited to a few 

centirneten below the surface, where most of the salts are concentrated 

after evaporation. Hence, germination and seedling stages have been 

identified as the most sensitive stages for most crops for saline irrigation. 

Therefore, they concluded that, higher efficiency obtained with the cyclic 

irrigation strategy when canal water is applied in the initial stages (pre- 

irrigation and first post-sowing irrigation) and saline water is used at later 

growth stages when the crop can tolerate the salts better. 

As pointed out by Minhas (1996), the cyclic type of management is 

useful for arid climates of lndia even with very low rainfall, but such an 

option is of natural occurrences for the continental monsoonal type of 

climate (rainfall is used to leach out salts accumulated from irrigation with 

saline water to previously grown tolerant crops) where rainç concentrate 

during a short span (June-September) and satisfy most of the water 

requirements of summer crops. In addition, salts accumulated during 

irrigations to the first crop did not show residual effects on the yield of the 



following crop seeded after the onset of monsoons. This is followed by an 

irrigation season (October-April) of winter crops. 

An intensive research programme was conducted by Hamdy et al. 

(1993) for more than five years to evaluate practically the forementioned two 

strategies. They affirrned that, the data and results obtained favoured more 

the cyclic water application than the blending one. The advantage of the 

cyclic strategy is that steady-siate saiinity conditions in the soi1 profile are 

never reached. This behaviour occurs because the quality of irrigation water 

changes over time. The intermittent leaching that takes place under this 

strategy can be more effective at leaching salts than continuous leaching 

strategies, Le., imposing a leaching fraction with each irrigation (Shalhevet, 

1984). Furthemore, blending may deprive plants of the opportunity to use 

good quality water fully (Rhoades, 1988; Hamdy et al., 1993). According to 

Hamdy (1996) this water could be used at the time it would be most needed, 

for instance at the germination and seedling stages, as well as to satisfy the 

leaching requirernent which requires water of relatively good qualiity. 

However, uncertainty still exists about the long-terrn effects of these 

practices on the physical characteristics of the soil. 

2.9.4 Effects on soil-physical properties 

Shainberg and Letey (1984) and Shainberg and Singer (1990) 

reviewed the literature on the effects of salinity and sodicity on soi1 physical 

properties. Soil infiltration rate and soi1 hydraulic conductivity are affected by 

the sodium adsorption ratio (SAR) and total electrolyte concentration of the 

irrigation water. 

In general, increasing SAR and decreasing EC of the irrigation water 

tends to decrease soi1 hydraulic cond uctivity and infiltration. These results 

suggest that saline waters can be applied to soils without destroying their 



soi1 physical properties because of the high electrolyte concentration, which 

offsets the effect of a high SAR value of the water. This has been observed 

in the field, i.e., application of high saline water does not reduce infiltration 

rate or hydraulic conductivity of the soil. 

Irrigation with saline waters, however, can potentially lead to poor soi1 

physical conditions. As water of a given chernical composition becomes 

concentrated through evaporation and evapotranspiration, the SAR of the 

water increases. This effect is further enhanced if the solution becomes 

sufficiently concentrated so that the divalent cations precipitate. Thus, 

waters with high salinity also tend to be high in SAR. As the water is applied 

to the soil, the exchangeable sodium percentage (ESP) on the soi1 exchange 

sites equilibrates with the SAR of the irrigating water. Thus, waters with high 

SAR lead to soils with high ESP. The high ESP is not detrimental to 

hydraulic conductivity as long as the percolating solution is also high in total 

electrolyte concentration. However, almost al1 irrigated regions of the world 

are subject to small amounts of rainfall during the course of the year. Since 

rain is essentially distilled water, the electrolyte concentration in the soil 

solution is reduced and the etfects of the high ES? become manifest in clay 

swelling and dispersion and formation of a dense, hard cnist on the soi1 

surface. 

Generally, it is recognized that two main rnechanisms alter the 

physical properties of soils: clay swelling and clay particle dispersion. 

However, difference of opinion exists in the literature regarding which of 

these two processes is more important. McNeal (1968) and Kamphorst 

(1 988) related swelling of clays to a decrease in permeability. Rhoades and 

lngvalson (1 969) and Felhendler et al. (1 974) concluded that dispersion and 

consequent blocking of soi1 pores was mainly responsible for decreasing the 

hydrau tic conductivity. 

As stated by Bonnell (1993), clay swelling will always reduce the 

water transmitting ability of a soi1 whereas clay dispersion can decrease or 



increase the hydraulic conductivity of a soil. The latter mechanism, is 

directly infiuenced by ions adsorbed on particle surfaces, particularly clay 

minerals. The presence of high sodium especially at low sait concentrations 

in the soi1 water causes clay dispersion and consequent movement of fine 

particles within the pores. The particles may then clog smaller pores, 

blocking water and air. On the other hand, if these migrating clay particles 

are completely removed from a soi! profile, Say via a subsurface drain pipe, 

the whole soi1 profile may become more penneable (Frenkel and Rhoades, 

1 977). 

As mentioned by Von Hoyningen Huene (1993) two conditions seem 

to favour clay dispersion: (1) a sharp reduction in the concentration of the 

soi1 solution, below the threshold concentration at which the clay particles 

flocculate and (2) a high concentration gradient between the dilute solution 

of the macropores and the more concentrated solutions of the micropores 

inside the aggregates. Emerson and Bakker (1973) found that the optimum 

condition for clay dispersion in loarny and sandy loam soils of low 

exchangeable sodium percentage (ESP) is when the soi1 is leached with a 

dilute solution. In this process, water will move into the interplatelet reg ion of 

clay particles from the bulk soi1 solution if an osmotic gradient exists; that is 

to Say, an osmotic gradient between the dilute soi1 solution and the higher 

concentration of the interplatelet solution. This process will continue until the 

osmotic potential between the clay platelet and the bülk solution is the same. 

They concluded that a high concentration gradient will force the water 

to move into the interplatelet region, thereby causing swelling and 

consequent destruction of the particle. The swelling process will in fact 

reduce the size of the soi1 pores, which, in turn, will reduce the hydraulic 

conductivity. These findings are corroborated by Shainberg et al. (1 971) and 

Frenkel et al. (1 978). Sharp reduction of the bulk soi1 solution concentration, 

by leaching the soi1 with distilled water tended to disperse the clay. In other 

words, swelling pressure becomes greater than the forces holding the clay 



platelets together. This may lead one to conclude that there exists a soi1 

solution concentration level at which a soi1 particle will disperse or flocculate. 

As stated by Frenkel and Shainberg (1975) the loss of soi1 

pemeability in the arid and semi-arid Mediterranean regions is often due to 

the irrigation period being followed by winter rainfall, which is essential for 

leaching out the excess salts from the soi1 profile. The electrolyte 

concentration of the irrigation water often exceed values of EC=0.5 dS rn-', 

while the electrolytic concentration in rainwater is less than EC=O.l dS m*'. 

Thus, in the first stages of leaching, the pemeability of such soils will drop 

sharply and possibly, irreversibly. As a result, leaching of salts during the 

rainy season is not complete and the fresh water leaching practiced to 

remove salt from the soi1 profile is not pwcticable. In addition, loss of 

permeability in such soils is conducive to increased runoff and erosion. 

In summary, soi1 solutions composed of high solute concentrations 

(salinity), or dominated by calcium and magnesium salts, are conducive to 

good soi1 physical properties. Conversely. low salt concentrations and 

relatively high portions of sodium salts can adversely affect soi1 pemeability 

and tilth. 

2.2 WATER AND SALT FLOW SIMULATION MOOELS 

A nurnber of both management and research models have been 

developed over the yean to simulate crop growth and salt and water 

movement in the soil. Research models generally provide quantitative 

estimates of water and solute movement, but require comprehensive data 

regarding the system to be simulated. Management models are less 

quantitative in their ability to predict water and solute fate under transient 

field conditions but generally require less data. Huston and Wagenet (1 989) 

point out that few of either model types have been tested against field data. 

Little attention has been paid to the use of soal led management models for 



the actual purpose of managing applications of salty irrigation water. 

fertilizers, amendments, pesticides or other solutes. They concluded that 

the next step in modeling water and solute movement under field conditions 

is to condense the comprehensive descriptions provided by research models 

(both deterministic and stochastic) into management models useful in 

providing qualitative guidance under field conditions. 

Several mathematical models describing unsaturated wateer fiow 

have been cited in the literature. These include both analytical (Bresler, 

1973) and numerical (Bresler and Hanks, 1969; Ross, 1990; Ross and 

Bristow, 1990) approaches. Numerical models simultaneously simulating 

water flow and solute transport in the vadose zone include those by Childs 

and Hanks (1975), Robbins et al. (1980b), Belmans et al. (1983) and Van 

Genuchen (1987). In particular. there are models that integrate soi1 water, 

solute and crop processes for salinity: LEACHM-C model (Huston and 

Wagenet, 1989; 1992b), SOWATSAL (Hanks and Cui, 1991), and the V-H 

model (Cardon and Letey, 1992a.b). These models are based on a one- 

dimensional finite difference solution to Richard's equation and include a 

root extraction term. 

Numerical simulations of water flow and solute transport in the root 

zone requires knowledge of soi1 hydraulic properties and water uptake by 

plants. Campbell (1974), Van Genuchen and Nielsen (1985) and Hutson 

and Cass (1987) describe soi1 hydraulic properties by analytical functions. 

Functions describing water uptake by plant roots have been reported by 

Nimah and Hanks (1973a,b), Feddes et al. (1978), Molz (1981), Bresler et 

al. (1 982) Van Genuchen (1 987) and Cardon and Letey (1 W2a). 

Robbins et al. (1 98Ob) developed a first generation model SALTFLO, 

which describes transient soi1 and solute fluxes in the presence of plant 

extraction of water and soi1 chernical reactions. The model includes 

description of the precipitation and dissolution of both lime and gypsum and 

considers cation exchange. Water flow is simulated using Darcy's law 



based on a finite difference solution of the Richard's equation. Solute 

transport is assumed to resuk from the combined process of diffusion- 

dispersion and mass flow. The model was tested and found to be a 

satisfactory predictor of salt transport in the presence of gypsum 

(CaS04.2H20) and lime (CaC03). 

SWATRE (Soit Water and Actual Transpiration Rate, Extended) is a 

physically based model, which simulates transient water and sait transport in 

a heterogeneous soi1 profile (Belmans et al., 1983). Equations representing 

water movement and salt transport in the unsaturated zone were embedded 

in the rnodel, namely Richard's equation and the convection-dispersion 

equation, respectively. The model contains different types of boundary 

conditions, including the possibility of drainage and irrigation. An improved 

version of the model, SWAP93, has the following advantages: better 

numerical solution scheme for Richard's equation; solute transport with 

adsorption and decomposition; and implementation of hysteresis of the 

water function (van den Broek et al., 1994) 

Van Genuchten (1987) presented a model named WORM that 

simulates water flow and solute transport in a one-dimensional non- 

homogeneous cropped soi1 profile using the Richard's and convection- 

dispersion equations with numerical integration by the finite element method. 

Root uptake is calculated with a simple Sshaped curve using the 

assumption that water and salinity stress have similar but not necessarily 

additive effects on transpiration. This model is primarily designed to study 

water and salt movement in the root and vadose zone of an imgated sait 

affected agricultural soil. The model can also be used for pesticide transport 

simulation because linear equilibrium adsorption and first order decay 

process are included in the model. The model does not, however, include 

mechanisms for crop simulation or salt chemistry interaction. 

Hanks and Cui (1991) developed SOWATSAL a general purpose 

water flow model that provides for the flow of a noninteracting salt with soi1 



water, root uptake of pure water leaving salt behind, and flow to and from the 

water table. Chemical exchange, precipitation, or dissolution is not 

considered in the model. The model uses a finite difference formulation of 

the nonlinear, unsteady, unsaturated water fiow equation (Richard's 

equation) with root extraction and the finite difference form of the diffusion- 

convection transport equation. 

SOWATSAL cornputes water uptake by plants based on water 

potential gradients. Plants will extract water from the cells with the highest 

water potential. Potential evaporation and transpiration are converted from 

values given on a daily basis to those on an hourly basis that Vary 

sinusoidally with time during the day. The rnodel uses short time steps and 

requires detailed soi1 water characteristics. 

Cardon and Letey (1992a) formulated a rnodel by combining and 

modifying existing models for irrigation and salinity management. The model 

was formulated by combining routines adapted from Van Genuchten (1987) 

and Hanks and colleagues (Nimah and Hanks,1973 a,b; Childs and Hanks. 

1975; Torres and Hanks, 1989) and was referred to as the modified Van 

Genuchten-Hanks model (WH model). Water and salt distributions resulting 

from irrigation and or rainfall were computed using routines adapted from 

Hanks and co-worken. Once the irrigation or rainfall was completed, the 

modified Van Genuchten water uptakelredistribution routines were used. 

The two components of the model exchange a file containing water and 

solute distribution data to be used as initial conditions for each respective 

section. 

The V-H model accounts for transient water and salt movement, salt 

tolerance of the crop, seasonally variable potential ET, seasonally variable 

irrigation or precipitation, salinity of irrigation water, rooting depth increase 

with tirne, the presence or absence of the water table, and is conducive to 

multi seasonal simulations with crop rotation possibilities. The model can be 

used to compute crop yiekl, actuel ET. deep percolation, sait and water 



profiles at any time and water table fluctuations. The model is particularly 

useful for simulating the effects of any proposed management scheme. 

A comprehensive model known as Leaching Estimation and 

Chemistry Model (LEACHM) was developed at Comell University by Hutson 

and Wagenet (1989). LEACHM refers to five versions of simulation models, 

which describe the water regime and the chemistry and transport of solutes 

in unsaturated or partially saturated soils to a depth of about 2 m meters. 

These versions utilize similar numerical solution schemes to simulate water 

and chemical movement. They differ in their descriptions of chemical 

equilibrium, transformation and degradation pathways. LEACHM-C 

describes transient movement of inorganic ions (Ca, Mg, Na, K, So4, CI, 

CO3, HC03), LEACHM-N describes nitrogen transport and transformation, 

LEACHM-P simulates pesticide displacement and degradation, LEACHM-6 

describes microbial population dynarnics in the presence of a single g r o h -  

supporting substrate and LEACHM-W describes the water regime only. 

These models are intended to be applied to laboratory and field situations. 

The LEACHM model uses a numerical solution to Richard's equation 

dependent on knowledge of soi1 hydrological characteristics (Ka-h 

relationships), boundary conditions, and source and sink ternis to predict 

water fiow. Chernical transport is estimated using a numerical solution to the 

diffusion-convection equation, taking into account concurrent sources and 

sinks of solute (such as chemical equilibnum calculations that consider 

precipitation/dissolution reactions) and multiple ion exchange or sorption on 

the soi1 phase. 

Some of the procedures in LEACHM were developed or evoived from 

several earlier rnodels (Bresler, 1973; Nimah and Hanks, 1973a,b; Robbins 

et al., 1980a,b; Tillotson et al., 1980). However, the general theory, its 

improvements and its application to issues of solute migration has been 

presented in several publications (Wagenet, 1 983; Biggar et al., 1 990; 

Wagenet and Rao, 1990; Hutson and Wagenet, 1992, Majeed et al., 1994). 



3. LEACHM MOOEL DESCRIPTION 

LEACHM is a one-dimensional model of water and solute movement, 

chernical reactions and transformations and plant uptake in the unsaturated 

zone. The model written in FORTRAN, utilizes numerical solution 

techniques in which water flow is based on solution of Richard's equation 

and solute movernent is based on solution of a convection-dispersion 

equation (CDE) including source and sink ternis. LEACHM denotes al1 

versions, and LEACHM-C, LEACHM-N, LEACHM-P, LEACHM-6 and 

LEACHM-W specify the salinity, nitrogen. pesticides, microbial growth and 

water regime submodels, respectively. 

3.1 MODEL STRUCTURE AND REQUIREMENTS 

LEACHM submodels are organised in a modular fashion. In each of 

the five submodels, a main program initializes variables, calls subroutines, 

and performs the necessary mass balancing. Some of the subroutines are 

common to al1 submodels, while others are intended for specific submodels 

of LEACHM. Subroutines deal with data input and output, time step 

calculation, evapotranspiration, water low, solute movement, sources, sinks, 

transformations and chernical interactions, leaf and root growth, 

temperature, and solute absorption by plants. 

The way in which nodes and segments are defined in LEACHM is 

illustrated in Figure 3.1. The soi1 profile is divided into equal horizontal depth 

segments (LU, mm) throughout the profile; usually between 25 and 100 mm 

thick. The model uses nodes situated at the centre of each segment. Two 

nodes, "KI below the bottom soi1 layer and "ln above the top soi1 segment, 

are used to maintain boundary conditions. Mass balancing is performed 

using nodes 2 to k-1 which are located inside the soi1 profile. 
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Figure 3.1 Definition of nodes and segments in LEACHM model (Hutson & 

Wagenet, 1992). 



LEACHM calculates tirne steps based on a discrete time interval A t. 

At the beginning of each üme interval bop, the value of A t is calculated in a 

subroutine TSTEP. Several factors constrain the length of the time interval: 

1. The maximum value of user specified time interval in the data input file 

(usually 0.05 or 0.1 day time step). 

2. Time remaining to the end of present 0.1 day period. Events such as data 

output, irrigation, etc. can only be achieved at times which are multipies 

of the O. i tirne step. 

3. Time to complete an infiltration or irrigation event calculated using the 

surface flux density. 

4. Time required for a specified maximum water flux anywhere in the profile. 

In this study, LEACHM-C, the Chemistry, Salt Movement and Water 

Transport version of LWCHM. was selected to check the performance of 

the rnodel for predicting salinity build-up in the soi1 profile (in ternis of soi1 

solution EC and SAR). The rest of the discussion in this study will focus on 

the LEACHM-C submodel. 

3.2 LEACHM-C SUBMODEL 

3.2.1 LEACHMC wbmodel description 

LEACHM-C is the salinity submodel of the Leaching Estimation and 

Chemistry Model, LEACHM (Huston and Wagenet, 1992). The main 

program initializes al1 the variables, calls subroutines that describe the 

following process categories: water Row, salt transport, chernical reactions, 

plant growth, estimating soi1 retentivity and conductivity parameters from soi1 

textural data, calculation of potential evapotranspiration based on pan 

evaporation data and its partitiming into potential evaporation and 

estimaüng water uptake based on the Nimah and Hanks model (Nimah and 



Hanks, 1973a). More complete details of the model are given in the model 

user's manual (Huston and Wagenet, 1992). 

3.2.2 Water flow simulation 

The soil-water flow is simulated using the Richard's equation. This 

equation is derived from cornbining the continuity equation with Darcy's law. 

For vertical one-dimensional flow under transient conditions this equation is: 

ah 
= Cw- a 

where 0 represents the volumetric water content (m3 d), t is time (days), C, 

is the differential water capacity [C(8)=ùû/ah, mm"], K is hydraulic 

conductivity (mm cf-'), H is hydraulic head [the sum of the pressure (h) and 

gravitational components of the soi1 water potential, kPa or mm], z is depth 

(mm), positive downwards and U is absorption of water by plants (day"). 

The model uses an im plicit centralaifference rnethod (Cran k-Nicolson , 

1947) to solve Equation 3.1 for al1 the nodes. 

Equations relating water content, water potential and hydraulic 

conductivity are required in the water flow model. The model can be 

accornmodated to use any retentivity or conductivity functions, e.g . , Van 

Genuchten (1980) but Campbell's (1974) equation described by an 

exponenüal relationship has been used in the model. 



Where h is the soi1 water pressure head, a (air entry potential) in unls of 

kPa, b (related to soi1 texture) is an empirical constant, e is volumetric water 

content, and 8, is the volumetric fraction of water at saturation. 

Equation 3.2, has a sharp discontinuity at a potential equal to the air 

entry value (h=a) and at a water content equal to saturated water content 

(0/0,=1). To overcome this sharp discontinuity, Hutson and Cass (1987) 

modified Equation 3.2 replacing it with a parabolic function at high potentials 

which gives a better representation of retentivity in real soils. They 

developed a sigmoidal and continuous function with a differential water 

capacity equal to zero at saturation as shown in Equation 3.3. 

Variables h, and 8, (respectively the potential and water content at point of 

intersection of the exponential and parabolic CU rves, point of coincidence of 

Equations 2.3 and 3.3) are given by, 



The point of inflection where the two curves coincide is depicted in Figure 

3.2. 

'Air value 
7 

O -  _ ____ , -  -- _ 

O 4 -8 -12 -16 -20 
Pressure potentiai (kPa) 

Figure 3.2 An example of the two-part retentivity function using Br =0.472, 

b=3.92 and a=-350 mm water or -3.42 kPa (Hutson and Cass, 1987). 

H ydraulic conductivity is described using Campbell's equation 

derived by applying a capillary mode1 to Equation 3.1 to obtain 

Where K(8) is the unsaturated hydraulic conductivity (mm dg') at water 

content 8, Ks is hydraulic conductivity at saturation and p is a pore interaction 

parameter [usually used empirically to adjust the shape of the K(0) curve]. 

The values of a, b, 0, and Ks can be entered directly into the input 

data file, if known, or can be predicted by the model using one of five 

possible regression equations (Hutson and Cass, 1987) relating water 



retention to particle-size distribution, organic matter and bulk density 

(Appendix D). A separate utility Fortran program, which is supplied with the 

model can also be used to fit the two-part retention equation to measured 

retention data. 

Boundary conditions 

The model provides a choice of five lower boundary conditions: (i) a 

fked pressure potential or fxeddepth water table, (ii) free draining profile 

having unit hydraulic gradient fiux at lowest node, (iii) zero flux (unsaturated 

condition), (iv) a combination of (i) and (iii) to represent a lysimeter tank from 

which water drains when the bottom node reaches saturation, but has zero 

flux when unsaturated, or (v) a specific fluctuating water table, specified in 

the input data. The upper boundary can Vary between zero flux, upward 

evaporative flux, constant flux infiltration or ponded (zero matric potential) 

infiltration. If soi1 conditions limit infiltration, the model will change a constant 

infiltration flux density boundary condition to ponded infiltration, which may 

lead to incomplete infiltration of water. 

3.2.3 Solute transport 

The generalized convection dispersion equation (CDE) with some 

modification has been used in the model to simulate solute transport. The 

CD€ is fomulated on the prernise that net solute fiux is the sum of 

convection and diffusion fluxes, therefore the rate of change of concentration 

with tirne will depend on both water flux density and solute concentration 

gradient. 

8c  -= 
2t 

The CDE equation is: 



where c is solution concentration (mg 1-'), t is tirne (days), pb is soi1 bulk 

density (kg dm-3), Kd is the distribution coefficient, E is fractional air-filled 

porosity, KH Henry's law constant. z is depth (mm), positive downwards, 
2 1 D(0,q) is the apparent diffusion coefficient (mm d- ) including both rnolecular 

diffusion and hydrodynamic dispersion, q is water flux density (mm d-'), 4 
-3 -1 represents source andlor sink ternis (mg dm d ). 

The sourcelsink terni is assumed negligible because of the srnall 

uptake of salts by plants. Also because the multi-cation exchange 

processes are cornpetitive; sorption (pbKd) and volatilization (EK") in 

Equation 3.7 are not used. In the absence of these terms Equation 3.7 

reduces to Equation 3.8 given below which has been used in the model. 

Boundary conditions 

Upper boundary conditions for solute transport in the liquid phase 

may be zero flux or solute concentration of the infiltrating water. The lower 

boundary is either a specified concentration (used when lower boundary 

conditions are 1, fixed-dept water table ot 5, free-draining profile having unit 

hydraulic gradient at lowest node) or that calculated from the current 

concentration in a mixing cell below the simulated profile. For unit gradient 

drainage, no solutes move up into the profile. 

3.2.4 Modeling chemical interactions 

In LEACHM-C, equilibrium chemistry is not included in the 

convectiondispersion equation because of its complexity; instead, the 

chemical processes (precipitation, dissolution and sorption or exchange) are 



simulated in a separate chemical equilibrium routine (CHEM). The chemical 

species treated are Ca, Mg, Na, Kt CI, S04, CO3, HC03, H, OH, and their 

major ion pairs. The subroutine CHEM contains a systern of mass balance 

equations for al1 the cations and anions mentioned above based on the 

definitions of stability constants 

LEACHM-C model local equilibrium is assumed. This implies that 

reactions are complete at a specified point in space and time. This 

assumption is weakest when water fiuxes are high and when geometry of 

the soi1 pores is such that ion diffusion towards sorption sites is important. 

The chemical equilibrium routine adjusts solution and sorbed 

composition so that the following thermodynamic constants are satisfied: 

1. First- and second-dissociation constant of H2C03, 

2. The solubility products of gypsum (K,,,) and calcite (KWz), 



3. Ion pair stability constants for 1 1 ion pairs, 

Where Cat m' represents a cation of positive charge ml An " represents an 

anion of negative charge n and (catAnm-") represents the ion pair activity. 

4. The equilibrium between a given cation's activity in solution and its 

concentration in the exchange phase is defined using the concept of a 

modified Gapon selectivity coefficient (Robbins et al., 1 Q8Oa) defined as: 

where KG is selectivity coefficient, X refers an exchange cation, M and N are 

metal cations with charges of m+ and n+, respectively. 

The system of mass equations, 3.9 through 3.14, is solved by 

successive approximations (Robbins et al., l98Oa). Moreover, chemical 

equilibrium is re-established at a user-specified frequency, usually every four 

to ten time steps. A detailed description of the inorganic chemical 

equilibrium in 1EACHM-C can be found in the user's rnanual for LEACHM-C 

(Hutson and Wagenet, 1 992). 

3.2.5 Input requirements 

Simulations begin at OOhOO on the first day for which a set of initial 

conditions are required. The soi1 need not be homogeneous in the vertical 

direction. For each soi1 segment, the following inputs and initial conditions 

are required: 



Soil propertiss: water content or water potential, hydrologie constants for 

calculating retentivity and hydraulic conductivity or particle site 

distribution, soi1 bulk density for each layer, chemical contents and soi1 

chemical properties. 

Soi/ surfece boundary conditions: irrigation and rainfall amounts and 

rates of application, pan evaporation, water table depth. 

Crop details (to be used if crops am presenf): time of planting, root and 

crop maturity and harvest, root and cover growth parameters, soi1 and 

plant water potential limits for water extraction by plants. If it is assumed 

that no crops are present, a control variable allows bypass of the plant- 

related subroutines. 

Other consfanb: to calculate lower boundary conditions, time step, 

dispersion and diffusion coefficients and chemical reactions. 

K-8-h 
fro m texture? 
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Figure 3.3 Flow chart for LEACHM-C submodel of LEACHM. 
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These parameters are cornmon to al1 LEACHM submodels and are 

read from separate input files constructed appropriately for each version. 

The functions and subroutines associated with LEACHM-C are summarized 

below: 

CADATE 

CHEM 

ETRANS 

GROWH 

HEAT 

LEACH-C 

OUTC 

POTET 

RWDC 

RETPRED 

WATDAT 

WATFLO 

WUPTAK 

SOLC 

TSTEP 

Calculates calendar dates. 

Adjust input water and soi1 composition to match pCOl and 

equilibrium constants. 

Potential transpiration and evaporation for the time step 

assuming sinusoidal change during the day. 

~stirnatés canopy and root grawth and distribution using 

empirical or regression equations. 

Finite difference simulation of heat flow. 

Initialires al1 variables. 

Prints mass balance components and profile data. 

Calculates daily potential evaporation and transpiration from 

pan evaporation and crop cover. 

Reads the data. 

Performs retentivity and conductivity parameter calculations 

from sand, silt, clay and bulk density data. 

Calculates water retentivity and hydraulic conductivity data 

for the soi1 hydrological constants used and prints in tabular 

forrn. 

Finite diflerence solution of soi1 water flow equation using 

appropriate upper boundary and specified lower boundary 

conditions. 

Calculates water uptake by plants according to root 

distribution, soi1 water potential and hydraulic conductivity. 

Finite difference solution of solute transport equation. 

Calculates the length of the time step (At) according to 

expected water Rux density or specified limits. 



3.2.6 Limitations 

LEACHM-C is not intended to be applied in unequal soi1 depth 

increments, does not predict runoff water quantity and quality, does not 

simulate the transport of immiscible liquids and is not intended to simulate 

the response of plants to soi1 or environmental changes, or predict crop 

yields. Other limitations include inability to handle two- or three- dimensional 

flux patterns. 

3.3 INPUT DATA FILE 

A LEACHM-C data input file is easily prepared by editing the existing 

data in a sample input data file, which is supplied with the rnodel. The data 

file name can be chosen by the user as desired. However, the name should 

be a maximum of eight characters in length and have no extension. The file 

name should also be written in the top left hand corner (the first eight 

positions of the first record) of the data file. This is used when running batch 

executions under DOS. Output files are created by the model and have the 

same name as the input file with the extension .OUT, SUM and .BTC. An 

explanation of the variables used in the input data file is given in Appendix A. 

3.4 OUTPUT DATA FILES 

There are three kinds of output files generated by the model. The 

first type (with the extension .OUT) gives the sali and water balance in detail 

and is printed at specified time intervals or at specified times. It consists of 

several tables. 

1) A table of profile water retentivw and hydraulic conductiv~ data. 

2) A cumulative rnass balance summary for the whole profile. 

3) Profile chemical contents and water content potentials and fluxes. 

4) Plant growth, chemical uptake and transpiration details. 



Either Tables 1 and 2, Table 1, 2 and 3 or Tables 1, 2, 3 and 4 will 

print depending upon the option (1, 2 or 3) specified under 'table printed' in 

the input data file. 

The second type of output file (with the extension .SUM) gives 

cumulative time, cumulative (rain + irrigation), actual transpiration and 

evaporation, depth to water table, chernical fluxes at three depths in the 

profile and at the bottom of the root zone, water fiuxes at these depths and 

at the surface, and water and chernical contents (EC, SARI cations and 

anions) in each profile section and in the root zone. This file, in which each 

record contains one record per print time, is convenient for preparing tiine 

series plots (see Appendix C). 

The third type of output file (with the extension .BTC) lists cumulative 

time, pore volumes and leachate concentration at a selected depth 

increment of the drainage water. The pore volume data are intended for 

evaluation of steady-state or nitemipted steady-state breakthrough curves, 

and are calculated from column water content, not porosity. 



4. PREDlCTlVE CAPABlLlTY WlTH DATA FROM INDIA 

4.1 MATERIALS AND METHOOS 

The utility of a simulation model for irrigation and salinity management 

is based largely on the agreement between measured and predicted water 

and solute movement in the soi1 profile. The LEACHM-C model was 

previously tested for wheat and sorghum crops using data from a lysimeter 

study (Majeed et al., 1994). The model predictions compared well with the 

experimental results. However, in the previous tests no validation was done 

on the model regaiding the prediction of salinity build-up in the soi1 profile 

under field conditions 

To test the model under field conditions, data of soi1 moisture and 

salinity, that are required for cornparison of LEACHM-C mode1 predictions 

and field rneasurements were obtained from the literature (Çhana et al., 

1991; 1994 and Agnihotri et al.. 1992). The data include: water quality data, 

soi1 data, climatic data, crop data and management options. 

4.1.1 Site description 
For six years (1 986-1 992) personnel at the Sampla experirnental station 

of the Central Soil Salinity Research Institute, Karnal, lndia conducted an 

experiment an sandy loam soils. The project area was part of a field in which 

a subsurface drainage system (Figure 4.1) was installed in the summer of 

1984 at a depth of 1.75 m. This laml remained barren before the installation 

of the drainage system and the water-table used to reach the surface during 

the rainy season. The salinity of the ground water at the water-table level 

varied from 10 to 40 dS m". The electrical conductivity of the saturated soi1 

extracts (EC,) ranged h m  25 to 80 dS m" in the top layer (0-15 cm) and 

reduced to about 20 dS m-' at 100 cm depth. 



Installation of the subsurface drainage systern resulted in an 

appreciable redudion in soi1 salinity due to monsoon leaching and continuous 

cropping. The water-table regime in the experimental site ranged from 1.2 to 

1.4 m throughout the crop growing period and the salinity of the groundwater 

at the water table level rangeâ from 8 to 1 0 dS rn-' . 
The study area has a subtropical, semi-arid clknate and receives an 

average annual rainfall of 645 mm. Total rainfall in 1989, 1990, 1991 and 

1992 was 290, 522, 545 and 615 mm, respectively. The 15-year average 

annual rainfall and pan-evaporation (1 978-1 992) for the area is given in Figure 

4.2. About 70-80% of the annual rainfall is confined to the monsoon season 

during June to September and satisfies most of the water requirements of the 

winter crops. The annual pan evaporation values are generally higher than 

the annual rainfall with the exception of the month of August. Maximum pan- 

evaporation occurs in May ta June when the fields generally remain fallow. 

There is a large variation in temperature between the seasons. The clirnate is 

such that the year is divided into two crop growing seasons. Kharif (summer) 
and Rabi (winter). 
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Figure 4.1 Experimental site in subsurface drainage command area at 

Sampla. 
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Figure 4.2 Average annual rainfail and pan evaporation of the area based 

on data from January 1978 to December 1992. 



4.1.2 Modet inputs 

Soil data 

Soil physical data are very important for soil-based numerical models. 

Details of the physical and chernical characteristics of the soi1 of the study 

area are given in Table 4.1. The soi1 is a coarse loam (hyperthermie 

Camborthid) with an average horizontal hydraulic conductivity of 1 rn d*'. In 

the 0-120 cm depth, the soi1 has a field capacity of 18-22% (whv), a total 

porosity of 36 to 43 % and a bulk density of 1.48 to 1.55 Mg rn? The soi1 

texture throughout the profile is classified: 0-30 cm, sandy loam; 30-60 cm, 

loam; 60-90 cm, sandy clay loam and 90-120 cm as a loam. 

Soil samples were collected at each sowing and harvest time frorn all 

replicates with a 5-cm diameter auger at 15cm depth intervals down to 90 cm 

and at 30-cm intervals down to 120 cm soi1 (for details see Shanna et al., 

1991). Soil moisture was detemined gravimetrically at sowing, before and 

after each irrigation and at harvest. Chernical properties and elecûical 

conductivity of the saturation extract, ECel was measured using the methods 

of U.S. Salintty Laboratory Staff (1954). 

The LEACHM-C model uses the Hutson and Cass (1987) soi1 

hydraulic property functions to calculate the hydraulic conductivity-water 

conten t-matric pressure relationships (K-0-h). Values for these functions 

were obtained frorn a sirnilar study on the same type of soi1 (Table 4.2) 



Table 4.1 Initial soi1 physical and chemical properties of the site selected for 

the model testing. 

Physical properties of soi1 

Chernical properties of soi1 

Soil depth 
(cm) 
0-1 5 

ECe SARe caL'+~qL+ Na' CI- HC03 * 
(dS m*') ( rnrno~l)"~~ (mm01 I ) (mm01 I-') (mm01 fl) / (mmoi T') 

Source: Agnihotri et al. (1 992); Shama et al. (1 994). 

pH,, pb denote pH of saturated paste and soi1 bulk density, respedively. 

42 

Sand 
(%) 

68.1 O 

Silt 
(%) 

16.50 

Clay 
("/.) 

15.40 

PHS 

7.80 

Pb 
(Mg m") 

1-48 



Table 4.2 Hydrolog ic parameters used to simulate field soi1 properties. 

Crop data 

Name 

Campbell 
l 

parameters 

Hutson and Cass 

The experiment was conducted under wheat and pearl-rnilletlsorghum 

rotation for three years. A preîowing irrigation of about 70 mm was given 

unifomly in November with non-saline canal water (ECp0.4 dS me') and 

(Tnticum aestivium var. HD 2329) wheat was seeded in the second week of 

November, 1989 and harvested in the second week of April (Table 4.3). After 

the wheat crop, pearl-millet or sorghurn was sown for the Rabi (winter) season 

with a pre-plant canal irrigation of 70 mm. No irrigations were applied during 

the growing period of the pearl-milletlsorghum and the crops were dependent 

on the monsoon rainfall. Recommended cultural practices were followed 

including the application of 120 kg N and 30 kg P per ha (Table 4.3). One 

third of nitrogen and the full dose of P were applied at sowing and the 

remaining nitrogen was applied in two equal splits at first and second 

irrigations (25 and 55 days after sowing). The investigation was carried out in 

field plots of (3.5m x 2m), separated by 1 rn buffen. 

;ource: Minhas and Gupta (1 993b). 

') Parameters defined in section 3.2.2. 

~ y m  bol' 

a 

b 

0, 

h~ 

KS 

0s 

Value 

-1.98 kPa 

3.88 

0.372 

-3.17 kPa 

22.5 mmlh 

O -42 



Table 4.3 Salient features of the experiment during the year 1989-1 990. 

Operation 

Date of sowing 

Va riety 

Fertilizer dose (kgfha): 

N 

P 

No. of post plant irrigations 

(50 mm each) 

Rainfall during growing period 

(mm) 

Date of harvest 

Source: Sharrna et al. (1994). 

Irrigation data 

Wheat 

November 10 

H 0-2329 

April 10 

- 

July 8 

BK-560 

October 9 

Irrigation treatments consisted of seven combinations of non-saline 

canal water (ECm = 0.4 dS m-') and drainage water (ECO,,, = 12 dS m"). 

Each treatment was replicated four times in a randomised block design. 

Initially, soils were desalinised by leaching with rain water conserved in field. 

Irrigation schedules were based on the recommendations for non-saline 



irrigated soils of the area and for each irrigation, 50 mm water was applied. 

Irrigations were applied at crown root initiation, late tillering, flowering and 

dough growth stages of wheat. The various modes of application of non- 

saline and saline waters were: 

4CW: canal water throughout the growing season. 

CWIDW: alternate irrigations with canal and saline drainage water 

starting with canal water. 

2CW+2DW: fint two irrigations with canal water followed by N o  irrigation 

with drainage water. 

DWIC'JV: alternate irrigations with drainage water and canal water 

starting with drainage water. 

2DW+2CW: two irrigations with drainage water and followed by two 

irrigations with canal water. 

1 CW+JDW: one irrigation with canal water followed by three irrigations 

with drainage water. 

4DW: drainage water throughout the growing season. 

Table 4.4 Average composition of canal water and drainage water. 

\l l i t  i IUUi] 1 I I 
(mmol r') 

I 

Canal water 0.4 0.7 1 .O 0.7 
Drainage 

1989-90 12.5-1 5.5 14.5 63 115 
1 990-9 1 12.5-1 4.0 14.5 60 112 
1991 -92 10.5-12.5 12.3 51 -5 88 

1 I 1 1 

Source: Shama et al. (1994). 



Weather data 

Daily values of precipitation, class A pan evaporation and maximum 

and minimum daily temperatures are needed as input for LEACHM. These 

data were collected at Central Soil Salinity Research Institute, Karnal. 

Summary of weather data is given in Appendix G. 

4.1 .3 Assurnptionr in model runs 

In LEACHM-C, three types of input data are needed for model 

operations. The first group consists of soil physical and chemical 

parameters. These data include: initial soi1 water content and soi1 

characterisation of the relationship among water content. matric potential 

and hydraulic conductivity; initial profile of soi1 chemical data (ca2', M~'', 

~ a ' ,  Cl-, s0d2*, HC033; and Gapon type selectivity coefficients describing 

the relationship between soi1 solution and exchangeable cations. The 

second group is comprised of frequency and duration of irrigation and 

rainfall. The parameters in the third group include the ionic composition of 

the irrigation water. Inclusion of an optional plant growth simulation module 

requires additional inputs describing dates from planting to maturity, and root 

and cover growth factors. 

Parameters in the second and third group were taken directly from the 

above-described experiment. The parameters of the first group had to be 

taken from sirnilar soi1 types in the same region of Haryana. However, due 

to a lack of a complete data set, the following input soi1 parameters were 

assumed: 

1. The soi1 was assumed to be at field capacity at start of simulation. Day 1 

of aie simulation corresponded to the planting date. Note that there was 

a pre-irrigation of 70 mm. 

2. To run the model, the following data on initial exchangeable cations (in 

mmol kg") were taken to be the same as a similar nearby soil: 

Caz10.2, Mg=14.6, Nat1 -3, Ks0.3, CEC-11.2 



4.1.4 Model performance 

The model was evaluated by both graphical and statistical methods. In 

the graphical approach, the measured and simulated values of soi1 salinity 

(EC) were plotted against soi1 depth. The response of the model can, 

therefore, be q u a n t i i  visually. The statistical approach, involved the use of 

the goodness of fit test proposed by Loague and Green (1991) to compare 

observed data with results predicted by the model. The mathematical 

expressions which describe these rneasures of analysis are: the root mean 

square error (RMSE), coefficient of determination (CD), modeling efficiency 

(EF), coefficient of residual mass (CRM). The RMSE values show how much 

the simulations under- or over-estimate the measurements. The CD statistics 

demonstrate the ratio between the scatter of simulated values to the average 

value of measurements. The EF value compares the simulated values to the 

average value of the measurements. A negative EF value indicates that the 

average value of the measurements gives a better estimate than the 

simulated values. The CRM is a measure of the tendency of the model to 

overestimate or underestimate the measurements. Positive values for CRM 

indicate that the model underestimates the measurements and negative 

values for CRM indicate a tendency to overestimate. For a perfect fit between 

observed and simulated data, values of RMSE, CRM, CD, and EF should 

equal to 0.0, 0.0, 1 .O and 1 .O, respectively. 

(a) Root mean square error (RMSE): 

RMSE = 



(b) Coefficient of detemination (CD): 

(c) Modeling efficiency (EF): 

(d) Coefficient of residual mass (CRM): 

Where: 

Pi = predicted values 

Oi = observed values 

Ô = mean of the observed data 

n = nurnber of samples 



4.2 SIMULATION RESULTS AND DISCUSSION 

To check the performance of the model for predicting salinity build up 

in terms of electrical conductivity (EC,, dS m-'), simulations were run using 

the following fve irrigation treatrnents: 4CW, CWIDW, 2CW+2DW, 

lCW+3DW and 4DW, described in the "materials and method". The 

simulations started at sowing (November, 1990) with soi1 salinity ranging from 

1.2 to 2.5 dS m-'. Soil salinity increased with the increasing the number of 

saline water irrigations. The ECe values under saline irrigation treatments 

were higher in the upper layers of the soi1 profile. This may be ascribed to the 

combination of salt load of the irrigation water and the to upward movement of 

soluble salts due to capillary rise under high evaporation during later period 

(February-April) of growth of wheat crop. As a result, salts accumulated at a 

shallow depth during periods of water evaporation from the soi1 surface. In 

fact, soi1 salinity increased at all depths sirnulated to a depth of 80 cm, but the 

increase was generally greater in the 0-60 cm depth. This confirms the 

findings of Shanna et al. (1991). 

Depth-wise salinity profiles, rneasured after wheat harvest (April, 

1990) were compared by the model simulations. Results of observed and 

predicted values of soi1 solution EC, for the five irrigation treatments are 

depicted in Figures 4.3 to 4.7. The results of the statistical analysis are 

summarized in Table 4.5 using the mathematical expressions (Equations 4.1 

to 4.4) given in section 4.1.4. 

The graph of predicted soi1 solution €Ce and the corresponding 

observed data for the treatment 4CW (4 irrigation with good quality water), is 

given in Figure 4.3. Observed soi1 solution ECs and predicted values do not 

show any appreciable increase from the initial conditions (Novernber, 1990). 

This is due to the fact that the imgation water used in this treatment was of 

good quality (EC=0.4 dS m-'). The discrepancies between observed and 

predicted values that accur at some points on the curves are slight. The 



reason for these could be that the initial data on the cation exchange 

capacity were assumed. 

Figure 4.3 Observed vs. predicted soi1 salinity for treatrnent 4CW. 

4CW: 4 irrigations with canal water. 



The graphs of predicted soi1 solution EC, versus observed data for 

saline irrigation treatments are given in Figures 4.4 to 4.7. The predicted 

€Ce values of the upper 60 cm layer were found to be always more than 

those observed. The soi1 solution increased from an average of 1.8 dS rn-' 

at start of simulation to over 8.2 dS m". This is due to high salinity water 

application and the evaporation from the soi1 that is more pronounced in the 

upper layers. Equally important, the LEACHM-C mode1 does not account for 

water flow in macropores. Consequently, nonuniform downward and upward 

movement of soif solution in pores of different sizes, both redistribution and 

evaporation processes, might also have contributed to the trend and 

magnitude of disagreement between observed and predicted EC values. 

ECe (dS/m) 

O 2 4 6 8 10 12 

Canal water = 0.4 dS m-' 
Drainage water = 12 dS m" 

Figure 4.4 Observed vs. predicted soi1 salinity for treatment CW/DW. 

CWIDW: 4 altemated irrigations of canal and drainage water. 
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Figure 4.5 Observed vs. predicted sail salinity for treatment 2CW+2DW. 

2CW+2DW: 2 irrigations with canal water followed by 2 drainage water. 
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Figure 4.6 Observed vs. predicted soi1 salinity for treatment 1 CW+3DW. 

ICW+IDW: 1 irrigation of canal water followed by 3 drainage water. 



Canal water = 0.4 dS m-' 
Drainage water = 12 dS m.' 
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Figure 4.7 Observed vs. predicted soi1 salinity for treatment 4DW. 

4DW: 4 irrigations with drainage water. 



( 1 )  Consistent with the graphic interpretation, the RMSE indicates the 

average deviations of the predicted data frorn that observed. The RMSE 

results from the different treatments ranged 26 to 36%. 

(2) By reviewing the CRM value it can be observed that the model under- 

predicts for the fresh irrigation treatment (4CW) and over-predicts the 

saline irrigation treatments (CWIDW, 2CW+2DW, 1CW+3DW and 4DW). 

(3) Examination of the CD parameter indicates that the treatments 4CW 

and 4DW gives less variability between observed and predicted values. 

(4) The performance of the model is marginal as seen by the negative EF 

values. Figure 4.3 illustrates how the model fails to predict the shape of 

the observed soi1 salinity in the lower soi1 profile. 

Table 4.5 Model performance statistics' comparing predicted vs. observed 

data. 

TREATMENTS 

Optimum 

4 cw 
CW : DW 

2CW+2DW 

1CW+3DW 

4 DW 

(*) For explanation of symbols see section 4.1.4 (cornparison methods). 
(*) If al! predicted and observed values were the same, then the statistics 

would yield: RMSE = 0.0; CRM=O.O; C D 4  .O; EF-1 .O. 

RMSE 

(W 
0.0 

26 

36 

36 

28 

27 

CRM 

0.0 

0.09 

-0.1 2 

-0.20 

-0.09 

-0.06 



Another important source of error between observed and predicted 

data will be a result of sampling positions not being concurrent with model 

node positions. Model node positions were 50 mm above and below the 

sampling depth depths. 

In this study simulated and experimental results did not agree. The 

reason could be that some physical and chernical soi1 parameters at the site 

were not available and had to be assumed. For instance, uniform initial 

water content at field capacity was assumed at the beginning of the 

simulations. The hydrologic retentivity constants a and b were taken from a 

similar soi1 type in the region and do not represent the actual physical 

properties of the soil. 

Having run the above scenarios, a sensitivity analysis is another 

method of evaluating model performance. The remainder of this section 

demonstrates mode1 sensitivity to several soi1 parameters. 

Sensitivity analysis 

A sensitivity analysis was performed to evaluate the effect of change in 

initial moisture content and soi1 retentivity parameters on the simulation 

results obtained. Soil moisture content was increased or decreased by 10 

and 20 % throughout the 120 cm depth of the soi1 profile simulated (Figure 

4.8). Changes of the initial moisture content, assumed for the simulations to 

be 0.22, do not influence the salt movement in the soi1 profile. Hence, the 

greater difference observed in the top layer can be attributed to hydrologic 

retentivity constants a and b, and salt load of the irrigation water. 

Results of sensitivity analysis using regression equations, reported in 

Appendix 0, revealed that the best predictions were achieved when 

Equations 1 and 2 were combined. Retentivity at the top of the 30 cm soi1 

layer was simulated by Equation 2 and in the rest of the soil profile by 

Equation 1. Cornparison of the results of the combined Equations (1 and 2) 

with the initial simulations obtained from soil retentivity constants a and b 



reported in Table 4.2 are shown in Figure 4.9. The simulation was done for 

the treatment CWJDW (four altemate irrigations with canal water and 

drainage water). 

Drainage water = 12 dS me' 

Figure 4.8 Sensitivity tests of the initial soi1 moisture content with t10% & 

20%. Observed data are from treatment CWIDW. 



Canal water = 0.4 dS m" 
Drainage water = 12 dS m" 

Figure 4.9 Sensitivity tests of the water retention parameters. 

Observed data are frorn treatment CW/DW, 

Regression Equation 2 was developed for South African sandy loam 

soils. The better predictions by regression Equation 2 for sandy loam soils 

used in this study are the results of the combination of a linear regression 

and an exponential model to describe the two part retentivity cuwe explained 

in section 3.2.2. 

Despite some differences between O bserved and predicted €Ce 

values, the results shown in Figures 4.3 to 4.7 and Table 4.5 indicate that 

the LEACHM-C model could predict distribution of total salt in a soi1 profile 

with irrigations of poorquality waters. 



5. LEACHM-C AND MANAGEMENT SCENARIOS FOR SYRIA 

5.1 BACKGROUND 

Agriculture is a major component of the Syrïan economy. Syria is 

situated in arid and semi-arid zones and its surface water resources are 

limited. To date, Syria like other arid and semi-arid lands in the Middle East, 

uses -85 to 90% of its total water resources for agriculture (Wakil, 1993a). 

In order to augment the irrigated land base and to increase crop yields, 

many growers in Syria currently use waters of lesser quality from 

groundwater sources. Thus, du ring the last ten years, brackish 

groundwaters (with an electrical conductivity (EC) greater than 0.75 dS m-') 

are increasingly used for irrigation of winter crops. 

Brackish aquifen in Syria are located predominately in two basins: 

the Khabur basin in the north east (heavy textured soils) and the Aleppo 

basin in the north central (medium to light texture soils). In addition, some 

minor isolated saline aquifers occur in other regions of Syria such as the 

Euphrates and Salamieh regions. 

The Khabur aquifer is the largest aquifer in Syria and its productivity is 

estimated to be 2000 million m3 of which approximately one-third is 

considered saline (greater than 0.75 dS m-') (Wakil, 1993b). The annual 

productivity of the Aleppo basin aquifer is estimated to be 650 million m3 

of which 20% is considered saline (EC of 0.75 to 13 dS m-'). The typical 

crop rotation in the Khabur basin is: wheat (50% cropping intensity) in the 

winter and cotton (35%), corn (15%) and legumes (5%) in the summer. 

While, the typical crop rotation in the Aleppo basin is: wheat (50%) in the 

winter and vegetables (35%) and cotton (15%) in the summer. In both 

basins a traditional surface furrow-basin irrigation method is widely applied. 

A field study was conducted in these semi-and regions of Syria to 

define wheat (Titicurn aestivium L.) salt tolerance with respect to irrigation 

water salinity and development of soi1 salt accumulation in the root zone 



(Wakil and Bonnell, 1996; Haffar, 1997). The two regions experience similar 

climatic conditions (semi-arid Mediterranean climate) but have different soi1 

textures, varying from sandy loam to clay. According to these authors, the 

threshold water salinity values obtained in their study were different from the 

"universal" irrigation water threshold value for wheat of ECiw= 4 dS m-', as 

reported in the literature (Maas and Hoffman, 1977; Ayers and Wescot, 

1985). For the fine textured soils in the Khabur iow plains the irrigation 

water threshold salinity value was found to be Eck= 1.2 dS mot. On the 

other hand, in the case of the coarse textured soils of the Aleppo south 

plains the threshold value was found to be 3.5 dS m". These researchers 

concluded in their studies that the "universal" threshold value of Eck= 4 dS 

m-' (or €Ce= 6 dS mg', soi1 salinity of saturated extract) was too high. The 

differences were attributed to the artificial conditions used du ring the 

experiments in establishing the universal values. These conditions included: 

artificially salinized field plots seeded under non-saline conditions and 

frequent irrigations (to minimize the matric potential build-up between 

irrigations). Thus, the universal standards do not represent the levels of soi1 

salinity in the root zone and crop response under prevailing field conditions 

induding climate, soi1 condition and irrigation water management 

techniques. Indeed, their findings demonstrate the requisite of establishing 

specific criteria for saline water use under in situ field conditions. 

Regional rainfall amounts to about 250 mm yi l  which is much lower 

than the potential evapotranspiration (2500 mm Consequently, very 

little natural leaching of the soi1 can be expected. This can result in a 

progressive build-up of salts in the root zone. Moreover, the irrigated areas 

using groundwater are not provided with surface or subsurface drainage 

systerns. This in tum can lead to soi1 degradation and crop yield reduction, 

and to the destruction of the local agriecosystem. Signs of soi1 deterioration 

have been noted in several locations in the two basins. In some areas, land 

has been already abandoned. 



In this chapter an effort is made to demonstrate as an example, how 

the rnodel LEACHM-C can be used as a management tool by providing an 

estimate of how much water and length of time may be required in order to 

maintain, or if need be, reclaim the soi1 profile to desired levels of salinity 

and sodicity. 

5.2 DEVELOPMENT OF SCENARIOS 

A hypothetical salt-affected case was constructed with climatic and 

other field data representative of the semi-arid regions of Syria. LEACHM-C 

model was applied to assess the consequences of three water management 

scenarios to the reclamation of an artificially constructed soi1 profile. 

Fanners are currently using fallow as a means of atternpting to reclaim 

slightly salinized fields. Before the initiation of water application for 

reclamation, this soi1 is assurned to have the characteristics presented in 

Table 5.1 after a number of irrigations with saline water. In these 

calculations, it was also assumed that the mean soi1 salinity values (€Ce) 

should not exceed 4 dS m-' at the end of the simulations. This assumption 

was made on the basis of experience at the study site. Wakil (1994) found 

that for wheat the threshold level was about 4 dS m*'. The simulations 

started on November 1 ai the beginning of the winter season and lasted until 

Febniary 15, which corresponds to the rainy season. The following scenarios 

were simulated for three fallow years: 



Scenario 1 : (low salinitylhigh qurntity) 

Water application: Seven 60-mm flood irrigation applications. 

Frequency of application: Once every two weeks for 14 weeks 

Water quality (mmol 1 ) :  Ca=0.30, Mg=1.00, Na=0.50, K=0.20, Cl=0.30t 

S04=4.40, HcO3=2.60; EC=0.4 dS mm'. 

Scenario 2: (low salinityliow quantity) 

Water application: Seven 30-mm fiood irrigation applications. 

Frequency of application: Once every two weeks for 14 weeks 

Water quality (mmol 1-'): Ca=0.30, Mg=1 .OO, Na=0.50, K=0.20, CI=0.30, 

S0414.40, HC03=2.60; EC=0.4 dS m-'. 

Scenario 3: (high salinityllow quantity) 

Water application: Seven 30-mm flood irrigation applications. 

Frequency of application: Once every two weeks for 14 weeks 

Water quality (mm01 TI): Ca=17.5, Mg=9.00, Na=4.20, K=0.30, Cl=8.0Ot 

S04=23.0, HCOp3.64; EC=4 dS rn-'. 

Note: 

It is assumed that the mass load remains constant for the remaining months 

of each fallow year simulated (no water table, no rain and no irrigation), 

therefore, no new salts. 



Table 5.1 Initial soi1 physical and chernical properties of the area selected for 

the model demonstration. 

Physical properties' 

Solution ion concentration (mmol 1")" 

- - 

/ So:$th 
0-20 

20-40 

40-60 

60-80 

80-1 00 

100-1 20 
I 

(')Source: Haffar (1 997); (*) assumed values. 

Clay 
(%) 

30.00 

39.80 

45.30 

45.10 

41.40 

41.40 
I 

p h  Bi, pb denote pH of saturated paste, initial water content and soi1 bulk 

density, respecîively. 

Silt 
(%) 

44.20 

40.50 

41.20 

39.40 

40.60 

40.60 
l 

Mg 

12.50 

Soil depth 
(cm) 
0-20 

Ca 

19.20 

Na 

10.00 

Sand 
(%) 

25.80 

19.70 

13.50 

15.50 

18,OO 

18.00 
I 

S04 

19.90 

HC03 

0.48 

K 

5.50 

pHs 

8.00 

8.00 

8.00 

8.00 

8.00 

8.00 
I 

CI 

28.00 

Bi 
(m3/m3) 

0.1 1 

0.10 

0.14 

0.20 

0.18 

0.18 
I 

Pb , I ( ~ g / m ~  - 
1.30 

1.30 

1.30 

1.30 

1.30 

1.30 
I I 



Area selected for the model demonstration 

Aleppo basin was selected for the purpose of demonstrating the use 

of the model for developing reclamation strategies. Soils in the Aleppo 

irrigated plains are predominantly day loam and soi1 structure is generally 

subangular blocky in the surface horizon and prismatic below. The soils 

contain about 25% calcium carbonate, 40% clay, 41% silt and 19% sand 

and have a pH, of 8 throughout the profile. Bulk density of the soi1 ranges 

between 0.9 to 1.3 Mg ma. The volumetric water content at saturation (Br) 
3 3 and water holding capacity (h,) was found to be 0.45 m lm and 0.24 cm/cm, 

respectively. The water retention characteristic of the soi1 of the area is 

depicted in Figure 5.1. 

Weather data 

Weather data from a meteorological station located at Tel Hadya Research 

Station were available for this simulation. Precipitation, maximum and 

minimum temperatures and pan evaporation data were measured on a daily 

basis. Summary of the weather data for the site is reported in Appendix H. 
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Water content (%. weight) 

Figure 5.1 Soil water characteristic of the Aleppo basin (Haffar, 1997). 



5.3 SIMULATION RESULTS AND DISCUSSION 

The model was run with initial conditions as reported in Table 5.1 and 

input data as in Appendix F. Two qualities of water were used. high quality 

water (scenario 1 and 2, see section 5.2) and the low quality water (scenario 

3). Two water management options were also used, high quantity (scenario 

1) and low quantity (scenario 2 and 3). 

Figures 5.2 to 5.4 show the salinity profile for the three scenarios 

during 100 days of simulations for each year. Three depths 300, 600 and 

900 mm in the soi1 profile were selected to depict the salt movement during 

the course of the reclamation process. Table 5.2 shows the complete 

descriptions of the soi1 profile characteristics at selected times during the 

three year period considered for the reclamation process to be carried out. 

It is apparent that the best reclamation efficiency was attained using 

high quality and quantity water (scenarios 1) scheme. The 420 mm of water 

applied, in combination with the rainfall was sufficiently large to achieve net 

percolation. This results in leaching of salts (Figure 5.2). It is recognized 

that with time, this leaching fraction may in areas lead to waterlogging. The 

depicted EC values show that soi1 salinity increased with respect to depth. 

Conversely, this pattern was reversed in scenario 3 which uses less water 

and water of higher salinity. 

In scenario 2. the total arnount of applied water for leaching was 

reduced from 420 to 210 mm. By the end of the third fallow year, a 

substantial quantity of salt had been removed from the soit profile (Figure 

5.3), however, since the quantity of water applied was less, scenario 2 never 

achieved the level of reclamation as did scenario 1. 

In scenario 3. the net effect was a substantial increase in EC of the 

soi1 profile, primarily because of the high chloride content of the irrigation 

water and relatively srnall quantity of water applied (thus no deep leaching 

occurred). Since the irrigation water itseîf contained salts, the upper 30 cm 

of the soi1 profile gave higher EC values (Figure 5.4). This was due not only 



to water quality, but also to evaporation at the soi1 surface. The evaporation 

acted to concentrate salts remaining there at the end of each year, 

producing a higher calculated €Ce. Evaporation and the concentration of 

salts were therefore the primary process operating in the soil. In scenario 3, 

in order to decrease the rate of salinization and to attain a favourable salt 

balance, either the irrigation amounts should be increased or saline water 

should be excluded from the leaching process. However, any atternpt to 

utilize saline water for irrigation, calls for leaching of accumulated salts either 

by conserving rainfall (water harvesting) or by applying good quality water 

imported from an aiternative water source. 

It is thought that. the LEACHM-C model, which is based on transient 

soil-water conditions and non-steady state soi1 chemistry, has proven to be a 

very useful tool in classifying the waters, assessing their suitability and 

evaluating management strategies for reclaiming salt affected soils. Hence, 

this model could be a useful tool to predict leaching requirements as well as 

crop root zone salinity in the semi-arid areas of Syria. 



Scenario 1 : 60 cm of Fresh Water Application 

Tme interval (days) 

Figure 5.2 Predicted soil salinity at three depths in the soi1 profile. 



Scenario 2: 30 cm of Fresh Water Application 

- - - - - - - 

14 28 42 56 70 84 98 

Tirne interval (days) 

Figure 5.3 Predicted soif salinity at three depths in the soil. 



Scenario 3: 30 cm of Saline Water Application 

1 YEAR 1 1 

Figure 5.4 Predicted soi1 salinity at three depths in the soil. 



Table 5.2 Predicted EC and SAR during the rectamation process. 

1 Depth 1 T ime = 0.00~ 

EC (dS me') SAR ( rnrno~l)~-~ 

0-20 

L l I I I 1 1 
(3 Beginning of simulation (Ol/Il/8ï). 

20-40 

40-60 

60-80 

80-1 O0 

100-120 

I 

Case 1 

7.52 

5.85 

5.42 

5.30 

5.34 

5.20 

Time = 12 months (1 " fallow year) 

5.02 

5.14 

5.29 

5.30 
-- 

Case 2 

6.72 

0-20 

20-40 

Case 3 

7.52 

Case 1 

1.59 

5.85 

5 .42 

5.30 

5.32 

' 6.00 

3.75 

6.01 

5.05 

5.23 5.20 0.90 1 .O9 

Case 2 

1.80 

t -40 

1 .O5 

1 .O5 

1 .O0 

0.90 

1 1.88 

7.76 

Case 3 

1.90 

1.70 

1.35 

1 .O5 

1 .O0 

1.45 

1.30 

I 

2.40 

1 .O5 

1 .O5 

1 .O0 

1.65 

1.70 

, 
2.30 

1.75 



Table 5.2 (continued) 

Depth 

(cm) 

0-20 

20-40 

40-60 

60-80 

80-1 O0 

100-1 20 

Tirne = 24 months (2"' fallow year) 

EC (ds m-') 

Time = 36 months (3m fallow year) 

SAR (mm011 I)'-~ 

0-20 

20-40 

40-60 

60-80 

80-1 O0 

100-120 

Case 1 

5.57 

3.84 

3.85 

4.28 

4.71 

5.00 

3.00 

3.28 

3.28 

3.55 

3.85 

4.00 

2.65 

1 -74 

1.50 

1.25 

1 .O5 

0.90 

1 .IO 

1 .O0 

1 .15 

1.20 

1.20 

1 . I O  

1.70 

1 -45 

1.35 

1.15 

1 .O0 

0.90 

Case 2 

7.44 

5.18 

5 .O5 

5.16 

5 .24 

5.24 

6.79 

5.24 

5.05 

5.16 

5.24 

5.25 

Case 3 

10.30 

7.85 

6.38 

5.61 

5.34 

5.23 

Case 1 

1.35 

1.30 

1.30 

1.25 

1 .lO 

1 .O0 

15.00 

8.96 

7.42 

6.40 

5.70 

5.35 

Case 2 

1.85 

1.45 

1.35 

1.15 

1 .O0 

0.90 

Case 3 

2.10 

1.75 

1.40 

1 .O5 

1 .O0 

0.90 



6. SUMMARY AND CONCLUSIONS 

This study demonstrates the utility of the LEACHM-C model for 

predicting soi1 salinization-desalinization and management of saline water 

irrigated soils. In part one of this study, the performance of the LEACHM-C 

model was investigated for predicting salinity build up in the soil profile (in 

tems of soi1 solution EC,) as affected by irrigation water quality. The 

LEACHM-C model was used to compare the sirnulated EC values with one- 

year data (1989-1990) obtained from a field study in India. In the 

experiment, canal water (ECz0.4 dS m-') and drainage water (EC=12 d~m- ' )  

was used to irrigate wheat (Tntcum aestivium L.). First, evaluation of 

predicted venus measured results was graphically detenined. Second, 

agreement between predicted and observed salinity values were quantified 

with four objective functions; root mean square error (RMSE), coefficient of 

residual mass (CRM), modeling effciency and the coefficient of 

determination (CD). Reasonable agreement was not found between model 

predictions and experimentally measured data for the condition tested. The 

results show that the initial soit condition assumed was critical for the model 

performance. Agreement between observed and predicted results were 

improved when water retention constants a and b were adjusted using 

regression equations for estimating retentivity proposed by Hutson and Cass 

(1 987). 

In the second part of this study, simulations were performed to study 

the capabilw of the LEACHM-C model for developing management 

scenarios for a semi-arid region in Syria. Three management scenarios and 

three years of fallow perîod were considered to attain acceptable soi1 salinity 

in the sail profile (ECe=4 dS m"). In scenario 1, 60 mm of water with high 

quality water (EC=1.2 dS rn-') was applied on the soi1 by flood irrigation for 

14 day intervals over a total period of 100 days. In scenario 2, 30 mm of 

water was applied using the same quality of scenariol. In scenario 3, 30 



mm of water was applied using low quality water (4 dS rd). Scenario 1, was 

found to be the optimum strategy for reclaiming from the initial soi1 salinity 

conditions. 

The movement of salts through the root zone is a highly dynamic 

process, which favours the use of transient soil-water-chemistry models. On 

the basis of this study, it is thought that the LEACHM-C model could be a 

useful tool to predict crop root zone salinity on land irrigated with saline 

water as well as for planning reclamation activities. Definitely, the LEACHM- 

C model has tremendous capability for interpreting soi1 solute dynamics and 

provides useful insights into root zone hydrology. Moreover, information 

provided by the model on the quality and quantity of drainage water leaving 

the root zone can prove useful in designing drainage systems necessary for 

controlling root zone salinity and minimizing disposal of salts to other 

environments. These would, evidently, help reduce the number of 

experiments required to ascertain the hazardous effects of poor-quality 

water on soi1 properties in semi-arid areas. 
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APPENDIX A 

WPLANATION OF VARIABLES USED IN THE INPUT FILE 



MAIN INPUT DATA VALUES 

Date format 

Starüng date 

Ending date 

Tirne interval 

Water flux/ 

time step 

No. of yeam 

Profile depth 

Segment 

thickness 

Lower 

boundary 

User option for date format: 1 for US (mmlddlyy) and 

2 for UK (ddlmmlyy). 

Starting date of simulation in the format specified by 

data format. 

Date when the simulation is supposed to end. 

User specified minimum number of time intemals per 

day. The maximum value is 0.1 day. 

Maximum pemissible water flux dunng a time 

step (usually about 0.01 Az, mm d"). 

Number of repetitions of rainfall, crop and chernical 

application data. For most purpose set this to one. 

Depth of the profile in (mm) to be perfonned the 

simulation, preferably a multiple of the segment 

thickness. 

Depth of the profile should be divided of equal 

thickness (& mm) throughout the profile. 

1 : fixed-depth water table; 2: freeîlrainage profile; 

3: zero flux; 4: lysimeter tank; 5: fiuctuating water 

table. 



Water table If lower boundary condition is 1 or 5; it is required 

depth initial water table depth (mm). 

NO. output User selected options of output files: 1 : OUT only; 

files 2: OUT + SUM; 3: OUT + SUM + BTC. 



CROP INPUT DATA VALUES 

Plants present 1 yes, O no: A value of "O" results in al1 plant related 

routines to be ignored; al1 other data pertaining to 

plants, including growth and transpiration, is over- 

ridden. 

1 Constant, 2 growing: Specifying "ln selects a 

constant root distribution, defined in the root fraction 

column in a subsequent table. Indicating "2" the 

GROWTH subroutine simulates root growth using 

empirical or regression equation. 

Minimum root Minimum value of the crown potential which 

water potential limits transpiration. 

Wilting point Matric potential which no water is taken up by plants. 

Root flow Accounts for resistance to water flow through the 

resistance xylern vessels. 

Planting data Respective date of planting of crop. Must provide by 

the user and must be in the format (U.S. or U.K.) as 

sefected in the main. 

Emergence 

Date 

Respective date of emergence of plant. 

Maturity date Respective date of crop maturity. 



Harvesting 

Date 

Relative root 

depth 

Crop cover 

fraction 

Pan factor 

Respective date of harvesting of plant. 

Coefficient usually taken to be 1 .O. To comp- 

ress or expand the root distribution. 

Fraction of the ground surface covered by leaves 

which increases from zero on the day of seedling 

emergence and reaches a maximum at plant maturity. 

Dimensionless pan coefficient. Will be read only when 

potential evapotranspiration is ta be made estimated 

using pan evapotranspiration data for the location. 



IRRtGATlON INPUT DATA VALUES 

Stsiting time Time of start of irrigation event in ternis of date and 

time. 

Date or Date of irrigation event. Must be in the same 

day no. format (US. or U.K.) as specified in the main. 

Time of day Time of start of water application to be given to the 

nearest of the muitiple of tenth of a day. Zero day 

starts at rnidnight. 

Rate of 

application 

Arnount of water application. 

Rate of water application in mmlday. For 

ponded case the rate must be specified as 999.9. 



APPENDIX 6 

EXPLANATION OF WEATHER INPUT FILE 



WEATHER INPUT FILE 

Weather input file contains daily weather data. This input file consists of 

daily minimum temperature, daily maximum temperature, daily precipitation, 

daily potential evapotranspiration (usually pan evaporation), and snow 

depth. The assumption is that the first record in the data file will correspond 

to day i of LEACHM simulation, so it may be necessary to select the records 

required by a specific simulation. For instance, if you are performing a 

LEACHM simulation starting on lSt Februav, then this will be day 1. and the 

first 31 records will have tu be deleted from weather data file. The data file 

can contain more records that required by the simulation. 

A Weather Utility Program will reads this daily weather data and 

converts it to the units and format required by LEACHM. This includes 

estimating potential ET, summing daily ET values to weekly values, 

calculating weekly mean temperatures and amplitudes and writing al1 of 

these data in the format required by LEACHM. The program will prompt for 

the names of two output files one for evapotranspiration and one for 

precipitation. These two output files can be copied directly into the 

LEACHM-C input data file. 

Acceptable input units in the weather input file are the following: 

Temperature Degrees Centigrade (OC) or Fahrenheit (OF). 

Precipitation mm, cm, inches, hundredths of an inch. 

Snow depth mm, cm, inches. 

Potential mm, cm, inches, hundredths of an inch. 

Evaporation 



APPENDIX C 

EXPLANATION OF ".SUMU OUTPUT FILE 



".SUMW OUTPUT FILE VARIABLES 

The summary file contains one record per print time. For the purposes of the 

summary, the soi1 profile is divided into three, sections, bounded by user 

specified depths or by default, nodes closet to the thirds of the profile. The 

variables in the summary file are the following: 

TIME Time elapsed in days. 

CRAN Cumulative rain (mm). 

TRANAC Cumulative actual transpiration (mm). 

CEVAP Cumulative actual evaporation (mm). 

ECn Electrical conductivity (pS m-') at depth n. 

TH, Water content (mm) in section n. 

H. Water potential (kPa) at depth n. 

SARn Sodium adsorpüon ratio at depth n. 

CFWn Cumulative water flux across depth n (mm). 

c& Calcium in solution at depth n (mmol TI). 

Magnesium in solution at depth n (mmol 1-'). 

93 



Sodium in solution at depth n (mmol I*'). 

Potassium in solution at depth n (mmol 1-'). 

Chloride in solution at depth n (mmol 1-'). 

Sulfate in solution at depth n (mmol 1-'). 

Bicarbonate in solution at depth n (mmol f'). 

Carbonate in solution at depth n (mmol IO'). 



APPENDIX D 

ESTIMATION OF WATER RETENTION PARAMETERS 



REGRESSION EQUATIONS FOR RETENTIVITY 

LEACHM uses one of five sets of regression equations (Huston and Cas, 

1978) relating water retention to easily measured soi1 properties such as 

particle-size distribution bulk density and organic matter content. The 

regression equations is of the form: 

8 = Ba + Bi Clay + B2 Silt + B3 pb 

Where Bo, Bi, B2, B3 are dimensionless regression coefficients, Clay is % 

clay content, Silt is % silt content and pb is bulk density (g/cm3). The five 

equations used in LEACHM for estimating water retention properties of soils 

are following: 

1. Huston's Regression for South African Soils (clay as variable) 

el = 0.394 + 0.0021 1 (Clay + Silt) - 0 . 0 9 6 ~ ~  

= (-3.23 + 0.437clayoV5 - 2 . 4 4 ~ 7 0 - ~ ~ l a ~ ' - ~ )  

2. Huston's Regression for South African Soils (silt 2-20 pm) 

Or = 394 + 0.0021 1 (Clay + SM) - 0.096pb 

e2 = Exp[-3.43 + 0.41 9(Clay + ~ i l t ) ~ . '  - 1 .83x10j(clay + ~ i l t ) ' .~ ]  

3. British Soil Survey Regression (topsoil, silt site 2-60 p) 



4. British Soil Survey Regression (subsoil, silt size 2-60 pm) 

5. Rawls and Brakensiek (USA) 

0 = 0.4180 - 0.0021 Sand + 0.0035Clay + 0.0232C/0.67 - 0 . 0 8 5 9 ~ ~  

Where Sand is % sand content, C is % carbon content. O2 values are 

calculated for the exponential cuwe of the two-part retentivity function. 



APPENDIX E 

INPUT DATA FILE FOR MODEL TESTING 

(SAMPLA - INDIA) 



SAMPLA DATA SIMULATION 

Data must be present for each item, aven if it not used 

LEACHM-C does not accept blanks 

H Data type US: 1 UK:2 

Starting date 

Ending date (date or day no.) 

Largest time intemal (day) 

Max. theta changeltime step 

Read theta (1 ) or pott[ (2) 

CaIc. Sel. Coeff. 
I K-T-h from PSD? 

No. of chernical applications 

Years OF cycles 

l 
No. of crops 

No. of time stepslchemeq 

PROFILE DETAILS 

Bottom boundary condition 
l 
' Segment thickness (mm) 

L 

) Depth of water table (mm) 1 1400.0 

Profile depth (mm) 

1 SOlL DATA 

1200.0 

Soit bulk density (Mglm3) 

Airentry-value (kPa) 

Exponent in Campbell's eq. 

Sat'd K value (mmlday) 

CROP DATA 



Wilting point (soil) kPa 

Max. actual tranipotl Van) 

Min. root water pot'l (kPa) 

Max. root water pot'l (kPa) 

Root flow resistance const (0) var.(l ) 

DIFFUSION/DISPERSION COEFFECIENTS 

Molecular diffusion (Do) 

Dispersivity (mm) 

Coefficient (mmUd) 

(B rester's eq.) 1 10.000 

OUT PUT 

Segemnent print frequency 

Pnnt option: 1 ,2  or 3 

Summary pnnt frequency (d) 

1 : time intervalslprint 

Number of output files 

2: dayslprint 

3: No. of prints (even) 

DAY O f  PRlNT OUT (if print options = 3) 

Date (or day No.) Time of day (to nearest tenth) 

01 0490 0.5 

101090 0.5 

THREE DEPTHS WHlCH DAlLY SUMMARY IS TO BE RECORDED (mm) 



INPUT DATA FILE FOR MODEL DEMONSTRATION 

(TEL HADYA - SYRIA) 



TEL HAOYA DATA SIMULATION 

Data rnust be present for each item, even if it not used 

LEACHM-C does not accept blanks 

Data type US: l UK:2 

Starting date 

Ending date (date or day no.) 

Largest time interval (day) 

Max. theta changeltirne step 

Read theta (1) or pot'l (2) 

Calc. Sel. Coeff. 

K-T-h from PSD? 

No. of chernical applications 

Years or cycles 

No. of crops 

No. of time stepdchemeq 

PROFILE DETAILS 

Profile depth (mm) 

Bottom boundary condition 

Segment thickness (mm) 

1 Depth of water table (mm) I 0.000 

Exponent in Campbell's eq. 

SaYd K value (mmlday) 

SOlL DATA 

CROP DATA 

Soil bulk density (Mglm3) 1.30 

Air-entry-ualue (kPa) -12.5 



Wilting point (soil) kPa 

Max. actual tmnlpotl tran) 

Min. root water pot'l (kPa) 

Max. root water pot'l (kPa) 

Root flow resistance const (0) var.(1) 

OUTPUT 

- --  -- 

DIF F USIONIDISPERSION COEFF ECIENTS 

Segemnent print frequency 

Print option: 1 ,2  or 3 

Surnmary print frequency (d) 

1 : tirne intervals/pn'nt 

Number of output files 

2: dayslpnnt 

3: No. of prints (even) 

Molecular diffusion (Do) 

Dispersivity (mm) 
Coefficient (mm2ld) 

(Bresler's eq.) 

DAY OF PRlNT OUT (if print options = 3) 

150.000 

100.000 

0.01 0 

10.000 

Date (or day No.) 

150288 

150289 

1 50290 

T ime of day (to nearest tenth) 

0.6 

0.6 

0.6 

THREE DEPTHS WHlCH DAILY SUMMARY IS TO BE RECORDED (mm) 



APPENDIX G 

MONTHLY CLlMATlC DATA FOR SAMPLA (INDIA) 



SAMPLA SITE WEATHER RECORD, 1989-90 

(IN DIA) 

- 

January 

February 

March 

April 

May 
June 

July 

August 

Septem ber 

Octo ber 

Novem ber 

December 

Pan Evaporation 

(Ave. mmld) 
Rainfall 

(m mid) 



APPENDIX H 

MONTHLY CLlMATlC DATA FOR TEL HADYA (SYRIA) 



TEL HADYA SITE WEATHER RECORD, 1987-88 

(SY RIA) 

January 

February 

March 

April 

May 
June 

July 

August 

September 

October 

November 

December 

Pan Evaporaüon 

(Ave. mmld ) 

Rainfall 

(mrnfd) 



APPENDIX I 

OUTPUT FILLE SAMPLE 



PREDlCTED R13TENTIVITY AND CONDUC'I'IVII'Y DATA 

Sotrn -3 kPn - t O kPa -30  kPa - I <)O kP;i - 1 500 kl'ii ( n (kl'ii) b p 





9 ";r 
Ef l  
Pl- - 









50, ,0798 -1323. 220.71 42.77 8.8 17.3 1 ,O .O .O 44.2 .O00 .O00 1.4 4 .5 51 1.7 5.75 
150. .O8\6-l2ll. 174.54 51.18 8.8 6 1.5 ,O .O 43.6 ,000 .O00 l . G  4.9 502.8 5.94 
250, ,0773-1497,119.97 53.10 10.2 18.1 5.2 .O .O 51.6 ,000 ,000 1.7 5 .5  592.6 6.37 
350, ,0846 -1052. 65.91 28.93 8.9 14.5 5.0 .O ,O 42.9 ,000 ,000 1.6 5.2 496,8 6.35 
450. .O908 -801. 35.26 37.08 8 . 0  11.0 4.0 .O . 1  35.0 .O00 .O00 l . G  4 .9  404.6 6,30 
550, ,1044 -465, 7,04 .O0 4.3 5.3 3.3 .O 1.5 21.0 ,000 ,000 1.5 4.3 243.1 6.08 
650. .IO74 -417, 4.60 .O0 3.8 2.7 5 . 0  ,O 4 . 6  18.8 ,000 ,000 1.5 3.9 211.9 6.29 
750, ,.IO43 -468. 3.85 O 4 .4  2.3 11.0 .O 2.9 23.8 ,000 .CIO0 1.G 4.3 234.6 6.64 
850. .O937 -707, 3.43 19.89 6.3 2.8 18.7 . 1  1.7 33.5 ,000 .O00 2.2 5.8 313.5 6.85 
950. ,1075 -415. -10.84 .O0 4 . 3  1.8 13.3 .O .4 21.G .O00 .O00 2.2 5.4 21 1.7 6.73 
1050, , I  140 -330. -6.59 .O0 3.4 1.4 10.7 .O . I  16.3 ,000 ,000 2.2 5.4 168.3 6.64 
1150. ,1167 -302. -2.99 .O0 3.2 1.2 9 9 .O .O 15.5 .O00 ,000 2.2 5.4 155.7 6.61 

t Drainage flux: .33 
1 

(Water fluxes are cumulaiive since the previocis printoiit niid, except f i ~ r  
the drainage flux, refcr to tlie iippcr boii~idiiiy of  eacli depili seyiiiciit. 



Tirne: 1 5 1.500 Düys Crop cover: ,800 Root 130teiilinl:-.3000E-4.04 kPa 

Node Roo~s Ca Mg Na K Dissol ved 
Depth Excl1 Soln Cxcti Solii Encli Solii Exch Soln cations 
rniu frnctiuti niclkg inti~olll i~iclkg iiiciiolll tiw/kg iiwiolll inelkg iiiiiiolll iiiell 




