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Figure 3.18.  Location of subsurface tile drains sampled on the west side of the 
SDWA (Chilcott, et al., 1988). 
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4. Steady State vs. Transient Models for Soil Salinity 

4.1. Steady-State Models 
Steady-state analyses are simpler than transient-state analyses. The common 
assumption is that with time, a transient system will converge into a steady-state case 
and provide justification for steady-state analyses. This convergence never truly exists 
in the upper soil profile but investigators have found that steady-state analyses are 
excellent first approximations and over long time periods, if rainfall is taken into account, 
provide acceptable results and do not require the vast amount of information on 
irrigation amount and frequency, soil physical and chemical properties, and crop 
evapotranspiration that are typically required for transient models.   
 
At least five different steady-state models have been developed and published over the 
past half century. These models are typically applied over a period of a year or a 
number of years, assuming the storage of soil water and salt does not change over the 
period of time in question; thus, steady-state is assumed. All of the steady-state models 
considered here have been directed at solving for the leaching requirement. The 
leaching requirement (Lr) is the smallest fraction of applied water (irrigation plus rainfall) 
that must drain below the crop root zone to prevent any loss in crop productivity from an 
excess of soluble salts. The amount of leaching necessary to satisfy the Lr depends 
primarily upon the salinity of the applied water and the salt tolerance of the crop. As the 
leaching fraction decreases, the salt concentration of the soil solution increases as crop 
roots extract nearly pure soil water leaving most of the salts behind. If the salt 
concentration in the soil exceeds the crop’s salt tolerance threshold level (refer to Table 
3.1), leaching is required to restore full crop productivity. Depending on the degree of 
salinity control required, leaching may occur continuously or intermittently at intervals of 
a few months to a few years.  If leaching is insufficient, losses will become severe and 
reclamation will be required before crops can be grown economically.  
 
All steady-state models are based upon mass balance of water and salt. Thus for a unit 
surface area of a soil profile over a given time interval, inflow depths of irrigation (Di)  
and effective precipitation (Pe) minus outflows of crop evapotranspiration (ETc) and 
drainage (Dd) must equal changes in soil water storage (∆Ds). That is 

   ∆Ds = Di + Pe –ETc – Dd = 0.    (Eqn.  4.1) 
The amount of salt leaving the soil by evapotranspiration and that applied in 
precipitation are negligible.  Thus, the change in mass of salt stored per unit area within 
the root zone (∆Ms) is given by 

   ∆Ms = (Ci x Di) – (Cd x Dd) = 0.   (Eqn.  4.2) 
The salt concentration in the irrigation water is noted as Ci and the salt concentration in 
the drain water is represented by Cd. Under steady-state conditions ∆Ds and ∆Ms are 
zero. Therefore, the leaching fraction (L) at steady-state, defined as the ratio of water 
leaving the root zone as drainage to that applied, Da = Di + Pe, or the ratio of salt applied 
to salt drained, can be expressed as was given in Equation 3.5. The leaching 
requirement (Lr) can be expressed as presented in Equation 3.6. 
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Steady-state models have been proposed to relate ECd* to some readily available value 
of soil salinity that is indicative of the crop’s leaching requirement. Bernstein (1964) 
assumed ECd* to be the electrical conductivity of the soil saturation extract (ECe) at 
which yield in salt tolerance experiments was reduced by 50 % (ECe50 in Figure 4.1).  
Bernstein and Francois (1973b) and van Schilfgaarde et al. (1974) contended that the 
value of ECd* could be increased to the EC of soil water at which roots can no longer 
extract water. Assuming the soil water content in the field to be half of the water content 
of a saturated soil sample, the value of ECd* was proposed to be twice ECe extrapolated 
to zero yield from salt tolerance data (2ECe0 in Figure 4.1). Concurrently, Rhoades 
(1974) proposed that ECd* could be estimated from ECd* = 5ECet – ECi in which ECet is 
the salt tolerance threshold (5ECet – ECi in Table 4.1). A fourth model, proposed by 
Rhoades and Merrill (1976) and Rhoades (1982), differentiates between infrequent and 
high-frequency irrigations. The model calculates soil salinity based upon a 40-30-20-10 
soil water extraction pattern by successively deeper quarter-fractions of the root zone. 
The average soil salinity for conventional (infrequent) irrigations is taken as the linear-
average of the quarter-fraction values. This is the model utilized by Ayers and Westcot 
(1976 and 1989). For high frequency irrigation, Rhoades assumed soil salinity is 
weighted by crop water-uptake.  
 
Hoffman and van Genuchten (1983) determined the crop water-uptake weighted salinity 
by solving the continuity equation for one dimensional vertical flow of water through the 
soil assuming an exponential soil water uptake function (Exponential in Table 4.1). Their 
equation given as the crop water-uptake weighted salt concentration of the saturated 
extract (C) is given by: 

C/Ca = 1/L + (δ/Z x L) x ln [L + (1 – L) x exp( –Z/δ)].  (Eqn.  4.3) 
Ca is the salt concentration of the applied water, L is the leaching fraction, Z is the depth 
of the crop root zone, and δ is an empirical constant set to 0.2xZ. 
The resultant mean root zone salinity (C) for any given L was reduced by the mean root 
zone salinity at an L of 0.5 because salt tolerance experiments were conducted at 
leaching fractions near to 0.5. The amount of soil salinity at a crop’s salt tolerance 
threshold does not have to be leached. This correction results in a reasonable 
relationship between any given crop’s salt tolerance threshold, determined at an L of 
about 0.5, and the salinity of the applied water as a function of Lr. The Lr based on the 
Hoffman and van Genuchten model can be determined from Figure 4.2 for any given 
EC of the applied water and the crop’s salt tolerance threshold. 
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Figure 4.1.  Three of the salt tolerance variables used in various steady-state 
models illustrated for tomatoes. 
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Figure 4.2.  Graphical solution (using exponential plant water uptake model) for 
crop salt tolerance threshold (ECe) as a function of applied water salinity (ECAW) 
for different leaching requirements (Hoffman and Van Genuchten, 1983). 
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4.2. Transient Models 
Transient models are designed to account for the time dependent variables 
encountered in the field. These variables include switching crops with different salt 
tolerances, variable irrigation water salinity, rainfall, timing and amount of irrigation, 
multiple soil layers, crop ET, initial soil salinity conditions, and other time dependent 
variables. Some basic concepts concerning transient models are as follows. The water 
flow and salt transport equations are the basic components of transient models. Water 
flow, which takes into account water uptake by roots, is quantified by the Darcy-
Richards equation. Salt transport is calculated using the convection-dispersion equation 
for a non-reactive, non-interacting solute. Solving the nonlinearity of these two 
equations is typically accomplished by numerical methods that require high-speed 
computers. Beyond these two basic equations, differences among models exist to 
account for soil-water-plant-salinity interactions, such as water stress, bypass flow, salt 
precipitation/dissolution, water uptake distribution, and evapotranspiration as a function 
of plant size and soil salinity. 
 
Letey and Feng (2007) listed the following factors that need to be considered when 
evaluating transient models for managing irrigation under saline conditions. (1) Is the 
appropriate water-uptake function for crops utilized? (2) Is there a feedback mechanism 
between the soil-water status, plant growth, and transpiration? (3) Does the model allow 
for extra water uptake from the non-stressed portion of the root zone to compensate for 
reduced water uptake from the stressed portion of the root zone? (4) Does the model 
account for possible salt precipitation or dissolution? (5) Have model simulations been 
compared to field experimental results? The inclusion of these factors in each transient 
model is given in the following discussion of each model.   
 
In recent years, a number of transient models have been developed using complex 
computer programs for managing irrigation where salinity is a hazard. These models do 
not assume steady-state and frequently use daily values of applied water, drainage, and 
crop evapotranspiration. Four of these models, called the Grattan, Corwin, Simunek, 
and Letey models for short, will be discussed in terms of the principles employed, the 
assumptions made, the factors considered, and the conclusions drawn. Other transient 
models that have been proposed recently include: SALTMED (Ragab et al., 2005a,b), 
SWAGMAN (Khan et al., 2003), SDB (Sahni et al., 2007). These models are not 
considered in this report.  
 
Grattan Model 
Isidoro-Ramirez et al. (2004) and Grattan and Isidoro-Ramirez  (2006) developed a 
model based upon the steady-state approach used by Ayers and Westcot (1976 and 
1989) and it  relates ECi to the seasonal average root zone salinity. The approach 
assumes a leaching fraction of 0.15 to 0.2 and that the following relationships hold: 
 
    ECsw = 3 x ECi 
    ECe   = 1.5 x ECi 
    ECsw = 2 x ECe. 
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The model proposed by Grattan and co-workers considers the timing and quantity of 
applied irrigation water, the quantity and distribution of rainfall, and various soil water 
factors based on soil texture. Like Ayers and Westcot (1976 and 1989), they assumed a 
water uptake pattern of 40-30-20-10 % by quarter fractions down through the crop root 
zone and that the average root zone salinity could be calculated by averaging the soil-
water salinity at the soil surface and at the bottom of each quarter of the root zone. A 
daily mass balance (water and salt) is calculated for each layer. The inputs for the first 
layer are applied irrigation and rainfall and the outputs are the drainage from layer 1 to 
layer 2 and evapotranspiration (ET) from the layer. For the underlying layers, the only 
input is drainage from the overlying layer and the outputs are the drainage to the 
underlying layer and ET from the layer. For the fourth and deepest layer, the drainage 
represents the total drainage from the crop root zone. Important soil properties in the 
model are the wilting point (WP), field capacity (FC), and total available water (TAW) for 
the crop (TAW = FC – WP). The evapotranspitation of the crop (ETc) is calculated for 
each soil layer using appropriate crop coefficient values (Kc) and historical reference 
evapotranspiration (ETo) data from Goldhamer and Snyder (1989). The achievable ETc 
is calculated as ETc = Kc x ETo. Between cropping seasons all ET (or evaporation (E) 
since there is no crop) is assumed to take place from the upper soil layer and bare soil 
surface evaporation (ES) is assumed to be relatively constant at 0.024 in./day or 0.7 
in./month(MacGillivray and Jones, 1989). 
 
The model can be used to either quantify the extent by which an irrigation supply with a 
given salinity would decrease the crop yield potential under site-specific conditions or 
determine the maximum EC of an irrigation supply, which if used as the sole source of 
irrigation water over the long term, is fully protective of crop production. This model was 
used to evaluate site-specific conditions near Davis, CA. The specific goal was to 
determine the maximum EC value for Putah Creek that would protect downstream 
agricultural uses of the water. Bean was chosen for the analysis because it is potentially 
grown in the downstream area and bean is salt sensitive, having a salt tolerance 
threshold of ECe = 1.0 dS/m. They concluded that protecting bean would, in turn, protect 
all other crops commonly grown in the area. 
 
Isidoro-Rameriz and co-workers (2004) considered three scenarios: 
1. No rainfall and an irrigation water having an ECi of 0.7 dS/m. Without rainfall, the 

situation considered is similar to that of Ayers and Westcot (1989), no off-season ET 
was assumed. 

2. Calculate the maximum ECi to maintain ECe less than or equal to 1 dS/m using daily 
rainfall for periods of record representing a five year period of low rainfall and a five 
year period of average rainfall.  

3. Irrigation water with an ECi of 1.1 dS/m and 1.2 dS/m over an entire 53-year record 
of rainfall.  

 
The purpose of the first scenario was to compare their model with results obtained using 
the approach of Ayers and Westcot by assuming no rainfall. The Grattan model 



 

 58 

predicted that an ECi of 0.7 dS/m would result in an average seasonal soil salinity (ECe) 
of 0.95 dS/m compared to 1.0 dS/m by Ayers and Westcot. 
 
The second scenario introduced rainfall while keeping all other factors and assumptions 
the same as for scenario 1. The dry period (1953-1957) and an average rainfall period 
(1963-1967) gave essentially the same results; namely that an ECi of 1.2 dS/m gave an 
average seasonal soil salinity of 1.0 dS/m. They concluded that the results suggest 
rainfall distribution plays a significant role in determining seasonal soil salinity. 
 
In the third scenario when an ECi of 1.1 dS/m is considered over 53 years of rainfall 
record (1951 to 2003), the Grattan model predicts a seasonal mean ECe of 0.94 dS/m. 
Over the 53 years of record, bean yield is predicted to be reduced during only 3 years 
with an ECi of 1.1 dS/m. Yield reductions would be 2, 4, and 6 % for the 3 years. These 
predicted yield reductions are probably less than the error associated with the yield 
threshold itself. With an ECi of 1.2 dS/m, the seasonal mean soil salinity was 1.02 dS/m, 
while the range in seasonal ECe for individual years varied from 0.88 to 1.42 dS/m. For 
the year with an average ECe of 1.42 dS/m, the yield reduction for bean would be 8 %. 
 
Given these results, Grattan and co-workers concluded that an ECi of 1.1 dS/m would 
be protective for bean, and thus would be protective for all other crops in the Davis 
area. When considering if the Grattan model satisfies the five factors given above from 
Letey and Feng (2007) for transient models, the model does not perform well. There 
does not appear to be a feedback mechanism between soil-water status, plant growth, 
and transpiration and the model does not consider any changes in the 40-30-20-10 
pattern to compensate for changes in water availability. Furthermore, the model does 
not account for salt precipitation or dissolution and no field verification of the model 
results are presented.   
 
Corwin Model 
The TETrans model proposed by Corwin and colleagues (Corwin et al., 1991) is a 
functional, transient, layer-equilibrium model that predicts incremental changes over 
time in amounts of solute and water content occurring within the crop root zone. 
Transport through the root zone is modeled as a series of events or processes within a 
finite collection of discrete depth intervals. The sequential events or processes include 
infiltration of water, drainage to field capacity, plant water uptake resulting from 
transpiration, and/or evaporative losses from the soil surface. Each process is assumed 
to occur in sequence within a given depth interval as opposed to reality where transport 
is an integration of simultaneous processes. Other assumptions include: (1) the soil is 
composed of a finite series of discrete depth intervals with each depth interval having 
homogeneous properties, (2) drainage occurs through the profile to a depth-variable 
field capacity water content, (3) the depletion of stored water by evapotranspiration 
within each depth increment does not go below a minimum water content that will stress 
the plant, (4) dispersion is either negligible or part of the phenomenon of bypass flow, 
and (5) upward or lateral water flow does not occur.  
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Included within the Corwin model is a simple mechanism to account for bypass 
(preferential) flow of applied water. Bypass is approximated using a simple mass-
balance approach by assuming that any deviation from piston flow for the transport of a 
conservative solute is due to bypass flow (Corwin et al., 1991). 
 
With respect to satisfying the five factors proposed by Letey and Feng (2007), this 
model performs well. The soil profile is divided into many depth intervals so ET can be 
considered for many soil depth intervals. There is a feedback mechanism to prevent 
transpiration to go below a water content that would stress the plant. The model does 
not account for salt precipitation/dissolution but it does consider bypass flow. The model 
was tested using data from the Imperial Valley of California.   
 
Simunek Model 
Simunek and co-workers developed a sophisticated mechanistic, numerical model 
called UNSATCHEM. This model simulates the flow of water in unsaturated soils, along 
with transport and chemical reactions of solutes, and crop response to salinity (Simunek 
and Suarez, 1994). The model has submodels accounting for major ion chemistry, crop 
response to salinity, carbon dioxide (CO2) production and transport, time-varying 
concentration in irrigated root zones, and the presence of shallow groundwater. The 
variably-saturated water flow is described using the Richard’s equation and the 
transport of solutes and CO2 is described using the convection-dispersion equation. 
Root growth is estimated by using the logistic growth function and root distribution can 
be made user-specific. Precipitation, evapotranspiration, and irrigation fluxes can be 
specified at any user-defined time interval. 
 
While the model was not developed to determine the Lr, it can be altered to do so by 
determining the minimum L that can be used under a specified set of soil, crop, and 
management conditions while preventing losses in crop yield. The UNSATCHEM model 
does not account for bypass flow but the complex transient chemical processes 
included are salt precipitation and/or dissolution, cation exchange, and complexation 
reactions as influenced by the CO2 composition of the soil air, which largely controls the 
soil pH, as well as sulfate ion association, which affects the solubility of gypsum. 
 
The Simunek model satisfies the first and fourth factor listed by Letey and Feng (2007), 
but it does not adjust the potential ET to account for reduced plant growth in response 
to water stress, nor does it provide increased water uptake from non-stressed portions 
of the root zone to compensate for decreased water uptake from stressed portions. 
Comparisons between model-simulated crop yield and experimentally measured crop 
yield has been reported for California’s Imperial Valley.  
 
Letey Model 
Letey and co-worker developed a transient model called ENVIRO-GRO (Pang and 
Letey, 1998). The Letey model uses the Darcy-Richards equation to account for water 
flow. This equation has a term to quantify water uptake by roots. In comparing water 
uptake functions, Cardon and Letey (1992) concluded that the equation 
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   S = Smax / 1 + [(ah + π) / π50]3    (Eqn.  4.4) 
 
was the best water uptake function to use in their model. The factors in equation 4.4 
are: S is the root water uptake, Smax is the maximum water uptake by a plant that is not 
stressed (potential transpiration), a accounts for the differential response of the crop to 
matrix and osmotic pressure head influences and is equal to the ratio of π50 and h50 
where 50 represents the values at which Smax is reduced by 50 %, h is the soil-water 
pressure head, and π is the osmotic pressure head. This model satisfies all of the 
factors listed by Letey and Feng (2007) except it does not account for salt 
precipitation/dissolution. Model simulations on corn yield agreed well with experimental 
data from an extensive field experiment conducted in Israel (Feng et al., 2003). The 
model has recently been converted from a combination of several computer programs 
to the C++ program.  

4.3. Comparison of Leaching Requirement Models  
Hoffman (1985) compared the five steady-state models described above with results 
from seven independent experiments conducted to measure the leaching requirement 
of 14 crops with irrigation waters of different salt concentrations. Bower, Ogata, and 
Tucker (1969 and 1970) studied alfalfa, tall fescue, and sudan grass. Hoffman and 
colleagues experimented on barley, cowpea, and celery (Hoffman and Jobes, 1983); 
oat, tomato, and cauliflower (Jobes, Hoffman, and Wood, 1981); and wheat, sorghum, 
and lettuce (Hoffman, et al., 1979). Bernstein and Francois (1973b) studied alfalfa and 
Lonkerd, Donovan, and Williams (1976, unpublished report) experimented on wheat 
and lettuce. Comparisons between measured and predicted leaching requirements by 
these five steady-state models are given in Table 4.1. 
 
The ECe50 model consistently over estimated the Lr while the 2ECe0 model consistently 
under estimated. The 5ECet-ECi model gave reasonable estimates at low leaching 
requirements, but over estimated severely at high leaching requirements. The 
exponential model correlated best with measured values of Lr but under estimated high 
measured values of the Lr. 
 
One of the main conclusions of Letey and Feng (2007) was that steady-state analyses 
generally over predict the negative consequences of irrigating with saline waters. In 
other words, the Lr is lower than that predicted by steady-state models. Letey (2007) 
made a comparison among steady-state models and concluded that the highest Lr was 
calculated with linear averaged soil salt concentrations, intermediate Lr values occurred 
with the 5ECet-ECi model, and the lowest Lr was found with the water-uptake weighted 
soil salt concentrations, the exponential model. This is confirmation that if a steady 
model is to be used to evaluate a water quality standard, the exponential model is the 
closest to the results from a transient model like the ENVIRO-GRO transient model 
proposed by Letey (2007).   
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Table 4.1.  Comparisons of leaching requirement (Lr) predicted by five steady-
state models with experimentally measured leaching requirements for 14 crops 
with various saline irrigation waters (Hoffman, 1985). 

 
 Data Lr Prediction Using 

Crop Lr ECi ECe50 2ECe0 5ECet-ECi 
40-30-
20-10 Exp. 

        
CEREALS        
Barley 0.10 2.2 0.12 0.04 0.06 0.01 0.05 
Oat 0.10 2.2 0.18 0.06 0.11 0.04 0.09 
Sorghum 0.08 2.2 0.22 0.08 0.07 0.01 0.06 
Wheat 0.07 1.4 0.11 0.03 0.05 0.03 0.04 
Wheat 0.08 2.2 0.17 0.05 0.08 0.01 0.07 
        
VEGETABLES        
Cauliflower 0.17 2.2 0.31 0.09 0.25 0.22 0.18 
Celery 0.14 2.2 0.22 0.06 0.32 0.34 0.20 
Cowpea 0.16 2.2  0.24 0.08 0.10 0.03 0.09 
Lettuce 0.26 2.2  0.43 0.12 0.51 0.72 0.24 
Lettuce 0.22  1.4  0.27 0.08 0.27 0.36 0.18 
Tomato 0.21 2.2  0.29 0.09 0.21 0.16 0.16 
        
FORAGES        
Alfalfa 0.20 2.0 0.18 0.05 0.15 0.16 0.13 
Alfalfa 0.32 4.0 0.36 0.11 0.36 0.52 0.22 
Alfalfa 0.06 1.0 0.11 0.03 0.11 0.09 0.09 
Alfalfa 0.15 2.0 0.23 0.06 0.25 0.31 0.17 
Barley 0.13 2.2 0.17 0.05 0.08 0.02 0.07 
Cowpea 0.17 2.2 0.31 0.09 0.38 0.45 0.22 
Fescue 0.10 2.0 0.17 0.05 0.17 0.17 0.13 
Fescue 0.25 4.0 0.25 0.07 0.40 0.58 0.23 
Oat 0.17 2.2 0.31 0.0 0.25 0.22 0.18 
Sudan Grass 0.16 2.0 0.14 0.04 0.19 0.17 0.13 
Sudan Grass 0.31 4.0 0.28 0.08 0.49 0.58 0.23 

 
Corwin and coworkers compared the Corwin and Simunek transient models along with 
the 5ECet-ECi and the WATSUIT steady-state computer models (Corwin et al., in 
press). For their comparative analysis they selected a set of realistic conditions 
representative of California’s Imperial Valley. Details describing the development of the 
data set from available data sources can be found in Corwin et al. (2007). To estimate 
the Lr for the entire Imperial Valley they choose a single crop rotation that would be 
representative of the Valley. From available records, it was found that the dominant 
crops grown in the Valley during the period 1989-1996 were field crops with alfalfa as 
the most dominant followed by wheat. Lettuce was the most dominant truck crop. Thus, 
they choose a 6-year crop rotation of four years of alfalfa, followed by one year of wheat 
and one year of lettuce. The EC of the irrigation water was taken as 1.23 dS/m 
(Colorado River water). ETc values for alfalfa, wheat, and lettuce were assumed to be 
5273 (4-year total), 668, and 233 mm, respectively. Additional irrigation water was 
added to compensate for E during the fallow periods and for the depletion of soil water 
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that occurred during cropping. Table 4.2 summarizes the Lr predicted by the four 
methods. 
 
Table 4.2.  Summary of leaching requirements (Lr) for California’s Imperial Valley 
as estimated by two steady-state and two transient models. (Corwin et al., in 
press). 
 

 Leaching Requirement 
 Crop or Cropping Period 
Model Alfalfa Wheat Lettuce Crop 

Growth* 
Overall 

Rotation* 
Steady-State      
    5ECet – ECi 0.14 0.04 0.23 0.14 0.13 
    WATSUIT 0.09 0.03 0.13 0.09 0.08 
      
Transient      
    TETrans <0.14 <0.04 <0.17  <0.13 
    UNSATCHEM <0.10 0.00 <0.13  <0.08 
*Crop Growth refers to period included in crop simulation and Overall Rotation 
includes entire rotation with fallow periods. 

 
Using the area of every crop and an estimate of the Lr for each crop by the 5ECet-ECi 
model to obtain a valley-wide Lr based on the weighted average of the crop areas and 
the leaching requirements, Jensen and Walter (1998) obtained a Lr value of 0.14 for the 
Imperial Valley. In comparison, field studies by Oster et al. (1986) showed a similar 
steady-state estimate of Lr of 0.12. The Lr value obtained from Corwin et al. (2007) as 
described above was 0.13. The three results are essentially the same. 

 
The conclusions drawn by Corwin et al. (2007) are summarized in this paragraph. 
Based on the results presented in Table 4.2, they noted that steady-state models over-
estimated Lr compared to transient models, but only to a minor extent. The estimates of 
Lr were significantly reduced when the effect of salt precipitation with Colorado River 
water was included in the salt-balance calculations, regardless of whether the model 
was steady-state (WATSUIT) or transient (UNSATCHEM). The small differences in the 
estimated Lr between WATSUIT and UNSATCHEM shows that accounting for salt 
precipitation under the conditions of the Imperial Valley was more important than 
whether the model was a steady-state or transient model. This comparison suggests 
that there are instances where steady-state models can be used as long as the steady-
state model accounts for all the dominant mechanisms such as bypass flow, salt 
precipitation/dissolution reactions, plant water uptake, and perhaps other factors that 
are affecting the leaching of salts and that few or no perturbations have occurred over a 
long time period that would prevent essentially steady-state conditions. For instance, in 
situations where salt precipitation/dissolution reactions are dominant and temporal 
dynamic effects are minimal, Lr could be adequately estimated using WATSUIT. Or, in 
situations where irrigation water quality and amount minimizes the temporal dynamic 
effects of plant water uptake, Lr could be adequately estimated by the exponential 
model.   
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Letey and Feng (2007) compared the 5ECet-ECi steady-state model and the ENVIRO-
GRO model using inputs from an Israeli field experiment on corn (Feng et al., 2003) for 
yields of 85, 90, 95, and 100%.  Only the results for 100 % yield are given in Table 4.3. 
The transient model estimates a lower Lr than the steady-state model. The primary 
reason for the over estimate of the Lr is that the 5ECet-ECi model assumes that the 
plants response to the linear average root zone salinity. 
 
Table 4.3.  Comparison of the calculated leaching requirement for a steady-state 
model and the ENVIRO-GRO model based on the Israeli field experiment on corn 
(Letey and Feng, 2007). 
 

 Leaching Requirement 
Irrigation Salinity 

dS/m 
5ECet – ECi steady-

state model 
ENVIRO-GRO 

transient-state model 
1.0 0.14 <0.05 
2.0 0.32 0.15 

 
Strong evidence that the water quality standard could be raised was presented by Letey 
(2007) based upon his comparisons between steady-state and transient models. The 
following is nearly a direct quote from his publication. The reasons that the transient-
state analysis simulated a much lower irrigation amount than the steady-state approach 
for a given yield (see Table 4.3) are as follows: The steady-state approach assumed 
that the plant responded to the average root zone salinity that increased greatly as the L 
decreased. However the major amount of water is extracted by plant roots from the 
upper part of the root zone. Furthermore, the salt concentration at a given depth in the 
field does not remain constant with time, but is continually changing. The salts become 
concentrated by water extraction, but the irrigation water “flushes” the salts downward 
thus reducing the concentration to a lower value at a given depth after irrigation. The 
concentration immediately after irrigation near the soil surface would be close to the 
concentration in the irrigation water. For most soils, the volumetric soil-water content 
would be reduced by less than half between irrigations. (The practice of irrigating when 
half of the soil water available to the plant has been extracted is a very typical irrigation 
practice.) Thus the salts would concentrate by less than two between irrigations. 
Therefore as a general guideline, a water with a salt concentration equal to the Maas 
and Hoffman threshold value (see Table 3.1) can be used and irrigated with a relatively 
low L. This conclusion is based on the fact that the Maas and Hoffman coefficients are 
on the basis of ECe which is about ECsw/2. The soil-water can therefore be concentrated 
by a factor of two without exceeding the threshold value.  
 
Based upon Letey’s reasoning, the water quality standard could be raised to 1.0 dS/m. 
This is predicated on the salt tolerance of bean being selected to protect all crops in the 
South Delta. Since the salt tolerance threshold for bean is 1.0 dS/m the water quality 
standard could be 1.0 dS/m.          
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5. Steady-State Modeling for South Delta 

5.1. Model Description 

5.1.1. Steady-State Assumptions 
The model, developed specifically for the South Delta, begins with the steady-state 
equations presented in Section 4.1. At steady state the inputs of irrigation (I) and 
precipitation (P) must equal crop evapotranspiration (ETc) plus drainage (D) (see 
Equation 4.1 presented as depths of water). Furthermore, the amount of salt entering 
the crop root zone must equal the amount leaving (refer to Equation 4.2). The time 
frame chosen for the model is yearly and the inputs and outputs are annual (water year, 
October 1st through September 30th) amounts. Being a steady-state model, changes in 
soil water storage and salt mass are assumed to not change from one year to the next. 
Also the model is not capable of determining intra-seasonal salinity or double or inter-
row cropping. These modeling deficiencies, however, can be addressed by using 
transient models.  

5.1.2. Cropping Assumptions 
Bean is the most salt sensitive crop grown in the South Delta. Thus, bean was used as 
the indicator crop in the model. The salt tolerance threshold for bean is an ECe of 1.0 
dS/m (refer to Table 3.1). In the model the salinity of the soil water (ECsw) is used. Thus, 
for ease in comparison, the threshold value for bean is an ECsw of 2.0 dS/m. This 
assumes the relationship ECsw = 2 x ECe.    
 
Based upon the publication of Goldhamer and Snyder (1989), beans in the San Joaquin 
Valley are planted from April 1 until as late as mid-June and harvested as early as the 
end of July until the end of September. For modeling purposes in this report, it is 
assumed that beans are planted the first of April and harvested at the end of July. If 
desired, other planting and harvesting dates could be modeled. For ease in calculations 
in the model it is assumed that there is no double cropping and that the soil surface is 
bare from August 1 until April 1. The model could be used to evaluate a multi-year crop 
rotation if desired.   

5.1.3. Crop Evapotranspiration 
Crop water requirements are normally expressed as the rate of evapotranspiration 
(ETc). The level of ETc is related to the evaporative demand of the air above the crop 
canopy. The evaporative demand can be expressed as the reference 
evapotranspiration (ETo) which predicts the effect of climate on the level of crop 
evapotranspiration of an extended surface of a 4 to 6 inch-tall cool season grass, 
actively growing, completely shading the ground, and not short of water. 
 
One of the more simple and accurate equations to estimate ETo is the Hargreaves 
equation (Hargreaves and Allen, 2003). The equation can be written as 
 
  ETo = 0.0023 x Ra x (TC + 17.8) x TR0.50    (Eqn.  5.1) 
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Where Ra is the extraterrestrial radiation, TR is the difference between the mean 
maximum and minimum daily temperatures in degrees Celsius, and TC is the 
temperature in degrees Celsius for a 5-day time step. 
 
Values of ETo are calculated with the Hargreaves equation using temperature data from 
the National Climate Data Center (NCDC) station #8999 (Tracy-Carbona) and then 
compared with ETo calculated by the Penman-Montheith equation based upon data 
collected at the California Irrigation Management Information System (CIMIS) station 
#70 near Manteca in Figure 5.1.  The Penman-Montheith equation is generally 
considered the most comprehensive and accurate equation to estimate ETo. However, 
the CIMIS station has a short historical record compared to the 56 years of temperature 
and precipitation data at the NCDC Tracy-Carbona station. The longer historical record 
is used in our steady-state analysis; thus, the Hargreaves equation was employed in the 
model for the years 1952 to 2008. The data in Figure 5.1 shows excellent agreement 
between the Hargreaves and the Penman-Montheith equations. This excellent 
comparison validates the use of the Hargreaves equation.  Figure 5.2 shows the 
location of the NCDC #8999, Tracy-Carbona and CIMIS #70 Manteca stations. 
 
Figure 5.1.  Monthly reference evapotranspiration (ETO) calculated with the 
Hargreaves equation plotted against CIMIS ETO calculations with the Penman-
Montheith equation; using Manteca CIMIS #70 climate data from January 1988 
through September 2008. 
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Figure 5.2.  Location map for NCDC #8999, Tracy-Carbona and CIMIS #70 Manteca 
weather stations. 
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The evapotranspiration of a crop (ETc) can be estimated by multiplying the ETo value by 
a crop coefficient (Kc) that accounts for the difference between the crop and cool-
season grass. A crop coefficient actually varies from day to day depending on many 
factors, but it is mainly a function of crop growth and development. Thus, Kc values 
change as foliage develops and as the crop ages. Crop growth and development rates 
change somewhat from year to year, but the crop coefficient corresponding to a 
particular growth stage is assumed to be constant from season to season. Daily 
variations in ETc reflect changes in ETo in response to evaporative demand. The 
equation to calculate crop evapotranspiration is 
     ETc = Kc x ETo.    (Eqn.  5.2) 
The crop coefficient is typically divided into four growth periods as shown in Figure 5.3 
(Goldhamer and Snyder, 1989). The four growth periods for annual crops are initial 
growth, rapid growth, midseason, and late season. Growth is reflected by the 
percentage of the ground surface shaded by the crop at midday. For annual crops, the 
Kc dates correspond to: A, planting; B, 10 % ground shading; C, 75 % or peak ground 
shading; D, leaf aging effects on transpiration; and E, end of season. Figure 5.3 shows 
the Kc values for bean and the dates when each growth stage changes.  Table 5.1 
shows ETC for bean based on ETO calculated by the Hargreaves equation using 
temperature data from NCDC station #8999, Tracy-Carbona along with precipitation 
data from water years 1952 to 2008. 
 
Figure 5.3.  Relationship between crop coefficients (KC) and growth and 
development periods for dry bean (Goldhammer and Snyder, 1989). 
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5.1.4. Precipitation 
To maximize the time period for the model, precipitation records were taken from the 
NDCD at the Tracy-Carbona Station. Rainfall records are presented by water years 
(October of previous year through September of the stated water year) from 1952 
through 2008. The rainfall amounts were divided between the amount during the 
growing season from April 1 to August 1 (PGS) and the remainder of the year (PNG). It 
was assumed that all rainfall occurring during the growing season was consumed by 
evapotranspiration. The reasons for this assumption are given in Section 3.5.2. The 
amount of rainfall during the growing season (PGS) never exceeded 4.1 inches and the 
median was only 1.2 inches over the 56 years of rainfall record. Thus, if some runoff 
occurred it would generally be insignificant.  
 
During the non-growing season the rate of surface evaporation (Es) was taken as 0.7 
inches per month as discussed in Section 3.5.2. This value was also used in the Grattan 
model for the watershed near Davis, CA. For bean with a 4-month growing season, 
surface evaporation (ES) would total 5.6 inches for the 8 months of the year without a 
crop. On a yearly basis, the evapotranspiration for bean was added to the 5.6 inches of 
Es to obtain one of the outputs from the root zone. The values for ETC, PGS, and PT are 
plotted in Figure 5.4 and listed in Table 5.1 for water years 1952 to 2008.  PEFF is PGS + 
(PNG - ES) and is also listed in Table 5.1. PGS is taken as contributing to ETC and PNG is 
reduced annually by ES or 5.6 inches per year. As reported in Table 5.1, and shown 
earlier in Figure 3.11, in only 2 years of the 56 years of record was PEFF negative (1960 
and 1972) which means that stored water had to be used to satisfy ES.  Surface runoff 
was assumed to be zero for the reasons stated in Section 3.5.2. Thus, all of the 
precipitation and irrigation is assumed to infiltrate the soil surface and be available for 
surface evaporation, crop evapotranspiration, or leaching. 

Figure 5.4.  Comparison of total precipitation (PT) and growing season 
precipitation (PGS) with crop evapotranspiration (ETC) based on precipitation data 
from NCDC station no. 8999, Tracy-Carbona for water years 1952 through 2008. 
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As discussed in Sections 3.9 and 4.1, there are two crop water uptake distributions that 
appear to be appropriate to calculate the average soil salinity. One distribution assumes 
a 40-30-20-10 uptake distribution by quarter fractions of the root zone and the other 
assumes an exponential uptake distribution. These patterns are described in detail in 
Section 3.9. Although the exponential pattern agrees the best with experimental results 
(see Section 4.1), both are used in this model because the 40-30-20-10 pattern is used 
in several models.  
 
The equations used in the model to calculate the average ECSW for both water uptake 
distributions are given in Table 5.2. Both equations use ECi when precipitation is 
ignored and ECAW when rainfall is considered.   

5.2. Model Results 
An example of the calculated irrigation amounts and the soil water salinity values for 56 
water years is given in Table 5.1. Values are presented for both water uptake 
distributions with and without precipitation. The example is for model input variables of 
ECi = 1.0 dS/m and LF = 0.15. The input values for total, growing season, and 
nongrowing season precipitation, off season evaporation, and crop evapotranspiration 
for the 56 water years are also given in Table 5.1.  The model was run over a range of 
ECi values from 0.5 to 2.0 dS/m, with LF = 0.15 and 0.20.  The corresponding results 
are shown in Figures 5.5 and 5.6.  Other combinations of ECi and LF can be calculated 
as desired. 
 
Results from the model for both water uptake distributions at leaching fractions of 0.15 
and 0.20 are shown in Figure 5.5.  First, the average of the lines for LF=0.15 and 0.20 
the 40-30-20-10 approach without precipitation shows that an ECi of about 0.7 dS/m 
could be used without bean yield loss. This is in agreement with the analysis of Ayers 
and Westcott (1977). When considering precipitation with the 40-30-20-10 approach, 
ECi increases to 0.77 dS/m at LF=0.15 and 0.92 dS/m for a LF of 0.2 as the threshold. 
 
The model results for the exponential water uptake distribution gives a permissible ECi 
of 0.80 dS/m at a LF of 0.15 ignoring precipitation without bean yield loss. Considering 
precipitation at a LF of 0.15, ECi at the bean threshold is 1.0 dS/m. ECi using the 
exponential model could be increased even further if the leaching fraction is increased 
to 0.2 without loss of bean yield. 
 
These results are shown in a different manner in Figure 5.6. In this figure bean yield on 
a relative basis is shown as a function of irrigation water salinity. The dashed lines 
assume no precipitation and the solid lines include average precipitation. The values of 
ECi at the yield threshold are the same as in Figure 5.5 but as ECi increases beyond the 
threshold the rate of yield decline is shown. Values are given for LF values of 0.15 and 
0.20. 
 



ECi = 1.0 LF = 0.15

Water 
Year PT PNG ES PGS PEFF ETC I1 ECSWa-1 ECSWb-1 I2 ECAW-2 ECSWa-2 ECSWb-2 

(in.) (in.) (in.) (in.) (in.) (in.) (in.) (dS/m) (dS/m) (in.) (dS/m) (dS/m) (dS/m)
1952 13.5 11.7 5.6 1.8 7.9 21.8 25.6 3.18 2.46 17.7 0.69 2.20 1.70
1953 7.6 5.8 5.6 1.8 2.0 20.8 24.5 3.18 2.46 22.5 0.92 2.92 2.26
1954 6.1 4.3 5.6 1.8 0.5 21.9 25.7 3.18 2.46 25.3 0.98 3.12 2.42
1955 10.9 8.9 5.6 2.0 5.3 21.0 24.8 3.18 2.46 19.5 0.79 2.50 1.94
1956 13.2 10.6 5.6 2.6 7.5 21.4 25.2 3.18 2.46 17.7 0.70 2.23 1.73
1957 8.8 6.0 5.6 2.8 3.2 21.8 25.6 3.18 2.46 22.4 0.87 2.78 2.15
1958 16.0 13.2 5.6 2.8 10.4 20.5 24.2 3.18 2.46 13.7 0.57 1.81 1.40
1959 7.9 7.5 5.6 0.3 2.3 22.5 26.5 3.18 2.46 24.2 0.91 2.91 2.25
1960 5.1 4.4 5.6 0.7 -0.5 22.9 26.9 3.18 2.46 27.5 1.02 3.25 2.51
1961 7.8 7.2 5.6 0.5 2.2 22.2 26.1 3.18 2.46 24.0 0.92 2.92 2.26
1962 8.7 8.7 5.6 0.0 3.1 21.6 25.5 3.18 2.46 22.3 0.88 2.79 2.16
1963 9.1 6.8 5.6 2.2 3.5 20.3 23.9 3.18 2.46 20.4 0.85 2.72 2.10
1964 5.9 5.0 5.6 0.9 0.3 21.1 24.8 3.18 2.46 24.5 0.99 3.15 2.43
1965 10.5 8.4 5.6 2.0 4.9 21.1 24.8 3.18 2.46 19.9 0.80 2.56 1.98
1966 7.5 6.7 5.6 0.8 1.9 22.0 25.8 3.18 2.46 24.0 0.93 2.95 2.28
1967 12.2 9.4 5.6 2.8 6.6 21.8 25.6 3.18 2.46 19.1 0.74 2.37 1.83
1968 11.5 10.5 5.6 1.0 5.9 22.2 26.1 3.18 2.46 20.2 0.77 2.47 1.91
1969 13.2 12.5 5.6 0.7 7.6 21.1 24.9 3.18 2.46 17.2 0.69 2.20 1.70
1970 7.6 6.8 5.6 0.8 2.0 22.3 26.3 3.18 2.46 24.3 0.92 2.94 2.27
1971 11.4 9.6 5.6 1.8 5.8 21.3 25.0 3.18 2.46 19.2 0.77 2.44 1.89
1972 4.2 3.7 5.6 0.6 -1.4 23.0 27.1 3.18 2.46 28.5 1.05 3.35 2.59
1973 15.7 15.5 5.6 0.2 10.1 23.4 27.5 3.18 2.46 17.3 0.63 2.01 1.55
1974 11.4 9.4 5.6 2.0 5.8 22.2 26.1 3.18 2.46 20.3 0.78 2.47 1.91
1975 10.0 8.5 5.6 1.5 4.4 21.9 25.8 3.18 2.46 21.4 0.83 2.64 2.04
1976 5.8 5.0 5.6 0.8 0.2 21.4 25.1 3.18 2.46 24.9 0.99 3.15 2.44
1977 7.4 5.3 5.6 2.1 1.8 21.3 25.0 3.18 2.46 23.2 0.93 2.95 2.29
1978 12.3 11.1 5.6 1.2 6.7 21.3 25.0 3.18 2.46 18.3 0.73 2.33 1.80
1979 9.6 8.9 5.6 0.6 4.0 22.1 26.1 3.18 2.46 22.1 0.85 2.70 2.09
1980 11.4 10.1 5.6 1.2 5.8 19.7 23.2 3.18 2.46 17.4 0.75 2.39 1.85
1981 7.2 6.5 5.6 0.7 1.6 22.7 26.7 3.18 2.46 25.1 0.94 2.99 2.31
1982 16.2 14.5 5.6 1.6 10.6 20.6 24.3 3.18 2.46 13.7 0.57 1.80 1.39
1983 21.3 19.6 5.6 1.7 15.7 20.3 23.9 3.18 2.46 8.2 0.34 1.09 0.84
1984 9.2 9.0 5.6 0.2 3.6 22.5 26.5 3.18 2.46 22.9 0.86 2.75 2.13
1985 13.1 11.7 5.6 1.4 7.5 22.1 25.9 3.18 2.46 18.5 0.71 2.27 1.75
1986 13.3 12.2 5.6 1.0 7.7 21.8 25.6 3.18 2.46 18.0 0.70 2.23 1.73
1987 6.7 6.4 5.6 0.3 1.1 21.5 25.3 3.18 2.46 24.2 0.96 3.04 2.36
1988 8.4 6.5 5.6 2.0 2.8 21.7 25.5 3.18 2.46 22.7 0.89 2.83 2.19
1989 7.7 7.6 5.6 0.1 2.1 21.4 25.1 3.18 2.46 23.1 0.92 2.92 2.26
1990 7.3 4.0 5.6 3.3 1.7 21.6 25.5 3.18 2.46 23.7 0.93 2.97 2.29
1991 7.7 7.0 5.6 0.7 2.1 21.6 25.4 3.18 2.46 23.3 0.92 2.92 2.26
1992 11.8 11.1 5.6 0.7 6.2 22.0 25.9 3.18 2.46 19.7 0.76 2.42 1.87
1993 17.9 15.5 5.6 2.4 12.3 21.2 24.9 3.18 2.46 12.6 0.50 1.61 1.24
1994 10.1 6.8 5.6 3.3 4.5 22.3 26.2 3.18 2.46 21.7 0.83 2.63 2.04
1995 14.9 13.8 5.6 1.1 9.3 20.7 24.3 3.18 2.46 15.0 0.62 1.97 1.52
1996 15.7 14.1 5.6 1.6 10.1 22.7 26.8 3.18 2.46 16.7 0.62 1.98 1.53
1997 12.9 12.2 5.6 0.7 7.3 20.4 24.0 3.18 2.46 16.7 0.69 2.21 1.71
1998 21.4 17.3 5.6 4.1 15.8 19.2 22.6 3.18 2.46 6.8 0.30 0.95 0.74
1999 11.7 9.6 5.6 2.1 6.1 21.1 24.8 3.18 2.46 18.7 0.75 2.40 1.86
2000 10.4 9.2 5.6 1.2 4.8 21.0 24.7 3.18 2.46 19.9 0.81 2.56 1.98
2001 10.1 9.0 5.6 1.1 4.5 22.3 26.2 3.18 2.46 21.7 0.83 2.63 2.04
2002 11.0 10.7 5.6 0.3 5.4 21.6 25.5 3.18 2.46 20.1 0.79 2.51 1.94
2003 10.3 8.7 5.6 1.6 4.7 21.8 25.6 3.18 2.46 20.9 0.82 2.59 2.01
2004 10.9 10.5 5.6 0.3 5.3 21.1 24.8 3.18 2.46 19.5 0.79 2.51 1.94
2005 18.6 16.8 5.6 1.8 13.0 20.2 23.7 3.18 2.46 10.7 0.45 1.43 1.11
2006 14.6 10.6 5.6 4.0 9.0 21.9 25.7 3.18 2.46 16.8 0.65 2.07 1.60
2007 8.6 7.9 5.6 0.6 3.0 21.7 25.5 3.18 2.46 22.6 0.88 2.81 2.18
2008 11.7 11.7 5.3 0.0 6.4 20.5 24.1 3.18 2.46 17.8 0.74 2.34 1.81

Median: 10.5 9.0 5.6 1.2 4.9 21.6 25.5 3.18 2.46 20.2 0.80 2.56 1.98

Table 5.1.   Input variables (precipitation data from NCDC Tracy-Carbona Station #8999, estimates of surface 
evaporaton, and crop evapotranspiration assuming dry beans), and output from the steady-state model both 1) 
without precipitation, and 2) including precipitation (all equations defined in Table 5.2).

Input Variables Model Output 

1) without precipitation 2) with precipitation
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a) LF = 0.15

b) LF = 0.20

Figure 5.5.  Crop salt tolerance threshold as a function of irrigation water salinity (ECi) using 
exponential and 40-30-20-10 water uptake functions with a) LF = 0.15 and b) LF = 0.20 assuming 
median effective precipitation from NCDC station no. 8999, Tracy-Carbona - water years 1952 
through 2008 (solid lines) and no precipitation (dashed lines).
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a) LF = 0.15

b) LF = 0.20

Figure 5.6.  Relative crop yield (percent) as a function of irrigation water salinity (ECi) with a) 
LF = 0.15 and b) LF = 0.20 assuming median effective precipitation from NCDC station no. 8999, 
Tracy-Carbona - water years 1952 through 2008 (solid lines) and no precipitation (dashed 
lines).
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6. Summary & Conclusions 
This portion of the report is divided into two sections. The first section summarizes the 
information on irrigation water quality, soil types and location of saline and shrink/swell 
soils, crop surveys, salt tolerance of crops, effective rainfall, irrigation methods and their 
efficiency, crop water uptake distribution, climate, salt precipitation/dissolution in soil, 
shallow groundwater, and leaching fraction. The second section draws conclusions on 
published steady-state and transient models, compares model results with experimental 
or field results, and draws conclusions from the results of the steady-state model 
developed in Section 5 using data applicable to the South Delta.  

6.1. Factors Influencing a Water Quality Standard 
The quality of water in the San Joaquin River from 1990 to 2006 as measured at 
Vernalis and the quality in South Old River at Tracy Bridge over the same time period 
averages around 0.7 dS/m and ranges from 0.1 to 1.4 dS/m. The average level of 
salinity in the irrigation water is suitable for all agricultural crops. Based on analyses of 
these waters for various salt constituents, neither sodicity nor toxicity should be a 
concern for irrigated agriculture. 
 
Review of the 1992 SCS Soil Survey indicates that clay and clay loam soils are 
predominant in the southwestern portion of the South Delta, organic soils are minimal in 
area and are restricted to the northern section, and loam soils are dominate in the 
remainder of the South Delta. Saline soils were identified in 1992 on about 5 % of the 
irrigated land. Sodic soils were not reported. The Soil Survey also identified a number of 
soils that have a high potential to shrink and swell. These shrink/swell soils occupy 
nearly 50 % of the irrigated area. However, based on a study of soils in the Imperial 
Valley of similar texture, it does not appear that bypass flow of applied water should 
cause a salinity management problem.  
 
Data taken from Crop Surveys over the past three decades indicate that tree and vine 
crops occupy about 8 % of the irrigated land in the South Delta, field crops about 24 %, 
truck crops about 22 %, grain and hay nearly 13 %, and hay and pasture about 31 % . 
Of the predominant crops identified in the Crop Surveys the salt sensitive crops are 
almond, apricot, bean, and walnut with bean being the most sensitive with a salt 
tolerance threshold of ECe =1.0 dS/m. Thus, to protect the productivity of all crops, bean 
yield must be protected against loss from excess salinity. It is unfortunate that the 
published results on the salt tolerance of bean are taken from five laboratory 
experiments conducted more than 30 years ago. In addition, there are no data to 
indicate how the salt tolerance of bean changes with growth stage. With such an 
important decision as the water quality standard to protect all crops in the South Delta, it 
is unfortunate that a definitive answer can not be based on a field trial with modern bean 
varieties. 
 
One of the shortcomings of some leaching requirement models is the failure to account 
for effective rainfall to satisfy a portion of a crop’s evapotranspiration. The DWR study in 
the Central Valley makes it possible to estimate effective rainfall from winter rains. This 
information is used in the steady-state model prepared for the South Delta in Section 5. 



 

 75 

 
Based upon estimates by Dr. Pritchard of the UC Cooperative Extension, it appears that 
about 40 % of the South Delta is irrigated by borders which have an average irrigation 
efficiency of about 78 %, 55 % is irrigated by furrows with an average efficiency of 70 %, 
and 5 % is irrigated by sprinklers (75 % efficiency) and/or microirrigation (87 % 
efficiency). Thus, on average, the overall irrigation efficiency in the South Delta is about 
75 %. With so little irrigation by sprinkling it is reasonable to assume that foliar damage 
is not a concern. 
 
One of the important inputs to most steady-state and transient models is the crop water 
uptake distribution through the root zone. The distribution used in most models is the 
40-30-20-10 uptake distribution but the exponential distribution has also been used. In 
comparisons of steady-state model outputs with experimentally measured leaching 
requirements, both distributions worked satisfactorily but the exponential distribution 
agreed a little better with the experimental results.  In the model developed for the 
South Delta (see Section 5) both distributions were used. 
 
It has been shown experimentally that hot, dry conditions cause more salt stress in 
plants than cool, humid conditions. A comparison of temperature and humidity between 
the South Delta and Riverside, CA, where most salt tolerance experiments have been 
conducted, showed the South Delta to be slightly cooler and more humid than 
Riverside. Thus, the tolerance of crops to salinity may be slightly higher in the South 
Delta than many published results. 
 
Two analyses of the waters reported in Section 2.2 would result in an additional 5 % 
being added to the salt load from salts being weathered out of the soil profile at leaching 
fractions of about 0.15. Therefore, the salt load in the soil profile and in the drains would 
be higher than expected from the irrigation water alone. This may cause L estimates to 
be a little lower than might be expected in the absence of salt dissolution from the soil 
profile.  
 
The depth to the water table in the South Delta appears to be at least 3 feet with much 
of the area having a groundwater depth of at least 5 feet. Subsurface tile drains have 
been installed in the western portion of the South Delta to maintain the water table at an 
acceptable depth for crop production. With the water table at these depths, any 
significant water uptake by crop roots would be restricted to deep-rooted and more salt 
tolerant crops like cotton and alfalfa. 
 
Estimates of leaching fraction were made based upon the salinity of tile drain discharge 
and a few soil samples taken at various locations in the South Delta. From drain 
discharge measurements the leaching fraction varied from 0.23 to 0.47. Based on soil 
samples the leaching fraction varied from less than 0.05 at one site to more than 0.15 at 
six locations.  
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6.2. Using Models to Determine Water Quality Standards 
A number of steady-state and transient models have been developed to calculate the 
leaching requirement which can also be used to estimate a water quality standard. At 
least five different steady-state models have been published. When the steady-state 
models are compared with experimentally measured leaching requirements for 14 
crops, the exponential model agreed most closely with the measured values. This 
conclusion is supported by the comparisons made between steady-state and transient 
models by Letey (2007) and Corwin et al. (in press). 
 
If the steady-state model based on an exponential crop water uptake pattern is applied 
considering rainfall, the water quality standard could be 1.0 dS/m at a leaching fraction 
of 0.15 and 1.4 dS/m at a leaching fraction of 0.20. If the steady-state model using the 
40-30-20-10 crop water uptake distribution and rainfall is taken into account, the water 
quality standard could be 0.8 dS/m at a leaching fraction of 0.15 and 0.9 dS/m at a 
leaching fraction of 0.20. The limited information on leaching fraction in the South Delta 
based upon drain discharge and soil sampling, with perhaps a few exceptions, is above 
0.15. Antidotal evidence of relatively high leaching fractions are the irrigation efficiencies 
estimated to be 70 % for furrow irrigated beans and an overall irrigation efficiency of 75 
% for the South Delta. 
 
Four transient models were reviewed. The Grattan model which uses a 40-30-20-10 
water uptake distribution was applied to a watershed near Davis, CA. No verification of 
this model has been done. The Corwin model, called TETrans, is a functional, layer-
equilibrium model. The model was tested using data from the Imperial Valley, CA. The 
Simunek model, called UNSATCHEM, is a sophisticated, mechanistic, numerical model. 
Although not developed to determine the LR, it can be altered to do so. This model was 
also tested on data from the Imperial Valley. Letey and co-workers developed the 
ENVIRO-GRO model. This model contains a sophisticated equation to compute crop 
water uptake. Letey’s model was tested on a corn experiment conducted in Israel. 
 
Results from the Grattan model indicated that the water quality standard could be 1.1 
dS/m for the watershed near Davis, CA. Using information from the Imperial Valley, 
Corwin and co-workers noted that steady-state models over-estimated the Lr compared 
to transient models, but only to a minor extent. Based upon the conclusion of Letey 
comparing steady-state and transient models, the water quality standard could be 
raised to 1.0 dS/m. This assumes that the salt tolerance of bean is to be used to protect 
irrigated agriculture. 
 
All of the models presented in this report predict that the water quality standard could be 
increased to as high as 0.9 to 1.1 dS/m and all of the crops normally grown in the South 
Delta would be protected. This finding is substantiated by the observation that bean is 
furrow irrigated with an irrigation efficiency of about 70 % which results in a high 
leaching fraction.  
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7. Recommendations 
1.  If the salt tolerance of bean is to be used to set the water quality standard for the 
South Delta, it is recommended that a field experiment be conducted to ensure that the 
salt tolerance of bean is established for local conditions. The published data for bean is 
based on five laboratory experiments; one in soil, three in sand, and one water-culture. 
All five laboratory experiments were conducted more than 30 years ago. There may well 
be new varieties grown that under local conditions might have a different salt tolerance 
than the one published. 
 
2.  If the water quality standard is to be changed throughout the year then the salt 
tolerance of bean at different growth stages (time of year) needs to be determined. No 
published results were found on the effect of salinity on bean at different stages of 
growth. This type of experiment can best be conducted at the U. S. Salinity Laboratory 
at Riverside, CA where the experimental apparatus and previous experience on 
studying salt tolerance at different stages resides. 
 
3.  If a steady-state model is to be used to determine the water quality standard, it is 
recommended that either the exponential or the 40-30-20-10 model be used with the 
inclusion of effective rainfall as part of the applied water. As reported in Section 5, the 
40-30-20-10 model gives a more conservative water quality standard than the 
exponential model (1.0 dS/m for the exponential versus 0.8 dS/m for the 40-30-20-10 
model at a leaching fraction of 0.15.) 

 
4.  Transient models have a number of advantages over steady-state models. Of course 
the major advantage is that transient models account for time dependent variables. 
These variables include considering crop rotations, double cropping, and intercropping; 
changes in irrigation water quality and quantity and rainfall. The major disadvantage is 
that far more data are required. Transient models are currently under development but 
very few checks of their validity against field data have been accomplished. It is 
recommended that support be given to the testing of one or more of these models using 
data from the South Delta.          
 
5.  In an attempt to determine the leaching fraction in the South Delta, data from 
agricultural drains were used. It was not clear from the reports whether the drain 
discharge was a combination of irrigation return flow and subsurface drainage or 
subsurface drainage alone. To make the collected data useful for calculating leaching 
fraction, it is recommended that the source of the drain discharge be identified. It would 
also be helpful to know the area drained by the various systems. 
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