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ABSTRACT 

The salinity added by irrigation return flows is a major problem 
in rivers draining agricultural lands throughout the arid regions of 
the world, and many irrigation water management alternatives have 
been proposed for reducing downstream salinity problems. The merits 
of these alternatives, however, can only be jud~ed from reliable 
information on their actual effects on the salinlty in rivers re
ceiving the drainage water and the water withdrawn from the river by 
downstream users. Hydrosalinity models are widely used to estimate 
these ef fects to guide the selection of a policy on management of 
irrigation return flows. The purpose of this research was to assess 
the state-of-the-art of hydrosalinity modeling in order to develop a 
pract ical management tool for predicting how the salt outflow from 
irrigated agriculture is affected by various farm management prac
tices. 

A review of the state-of-the-art of hydrosalinity models identi 
f ied one of the major gaps in modeling as inadequate understand ing 
and representation of the quantity and quality interrelationships 
between surface water, drainage water, and groundwater. Most models 
predict relatively constant levels of salinity over time in surface 
drains during the irrigation season and an increase in concentration 
in similar drains at other locations during the nonirrigation season. 

The study also identified that a site specific equilibrium 
"threshold concentration" (TC) of dissolved solids can be adequately 
estimated and represented in a model. Salt concentration above the 
TC would result in precipitation of salts within the soil profile. 
Higher TC values would, however, exist in the unsaturated soil. 
based on these new conce9ts, salinity in the return flows was modeled 
as a composite of indivldual component outflows from the unsaturated 
zones and the saturated groundwater zone, and represents the inter
relationships among surface water, drainage water, and groundwater. 

The model termed BSAM-SALT was tested using field data from 
irrigated areas in Grand Valley, Colorado, and the Circleville sub
basin of the Sevier River Basin in Utah. A set of management runs 
was made to demonstrate the utility of the model in predicting the 
salt loading caused by irrigated agriculture in the Grand Valley, 
Colorado, area. 
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CHAPTER 1. 

Rivers draining arid basins increase in 
salinity content as the flow moves down
stream. In nature, much of the salt content 
of the water flowing from the mountain basins 
accumulates in the soil as the waters infil
trate or evaporate. When these lands are 
used for agriculture, the applied water 
leaches more salt through the soil and into 
the river. 

As river water becomes more saline, its 
value in agricultural and urban uses de
clines. Andersen et a1. (1978) found that in 
the Colorado River Basin, damages are be 
coming major as salinity levels at Imperial 
Dam pass 1000 ppm and now amount to approxi
mately $20 per ton of salt removed ($200,000 
for an average reduction in salt content of 1 
ppm), They also found on-farm irrigation 
water management practices in upstream 
irrigated areas to be the least expensive 
salinity control method. Narayanan et a1. 
(979) also found methods to improve irr 
tion efficiency to be quite promising as 
salinity control measures. 

These and the many other studies which 
could be cited that identify irr tion water 
management as important for salin ty control, 
however, do not indicate exactly what manage
ment practices should be used. That issue 
has yet to be resolved through an improved 
understanding of how salt loadings from 
irri ted areas vary with farm water manage
me pr act ices employed. A model is needed 
to capture the essence of this relationship 
wi th mathematical expressions for quantita
tive prediction. Data are needed to calibrate 
such salinity-control applications. Two very 
important needs are a good model and good 
data for calibrating it. 

In selecting a good model, one must 
recognize that the options come with wide 
variation in complexity of equations used, 
amount of descriptive input information 
required, and reliability of results pre
dicted. For overall irrigation water manage
ment system design, one needs a tool that 
can be applied to a fairly large area without 
requiring an unreasonably extensive amount of 
data and that is accurate enough to lead to 
salinity control practices that work. 

These river basin hydrosalinity models 
are powerful tools for 1) finding alterna
tives to existing water management procedures 
to improve and control salinity levels in 
irrigation return flows, and 2) ict 

INTRODUCTION 

future salinity levels at critical reaches 
within a river system. Such predictions make 
it possible to assess achievements toward 
complying with the salinity level require
ments of the Water Pollut ion Act Amendments 
of 1972 (PL 92-500). 

Hydrosalinity modeling uses the mod
e ler I s pr esent unders tandi ng of the var i ous 
hydrologic and salinity transport processes 
that occur within an irrigated area to 
predict how the system as a whole will 
respond to changes, such as alterations to 
farm water management policy, that may 
directly affect only a few processes. Hodel 
predictions depend on the assumptions made 
in representing the various processes as 
well as on how the model portrays inter 
actions among the processes to produce 
aggregate results. 

Hydrologic modeling provides the basic 
framework for river basin hydrosalinity 
models, but several key processes must be 
added, or at least given additional emphasis. 
Three of the most critical are: 

1. The chemical reactions and inter
actions that occur as waters con
taining varying combinations of salt 
species move, in an irregular time 
pattern, through soils having a 
variety of chemical properties. 

2. The respective sources and degrees 
of mixing among surface runoff, 
natural groundwater, and irrigation 
return flow. In hydrologic modeling 
one simply adds these flows and does 
not need to be so careful in getting 
the correct mixture between them 
because errors can offset. In 
hydrosalinity modeling, the correct 
ratios among flows originating 
from various sources are impor
tant to portraying the chemical 
reactions correctly. Since gaged 
stream flow data seldom indicate 
flow sources, this requirement 
poses major difficulties for 
model verfication. 

3. Salt pick up in effluent ground
waters is site specific depending 
upon the presence of residual salts 
and the extent of mineral dissolu
tion in the groundwater zone. It is 
important to represent well the 
processes controlling salt pickup 
as well as those controlling the 
depositing and subsequent repeat 



pickup of salts within the channel 
as flows rise and fall. 

These issues represent some of the more 
important which must be reviewed in assessing 
the state-of-the-art of hydrosalinity mod
eling before applying it to evaluate any 
specific management strategy. 

The hydrosalinity models available in 
the literature vary in the degree of complex
ity used to represent the chemical reactions 
that occur within the soil-water system. 
Some models such as those descr ibed by Dutt 
et a1. (1972) are detailed dynamic models 
which attempt to portray many complex 
phenomena that occur within the soil-water 
system including nitrogen transformations. 
At the other extreme of soil-water-salinity 
modeling are the steady state TDS models 
based on the conservat ion of mass pr inciple 
formulated by many researchers including 
Terkeltoub and Babcock (1971). 

The complex hydrosalinity models need an 
enormous amount of data, much of which is 
usually not available in the real world, and 
large amounts of computer time. The simple 
models, based on steady-state conditions, 
require less data but provide less detail. 
For a particular application, a model must be 
chosen from an appropriate point within this 
range. The key issues in the selection are: 

1) The reliability, in terms of the de
sired use, of the simpler steady
state models. 

2) The additional reliability achieved 
for the desired use with the 
complex hydrosalinity models. 

3) The possibilities for upgrading a 
relatively simple hydrosalinity 
model to predict the impact of 
management practices on the salin
ity of return flows without having 
to collect data for the other 
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features 
models. 
capable of 
data. 

of the more complex 
This model should be 
utilizing minimum field 

The purpose of this research was to 
assess the state-of-the-art of hydrosalinity 
modeling in representing the salt pickup 
process within the soil-groundwater system. 
The assessment is geared to developing a 
practical management tool for predicting how 
the salt outflow from irrigated agriculture 
is affected by various farm water management 
practices. 

In order to achieve the purpose of the 
study, the research was directed to the 
following tasks. 

1) A review of pertinent hydrosalinity 
models, soi I-water system models, 
and groundwater models with particu
lar reference to the model capabili
ties in representing the various 
processes controlling salt and water 
flows in an irrigation water supply 
system, assumptions in the models, 
and modeling gaps, if any. 

2) An inventory and analysis of field 
data from selected irrigated areas 
so as to have information available 
for verifying quantitative relation
ships proposed to depict salt pickup 
mechanisms. 

3) The development of a relatively sim
ple hydrosalinity model and a demon
stration application based on cali 
bration with field data from se
lected irrigated areas. 

4) Demonstrative application of the 
model to examine the effects of al
ternative irrigation water manage
ment policies on return flows and 
salt loadings. 



CHAPTER 2. 
REVIEW OF PROCESSES 

CONTRIBOTING TO SALINITY 
IN RIVER SYSTEMS 

In order to quantify how the salinity 
management options would affect the stream 
flow quantity and quality in a particular 
river basin, the physical processes control
ling salt and water movement within the basin 
would have to be identified, evaluated, and 
represented in the management model. The 
model would have to represent these processes 
sufficiently well to indicate how they would 
respond to the range of alternatives. The 
following review of chemical processes that 
occur in soil water systems, mineral 
weathering in the groundwater system, and 
salt loading in streams, provides the theo
retical background for an overview of the 
available hydrosalinity models discussed 
later in this report. 

Levels of soil water salinity vary by 
location and over time in irrigated soils 
with differences in the quality, quantity, 
and application patterns of irrigation and 
natural waters and in the chemical, geohydro
logic, and biological properties of the 
soil. 

Salt pickup from the soil varies with 
interrelated physical, chemical, and biologi
cal factors. The physical factors include 
the soil type, quantity of water percolati 
through the soil, travel path within the soi 
prof ile, depth of groundwater table, and the 
hydraulic gradient causing the flow. The 
salt transport depends upon mass of flow, 
ionic diffusion, and dispersion in the soil. 
Chemical factors are the partial pressure of 
C02, complex inorganic and organIC chemical 
reactions involving ion exchange, ionic 
adsorption, dissolution and precipitation,_ 
and formation of complex ion pairs changing 
the ionic strength of water and the concen
tration gradient. Biological activity 
depends on the extent and nature of micro
organisms and their substrate present in the 
soi 1. 

All in all, many physical processes 
interact in determining soil salinity levels, 
and the dominating ones vary greatly with 
local conditions. Generally, however, the 
three or processes are 1) precipitation of 
the salt content of the water within the soil 
or dissolution of the salts in the soil by 

3 

the water with the two principal salts being 
CaC0 3 (calcium carbonate) and CaS04' 2H2 a 
(gypsum), 2) concentration of salts within 
the soil water as the water is lost by 
evapotranspiration, and 3) spatial and 
temporal differences that impart spatial 
and temporal variability to the salt content 
of the soil water. 

Precipitation of CaC03 and gypsum in 
the soil. Both the qualitative ano-qrrant1~ 
tive aspects of the salt precipitation 
phenomena occurring within the soil profile 
under various conditions of leachi have 
been descr i bed (Wi llardson et a1. 19 and 
Swarez and Rhoades 1977). Willardson et al. 
(1979) showed that chemical precipitation 
occurs in the soil profile during cycles of 
evaporation and water additions which reduce 
the effluent salt content below what one 
would expect theoretically from the leaching 
fraction (LF). 

The data in Table 2.1 indicate that when 
irrigation water is applied, CaC03 and gypsum 
precipitate in the soil in varying amounts 
depending upon the leaching fraction, depth 
within the root zone, and the type of irri
gation water. The precipitation of salts 
in the root zone was less when the appl ied 
irrigation water was initially undersaturated 
with CaC03 as compared with the salt pre 
cipitation when the applied water was satu
rated with CaC03. Swarez and Rhoades (1977) 
contend that salt is deposited in the soil 
with high leaching (LF=O.4) because CaC03 
is dissolved in the upper layers and is 
deposited in the lower layers of the root 
zone, although there is no net deposition in 
the soi 1. 

Concentration of salts within the 
s 0 i l-water-System:---fhe--sali:--conteni:--of 
the soil-water system is concentrated 
through consumptive use by irrigated crops 
and phreatophytes. The amount of increase in 
concentration depends on the LF, the type of 
soil, and the quality of the applied wa.ter 
(Table 2.4). Reduced leaching would: I) 
increase precipitation of CaC03 and CaS04 in 
the soil, 2) reduce soil mineral weathering 
and dissolutions of salts previously de
posited in the soil, and 3) increase the 
amount of soluble salt in the soi 1 of i Ie 
because less salt would be returned n the 
drainage water. 

At high leaching fractions, salt is 
added to percolating waters, passing through 
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Table 2. l. Prec of CaC0 3 and gypsum in soil. (After Swarez and Rhoades 1977.) 

Di-
ver-

2 

5 

7 

9 

Note: 

Type 1 Water 
Quar-
ter 

1 -15.01 -24.39 9.38 -5.49 -13.67 8.18 -5.14 
2 6.74 4.40 2.34 6.88 4.38 2.50 5.97 
3 5.35 2.53 2.82 5 47 2.41 3.06 4.18 
4 3.33 L25 2.00 3.49 1.26 2.23 2.22 
1 -13. 04 -12.98 -0.06 -5.49 -14.02 8.53 -5.22 
2 6.72 4.39 2.33 6.86 4.46 2.40 5.91 
3 5.28 2.49 2,79 5.52 2.40 3.12 3.94 
4 3.11 1.25 1.86 3.57 L18 2.39 2.21 
1 -10.89 -12.90 2.01 -5.71 -14.24 8.54 -5.40 
2 6.62 4.37 2.25 6.87 4.25 2.62 5.96 
3 5.08 2.43 2.65 5.61 2.35 3.26 3.66 
4 2.83 L25 1. 58 3.67 1.18 2.49 2.21 
1 -6.72 -11.96 5.2 -6.23 -15.4 9.17 -5.75 
2 6.16 4.11 2.01 7.00 4.35 2.70 6.08 
3 4.26 2.23 2.03 5.83 2.29 3.54 3.12 
4 L93 L18 0.75 3.85 1.14 2.71 2.25 

(1) Values are in metric tons (x 10-3) per project (25,000 acres) in the rootzone; 
includes in-situ dissolution and subsequent precipitation. 

(2) Negative values indicate dissolution; quarter depth is 1 ft. 

(3) TYPE 1 water: River initially under saturated ,vith CaC03 (Feather River) 
TYPE 2 water: River initially saturated mth CaC03 (Rio Grande River) 

0 -12.82 
0 3.84 

18.63 1.94 
30.58 0.99 
0 -12.30 
0 3.44 

30.65 1.83 
30.19 0.92 
0 -11.84 
0 3.33 

42.26 0.72 
29.53 0.17 
0 -11.95 
1. 57 1.60 

59.92 0.19 
27.72 -0.13 

TYPE 3 water: River initially saturated mth CaC03 and saturation mth gypsum (Pecos River) 

0 7.73 
0 2.13 
0 2.24 
0 1.23 
0 7.08 
0 2.47 
0 2.11 
0 1. 29 
0 6.44 
0 2.63 

50.08 2.94 
32.30 2.04 
0 6.20 

89.63 4.48 
64.29 2.93 
32.42 2.38 

(4) Diversion numbers in column 1 indicate consecutive downstream The waters vary in 
among these points as the drainage flow is completely river below each project and the 
water was before it arrived at the next downstream project. 

(5) Composition of soil water is contained in Swarez and Rhoades (1977). 

0 
0 

IB.63 
30.58 
0 
0 

30,65 
30.19 
0 
0 

-7.82 
-2.77 
0 

-88.04 
-4.37 
-4.70 



the root zone, as a result of silicate 
mineral weathering and dissolution of soil 
lime (Rhoades et al. 1974). Depending on the 
drainage of the soil-water system, the 
above processes may redistribute the storage 
of salts within the soil profile and develop, 
over long periods of time, a high capacity 
for "buffering" salts. For soil types such 
as those encountered in Vernal, Utah (K 
and Hanks 1975 and Melamed 1975), a charac
teristic soil solution concentration lIe 
emerged. A unique salt concentration 
oped at each position in the soil profile, 
and it remained nearly unchanged as waters of 
various concentrations passed through. 

Salt balance studies based on outdoor 
experiments with lys imeters (Rhoades et al. 
1973 and 1974) indicated that, depending on 
the LF, there could be either a net gain of 
salts (by dissolution), and a net loss of 
salts (by precipitation). Both calcarious 
(wi th 1% Ga(03) and noncalcar ious 
sandy loam soils were investigated 
2.1 through 2.4). The fact that these 
representing drainage water salinity tend 
to become horizontal with large leaching 
fractions suggests that for these soils a 
threshold leaching fraction (LFT) could be 
identified beyond which there is neither a 
net gain nor a net loss of salt relative to 
the applied water. The estimated drainage 
water composition, "Threshold Salt Concentra
t ion" (TSC), corresponding to the LFT for 
several irrigation waters is shown in Table 
2.2. Since the data represent tile drain 
water or the drainage waters as they emer 
from the root zone, the above estimates 0 

ECT values correspond to the concentration 

of the soil-solution at the bottom of the 
root zone. The est imated values of TSC for 
noncalcarious (without lime) soils are 
higher than the corresponding TSG values for 
calcarious soils. 

TSC values are highly site specific 
and depend on the quality of irrigation 
water, soil type, and the leaching status of 
the soil at the time of determination. For 
example, soils recently brought into irri a
tion may have a higher TSC than do so s 
i rr igated for many years. Field exper iments 
of the type described in Rhoades et al. 
(1973) provide in situ TSG for the usual soil 
types encountered in most parts of the 
western states where the soils provide 
a buffering capacity with respect to CaC03. 
Further investigations are necessary to 
extend this concept to other soils. Never 
theless, the TSG concept is useful for 
deriving a simple but reasonably reliable 
hydrosalinity model as described in a 
subsequent chapter. 

Spatial and temporal variability of 
drainage water concentratlons.- Observed 
salinity concentrations in drainage waters 
from var ious i rr igated areas change wi th 
the time and location of individual drains. 
The results of a number of research projects 
shed light on these patterns. 

1. The eight studies of drainage water 
salinity concentrations reported in Table 2.3 
indicate that concentrations remained similar 
throughout the year, suggesting that salt 
outflow was proportional to the corresponding 
water flow. Those observations appear, 

Table 2.2. Estimated threshold salt concentrations (TSC) for Pachappa 
Figures 2.1, 2.2, 2.3, and 2.4.) 

loam. (Based on 

River type 

1 Feather 

2 Grand 

3 Missouri 

4 Salt 

5 Colorado 

6 Sevier 

7 Gila 

8 Pecos 

Estimated LF at which 
no salt precipitation 
or dissolution occurred 

0.285 

0.17 

0.185 

0.185 

0.145 

0.235 

0.225 

0.230 

0.235 

5 

calcarious lysimeters 
(with 1% CaCXl

3
) 

2.75 

3.75 

7.2 

4.25 

11.75 

noncalcarious lysimeters 

4.25 

10.5 

4.10 

12.25 
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Figure 2.1. Average composition of drainage waters from calcarious lysimeters. spring of 
year. (After Rhoades et al. 1973.) 
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however, to be site specific. As evidence, 
concentrations in the La Mesa drain in the 
Massilla Valley, California, (Figure 2.5) 
have a cyclic trend with an EC lower during 
the summer than in the winter months. A 
possible explanation for this phenomena 
would be that the drain could still be 
leaching the residual salts and had not 
reached steady state conditions. 

the Palo Verde Irrigation District (Figure 
2.6), vary considerably from one another. 
While the outfall drain showed little vari
ation in concentration (measured in tons! 
ac-ft) with time, the Anderson drain showed 
large fluctuations. Two possible causes 
exist, 1) Anderson drain could still be 
leaching residual salts (in a pattern varying 
with the rate of irrigation) or 2) the amount 
of effluent groundwater mixing with the 
drainage waters could be higher and diluting 
the drainage water during the low flow 
season. 

2. The drainage water salinity concen
tration time patterns in three drains in 
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Figure 2.3. Net contribution of mineral weathering and salt precipitation expressed as per
cent of salts applied in irrigation waters in calcarious soils. (After Rhoades 
et a1. 1974.) 
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3. Flows in the open drains in the 
Uintah Basin exhibit a high degree of spatial 
variability. When the flow of water reduced 
sharply to 0.5 - 2.0 gpm, however, there was 
a sharp increase in the EC, suggesti an 
i ortant base flow contribution to ota1 
s inity in the drains. The scatter of the 
concentrations in the larger flows (Figure 
2.7) suggests that one should consider the 
possibility of using spatial variability in 
TSC values when modeling a basin like the 
Uintah. 

4. A plot of salt outflow versus total 
drainage outflow for the Grand Valley drains 
(Figure 2.8) displays cons iderab1e scatter. 
The pattern, however, nerally f its an 
hypothesis that groundwa ers contributing 
about 20 tons/day per cfs (7420 ppm) mixes 
with variable amounts of surface and irriga
tion water causing the scattered points to 
the right. The 7420 ppm is the approximate 
slope of an envelope curve on the left side 
of the plot. From these trends, two hypothe
ses provide reasonable assumptions for 
modeling the salt load of drainage flow. 
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Table 2.3. Results of studies of water salt concentrations. 

Reference Feriod61 -- Crops 

Ayars, J. E. 
1976 

Brown, Kirk W. 
et al. 1978 

Carter, et al. 
1979 

1975 Alfalfa 
wheat, ~d 
crested 
wheat 

1974 and r975 

2 years 
(1973-74) 

grass 

Rice 

Not 
Cropped 

Soil type 
---"" 

Grand 
soils 

Beaum:mt 
clay soil 
(Typic 
pelludert) 

Sur:ta:ce
runoff 

Port neuf ------- VariabIe
silt loam 

Results 

Salt concentration of the leachate 
at the bottom of the soil profile 
is independent of the volune of 
water. TDS at the begirming 
and end of growing season show the 
concentration of salt in the profile 
below the root zone relatively con
stant. This region acts as a buffer 
and causes salt concentration of the 
return flow to be relatively constant, 
i.e. reduction in salt loading is 
directly to reductions 

.lU'JUI"dl.t:L was 
the soil profile. salts were 
evidently adsorbed and not readily 
solubilized, i.e. the soil served 
mJre as a sink than a source. 

Salt in Salt in 
Year Irrigation irrigation return 

Technique water flow 

1974 Impounded 528 559 
1974 Continuous 993 575 
1975 Impounded 428 433 
1975 Continuous 712 587.9 
(i) Since llDre 
added to the continuous plots 
than is removed in the outflow during 
the season, it is apparent 
that management practice could 
lead to excess salt in the soil 

years which do not receive 
much rainfall between growing seasons 
(ii) Concentration of salts in the 
outflow from the plots were less and 
the water would mJre easily meet 

Location 

Grand Valley, 
Colorado 

_ rigid "'\-later "~Jality standards. ___ . __ _ 
(1) Once residual salts are removea--- ~ls, 
by there is no rapid Idaho 
salt accumulation to concen-
trations from dissolving minerals, 
when lands are no longer irrigated. 
(2) The of salt outflow 
from , residual salts are 
removed, depends alTIDst entirely 
upon the amount of leaching water 

through the soil. With less 
passing through the soil. sillJaller 



Table 2.3. Continued 

Reference 

carter 

Sarrmis, T. H. 
and C. M. Holm, 

1977 

Swarez, D. L. 
and 

J. D. Rhoades 
1977 

USDA.. SCS 

report 
Jan. 1979 

Period of 
data 

May r974-
April 1976 

1976 

ApriT 1970 to 
October 1977 

Crops 
grown 

Soil type 

.. - Past::Urean:o--u SUt lciaiii---
meadow 

To I3(} ern 

tomatoes, 
cotton, 
lettuce, 
alfalfa 

Pasture, 
alfalfa, 
small grain, 
and com for 

--r'::2~5 

meters 

-4l't 
120 em 

VariaoIe. - ---7=--8 ft-
Marine shales 
to gravelly 
terraces, and 
glacial 
outwash 
materials. 

Results 

dissolved from 
soil minerals and slightly soluble 
salts will be rerroved by leaching 
water. (3) There was no measurable 

in soils from mineral dis-
for at least 10 after 

Location 

similar throughout the year. Salt Ohio 
is proportional to the 

water quality in the drain and flow Valley, N.M. 
rates. 

flow EC 

(m3/sec) (rnrrhos/ern) 
sunner 0.8-0.9 1.3 

of the root zone 
at 4 ft depth) were lower for river 
types with high leaching. The salt load 
in return flow, however, reduced with 
low leaching. (ii) The data showed that 
the concentration.s of the 
waters and salt loads all increase with 
distance downstream. (iii) Salt was 
deposited in the soil even with high 
leaching because CaCD3 was dissolved in 
the upper quarters and was deposited in 
the lower quarters, even though there 
was no net -deoosition in the soil with 
respect to that derived from 
water Der se, (iv) Reduced salt 
in ret1.lID flows mayor may not reduce 
salt load in the river waters. The 
reduction depend.s on the degree of 
saturation of river water with respect 

and gypsum. 

constant even thoug)-! the flow of 
water doubled. This indicates rela
tively constant solubility of salts 
in these soils. However, where the 
flow of water reduced sharply to 0.5 -
2 gprn there was sharp increase in the 
EC. 

Uintah Basin, 
Utah 
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a. The surface and irrigation drainage 
water have a constant salt concentration or, 
as it may be equivalently stated, the salt 
loading is proportional to the flow. 

b. Concentrations increase with low 
flows because of less mixing to dilute the 
relatively poor quality effluent groundwater. 
Some Grand Valley drains show concentrations 
as high as 20,000 ppm during low flows. 

Mineral weathering in 
the groundwater system 

The salts within the groundwater zone 
are picked up more freely because of mineral 
weathering. The weathering rate is influ
enced by the soil moisture level, quantity of 
percolat ing water, compos i t ion of the parent 
material underlying the groundwater zone, and 
the salinity of the soil water. All these 

4.0 

....... -.... 
I 

0 
0 

........ 
3.0 rn 

c 
0 --

(J) 

0 

-J 
0 
(J) 

0 
w 
:J 
0 2.0 
(J) 
(J) 

0 

factors should logically be included in 
quantitative analysis of salt pickup in the 
soil where the two principal processes are 
the weathering (dissolution) of residual 
salts within the soil water - groundwater 
system and the resolubilization of previously 
precipitated salts (reverse weathering) 
within the soil layers. 

Salt loading in streams 

The major processes contr i but ing to 
salt loading between two stream points are: 

1. lnstream salt pickup as it varies 
with: a) seasonal flow fluctuations in
cluding associated larger fluctuation in 
sediment movement, b) manmade fluctuations in 
flow associated with diversion and return 
flow patterns, and c) the salt content of the 
river water. Flow fluctuations that expose 

Out Fall Drain 

Anderson Drain 

Olive Lake Drain 

ONDJFMAMJJASONOJFMAMJJASONDJFMAMJJAS 
1975 1976 1977 

WATER YEAR 
Figure 2.6. Dissolved solids concentration in the drains of the Palo Verde lrrlgation Dis 

trict, California, 1975-1977 water years. 
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stream bed areas cause near surface water 
to rise to the surface and evaporate leaving 
appreciable deposits of salt along river 
or canal banks or bottoms. 

2. Natural salt pickup from the con
tr ibut ing drainage area (overland process). 

3. Salt loading from irrigated agricul
ture. The flow components are canal seepage, 
deep percolation, and field drainage. Salt 
loadings from field drainage depend on the 
so il water system as previously discussed. 

Empirical salt loading equations 

Two empirical methods were tried for 
representing overall salt loading from 
natural and agricultural sources. 

3.0 

-f/) .... 2.0 • • • () 

3: • 0 
....J 
lL. 

LIJ 
(!) 
« 
z • • • • 
« 
a:: 
0 1.0 • • • ..... 

• • • 
• • 

• • • ". • • ..... • • • • • • • • • • • I • • , .... • • 
1000 

• 

• 
• 

Method 1: A linear regression model fit 
to empirical data (Fifield 1979) represented 
the incremental salt loading between any two 
points of a stream by: 

6 load = m (6 flow) + b (2.1) 

in which 

6 load stream loading applied ei
ther on the bas of an indi
vidual constituent or total 
dissolved solids (TDS), and m 
and b are regression coeffi
cients. 

The slope of the regression line, m, 
represents the net average concentr at ion of 
the constituent ion or TDS. Equation 2.1 was 
used to estimate stream loading by "un-

• • 

• • • 

• 
• ••••• • • • .. • • 

• • • • • • • • •• • ., • • • • • ,. • • • • • 
• • • 
2000 3000 4000 

ELECTRICAL CONDUCTIVITY (EC)-(micromhos at 25°C) 

Figure 2.7. Drainage flow versus EC in the Uintah Basin drains (1976). 
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Control ect data.) 

Table 2.4. Trends in changes of soil salt loading with river water type and leaching fraction. 
(After Swarez and Rhoades 1977.) 

Type of river water 

Rivers undersaturated 
with Caca3. 

Rivers saturated 
with CaCa3. 

Rivers saturated with 
CaC03 and 
saturation with gypsum. 

Changes in sal t loading 

Net renoval of Caca3 from solution under low leaching (LF 0.1) 
Net dissolution of Caco3 under leaching (LF = 0.4) 

Lost CaC03 by precipitation in the soil root zone under low leaching, and 
by precipitation in the river channel (after the water 
with undiverted river vlater) under high leaching. total amOlmts of 
precipitation and the river compositions were uneffected by 
management. 

Lost substantially more salts by precipitation under low versus high 
leaching. 

LF 0.1: Precipitation of salts was relatively constant 
successive 

LF 0.4: Initial valleys showed no gypsum precipitation, but subsequent 
valleys showed rise in gypsum precipitation. 
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accountable" sources, both ungaged point 
and nonpoint sources in a model successfully 
applied to four agricultural basins, namely, 
Grand Valley and Arkansas River in Colorado, 
Palo Verde Irrigation district in California 
and Yakima Valley in Washington. 

Method 2: Improved est imat ion of salt 
pickup was attempted by using separate 
estimations of loadings by salt source and 
summation in the form: 

Tload 

in which 

tnat 

tinstr + tnat + tag + tps + tups 

(2.2) 

total salt loading between 
any two points of a stream. 

incremental salt loading due 
to instream salt dissolution 
and precipitation phenomena. 

Incremental salt loading due 
to natural (diffuse) sources. 

Incremental salt loadin~ due 
to agricultural (diffuse) 
sources. 

Incremental salt loading due 
to known point sources. 

Incremental salt loading due 
to unknown point sources. 

Salt loading by instream processes is 
important for storm or other short period 
flows, but loading and deposition balance 
out over longer periods. If one wishes to 
model over long periods and can identify all 
the significant point sources, Equation 2.2 
r educes to 

Tload tnat + tag + tps •..• (2.3) 

Of the three terms on the right side of 
Equation 2.3, the diffuse agricultural 
loading can be summed from its sources: 

tag SSRT + SART + SGEF + SSPL + STW 

- SCNL (2.4) 

in wh ich 

16 

Salt in seepage returns. 

Salt 
flow 

in agricultural return 
from deep percolat ion. 

Salt in effluent groundwater. 

Salt returned to stream through 
administrative and operational 
spills. 

Salt returned to stream through 
tail water runoff from irrI
gated fields. 

Salt taken from the stream in 
canal diversions. 

Known point source loadings can be estimated 
from data on the sources. Riley and Jurinak 
(1979) postulated that the total salt load 
added within a subbasin could be apportioned 
between natural and agricultural sources on 
the basis of average quantity of water that 
was estimated to flow through the soi ls of 
each area: 

in which 

ETag 

W 
n 

lIQ + ET ag 
Wd - ET ag 

. . (2.5) 

rate of salt loading from natu
ral sources. 

tag. 

rate of drainage from natural 
lands. 

rate of drainage from irrigated 
lands. 

change in measured water flow. 

rate of water diversions for 
irrigation within subbasin. 

evapotranspiration of water di 
verted for agriculture. 

The salt loading from natural sources can 
then be estimated from Equation 2.3 since all 
terms but Tnat are now known. 



CHAPTER 3. 
REVIEW OF HYDROSALINITY MODELS 

Recent advances in the state-of-the-art 
of hydrosalinity modeling have been signifi
cant as many computer simulation models have 
been developed to predict salinity in return 
flows. Walker (1978) and Fifield (1979) have 
rrovided preliminary evaluations of different 
categories of models. Lewis (1976) demon
strated an evaluation procedure by applica
tion to many water quality models, some of 
which include conservative constituents. The 
above evaluations, however, did not state the 
assumptions made in the representations of 
salt pickup phenomena in the reviewed models. 
Since irrigation waters usually undergo 
significant quality deterioration in passing 
through the soil profile, the capability of a 
model can be better understood by evaluating 
1) the basic assumptions in the model, and 2) 
the representations of the various processes 
that occur within the soil profile, that 
affect the salinity status of the soil-water. 
The review of hydrosalinity models discussed 
in this section focuses on these assumptions 
and representations as well as the criteria 
listed in Table 3.1. 

Only deterministic models that portray 
the hydrology and chemistry of soil-water and 
groundwater regimes were reviewed. Available 
models predict water salinity (TDS and/or 
constituent ion) for specific situations and 
represent a wide range of capability and 
applicability. There exist many other models 
and versions of models, but those reviewed 
are representative of the range of those cur
rently available for hydrosalinity modeling. 

General Description 
of Models 

Two major categories of hydrosalinity 
models exist, namely, 1) the simple water and 
salt budget models and 2) the more complex 
models that also depict chemical processes 
within the soil-water system. 

Water and salt budget models 

Lane (1975) and Dixon (1978) provide an 
extensive discussion of these mass balance 
models. A brief description of character
istics of eight pertinent models is outlined 
in Table 3.2. Both one-dimensional instream 
models and two-dimensional river basin models 
have been developed assuming steady state 
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conditions and considering TDS as a conser
vative constituent. Neither the chemical 
reactions nor the preCipitation/dissolution 
of salt within the soil profile is considered 
in these models, which generally operate on a 
monthly time increment. 

These models synthesize both hydrologic 
(water flow) and chemical (solute flow) 

Table 3.1. Criteria for evaluating salinity 
management models. 

1. Model Capabilities 

Applicable situations 
Ccnstituents modeled 

2. Model Assumptions 

Within root zone 
Within the unsaturated zone below root zone 
Within the saturated groundwater zone 

3. Salt Pick Up Methodology 

4. Representation of Groundwater Salt Component 

5. Data Requirements 

For model inputs 
Additional. for model verfication 

6. Model Ccsts 

Initiation costs 
Utilization costs 

7. Model accuracy 

Representation of physical system 
Numerical accuracy 
Sensitivity to input errors 
Sensitivity of management options 

8. Ease of Application 

Adequacy of available documentation 
Output form and content 
Updateability of data decks 
~bdification of source decks 

9. MOdel Credibility 

Adapted research areas 
Adapted practical locations 
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Table 3.L. Characteristic analysis of water and salt budget models. 

Reference Constituents 

Hill, R. W. et 
a1. 1973 

Hyatt et al. 
1970 

Jensen, A. R. 
1976 

illS 

illS 

illS 

Time 

Salt quantities leaving the soil illS data for monthly 
profile were estimated by inflow/out-
attaching the soil effluent flow streams. 
concentration to any deep 
percolation water, determined 
from the soil moisture system. 

Deep percolation salt and water 
were routed through the same 
delay network before in 
the groundwater system. 

Salt concentration in soil 
solution (TDS) is estimated 
an accounting process at the 
end of each model time period, 
considering the sal t fram 
weathering as well. 

Comnent 

Soil-salt process is simu
lated in a gross manner. 
The model essentially pro
vided a link between the 
quality of applied water 
and subsurface return flow 
quality. 

---- -~----- ------_ ... --
Salt balance exists within 
each subbasin. 

Deep water perco-
lating through the groundwater 
basin assumes a sal t load by 
the groundwater concentrations. 

As with the hydrologic system, 
the input functions to the 
salinity system within an area 
are acted upon by the 
and storage functions of 
system. 

Because dissolved solids are 
now degradable, the continuity 
of mass principle also applies 
to dynamics of flow within the 
salinity system. 

Salt content in the ungaged 
component of stream flow has 
constant concentration. 

Ionic composition of illS is 
constant over all months and 
all tributaries, or that no 
chemical reactions or precipi
tation occur. (illS is taken 
to be a conservative substance). 

Salinity (TDS) monthly 
data associated 
with stream flows, 
diversions, returns. 

All the flow rronthl y 
quantities and the 
respective illS con
centration. 

Salt loading from sedi
ment is not represented 

The node 1 predicts in
stream salinity based on 
statistical analysis. 

~del 

Bear River 
Basin, Utah 

Upper Colorado 
River Basin 

Colorado River 
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Table 3.2 Continued. 

Reference 

Jensen (cont.) 

Lewis, L. Delong 
1977 

Melamed, J. P. 
1975 

Ribbens, Richard 
W., 1973 

ConS ti tuents 
ffiJdeled 

TDS 

TDS (EC) 

TDS 

- . ---- "fiillB --- ---

TDS output of each tributary 

Comnent---M::lder --- --

basin can be adequately modeled 
using stream flow and TDS data 
recorded at the outflow 
station of each subbasin. 

In stream TDS from late s1.lIlI!ler 
to late fall is derived entirely 
from groundwater flow. 

Ratio of groundwater flow com
ponent to the total flow is a 
function only of the total flow. 
No hysteresis phenomena is con
sidered. 

Increase in flow tends to de
crease the concentration (TDS) 

TDS concentrations and stream 
loads can be estimated from 
stream flow records using a 
regression model derived from 
chemical analysis. 

Constant year-round relation 
is assUIllBd in the regression 
procedure. 

Precipitation and dissolution 
processes within soil 
are by source-sink 
term the ffiJdel. 

There is a particular concen
tration in the soil solution 
where neither precipitation 
nor dissolution occurs. 

Ion exchange is of minor 
importance; total salinity 
(TDS) was considered. 

Ion exchange capacity is rela
tively uneffected by salinity 
levels generally encountered 
in the area. 

Flow and are routed 
through the river system. 

Stream flow data monthly 
and TDS concentra-
tions 

F;Kperimental set- Fraction 
up of soil colunms, of a day 
and leaching water 
of variable quality 

I month 

-- .-~--- ----.---~ 

The ffiJdel is one dimen
sional instream model. 
It does not identify 
salinity contribution 
from selected sources 
per se. 

Computations using a con
stant parameter source
sink term for the whole 
soil profile improved the 
prediction of total salts 
in the entire profile, but 
still predicted very poorly 
the salt distribution with 
depth_ 

One dimensional 
instream ffiJdel 

Green River 
Basin, Wyoming 

Laboratory 
analysis and 
field testing 
of soils from 
Vernal, Utah 

Colorado River 
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Table 3.2. Continued. 

---t·- . 
Reference lrne 

Ribbens (cont.) 

Utah Water 
Research Lab 
1975 

TDS 

TDS 

Time interactions of 
processes such as soil-

water transformations due to an 
L"-,5a.k"-·~" regime must be 

"1-"" ..... ,.1. •. <0'" by the user. 
TDS parameter is considered to 
be conservative. 

Mass balance concepts are erll
So chemical precipi

dissolution and re
actions of individual consti
tuents are not considered. 

of solute is 
assumed. 

Flow is assumed to be inde
"=,,r«~r of quality, although 

depends on flow. 

computations are based 
on mean weighted concen-
trations. 

Under state conditions 
the rrodel conducts flow and 
mass balance on a river systerll. 

It is a one dimensional in
stream rrodel. 

Mass balance of water and salt 
must occur during the rrodel 
tiroo. 

Salt flows are assumed to de
on water flows. 

Salt obtained from an irrigated 
area is assumed to be the 

of salt outflow which 
must occur to maintain annual 
salt balance minus auantitv of 
salts indicated by 
outflows with neasureu 
concentrations. 

Water and salt Annual 
flows, user options. 

TDS data for inflow rronthly 
and outflow. 

Comnent 
-------MCJder--

Unlike a 
this rrodel does not 

values which might 
for short periods 
after a change 

in conditions or periodic 
variations in existing 
conditions. 

Root zone salt analyses 
updating. 

Colorado River 
Basin 

Grand Valley, 
Colorado 



processes. The representation of the hydrol
ogy component varies substantially depending 
upon the watershed studied and the desired 
application. The state-of-the-art of 
modeling soil-water systems is found in the 
models outlined in Table 3.3 and described by 
Oster and Rhoades (1975). 

The hydrologic and chemical components 
are normally modeled separately but inte
gratedly. Huber et a1. (1976) describe 
the Basin Simulation and Assessment Model 
(BSAM), a generalized hydrologic model that 
can be applied to any watershed and also 
can be coupled to a sui table s alini ty sub
model. As classified in Fi re 3.1, the 
complexity of solute flow mode ranges from 
simple applications of plate theory assuming 
piston-flow movement of solute and water 
(Tanji et a1. 1967), to detailed models 
which attempt to represent the complex 
chemical reactions within the soil profile by 
use of both hydrodynamic dispersion and 
diffusion principles. 

Models integrating solute transport with 
soil-water chemistry were initially pursued 
by Tanji et a1. (1967), Thomas et a1. (1971), 
Dutt et a1. (1972), and Narasimhan (1975). 
Descriptions of specific characteristics of 
some more recent and more refined models are 
outlined in Table 3.4. 

Models attempting to also lnt ate 
groundwater flow came even later. The irst 
models (Konikov and Bredehoeft 1974) consid
ere d rea c t ion s wit h in the w ate r but not 
chemical reactions between the water and the 
aquifer. As a result, they did not r igor
ously define the relation of groundwater 
s alini ty to overlying soil salini ty. Helweg 
and Labadie (1976) computed groundwater 
salinity (represented by TDS) by means of a 
regression equation using the electrical 
conductivity (EC) of the soil water and 
groundwater. Outlined in Table 3.5 are the 
general characteristics of these groundwater 
salinity models. 

Assumptions in 
Salinity Modeling 

Solute flow processes 

Review of the models presented in Tables 
3.2, 3.3, 3.4 and 3.5 indicated that solute 
flow is generally modeled from a few basic 
relationships. The principle of conservation 
of mass was generally used, and steady state 
conditions were commonly assumed. The only 
exception is the model of Willardson et a1. 
(1979), which assumed transit state condi
tions in modeling the water and solute flows. 

Solute Flow Models of 
Soil-Water System. 

I 

ChromatOgraJhic Models 
(Plate Theory) 

- Dutt (1962) 
- Tanj i (1967) 

I 

Discontinuous Plate Modelsl / 
Vander Moden (1956) Continuous Plate Models 2/ 

Gardner & Brooks (1957) 

I 
Diffusion Models 

(Miscible Displacement Theory) 
Bresler & Hanks (1969) 
Biggar & Nielsen (1962) 

I 
Soil-Ion Interaction3/ 

Systems 
Rhoades (1975) 
Shaffer (1977) 
Dutt (1972) 
Narasimhan (1975) 
Thomas (1971) 

I Lj 
Nonsoil-Ion Interaction' 

l--bdels 
Terkeltaub (1971) 
Hill (1973) 

Note: 1. 
2. 
3. 
4. 

Solution remains in an affective plate of colunn until equilibrium with solid phase is obtained. 
Based on rate theory and ionic equilibrium. 
Equilibrium concentration of constitutent ions, ion pairs and cation considered. 
No chemical reactions are considered. 

Figure 3.1. Development categories of selected solute flow models of the soil-water system. 
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Table 3.3. Characteristic of soil-water system models. 

Reference 

Oster, J. D. 
andJ. D. 
Rhoades, 1975 

Constituents 
roode~le.c..,d.....----_______ .. 

-:::2+C 't- Mg2+ c· 1 a, ) uO~ in state 
2- with 

, S04 ' pH of the 
water. 

solution was assumed 
SM to be governp <1 

, ate ~~.~ .• ~ •. ~ 
soil carbon-

EC 

Individual 
ions, and 
EC. 

Equilibrium concepts with 
respect to concentrations of 
constituent ions. 
Each micro of OH-
G~'Q"Q~a~ or consumed in a 
reaction for each unit of 
l"EC (meq/LOO wuld 

in the 
0.01 

___ ~~~~~;:~!~~~ .'::~:: ReSults-"=~=~~_~-'~;;~;~iO:~~ 
Ionic composition roodel Study conducted 
of irrigation water with lysirneters 
water, and drain- by the filled with 
age water, leach- and SAR. Pachappa soil 
ing fraction,. Correlations between measured 

eqUl- n~1n,,1 ~;-~,.l ~~~~~ .. ~~ .. "~-~ of 

Composition of 
soil":saturation 
extract data, CEC 
of soil, percent 
of water at satur
ation and at field 

and 

(3) Measured ion concentrations 
tended to be greater than calculated 
values reverse was the case 
with 

(4) Both and 
mineral significantly 
affect the EC of the drainage water, 
with relative 
with the 

(5) The extent of salt pickup or loss 
upon composition of the 

L~'S~l.~~'" water, leaching fraction, 
pressure of CO2 , 

used. 

lJeIJVE!-nUCtcel. equation 
of 

capacity, 
S04, HC03 and C03 

and 

above, except ex
Debve-Huckel equation was 

Included ion of 

Data from 
Southwest Irri
gation field 
station at 
Brawley, 
California 
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Table 3.4. Characteristic of detailed hydrosalinity models. 

Reference 

Ayars, J. E. 
1976 

Khan, I. A. 
and Labadie, 
J. W., 1979 

Constituerlts--' 
trodeled 

,HC03 ' 

Cl-, 

IDS 

Individual 
ions, TDS 
and SAR of 
the .LJ..,L.J..'~<1-
tion return 
flows. 

Soluble species trove freely 
,.nth soil segment. 

Solute concentrations are 
constant for any soil segmant. 

Nitrogen transformations are 
not considered (as it is not 
a major pollutant in Grand 
Valley) . 

Inorganic reactiaLs are 
based on equilibrium 
since the reaction times are 
less than the residence time 
of water in a soil segpalt. 

Water flow and content are in
dependent of any chemical 
process. 

Complete mixing occurs at 
each increment in time and 
space. 

Each chemical process is in
dependent of other processes 
over a time step \<lith respect 
to of component 
masses. 

Rate of change of mass for 
each component is constant 
over a time step. 

Mixing cell concept is used 
to calculate salt transport. 
The length of cell remains 
constant. 

The unsaturated zone trodel 
assumes: (i) steady state 
conditions, (ii) the pH of 
the solution is governed 
the soil carbonate equili
bria, (iii) soil lime is 
present in sufficient quan
tities to saturate soil 
solution, (iv) mixing 
is assumed. 

Temperature effects are not 
considered. 

Irrigation water 
chemical analysis. 

Number, sizes and 
depth of chemistry 
horizons in soil 
profile. 

Initial soil analy
sis of each horizon. 

Fertilization and 
dates. 

GEC, concentration 
of gypsun in soil, 
presence of lime. 

Time 
increment 

Daily 

fbdel 
CorrIrents 

'fDS concentrations were Grand Valley, 
adequately trodeled, but Colorado 
the individual ionic 
constituent concentra-
tions were not. 

CaS04 - CaC03 - Ca(HC03)2 
system was not adequately 
trodeled for the soils in 
the Grand Valley. 

-.-- -_._-- --- --

Average ionic con- Annual 
centration of i=i-
gation water, soil-
water, and grmmd-
water. 

strategy 
based on the 

that 
at least a of 
available groundwater is 
still usable for agri
culture. 

Lower San Luis 
Rey River Basin, 
Southern 
California 
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Table 3.4. Continued. 

Khan (cont.) The saturated zone m:xIel assumes 
a mass-transport which 
includes both convective trans
port and dispersion, with the 
latter assumed proportional to 
the concentration gradient. 
Chemical reactions and ion 
exchange in the saturated zone 
are ignored. 

Shaffer et al. 
1977 

Willardson. 
Lyman S .• R. J. 
Hanks and J. J. 
Jurinak, 1979 

ea2+, Na+, 

HCO;, 

Cl-. 

2-and S04 

Ca+2, Mg+2 

+ + -Na , K , CI , 

S04-' HC03, 
SAR, 8v 

Unsaturated flaw 
Solutes contained in the 
water IIDve with the water into 
and/or from adjacent segments. 

Each cell is hOIID-
geJrle(lUS, and '>U.LLll.C:,> 

into a segment or 
cell are mixed wi th those 
already in the cell. 

Water IIDves by piston dis
placement through successive 
"""':n-N:",t-·c until it reaches the 

Lateral dispersion and dif
fusion are ignored. 

Kinetic approach is used for 
nitrogen transformation. 

Equilibrium conditions exist 
for salt or inorganic chemr 

No chemical reactions occur 
after the mixing process in 
the drains. 

Salt IIDves with water. 

As the volume of water in the 
soil is decreased, the salt 
concentration increases and 
chemical precipitation may 
occur. 

IIDdel assumes that 
contains li.me. 

Each soil depth increment 

Many physical and 
chemical parameters 
are required. 

Variable depending 
whether SALT FLOW I, 
SALT FLOW II, or 
SALT FLDW III is 
selected. 

Time 
increment 

0.001 day It may be uneconomical to 
to collect necessary field 

O. I day da ta and make IIDdel lims. 

one 
=th 

The IIDdel simulates many 
physical and 

processes which 
have been identified and 
expressed in equation form. 

Rate equations for nitrogen 
transformations are statis
tical and may not be valid 
outside derivation data set. 
User not corr~letely 
aware all options in 
the IIDdel. 

Model is designed for cal
carious soils. 

Model capabilities include: 
a) Salt can be IIDved 
through the soil 
without chemical reactions 
with the soil (SALT FLOW I). 
b) Salt can be IIDved in 
combination with chemical 
precipitation and 

Application 

Ashley Valley 
Northern Utah 
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Table 3.4. Continued. 

Reference 

Willardson 
(cont.) 

Constituents 
m::ldeled 

is constant. 
(3) Each soil depth increment 
is an open wi th respect 
to OJ2 with soil at-
IIDsphere. 
(4) Henry law constant is in
dependent of temperature and 
salt concentration. 
(5) Cation exchange capacity 
(CEC) is a constant for a given 
soil, independent of pH, ion 
type and concentration. 
(6) CEC X + X + X + ca mg na 
(7) HOJ3 : OJ3 ratio remains 
constant. 

Input data" '·'-T1.llle" 
increroent Comnents 

dissolution (SALT }1JJW II). 
Same as above plus ca-

exchange equilibrium 
reactions. (SALT FLOW III) 
d) M:Jdel can handle trans
cient m::listure flow. 
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Table 3.5. Characteristic analysis of groundwater-salinity models. 

Reference 

J. Otto 
and 

John W. Labadie 
1976 

Konikov, F. 
Leonard and 
John D. 
Bredehoeft 

1974 

Constituents 

'IDS 

'IDS in 
groundwater 

The groundwater is still re
usable. 

The concentration of drainage 
water was based on the 

formula. 

'IDS is canputed fram EC 
measurements via regression 
equation; 
'IDS ~ -2 + 0.683 EC 
(mgl J1,) (rnicromhos I ern) 

Maximum allowed difference in 
concentration between the 
drainage water and groundwater 
was specified (DCON) as a basis 
for a management strategy. 

There is some way of ulti
mately rennving salts from 
the basin, such as by punping 
downstream groundwater into an 
outfall. 

If the basin is closed then a 
salt sink area lTlJ.lSt be iden
tified. 

There were no sources or sinks 
of salts in the unsaturated 
zone of soil profile. 

No chemical reactions occur 
between the water and the 
aquifer or soil materials that 
affect the dissolved solid con
centration. 

The movement of dissolved 
solids due to hydrodynamic 
dispersion is proportional 
to the concentration gradient. 

Source or sink term is added 
to adjust the groundwater 
concentration. 

Dissolved solids concentrations 
in the flow leaving a stream 
cell was calculated fram 
principles of mass balance. 
'IDS concentration in 1"."~h"'1"o·,, 
water was adjusted such 

Tlll1e 

Annual average 'IDS Annual 
in irrigation water, 
average groundwater 
concentration level 
for the beginning 
of the model period, 
and DCON. 

Hydrologeologic monthly 
data, observation 
well network, 
specific conduct-
ance of surface 
and groundwater, 'IDS 

Comments 

The model is named 
accelerated salt trans
port (AEITRAN) method. 
It is used to obtain 
least-cost alternatives 
for distributing water 
over the basin, by ad
justing the parameter 
DCON to produce a de
sired degree of salinity 
control. 

Dispersion equation is 
solved to describe the 
chemical concentration 
in the groundwater system. 

Model 

Bonsall Sub
basin in the 
San Luis Rey 
River Basin, 
California 

Arkansas River 
Valley, SE 
Colorado 



1'0 
--.) 

Tahle 3.5. Continued. 

Reference 

increase in concentration in 
recharge water is proportional 
to the decrease in volume due 
to ET. 

------------
Konikov, L. F. 
and J. D. 
Bredehoeft 1978 

Solute con
centration 

1. Darcy's law is valid and 
hydraulic-head gradients are 
the only significant driving 
mechanism for fluid flow. 

2. The porosity and hydraulic 
conductivity of the aquifer 
are constant with time, and 
porosity is uniform in space. 

3. Gradients of fluid density. 
viscosity. and temperature 
do not affect the velocity 
distribution. 

4. No chemical reactions occur 
that affect the concentration 
of the solute, the fluid 
properties, or the aquifer 
properties. 

5. Ionic and rrolecular diffusion 
are negligible contributors 
to the total dispersive flux. 

6. Vertical variations in head 
and concentration are 
negligible. 

7. The aquifer is horrogeneous 
and isotropic with respect 
to the coefficients of longi
tudinal and transverse dis
persivity. 

------"---

Boundary condi
tions, aquifer 
characteristics, 
stresses 

Time 
increment Corrrnents .NOdel 

Application 

--- -----------_._-------
variable 

(minutes 
to years) 

--. ----,,,-~-, 

The program solves two 
simultaneous partial 
differential equations. 
one is the groundwater 
flow equation, and the 
other is the solute 
transport equation. 
The assumption must be 
carefully evaluated 
before applying the rrodel 
to a field problem. 

A Theoretical 
rrodel, derron
strated with 
analytical solu
tions to 
idealized prob
lems. 



Other pr inciples or assumptions used in the 
more sophisticated models were chemical 
equilibrium, spatial homogeneity, lete 
mix i ng of the solutes, ins ignif icant al 
dispersion and diffusion, presence of soil 
lime, constant pH at each depth increment, 
constant CEC for a given soil, insignificant 
temperature effects, and no salinity change 
from chemical reactions or ion exchange in 
the saturated zone. The above assumptions 
were common to many of the models, but there 
was cons iderable vari at ion in the level 
of detail used in representing the soil
water-chemistry of the system. 

A few general assumptions are inherent 
in the one-dimensional instream salinity 
models based on statistical analyses. Con
stant salinity concentration in the source 
groundwater was assumed by Pinder and Jones 
(1969). Fairly constant proportions of 
constituent ions were assumed by MacKinhan 
and Stuthmann (1969) and Jensen (1976). 
These models did not allow for the possibil
ity of salt pickup. 

Jensen (1976) made the two tions 
on p. 10 in stating that stream sa nity 
concentration c can be represented by: 

and 

in 

c = Cg (QT/Qo)B for QT > Qo (3.1) 

c = Cg 

which 

Cg 

QT 

Qo 

B 

for QT < Qo (3.2) 

groundwater TDS concentration. 

total runoff. 

river flow at which the ground
water component is greatest. 

an exponent varied between -1.0 
and 0.0 for the Colorado River 
system. 

Because data were lacking for estimating 
natural TDS concentration, Jensen (1976) 
assumed that the increase in salinity concen
tration over tbe period of record was the 
result of water depletions rather than in
creases in salt loading. As this assumption 
has not been verified, his results should 
be interpreted carefully. 

Surface groundwater interrelationships 

As water moves slowly in the groundwater 
aquifers, a long time might be required for 
the deep percolating (DP) water to emerge as 
effluent flow. Since the percolat water 
carries dissolved salts, mixes w the 
groundwater, and eventually joins the surface 
runoff from the basin, it is important to 
represent the surface-groundwater quality 
interactions accurately. Two major param
eters are 1) the delay time of the subsurface 
flow to emerge as outflow, and 2) the propor-
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tion of subsurface flow that joins the 
stream. Hyatt et a1. (1970), Thomas et 3I. 
(1971) and Hill et a1. (1973) assumed both 
parame~ers to be constants. They estimated 
values for both as part of their model 
calibration procedure. 

Since the runoff in winter months is 
predominantly from subsurface sources, an 
assumption that effluent groundwater is a 
constant proportion of the runoff from sub
surface sources is not realistic. Narasimhan 
(1975) successfully modeled the subsurface 
contribution to total runoff by time variant 
parametric representation. 

Salt pickup phenomena 

The mechanisms governing salt pickup 
are highly complex. Reliable field data are 
a prerequisite to identify and quantify the 
salt pickup by the percolating waters. If 
total dissolved solids (TDS) is considered 
the salinity indicator, then the possible 
assumptions are that the rate of salt pickup 
is 1) proportional to the quanti of perco-
lating water, 2) uniform over ,or 3) 
follows some more complicated relationships 
that needs to be derived for the icultural 
drainage system from reliable eld data. 

The models reviewed in this study con
tained explicit parametric relationships for 
salt pickup. Hill et a1. (1973) accounted 
fo~ increases in salt flow in the surface and 
subsurface return flows separately. The 
parameter CF determined the proportional 
increase in agricultural surface return flow 
salt content, while the parameter SWS as
signed a soil weathering rate in tons/acre/ 
month. Hyatt et a1. (l9~0) assigned a 
parameter Cga to indicate the average sa
linity concentration within the soil solution 
beneath the agricultural lands. The value of 
Cga was imated during model calibration. 
Tfie natur salinity contribution was esti-
mated by assuming that within each basin 
substantial interchanges occur between 
surface and subsurface waters. The rate of 
salt flow resulting from the interchange 
process was estimated by the equation: 

S~S kp Qr Cg •. (3.3) 

in which 

S~S rate of salt flow contributed 
from natural sources within the 
bas in. 

percentage of the surface flow 
recirculating through the stream 
alluvium or groundwater basin. 

monthly average of inflow and 
outflow to a subbasin. 

average water salinity level 
within the groundwater basin or 
stream alluvium. This quantity, 
assumed to be constant through-



out the simulation iod, was 
estimated from t e average 
salinity level of the base flows 
of the streams within the sub
basin. 

Melamed (1975) assumed a lumped "source 
s ink" term to represent soil-salt inter
actions in both the dissolution and precipi 
tation processes. He also assumed that the 
rate of the process was directly proportional 
to the difference between the concentration 
of the surroundi soil water solution, C, 
and some equilibr um concentration, R, for 
which the rate was zero. In equation form, 
the rate of the process is 

fn(c,x,t) K (R - C) • (3.4) 

in which 

K is a proportionality coefficient re
lated to soil properties and salt 
composition. 

Considering TDS as the salinity indicator, 
Riley and Jurinak (1979) assumed that, in 
ex tens i ve areas of the Upper Color ado Ri ver 
basin where the percolating water contacts 
saline marine shales underlying the soil, the 
volume of salt pickup is proportional to the 
volume of percolating water. By inference, 
then, this assumption implies that salt 
pickup is inversely proportional to irriga
t ion efficiency. 

The various assumptions in the detailed 
hydrosalinity models discussed in Table 3.4 
are made to represent the complex solute 
reactions occurring in the soil-water system. 
The concentration of salts in the drain out
flow is based on assumed chemical equilibrium 
conditions in the soil-water system. Shaffer 
et a1. (1977) further assumed that no chemi
cal reactions occurred in the outflow drains. 

Limitations of the 
Existing Models 

From the above overview of the basic 
relationships used in hydrosalinity models, 
the three relat ionships concluded to be the 
most limiting in accurate model representa
tion are the chemical processes, surface
groundwater interrelationships, and the salt 
pickup phenomena. While better data are 
needed to es tabl ish jus t how 1 imi ted the 
models are, some theoretical and empirical 
evidence follows. 

The common assumption that total dis
solved solids is a conservative parameter 
may not apply for a wide range of values. 
For example, under large fluctuations in 
loading conditions (of the order of 10,000 
mg/l), several significant mineral constitu
ents may reach saturation. Precipitation and 
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dissolution phenomena within the soil profile 
and along the stream may significantly alter 
the proportions of various ions, and as a 
result the relationship between const ituent 
concentr at ions and the TDS or EC may become 
nonlinear beyond a certain range of concen
trations. 

Although TDS concentratons are ade
quately simulated by the detailed salinity 
models (Ayars 1976), the concentrations of 
certain individual ionic constituents are 
not. The inadequate representation of CaS04 
-CaC03 - Ca(CHC03)2 system in the models 
appeared to have significantly r~duced 
prediction accuracy as illustrated in the 
following situations. 

1) The low correlation between observed 
and simulated S02- concentrations in the 
models of Thomas et a1. (1971), Narasimhan 
(1975), and Ayars (1976) is attributed to 
inadequate representation of the CaS04 
- CaC03 systems. 

2) Table 3.6 lists three models pro
posed by Willardson et a1. (1979). Although 
the most sophisticated of the three models 
considered the precipitation, dissolution, 
and cation exchange of chemical constituents, 
the concentrations of Ca2+ and HC03 were 
underestimated by as much as 35 percent. 
All three models were observed to have 
inherent weakness in representing PC02 -
HC03 - C03 - pH relationships. 

Surface-groundwater interrelationships 

Complex interrelationships between the 
surface water, soil water, and groundwater 
often exist. Representat ion of these rela
tionships is quite general in most models and 
often based on calibrated percent param-
eters. Huber et a1. (1976) used propor-
tion of canal seepage that returns to the 
stream and the proportion of agricultural 
return flow that is available for rediver
sion. 

Most of the TDS models assumed either 
ungaged surface or subsurface flows to 
achieve mass balance. The resulting freedom 
in model calibration could lead to major 
misrepresentation of the relative magnitudes 
of the component salt loadings within the 
system particularly between seepage returns 
and subsurface return flows. The following 
situations illustrated the importance of 
identifying and accurately quantifying the 
surface-groundwater interrelationships. 

1) Salinity modeling studies of the 
Duchesne River basin conducted by UWRL (1975) 
identified that significant recycling of 
stream diversions occurred within the basin. 
These findings subsequently were supported by 
Mundorff (1977). 

2) Weston (1975) identified groundwater 
as the primary agent of salt pickup and 
transport to the Colorado River from the 



Table 3.6. Comparison of results with more sophisticated modeling of chemical reactions 
(after Willardson et al. 1979). 

Water Quality 
Constituent 

EC 

SAR 

Cl 

Sampling 
day 

148 
278 

140 

278 

*satisfactory 
overestimated 

Too high at 25 em 
depth. 
Underestimated at 
25 and 50 em depth. 

satisfactory 

overestimated 

Predicted TIDvement of 
these ions from the 
upper depth increments 
was too rapid. 

so~- acted as an inert 
salt that was not 
affected by precipi
tation or dissolution 
of gypsum. 

satisfactory 
overestimated 

Too high at 40 and 75 
an depth. 
Overestimated at 25 
and 50 em depths, but 
underestimated at 75 an 
depth. 

satisfactory 

Not adequately 

Same as in SALT FL(J;.J 1. 

Prediction was in error 
inversely 20 the direc
tion of Ca + error. 

weak 

satisfactory 
satisfactory 

satisfactory 

satisfactory 

satisfactory 

underestimated the concen
tration in about one half 
of the cases. (Variation 0 
to 35%) 

satisfactory 

satisfactory 

Satisfactory under both 
dissolution and precipita
tion conditions. 

Generally underestimated 

weak 

--=-----------.--.. -~.----.--.---------.--.---------. -_._----------_ .. -

*Only subjective judgments of results are provided. 

Grand Valley. Available data indicated that 
the winter flows in all washes and drains in 
the Grand Valley gain salt as they move 
downstream, and a hydraulic connection 
between groundwater and the Colorado River 
appeared to exist through a Cobble aquifer. 
Therefore, inadequate representation of 
surface-groundwater interrelationships in a 
hydrosalinity model of the Grand Valley would 
have serious consequences in the model 
pr ed i ctions. 

3) Rhoades et a1. (1974) found that 
leaching would reduce soil mineral dissolu
tion and enhance precipitation of gypsum and 
1 ime, thereby reducing the salt load in 
drainage water. In order to quantify the 
effects of reduced leaching fractions on 
downstream river, soil, and groundwater 
compositions, the corresponding solute flow 
components require critical study and recog
nition. 

Each of these examples illustrates the 
importance of covering the spectrum of 
possible seepage and groundwater return flow 
r elat ionships in hydrosalini ty modeling. If 
the relationships that are in fact most 
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important in a given location are omitted, 
the model can often still be balanced. 
However, the results will not correctly 
identify salt sources. As to applications, 
the processes that it suggests for salinity 
control through improved water management 
may, when practiced, accomplish very little. 
The only way to avoid this situation is to 
have a valid model and reliable data to 
calibrate it. 

Salt pickup phenomena 

The soil-water system models developed 
by Rhoades et a1. (1975) applied chemical 
equilibrium relationships to the soil solu
tion to predict salt concentrations at or 
near the bottom of the root zone. Therefore, 
these models perform best where displacement 
of groundwater and pickup of previously 
deposited salts located in the groundwater 
flow path are eliminated as potential con
tributors to agricultural return flows. It 
is also important to consider differences 
between whether or not the drainage water is 
open to the atmosphere, as it is in open 
ditches, or closed to the atmosphere, as it 



is deep percolation water joining the 
groundwater reservoir. For example, Rhoades 
et a1. (1973) provided experimental evidence 
that in Pachappa sandy loam soils the total 
solute burden of drainage waters is less in 
waters exposed to the atmosphere than in 
waters percolating down into the groundwater 
reservoirs. However, the drainage waters 
exposed to the atmosphere had a greater sodic 
hazard potential than did those waters closed 
to the atmosphere. 

The way in which soil-water system 
models are synthesized into a general hydro
salinity model will therefore have signifi
cant limitations on the accuracy of pre 
dieting salt burden of drainage water. As an 
example, Shaffer et a1. (1977) simulate the 
chemical and physical processes associated 
with agricultural lands drained by subsurface 
tile drainage systems. Their model can also 
be applied to areas with surface drainage 
systems and predict flow and quality param
eters as additional points within the plant
soil-aquifer system. The assumption is made 
however that no chemical reactions occur 
after the mixing process in the drain. This 
last assumption appears to be a significant 
limitation to its application because drain 
water quality can be unstable from a chemical 
standpoint. 

Discussion 

Based on the above review, the major 
capabilities, model limitations, and gaps by 
category of the models are abstracted in 
Table 3.7. The indications are that all of 
the available salinity models have inherent 
limitations and cannot be considered reliable 

when applied to a specific area for evalu
ating management options for salinity con
trol. The simple TDS models do not adequate
ly represent the various hydrologic and 
salinity processes of the system, whi Ie the 
detailed models require extensive field data 
of types usually available only in research 
plots under controlled conditions. Although 
the detailed models address the chemical 
processes ~hat occur within the soil profile, 
they usually do not adequately represent the 
CaC03 - Ca(HC03)2 subsystem. In addi
t ion, a failure by many models to adequately 
represent the interactions between surface 
and groundwater components frequently results 
in a loss of accuracy in predicting the 
constituent ions in the return flows. The 
degree of accuracy depends, of course, on the 
d ee to which the model actually represents 
t particular soil-water being modeled. 

The most constructive approach to this 
s i tuat ion (s imple models being unrel iable 
because key physical processes were omitted 
and the more complex models being unreliable 
because adequate data were not available for 
their calibration) was taken as trying to 
develop a model which generally would be 
consistent with data availability and yet 
provide sufficient accuracy to permit 
realistic evaluation of various salinity 
control management options. The following 
chapters describe the procedures followed in 
developing such a hydrosalinity model. 
Limited management runs are also included to 
demonstrate the utility of the proposed model 
for evaluating various possible management 
options. A review of relevant research 
results concerning the various processes that 
occur within agricultural systems formed the 
basis for representing them in the hydro
salinity model developed for this study. 

Table 3.7. Capabilities by model categories to evaluate salinity management alternatives (for 
short term and long range predictions). 

MJdel category Capability Limitations and 
the trodels 

with respect to using 
management purposes 

-----------------------_. __ ._-_._--_ ... _._------_._-----_.-
Water and salt 
budget trodels 
(Table 3.2) 

Soil water 
system trodels 
(Table 3.3) 

Detailed hydro
salinity trodels 
(Table 3.4) 

Groundwater 
system trodels 
(Table 3.5) 

Both one dimensional instream trodels and two 
dimensional river basin trodels exist that 
are capable of predicting short term 
responses and long trends in developnent 
changes. 

Capable of predicting short term responses 
of constituent salts within the root zone 
soil profile on account of treatment 
changes. 

Consider the several physico-chemical 
processes within the agricultural system 
and are generally capable of predicting 
both short term and long term trends 
affected by management alternatives. 

Predict long term status of groundwater 
quality. 

Representation of the component hydrologic 
processes such as canal seepage, tailwater, 
irrigation efficiency, and surface-ground
water relationships and salt pickup pro
cesses are not adequate resulting in loss of 
prediction accuracy. 

These are trostly process identification 
trodels and are not intended for studying 
effects of basinwide salinity management. 
Require extensive chemical data to operate 
the trodels. 

Although the predictions of TDS concentra
tions are reliable, there is significant 
loss of accuracy in the predictions of in
di vidual ions. The rrodels require extensive 
data and take excessive computer time to 
operate. 

Chemical reactions that affect the solute 
concentrations are not considered. 

.. ---.... ----- -------... --~ .. -- -------_._-... _-_._--_ .. 
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CHAPTER 4. 
DEVELOPMENT AND TESTING OF A 

NEW HYDROSALINITY MODEL 

Introduction 

In order to quantify how the various 
salinity management options would affect the 
streamflow quantity and quality in a particu
lar river basin, the physical processes 
controlling salt and water movement within 
the basin must be modeled. The model should 
represent these processes sufficiently well 
to indicate how they would respond to the 
range of management options. More specif
ically, the desired capabilities of a water 
management hydrosalinity model are: 

1. To simulate, based on present condi 
tions, the water quanti and quality (repre
sented by TDS) at speci locations and over 
desired time intervals, considering a) the 
interrelationships between the surface water, 
soil water, and groundwater systems, and b) 
salt precipitat ion wi thin the soil profile 
and subsequent salt pickup by percolating 
waters through the shallow soil profile and 
the deeper groundwater zones. 

2. To estimate the immediate and long
term effects on water quantity and quality of 
the salinity management alternatives. 

Assessment of the immed iate effects of 
applying alternative management options 
requires the development of a dynamic simula
t ion model which accurately represents the 
significant processes taking place in the 
irrigation system. From a salinity manage
ment standpoint, monthly or seasonal pre
dictions are adequate. Of course, the same 
model is capable of predicting long term 
effects provided the operating rules, system 
definition, and management options remain 
unchanged. Generally, the assessment of 
long term effects (over decades or centuries) 
has not been very accurate. Over these 
longer time spans, advancing technology, 
political expediency, or changing attitudes 
drastically alter soil and water uses in ways 
wh ich can never be completely ant ic ipated. 
Therefore, long term means the longest time 
period for which current rules and operating 
procedures apply, seldom more than 50 years 
and often less than 5 years. 

The goal here is to develop a hydro
salinity management model capable of repre
sent i ng, in the degree needed for wa ter 
management purposes, water and salt movement 
processes within the soil profile. The 
starting point was the assessment of the 
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gaps and the validity of inherent assumptions 
in the existing models discussed earlier in 
this report. It was envisioned that the 
management tool would still use total dis
solved solids as the salinity indicator, be 
relatively simple, and be able to utilize 
generally available data for calibration and 
prediction. 

Model Development 

The result of this effort was that a 
salinity component (SALT) was developed and 
combined with the hydrology component (BSAM) 
developed by Huber et a1. (1976) to form a 
hydrosalinity model, BSAM-SALT. The model 
uses monthly time increments and permits 
variation in spatial resolution to match the 
requirements of specific applications. A 
schematic of the flow paths modeled is shown 
in Figure 4.1. 

The basic concept used in formulating 
BSAM-SALT was that the runof f cycle can be 
represented by various storages and flows 
between storages. Each flow and storage 
potentially carries or is associated with a 
salinity concentration, except for the 
precipitation and evaporation processes 
where salinity content is igible. The 
conceptual breakdown is shown n Figure 4.1. 

In the model, salinity concentrations 
are read from measured data or estimated 
for each flow quantity shown in Figure 4.1, 
and rates of salt outflow are estimated by 
combining salt and water movements through 
the system. The overall salt balance is 
represented by the equation: 

in which 

n 
;: Q .C . + 

j=l SJ SJ 

. (4. 1) 

water outflow rate from hydrologic 
unit or system 

salt concentration in the outflow 
water 
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Figure 4.1. Schematic diagram of the flow paths in the hydrosalinity model, BSAM-SALT. 
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Cscp 

rate of water inflow from surface 
source j 

salt concentration 
source j 

of surface 

rate of water inflow from ground
water source k 

salt concentration of groundwater 
source k 

change in water stored in storage 
element p 

salt concentration associated with 
storage element p 

The terms on the right side of Equation 
4.1 represent the respective salt contribu
t ions to the outflow from surface and sub
surface sources and changes in the salt 
content of the various storage elements of 
the system. As suggested by Figure 4.1, 
salts may also transfer among the various (n 
+ ~ + m)terms of Equation 4.1. 

The modeled hydrologic processes can be 
grouped into 1) inbasin consumptive uses, 2) 
the flow components susceptible to management 
manipulation, 3) runoff components, 4) inter
relationships between surface and ground
waters. 

Inbasin use processes 

Six inbasin uses are shown in the 
circles along the right side of Figure 4.l. 
Consumptive use may be partly municipal and 
industrial (M & I), but it is mostly agricul
tural in areas where hydrosalinity models 
are applied. The three principal losses are 
consumptive use by agricultural crops (AET) , 
evapotranspiration by phreatophytes (ETPH), 
and evaporation from tail water (ECUTW). 

The hydrologic processes that deliver 
water for inbasin use are canal diversions 
defined to include groundwater pumping, and 
effluent groundwater movement. The pumped 
water and return flows from canal seepage and 
deep percolation represent the recycling of 
water within the basin. The sources of water 
diverted through the canals consist of 1) 
surface and subsurface flows from developed 
and undeveloped lands, 2) streamflows (gaged 
and ungaged), 3) reservoir releases, 4) 
pumped groundwater, 5) seepage returns, and 
6) return flows rediverted from deep percola
tion. These components are considered 
separately by the model to facilitate the 
estimation of the salt concentration associ
ated with each. 

!h~_il~~_co~£onents susce£tible to 
man ag eme n t ma n i piu a.t:i on -;--The-Trow c amponents 
explicitly controlledfn the management of 
the irrigation system are the canal diver
sions and the water applied on the farms. 
The operating system is characterized by 
operational spills, canal seepage, tail water 
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runoff, and deep percolations. These flows 
are all interrelated and are a function 
of the irrigation methods and practices. 
These in turn determine the two efficiency 
factors identified and used in the model, the 
canal conveyance efficiency and the farm or 
field application efficiency. The conveyance 
efficiency, ECV, is defined as the complement 
of the normalized seepage loss rate of the 
canal Le., ECV is 

I canal seepage rate. 
canal diversion rate 

The farm application efficiency is defined as 
the proportion of the irrigation water 
delivered to the farm that enters the root 
zone and remains available for evapotranspir
ation by the irrigated crops. It is a 
function of the moisture infiltration and 
holding properties of the root zone, antece
dent rain plus snowmelt, and the amounts, 
time pattern, and application methods 
of water delivered to the farm. As a result 
of this interaction between weather condi
tions and farmer irrigation practices and the 
influence of spatial soil characteristic 
variability, irrigation application effi
e iency fluctuates widely. I t is, therefore, 
not modeled as a constant but, rather, a 
value is set in model calibration and printed 
out. 

Runoff components. The runoff flowing 
in the stream is modeled in two components. 
One accounts for the flow measured by the 
gage, and the other accounts for subsurface 
flow in the alluvium that is not being 
measured by the gage. The unmeasured flow is 
taken as a fixed fraction of the measured 
component. 

Interrelationships between surface and 
groundwater. The capability of considering 
separately the lag time responses in the 
component flows, namely canal seepage, deep 
percolation, and groundwater, represented in 
a minimal way a pseudo relationship between 
the surface and subsurface flows. The 
effluent groundwater flow also is apportioned 
between groundwater outflow from the basin 
and its contribution to surface runoff from 
the bas in. 

Major salinity processes considered in 
the model are, 1) the concentrating effects 
of evapotranspiration in the root zone soil
solution to the threshold salt concentration, 
2) the salt pickup by percolating waters, 
namely, canal seepage, deep percolation, and 
groundwater, 3) mixing of the soil water of 
varying concentrations. 

Concentrating effect. The concentrating 
effect 1S produced by evaporation, consump
t ive use by natural vegetat ion and by hri
gated crops, and by diversion of high quality 
water from the basin. In the irrigated area, 
however, the concentrating effect is limited 
to the threshold soil solution-concentration 
(TSC) discussed in the previous sections. 



Salt pickup processes. The rate of salt 
pickup by the water percolat through the 
soil profile is one of the most important 
factors in developing the salt component of 
the model. A parametric representation of 
the pickup process was used in the model 
because the mechanisms describi the salt 
pickup involve complex chemica reactions 
which are often found to be unique to a 
particular basin. The parameters associated 
with the salt pickup are determined during 
the model verfication or calibration stage. 
Both the natural sources (instream and 
undeveloped land) and the agricultural 
sources are parametrically represented. The 
agr icultural processes contribut to salt 
pickup include canal seepage, ailwater 
r unof f, operat ional spi lls, deep percola-
tion, and mineral weathering of deep ground
water. 

Mixing effects of soil water concentra
.!;ions. The composition of the drainage 
waters from an agricultural subbasin is a 
composite of the component sources. These 
components include the canal , deep 
percolation, and groundwater; each has 
different concentrat ions due to complex 
physical, chemical, and biological factors. 
The blending of these component concentra
tions is accomplished with a parametric 
linear reservoir routing or mixing algorithm. 

Assumptions 

The major assumption for modeling the 
hydrologic component is continuity of mass 
through the various processes within the 
system. Other assumptions are discussed in 
Huber et al. (1976). The assumptions 
in the salinity component inc 

1. To facilitate use of the model for 
evaluating salinity management 
alternatives, it is considered 
sufficient to ent TDS as the 
salinity indica or, thus avoiding 
the complex chemical reactions 
that occur within the soil water 
system. 

2. There exists an equilibrium Thres-
hold Salt Concentration (TSC) within 
the root zone soil-water system at 
which there is neither a net precip
itation nor a net dissolution of 
salts in the soil profile. It is 
considered that TSC is highly site 
specific and depends on the type of 
soil, quality of ied irrigation 
water, and the degree of leaching 
already taken place at the time of 
consideration. The accumulation of 
salt within the soil profile due to 
concentrating effects are thus 
limited to TSC. 
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The procedures adopted in modeling the 
salinity system are the follow 

1) Salt pickup in overland flow and 
percolating waters can be modeled as partly 
being proportional to water flow and partly 
as having a constant value in the time 
interval chosen in the model. Represented 
mathematically, 

SNAT QIN * PUNAT + PNATU (4.2) 

in which 

SNAT salt pickup from natural sources 

QIN water inflow 

PUNAT natural salt ~iCkup in QIN pro-
portional to low 

PNATU natural salt pickup in QIN pro-
portional to time 

Either PUNAT or PNATU or both can be 
used in the simulation. The choice is 
between assuming a constant volume of salt 
pickup or a constant uilibrium concentra
tion in the percolat ng water. Similar 
relationships are adopted for salt pickup in 
tail water, canal seepage, and deep percola
tion. 

2. Salt precipitation within the soil 
water system due to concentrating effects is 
modeled using the 'Threshold Salt Concentra
tion' (TSC) concept. This concept is given 
in equation form as follows: 

SPT = (SSG - SSI) * PSMSPT 

if CSS > TSC . . (4.3) 

in which 

SPT 

SSG 

SSI 

PSMSPT 

CSS 

precipitated salt 

end of month (or time increment 
of model) salt storage in the 
root zone 

initial salt storage in the 
root zone 

proportion of salt precipitated 
when TSC is exceeded 

end of month 
soil salt in 

concentration of 
the root zone 

Similar relationsh s are used to predict the 
salt precipitation n the soil profile lying 
below the root zone and above the groundwater 
level, as applicable. 

3. Mineral weathering in the ground
water system is parametrically represented 
as occurring at a constant rate over the time 



interval of the model. The concentration of 
salt in the groundwater reservoir is computed 
by the mathematical representation: 

SGGW SGWIN + SDUMSP + PGWU + SQPUM •• (4.3) 

and 

CGGW SGGW/GGW •.....•.•. (4.4) 

in which 

SGGW 

SGWIN 

SDUMSP 

PGWU 

SQPUM 

CGGW 

end of month salt in ground
water zone 

initial salt storage in ground
water zone 

salts added to groundwater zone 
during the month from canal 
seepage, deep percolation, 
infiltration from urban and 
undeveloped areas, and the 
infiltration from main stream 

weathering rate of minerals in 
groundwater, in tons/acre/month 
(or time interval of the model) 

salt pumped from groundwater 
storage 

composite concentration of 
groundwater 

GGW end of month groundwater stor
age 

4. In order to represent a) the mixing 
of salts within the soil water system, and b) 
the blending of groundwater concentrations 

ing as effluent flows and joining the 
ace runoff, the salinity concentrations 

can be routed independent of any routing of 
the corresponding water flow components, 
using the linear reservoir routing technique 
in Huber et al.(1976). 

Hydrology and Salt 
Model Interface 

BSAM required little modification in 
order to accommodate the salt transport pro
cessess. The change was accomplished by 
addi ng a set of salinity subroutines which 
simulate the salt processes described above 
and attach the proper salinity values to the 
associated hydrologic system components to 
satisfy the salt mass balance conditions. 

The expansion required collecting 
additional input data to represent salinity 
as well as calibrating the parameters used to 
model the salt transport processes. In 
addition, the objective function used to 
calibrate the model to a specific basin had 
to be expanded to include the salt components 
of the model output. The two additional 
scalar measures inserted to do this were 1) a 
scalar measure of the weighted differences 
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between the computed and simulated salt loads 
and 2) a scalar measure of the weighted 
differences between the computed and s imu
latedconcentration. 

The simulation model may be thought of 
as a complex nonlinear function. The model 
parameters which affect the system response 
include model coefficients, initial condi
tions, and storage capacities. Simulation 
models are generally calibrated by a tr ial 
and error process where a run is made with 
all parameters set to an initial estimate 
and the input data given for a system with a 
known output. The simulation results are 
then compared with the observed output. If 
they show too much divergence, the run is 
repeated with a new set of parameters and the 
results again compared. This is repeated 
until the error has been reduced to accept
able limits. The modified pattern search 
algori thm (Huber 1970) already incorporated 
wi thin the hydrology model was retained to 
aid in the calibration process and a new 
subroutine was included to allow interactive 
computation. 

The objective function aiding in the 
calibration of BSAM-SALT combines three 
separate measures. One for the response of 
the hydrologic system, one for the response 
of the salt outflow system and the third 
combines the first two by measuring the 
response to the salinity concentration of the 
outflow. In addition, the algebraic sum of 
the differences between the computed and 
observed responses for each of the three 
measures is given to help identify the 
existence of any accumulating bias within the 
model. 

The area chosen to test the model was 
Grand Valley in the Colorado River Drainage 
Basin. The Colorado River enters the Grand 
Valley from the east, joins with the Gunnison 
River at the city of Grand Junction, 
Colorado, and flows west into Utah. The salt 
loading of the river as it flows through the 
valley is significant and has been the 
subject of intensive study during the last 
few yea r s . In 0 r d e r to cal i bra t e the 
model, the stream flows, canal diVersions, 
climatological data, and cropping land use 
patterns were collected for the water years 
1970, 1971, and 1972. Other data needed for 
model application included information 
concerning the conveyance and application 
efficiencies associated with the irrigated 
agriculture of the val 

A review of the available literature 
indicated that major variations existed among 
the efficiency estimates published by the 
researchers who have or who are now studying 
the area. In trying to replicate the data 
available, one would have to postulate 
different irrigation management systems as 
characterizing the area. The irrigation 



system efficiencies published by the differ
ent researchers are summarized in Table 4.1. 
Further field research would need to be 
undertaken to ascertain which data set most 
closely represents the actual system to be 
modeled. This aspect will be further dis
cussed in the section on sensitivity analy
sis. 

The efficiency values selected to 
represent the valley were those adopted by 
the Grand Valley Salinity Coordinating 
Committee. Another problem, which is not 
atypical, was that the water quality data for 
most of the stations were very limited. This 
required using regressions between specific 
conductivity and the corresponding stream 
flow at each station to extend the available 
salinity record (TOS). The hydrologic and 
climatologic data stations adopted for model 
calibration are listed in Table 4.2. The 
results wi th the calibrated model applying 
BSAM-SALT to the Grand Valley are shown in 
Figure 4.2. The simulated stream and salt 
outflow for the calibration period were 
within one percent of the gaged records. The 
predicted values of salt during low flow 
months, April in particular, however, 
differed by as much as 28 percent. I nade
quate water quality data are a possible 
explanation for such large differences in the 
salinity predictions. The calibration 
results indicated that about 3 percent of the 
surface flow was unmeasured by the outflow 
gage, probably as a result of underflow. 
Predicted values of actual and potential 
consumptive use were within 2 percent. 

The calibration process identified the 
following assumptions about the system: 

1. Salt pickup values for canal seepage 
and for deep percolation water were the same. 

2. Salt pickup in the groundwater zone 
was the result of mineral weathering. 

3. The concentration of the seepage and 
percolating waters was unaffected by anteced
ent conditions. 

4. Salt pickup from the undeveloped 
land area was negligible. 

The predicted salinity concentrations 
during low flows ranged between 8,000-10,000 
mg/l, which agreed with the observed concen
trations in some of the drains in the area. 
The results also indicated that dur ing the 
calibration period, there was no precipita
tion of salts in the soil profile, assuming a 
threshold salt concentration value of 4,000 
mg/1. This result, however, is based on the 
assumption that salt pickup by the perco
lating waters was proportional to the amount 
of water passing through the profile. It is 
not difficult to calibrate the model with 
obServed quantity and quality (TOS) data of 
surface outflows based on other assumptions. 
However, the predictive results under imposed 
management options would be different. In 
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addition to calibrating the model for the 
Grand Valley area, data from the Circleville 
subbasin in Utah was used to illustrate 
model calibration with a set of different 
conditions. 

Calibration results of Circleville sub
basin, Utah. Although the data for calibra
tion at Circleville are less reliable than 
those for the Grand Valley area, the simu
lated stream flow and salt were within 0.1 

of the gaged records for the calibra
ion period. However, the monthly predic

t ions d i f fered by as much as 57 percent for 
water and 10 percent for salt. The calibra
tion results were obtained by assuming: 

1. No operational spills, tail water, 
or groundwater outflow from the basin. 

2. Unequal amounts of salt pickup in 
canal seepage and deep percolation water. 

3. No salt pickup due to mineral 
in the groundwater zone. 

4. Significant natural salt pickup 
from undeveloped land. 

5. Antecedent conditions did affect the 
salinity concentration of seepage and deep 
percolation water. 

The values resulting from the calibra
tions for Grand Valley and Circleville Basin 
are shown in Table 4.3 for the more important 
parameters. The predicted groundwater 
salinity concentrations for the Circleville 
Basin during low flow months were 400 - 1,300 
mg/l, which appeared reasonable according to 
available data. 

Sensitivity Analysis 

In order to study how the model reacts 
to variations in selected parameters, sensi
tivity studies were run on the calibrated 
model for Grand Valley. Figures 4.3 through 
4.6 show the sensitivity of simulated stream 
flow, salt outflow, and salinity concentra
t ions to var iat ions in canal conveyance 
efficiency, canal diversions, tail water, and 

lonal spills. The effects are summa
in Table 4.4. 

Total seepage losses from main canals, 
laterals, and ditches were considered for 
this study. The results showed that im

canal conveyance efficiency from 81 
to 100 percent would reduce the total 

salt loading for the 3 years by about 204,000 
tons and the salinity (TOS) concentration by 
9 mg/1. Increase in stream flow, however", 
was not appreciable. The reduction in salt 
loading may be attributed to less seepage 
through the soil profile. 



Table 4.1. Irrigation system efficiencies adopted by different researchers in the Grand 
Valley area, Colorado. 

Component 
Item 

1. Canal, lateral and 
ditch seepage losses 
(percent irrigation 
diversions) 

2. Operational 
(percent 
diversions) 

3. Tailwater =off 
(percent of field 
delivery) 

4. Evapotranspiration 
(percent of field 
delivery) 

5. Deep percolation 
(percent of field 
delivery) 

ARS 
Studies 
(1977) 

22 

34.5 

44 

46 

10 

on information given by Canal 

2carnputed during model calibration. 

Grand Valley Salinity 
Coordinating Comnittee 

(1977) 

19 

38 

33 

46 

21 

Walker 
(1979) 

13 

18 

52 

39 

16 

UWRL 
(1975)1 

24 

14 

14 

Table 4.2. Hydrologic and climatologic data stations used in this study. 

Compcnent 
Item 

---- ..... --~-.----

Stream Inflows (main stem) 

Tributary Inflow 

Stream Outflow 

Canal Diversions 

Precipitation and Temperature 

Reservoir Storage Considered 

Pumped diversion from 
Groundwater 

Imports 
Exports 

Grand Valley Area, 
Colorado 

Colorado River at Cameo, CO 
(09095500) 

Gurmison River near Grand Junction, 
CO (09152500) 

Plateau Creek near Cameo, OJ 
(09105000) 

Colorado River near Colorado -
Utah State Line 
(09163500) 

Governrrent highline canal 
Grand Valley Canal 
Redlands Canal 

Grand Junction & Fruita 

Nil 

Nil 

Nil 

Nil 
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Circleville Subbasin, 
Utah 

Sevier River at Hatch, ur 
(10174500) 

Panguitch Creek near 
Panguitch, ur 

Sevier River in Circleville, 
ur (10180000) 

West Hatch Ditch 
East Hatch Ditch 

& East Bench Canal 
Panguitch Canal 

Tebbs Ditch 
McEwan Canal 
Bear Creek Canal 
~~rshall Ditch & Slough 
Whittaker Ditches 
Circleville & Panguitch 

Nil 

Estimated values based on 
studies of ARS 

Nil 

Nil 
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Table 4.3. Selected parameter values adopted for BSAM-SALT calibration. 

seepage 
---Operational spills 
---Tailwater runoff 
Predicted flow under the 
measured gage 

---Groundwater outflow 
---Effluent groundwater 

Joining the streamflow 
---O:mstant proportion of soil 

moisture joining D.P. 

B. Salt: 
---Salt pickup in canal seepage 
---Salt pickup in percolation 

(DP) water 
---Salt pickup due to mineral 

weathering in saline 
water 

---Natural salt pickup from 
undeveloped land 

---Predicted groundwater con
centrations during low flows 

---Routing coefficients for 
concentrations in seepage j 
DP j and groundwater 

Predicted root zone (RZ) salt 
precipitation 

Predicted salt precipitation 
below RZ 

81 percent 
38 percent 
33 percent 

3 percent 
Nil 
100 percent 

2.6 tons/ac-ft 
2.6 tons/ac-ft 

0.13 tons/acre/mo 

Nil 

8,000-10,000 mg/l 

° 
Nil 

Nil 

Table 4.4. Summary of sensitivity studies for Grand Valley, Colorado. 

Increase + 28,459 204,563 

Reduce 38-5 percent + 12,153 + 1,140,752 

Reduce Canal diversions 100-60 percent + 150,042 + 88,846 
100-70 percent + 105,427 259,726 
100-80 percent + 61,786 260,259 

Reduce Tailwater 33-5 percent 38,438 + 615,359 

54 percent 

° ° 
° ° 100 percent 

13 percent 

.025 tons/ac-ft 

.004 tons/ ac-ft 

° 
.04 tons/ac-ft 
and 42 tons/acre/mo 
400-1300 mg/l 

.88, 1.8, .4 

Nil 

Nil 

- 9 

+60 

- 1 
-17 
-16 
+31 

--------------------------_. 
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Sensitivity to canal diversions 

The response to reduction in canal 
diversions is shown in Figure 4.4. As was 
expected, a reduction in canal diversions 
resulted in a corresponding increase in 
river outflow. However, the salt outflow 
responded in an unexpected manner. Because 
less water was delivered to the farm when 
the diversions were reduced, it was expected 
that the salt loading would be correspond
ingly reduced. This proved true for a 
reduction of up to 30 percent. For greater 
than a 30 percent reduction, the salt outflow 
increased dramatically because of the concen
trating effect of evapotranspiration on water 
in the root zone. With more than a 30 
percent reduction in canal diversions, 
salt precipitated within the soil profile, 
soil moisture stress was placed on the crops 
resulting in reduced growth, and finally 
there was a net increase of salt loading in 
the stream. 

Sensitivity to tail water runoff 

The resp~nse sensitivity to the tail 
water runoff IS shown in Figure 4.5. A 
reduction in tail water increased the amount 
of water infiltrated, resulting in more salt 
pickup from the soil profile and groundwater 
zones. The predicted results showed that by 
reducing tail water runoff from 33 percent to 
zero there would be an increase in TDS 
concentration of 31 mg/l during the 3-year 
period. 

Sensitivity to operational spills 

Waters spilled from the canal into the 
river were considered as operational spills. 
In practice, a reduction in operational 
spills would reduce the total diversions. 
Based on an assumption that the carrying 
capacity of the main canals and laterals is 
adequate, reductions in operational spills 
would deliver more water to the fields, 
resulting in more salt pickup. Reducing 
operational spills from 38 percent to 5 
percent of the canal diversions increased the 
salt load by about 1,141,000 tons corre
sponding to an increase in TDS concentration 
of 60 mg/l. These results are shown in 
Figure 4.6. 

Sensitivity of farm 
application efficiency 

Since efficient farm application re
quires that the water stay in the root zone 
where the plants can use it later, appli
cation efficiency (EAP) is the ratio of the 
amount of water stored in the root zone to 
the amount of water applied. The efficiency 
is computed on the basis of a specified time 
interval. The model has the capability of 
computing the monthly and average annual 
values of EAP. Any change in the values of 
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conveyance efficiency, canal diversions, 
operational spills, and tailwater runoff 
could change the total water applied to 
fields resulting in a corresponding change in 
EAP. The sensitivity study on the computed 
application efficiency was based on this 
concept. Figure 4.7 shows the sensitivity of 
EAP to corresponding changes in other param
eters. The results showed that 1) EAP was 
more sensitive to reductions in operational 
spills than to increases in conveyance 
efficiency. Since the operational spills 
were larger than the seepage losses from the 
canals, a reduction in spills would provide 
more water to the farm which would result in 
a lower application efficiency. This result 
is rather trivial and of little practi
cal value in the actual operation of the 
irrigation system. 2) EAP had an inverse 
relationship to changes in conveyance effi
ciency. Based on Figure 4.7, the average 
reduction in EAP was 7.0 percent for a 10 
percent increase in conveyance efficiency. 
3) There was no significant change in EAP for 
a reduction in canal diversions beyond 10 
percent. 

A comparison of results obtained from 
the sensitivity studies relating to changes 
in conveyance efficiency and canal diversions 
indicated that: 1) a 10 percent reduction in 
canal diversions would reduce streamflow 
concentrations by 7 mg/l (Figure 4.4), 
although the corresponding increase in 
application efficiency would be 4.5 percent 
(Figure 4.7). 2) The conveyance efficiency 
would have to be increased from 81 percent to 
93 percent in order to achieve a similar 
reduction of 7 mg/l in streamflow concen
tration (Figure 4.3). 

Sensitivity to system identification 

A disturbing feature of the effort to 
use hydrosalinity modeling to examine the 
consequences of various irrigation water 
management options in the Grand Valley is 
that the results vary greatly with the 
published data used for model calibration 
(Table 4.1). Two distinctively different 
characterizations of the flow system and of 
the effects on the system of alternative 
management practices emerge from calibrating 
on the basis of different data sets. Both 
calibrations were made, and the results are 
compared below. 

Calibration system 1 was based on 
the irrigation efficiency values used by the 
UWRL in the 1975 National Commission on Water 
Quality (NCWQ) assessment study. This 
system postulated values of 14 percent for 
the operational spills, 14 percent for the 
tail water runoff, and 76 percent for the 
canal conveyance efficiency. Calibration 
system 2, based on the Grand Valley Salinity 
Coordinating Committee data were 38 percent 
for the operational spills, 33 percent for 
the tail water runoff, and 81 percent for the 
canal conveyance efficiency. The two cali
brations varied significantly in the values 
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of parameters (Table 4.5) needed to best fit 
the reported data. As shown in Figure 4.8, 
even though the two cali brat ions matched 
can a 1 d i ve r s ion sex act 1 y and con s urn p t i v e 
use quite closely, other flows varied dras
tically. Particularly important for salinity 
management, these differences lead to oppo
site conclusions as to the dominant source of 
salt loading and what needs to be done by way 
of salinity control. 

As a beginning, deep percolation and 
outflow concentration (TDS) were chosen 
to demonstrate system sensitivity to changes 
in conveyance efficiency and canal diver
sions. The results in Table 4.6 and Figures 
4.9 and 4.10 show that: 

1. A reduction in canal diversions had 
greater effect on System 1 than System 2, 
while an increase in conveyance efficiency 
had a greater impact on System 2 than on 
System 1. Thus, the water management method 
selected as more efficient depends on how the 
system was described in available data and 
identified by the modeler. 

2. Reductions in operational spills and 
tail water runoff did have effects with the 
same directional trend in predicting outflow 
concentrations. However, the increase in 
streamflow concentrations due to these 
changes were consistently lower for System 1 
than for System 2, because of the propor
t ional increases in the corresponding flows. 

Table 4.5. Variations in parameters from model calibration with data for system 1 and system 
2, Grand Valley, Colorado. 

Parameter 

29 Proportion of groundwater 42 0 Refer to Fig. 4.8 for 
outflow from basin description of the 

systems 

47 Unmeasured surface runoff 0 3 percent 

83 Salt pickup in DP tons/ac-ft/rro. 3.0 2.6 
87 Salt pickup in canal tons/ac-ft/rro. 

seepage 

93 Mineral weathering in tons/acre/rronth 0 0.15 
groundwater 

Table 4.6. Relative sensitivity analysis of system 1 and system 2 to deep percolation and TDS 
concentration in the outflow, Grand Valley, Colorado. 

Parameter Change in Outflow (1970-1972) 

Reduce Operaticnal 

Reduce Canal 

Reduce tailwater 
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IRRIGATION SYSTEM I 
( UWRL, 1975 ) 

CANAL DIVERSIONS 
596,705 

CANAL 
SEEPAGE (24 %) 

143,209 

OPERATIONAL 
SPILLS (14%) 

83,539 

PRECIPITATION 
51,779 

FARM 
DELIVERY 
369,957 

TAl LWATER 
RUNOFF (14%) 

51,794 

INFILTRATED 
WATER 

369,942 

CONSUMPTIVE 
USE 

189,088 

DEEP PERCOLATION 
180,854 

IRRIGATION SYSTEM 2 
( GVSCC, 1977) 

CANAL DIVERS IONS 
596,705 

CANAL 
SEEPAGE (19 %) 

113,374 

OPERATIONAL 
SPILLS (38%) 

226,748 

PRECIPITATION 
51,779 

WATER FROM 
ROOT ZONE 
STORAGE 
18,482 

FARM 
DELIVERY 
256,583 

TAl LWATER 
RUNOFF (33%) 

84,672 

INFILTRATED 
WATER 

223,690 

CONSUMPTIVE 
USE 

187,780 

DEEP PERCOLATION 
54,392 

Figure 4.8. Schematic diagrams of two different possible representations of the Grand Valley, 
Colorado, irrigation system. (All numbers are in acre-feet.) 
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CHAPTER 5. 
~lANAGEMENT STUDIES 

WITH BSAM-SALT 

The next goal of this study was to test 
the capability of the BSAM-SALT model to 
evaluate the possible impacts of irrigation 
water management alternatives on the quantity 
and quality of the receiving stream. A 
secondary objective was to demonstrate use of 
the model to simulate different irrigation 
management practices. 

Procedure 

The management studies were organized 
as outlined in Figure 5.1. First, a base was 
established from which the changes relating 
to salinity achieved by an alternative under 
study could be measured. The base consisted 
of the results generated by the hydrosalinity 
model using the parameter values obtained in 
calibrating the model to the irrigation 
management sys tem descr i bed by the Grand 
Valley Salinity Coordinating Committee. The 
next step was to impose the selected manage
ment alternative on the model by changing the 
appropriate model parameters and then to 
evaluate the results. The specific objective 
was to evaluate the effect of improvements in 
canal lining as well as the on-farm applica
tion efficiency singly or in combination on 
the salinity loading in the Colorado River. 

The formulation of the management runs 
requires a comprehensive understanding of the 
model both conceptually and as programmed, as 
well as of the irrigation system and prac
t ices to be simulated. For example, there 
is nothing in the model that may be set to 
explicitly perform the runs necessary to 
predict the change in salini ty outflow from 
the area resulting from a change from flood 
to sprinkler irrigation methods. In order to 
do this, one must know which parameters are 
associated with the method of irrigation 
application. Very few of the parameters have 
a one-to-one correspondence wi th management 
options. More often, replication of a 
management option requires the setting of 
several parameters which interact together to 
produce the desired management condition. 
The salinity outflow response is not guaran
teed to be unique; that is, the same salinity 
response may be obtained by several different 
sets of parameter values. Therefore, the 
correct interpretation of the results re
quires some judgment on the part of the user 
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and often entails an examination of the 
internal salt concentrations generated by the 
run rather than just noting the bottom line 
showing the computed salt outflow amounts and 
concentrations. The following section 
derives some of the relationships that may be 
useful in performing the management studies. 

Parametric Management 
Formulation 

The major potential management applica
tion is to irrigated agriculture. The 
applicable model parameters include the canal 
diversions, CNL, operational spills, PSP, 
conveyance efficiency, ECV, tail water 
runof f, PTW, tail water evaporat ion, ECUTW 
and canal diversion adjustment coefficient, 
CNA. Figure 5.2 shows how these factors 
interact by tracing the flow of one unit of 
canal diversion through the conveyance 
system. A management alternative is simu
lated by modifying the values of the appro
priate combination of these parameters. The 
following relationships have been derived in 
order to aid in making realistic and meaning
ful management simulations. 

Conveyance System Management: 
Unchanged Farm Delivery 

One approach to irrigation system 
management is to modify operation of the 
delivery system while staying with current 
on-farm water management practices. The 
pr act ice preserves water r igh ts intact and 
does not assume any control of the irrigation 
company over individual farmers. The farm 
delivery remains unchanged if: 

CNLl (ECVl - PSPl) CNLO (ECVO - PSPO) (5.1) 

where the variables are as previously de
fined, the subscripts 0 and 1 denote consecu
tive time periods. Equation 5.1 may be 
rewritten to define a canal diversion adjust
ment coefficient (CNA) as follows: 

where 

CNLl = CNA * CNLO 

CNA 
ECVO - PSPO 
ECVl PSP l ..•••... (5.2) 



SELECT THE 
NEXT MANAGEMENT 

OPTION 

DETERMINE THE 
MANAGEMENT 
OPTION TO BE 
INVESTIGATED 

~--

SCREEN AVAILABLE 
HYDROSALINITY MODELS 

SELECT EFFECTIVE 
HYROSALlN1TY MODEL 

IDENTIFY 
THE 

SYSTEM 

CALIBRATE AND TEST 

""1 

I 
I 
I 

RECYCLE 
IF 

NECESSARY 

THE MODEL ON THE - J 
SELECTED RIVER BASIN 

PREDICT THE IMPACT OF 
THE MANAGEMENT OPTION 
ON THE QUALITY AND 
QUANTITY OF IRRIGATION 
RETURN FLOW WITHIN THE 
RIVER BASIN 

Figure 5.1. Simplified flaw diagram for studying the effects of management options on the 
quality and quantity of irrigation return flows. 
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I UNIT OF 
CANAL DIVERSION 

r---------l .... OPERATIONAL SPILLS 
(PSP) 

CANAL 
SEEPAGE 
(i-ECV) 

FARM DELIVERY 
(ECV-PSP) 

9----'" TAl LWATER 
TAl LWATER ---t+-----.. ~RETURN 

FIELD 
APPLICATION 

(I-PTW) 

RUNOFF 
(PTWl 

.. (PTW- ECUTW) 

TAILWATER 
EVAPORATION 
(ECUTW) 

( INFILTRATED WATER) 

Figure 5.2. Flow schematic for one unit of irrigation canal water from its diversion to point 
of field application 

By changi the parameter CNA in accordance 
with uat 5.2, the effects of changes in 
canal Inlng (conveyance efficiency) and 
system operation (operational spills) may be 
simulated quite easily. 

Combination Conveyance and 
Irrigation System Management: 
Unchanged Field Application 

A second approach to irrigation system 
management would be to hold field application 
rather than farm delivery constant. Again 
referring to Figure 5.2: 

CNLI (ECVl PSPl) ( 1 - PTWl) 

'" CNLO (ECVO - PSPO) (1 - PTWO) •••• (5.3) 

solving for CNLl, yields: 

CNB * CNLO 

or 

CNB 
.,,----.,.;-;~). . (5.4) 

and all other variables are as previously 
defined. The effect of changing from one 
method of irrigation to another may be 
assessed by changing CNB in accordance with 
Eq'uation 5.4 and by changing the roper 
model parameters to reflect the di erent 
irrigation practice. In general, sinkler 
irrigation methods are character zed by 
little tail water runoff, with some evapor-
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ative losses which depend on temperature ,and 
wind. The model parameters which simulate 
these condi tions are PTW and ECUTW, respec
tively. 

computed Canal Diversions 
for Management 

A final management mode programmed into 
the model calculates the monthly canal 
diversion required to satisfy potential crop 
evapotranspiration (PET), the various oper 
ating system losses (ECV and PSP), a root 
zone soil moisture level to be maintained 
(CMS) , and an overall composite field i
cation efficiency (EAP). The equa on 
for month i is as follows: 

CNL, 
l 

QSL. + PETi + (CMS i - SMI i ) - RPSMi (l - CDP) 

l EAP (ECV - PSP) 

, , . (5,5) 

where: 

CNLi is the computed canal diversion re
quired 

fied diversion required 
leach ing 

PETi is the potential crop evapotrans 
piration 

CMSi is the s 
fied to 

moisture level speci 
maintained 



SMl i is the initial soil moisture level 

RPSl'li is the rain plus snow melt 

CDP is the proportion of soil moisture 
storage above a critical level that 
deep percolates 

EAP is a pseudo irr ion field appli-
cation efficiency 

ECV is the canal conveyance efficiency 

PSP is the proportion of canal diver 
sion that result in operational 
spills 

i is the month 

The parameter, EAP, can be considered 
a pseudo efficiency. The actual field 
application efficiency is defined as the 
proport ion of irrigation water delivered to 
the field that enters the root zone and 
remains available for crop consumptive use. 
The resulting interaction between soil 
properties, climatic conditions, and farm 
management practice causes the short term 
field application efficiency to fluctuate 
quite widely throughout the year. Therefore, 
it is not treated as a constant, but is 
evaluated by the model and becomes part of 
the simulation output. When using the 
parameter EAP to estimate the canal di ver
s>ion, the computed application efficiency 
wi 11 fluctuate much less than otherwise and 
will approach the value specified as EAP. 

The canal diversion determined by this 
operating option may not correspond to the 
actual diversion record because it does not 
consider any restrictions on diversions that 
may be imposed by water rights constraints 
or the common practice of operating managers 
to change the diversion according to some 
perceived or forecast climatic conditions. 
However, it is a very useful opt ion where 
actual diversion records are not available. 

Management Studies 

Eight alternative management strate
gies were used to test the model. Each 
alternative was designed to test a particular 
aspect of irrigation management. Over 50 
simulations were run and the results are 
summarized below along with the descrip
tions of the various alternatives considered. 
The first five management alternatives 
maintained fixed levels of field application 
while the last three maintained a specified 
level of soil moisture. 

Management Alternative 1 (MA-1) 

The first management strategy was 
designed to assess the response of the system 
to canal lining while delivering the same 
amount of water to the farms. The opera
tional parameters characterizing operational 
spills (PSP) and tail water runoff (PTW) were 
kept at the same levels as in the base 
calibration run. The diversion adjustment 
value, CNA, was calculated by Equation 5.2. 
The effect of alternative degrees of lining 
of the canals was simulated by adjusting the 
conveyance efficiency from the calibrated 
value of 81 percent to 100 percent. The 
results from Management Alternative 1 are 
gi ven in Table 5.1 and are shown in Figure 
5.3. This set of simulations indicates that 
the canal lining may be very effective in 
reducing the salt load of the Colorado River. 
Simulated salt concentrations decreased from 
566 to 520 mg/l, a total of 46 mg/l, the 
water outflow increased 10,000 acre-feet, and 
the salt outflow decreased 897,000 tons 
during the 3-year period 1970-1972. 

Management Alternative 2 (MA-2) 

The second management strategy was also 
designed to assess the effect of increasing 
conveyance efficiency while delivering the 

Table 5.1. Parameter values and 1970-1972 cumulative response summary for Management Alterna
tive 1: line canals and maintain farm delivery at base line level. 

Outflow responses - 1970-1972 
---~ .. "-. 

Water Salt 'IDS 
Actual (thousands of (thousands (mg/l) 

1 (Base) 0.38 0.81 1.000 0.33 0 56 14,370 055 566.1 

13 0.85 0.915 56 14,372 lU,799 552.9 
14 " 0.90 0.827 56 14,375 10,535 539.2 

15 0.95 0.754 II 

56 14,378 10,318 528.0 

16 " 1.00 0.694 " 56 14,380 10,158 519.8 
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Figure 5.3. Predicted outflow response for period 1970-1972 for Management Alternatives 1 and 
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Farm delivery unchanged from base level. 
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same amount of water to the farms. In 
addition, it projected a reduction in the 
operational spill percentage from 38 percent 
to 20 percent, to reflect improved conveyance 
system management. The diversion adjustment 
value, CNA, was calculated by Equation 5.2. 
The results of simulating this strategy are 
essentially identical to those resulting from 
the first alternative tested and are summa
rized in Table 5.2. Over the 3-year period, 
1970-1972, the water outflow increased about 
10,000 acre-feet, the salt outflow decreased 
896,000 tons, and the TDS concentration 
decreased 46 mg/l. 

Management Alternative 3 was designed to 
assess the response to the system to changes 
in the method of field application from flood 
to sprinkler irrigation. The diversions were 
maintained at the base level but operational 
spills were increased and tail water runoff 
was decreased in order to maintain the field 
application rate at the baseline level. The 
increase in operational spills required to 
maintain the field application rate at the 
base level was calculated by solving Equation 
5.4 for PSPI as follows: 

(ECVO - PSPo)(1 - PTWO) 
ECVl - CNA (l-PTW

l
) . . . . . (5.6) 

The move to sprinklers was simulated by 
changing the tail water runoff (PTW) and 
tail water evaporation (ECUTW) coefficients 
from 0.33 to 0 and ° to 0.50 respectively. 
The results are given in Table 5.3 and Figure 
5.4 and were somewhat unexpected. It was 
anticipated that an increase in application 
efficiency would decrease salinity. Instead, 
there was a sl ight (l mg/l) increase caused 
by the concentrating effect of the evapo
rative losses from the sprinkler irrigation 
method. The spr inklers brought an increase 
in application efficiency by making it 
possible to decrease farm delivery even 
though the amount of water applied to the 
fields was held constant. Since the bulk of 
the salt pickup comes from the percolating 
water which remained constant because the 
field application was held constant, the 
volume of salt outflow also remained con
stant. Thus, an increased application 
efficiency does not necessarily reduce the 
s ali n i load i ng of the s tr earn caused by 
irrigat on return flows. 

Table 5.2. Parameter values and 1970-1972 cumulative response summary for Management Alterna
tive 2: line canals, reduce operational spills, and maintain farm delivery at 
base line level. 

1 (Base) 0.38 0.81 1.000 0.33 0 56 14,370 11,055 566.1 
8 0.20 0.81 0.705 56 14,373 10,784 552.1 

9 0.85 0.662 " 56 14,374 10,615 543.4 

10 " 0.90 0.614 " 56 14,377 10,430 533.8 
11 0.95 0.573 " 56 14,379 10,276 525.8 
12 1.00 0.538 " " 56 14,380 10,159 519.8 

Table 5.3. Parameter values and 1970-1972 cumulative response summary for Management Alterna
tive 3. 

1 (Base) 0.380 0.81 1.00 0.33 0 56 14,370 11,055 566.1 
17 0.398 I' 0.30 0 58 14,369 11,056 566.1 
18 0.426 " " 0.25 0.10 64 14,353 11,055 566.7 
19 0.450 0.20 0.20 70 14,344 11,055 567.1 
20 0.471 0.15 0.30 75 14,342 11,056 567.2 
21 0.490 0.10 0.40 79 347 11,055 567.0 
22 0.507 " 0.05 0.50 81 14,356 11,055 566.6 

._----_._-------------
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The fourth strategy was designed to 
assess system response to a policy of re
ducing the diversions through more efficient 
delivery and application while keeping the 
field application amount unchanged. This 
was simulated by changing PSP according to 
Equation 5.6. The results are given in 
Table 5.4 and Figure 5.5. The predicted 
reduction in salt loading is 491,000 tons of 
salt and a TDS reduction of about 24 mg/I. 
The water outflow is also reduced by about 
23,000 acre-feet. 

This alternative was designed to assess 
the effect of lini the canals, reducing 
operating spills, reducing the diversions 
while maintaining a constant field applica
tion rate. The simulation was accomplished by 
increasing the conveyance efficiency and 
calculating the diversion adjustment, CNA, 
required to maintain the field application 

rate by Equation 5.4. The results of apply 
ing M ement Alternative 5 are given in 
Table 5. and Figure 5.6. All three 1970-
1972 response outflows were reduced. The 
water outflow was reduced 18,000 acre-feet, 
the salt outflow by 897,000 tons and the TDS 
concentration by 45 mg/l. 

Management Alternative 6 (MA-6) 

This alternative was designed to identi
fy an operating strategy that could reduce 
the salinity impact on the river while 
maintaini the proportion of operating 
spi 11s and ail water runoff at their cali 
brated values. This was accomplished by 
setting the minimum leaching water require
ment (QSL) to zero and using Equation 5.5 to 
compute the required diversion to maintain 
soil moisture at field capacity and also 
satis potential crop use. The results 
are summarized in Table 5.6 and Figure 5.7. 
In order to achieve the reduction in salinity 
predicted by this set of runs, the canal 
diversions would have to be reduced as shown 

Table 5.4. Parameter values and 1970-l~72 cumulative response summary for Management Alterna
tive 4. 

PlW 

1 (Base) 0.380 0.81 1.00 0.33 0 56 14,370 11,055 566.1 
20 0.471 1.00 0.15 0.30 75 14,342 11,056 567.2 
24 0.433 " 0.90 74 14,343 10,964 562.5 
25 0.386 0.80 74 14,344 10,871 557.6 
26 0.326 11 0.70 75 14,345 10,779 552.9 
27 0.245 0.60 75 14,346 10,686 548.1 
28 0.132 " 0.50 " 75 14,347 10,564 541.8 

Table 5.5 Parameter values and 1970-1972 cumulative response summary for Management Alterna
tive 5. 

Run 
1 (Base) 0.38 0.81 1.000 0.33 0 56 14,370 11,055 566.1 

51 0.15 0.81 0.516 0.15 0.30 75 14,346 10,614 544.4 
29 " 0.85 0.484 75 14,348 10,485 537.7 
30 " 0.90 0.452 75 14,350 10,354 530.9 
31 0.95 0.424 74 14,351 10,244 525.2 
32 1.00 0.399 74 14,352 10,158 520.8 
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Table 5.6. Parameter values and cumulative response summary for Management Alternative 6. 

~~============================================~~=== 

1 

33 
34 
35 
36 

37 
38 
39 

0.38 0.81 0.33 0 0.56 100.0 56 14,370 11,055 566.1 

0.30 188.5 33 14,315 13,058 671.2 .. .. 0.40 148.8 42 14,322 12,143 622.9 

" " 0.50 121.7 52 14,328 11,502 590.7 

" 0.60 102.8 61 14,332 11,011 565.3 .. 0.70 99.4 63 14,336 10,920 560.5 

" 0.80 97.9 63 14,339 10,885 558.6 
0.90 96.5 63 14,343 10,835 555.8 
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Figure 5.7. Predicted outflow response for period 1970-1972 for Management Alternative 6 of 

a) water, b) salt, c) salinity concentration (TDS) , and d) application efficiency 
to changes in canal diversions. 
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Figure 5.7. Continued. 

in Figure 5.8. The salt load could then be 
reduced 220,000 tons or about 10 mg/l over 
the 3-year period without changing any 
irrigation practices. The total diversions 
were actually about 3.5 percent less than the 
historical diversions, but water rights 
constraints may not allow the diversion 
pattern to be altered. 

Management Alternative 7 (MA-7) 

This alternative strategy was similar to 
MA-6 except that the operational spills were 
reduced from 38 percent to 15 percent and the 
tail water runoff was reduced from 33 percent 
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to 15 percent. This would simulate the 
effect of a partial conversion to sprinkler 
irrigation methods and more careful manage
ment of the water delivery system. The 
results are summarized in Table 5.7 and 
Figures 5.9 and 5.10. They illustrate that 
with a total reduction of almost 50 percent 
in diversions, a net reduction in salt 
loading of 567,000 tons or 27 mg/l could be 
achieved by modifying the pattern of diver
sions to correspond to Figure 5.10. This 
would also require improving the on-farm 
application efficiency to 83 percent by 
reducing the tail water runoff from 33 per
cent to 15 percent. This should not involve 
any water rights problems because the diver
sions are less than those made historically. 
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Table 5.7. Parameter values and cumulative response summary for Management Alternative 7. 

1 0.38 0.81 0.33 0 0.56 100.0 56 14,370 11,055 566.1 
40 0.15 0.81 0.15 0.30 0.30 130.7 35 14,239 13,443 694.7 
41 II 0.40 98.3 46 14,268 12,288 633.7 
42 0.50 78.8 56 14,286 11,585 596.7 
43 fI " 0.60 65.9 66 14,298 11,109 571. 7 
44 " 0.70 56.9 76 14,307 10,752 553.0 
45' " " 0.80 51. 5 83 14,312 10,505 540.1 
46 0.90 51.0 83 14,315 10,488 539. 

... ~---.---.--- .'-_.<- --- .-----... ~- . 
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Management Alternative S (MA-S) 

The strategy for this alternative was 
similar to MA 7 except that canal lining 
was simulated by increasing the conveyance 
efficiency and the application efficiency was 
held cOnstant at 66 percent. The results are 
summarized in Table 5.S and Figures 5.11 and 
5.12. By lining the canals and keeping the 
field application efficiency constant, the 
amount delivered was held constant throughout 
all five of the simulation runs. An overall 
reduction of 49 percent in the amount of 

canal diversions decreased salt loading by 
531,000 tons or about 25 mg/l over the 3-year 
period. 

Many more management strategies could be 
devised and run; however the preceding eight 
were deemed sufficient to test the model, 
demonstrate how the model can be used, and 
provide general information on probable 
trends. The results should not be taken as 
absolute because of the unresolved issue as 
to correct characterization of the actual 
system existing in Grand Valley. 

Table 5.S. Parameter values and cumulative response summary for Management Alternative S. 

1 0.38 O.Sl 0.33 0 0.56 100.0 56 14,370 11,055 566.1 
43 0.15 0.81 0.15 0.30 0.60 65.9 66 14,298 11,109 571.7 
47 0.S5 .. 62.2 66 14,300 10,959 563.9 
48 .. 0.90 5S.0 66 14,302 10,795 555.4 
49 0.95 .. 54.4 66 14,304 10,651 547.9 
50 " 1.00 " 51.2 66 14,305 10,524 541.3 
---~--~~'"-~---, --~~.---..... ----.-.---------. 
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CHAPTER 6. 
CONCLUSIONS AND RECOMMENDATIONS 

A review of the state-of-the-art of 
hydrosalinity models identified one of the 
major gaps in modeling as inadequate under
standing and representation of the quantity 
and quality interrelationships between 
surface water, drainage water, and ground 
water. Most models predict relatively 
constant levels of salinity over time in 
surface drains during the irrigation season 
and an increase in concentration in simi lar 
drains at other locations during the nonirri 
gation season. 

This study further revealed that current 
hydrosalinity models vary widely in their 
representation of 1) chemical processes, 2) 
interrelationships between surface water, 
irrigation drainage water, and groundwater, 
and 3) the salt pickup phenomena. The more 
complex hydrosalinity models assume equilib
rium among constituent ions in the root zone 
soil water system and use the kinetic ap
proach to simulate the ni trogen transforma
tions in the root zone. Such models require 
extensive data that are available only for 
experimental plots under controlled condi
tions. Models at the other extreme utilize a 
simple conservation of mass approach to 
simulate salinity (TDS) movement, without 
accounting for salt precipitation and mineral 
dissolution in the deeper groundwater zone. 
The groundwater quality models generally 
assume an absence of chemical reactions 
between the soil water and the aquifer which 
might affect the dissolved solids concentra
t ions. 

In order to obtain reasonable results 
despite the absence of the data required by 
the more complex models, a new concept was 
introduced. This idea is that a site specif
ic 'Threshold Concentration' (TC) of dis
solved solids within a soil-water system 
can be identified, adequately estimated, and 
represented in a simple hydrosalinity model. 
Salt concentrations above the TC result in 
precipitation of salts within the soil 
profile. These higher values of TC, however, 
exist in the deeper layers of the unsaturated 
zone, depending upon the movement of salts 
through the soil layers. It was possible, 
based on these concepts, to represent salin
i ty (TDS) in the return flows as a composite 
of individual component TDS outflows from the 
unsaturated zones and the saturated ground
water zone, thus retaining simplicity in the 
model by allowing the interrelationships 
among the surface water, drainage water, and 
groundwater to be represented in a lumped 
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parametric manner. It is still necessary to 
have a detailed hydrologic model identifying 
a 11 of the flow components, although the 
quality component is still the TDS. 

These concepts were formulated into a 
hydrosalinity model designed to predict the 
effectiveness of alternative proposals to 
reduce salinity (TDS) discharges by irriga
tion water management. The model resulting 
from this effort parametrically represents 
the salinity processes that were identified 
as being important and still retains relative 
simplicity and can be calibrated and run from 
generally available data. The model termed 
BSAM-SALT was tested using field data from 
irrigated areas in Grand Valley, Colorado, 
and the Circleville subbasin of the Sevier 
River Basin in Utah. A set of management 
runs was made to demonstrate the utility of 
the model in predicting the salt loading 
caused by irrigated agriculture in the Grand 
Valley, Colorado, area. 

The process of calibrating the model to 
the Grand Valley area revealed the importance 
of having an accurate identification of the 
irrigation conveyance and application system. 
The model proved to be very sensitive to 
the irrigation system definition. If the 
flow through the system really follows one 
pattern, salinity control is very sensitive 
to canal lining whereas, for another equally 
plausible system definition, salinity control 
was relatively insensitive to canal lining 
but highly sensitive to the field application 
efficiency. This points out the importance 
of accurate system definition to establishing 
irrigation water management practices that 
can be effective in salinity control. One 
can also see that the best management prac
tice in one situation is not necessarily best 
in another. 

Because of the problem of the uncer
tainty over present flow patterns within the 
Grand Valley system, the results from the 
management runs may not be direct ly appl i
cable to that system. However, they do 
demonstrate the utility of the model as a 
tool in the evaluation process. In addition, 
the means by which a computer model can be 
used to simulate management alternatives was 
explained and explicit relationships existing 
between model parameters in the irrigated 
agriculture part of the BSAM-SALT model were 
derived to aid in making the management 
runs. 



Recommendations for further research and 
study arising from this effort include: 

1. Increased emphasis on identifying 
the salt pickup processes from 
natural sources as opposed to the 
agricultural sources so that 
component salt loading from these 
processes can be properly and 
accurately predicted. 

2. Development of a technique to mea
sure in situ soil salinity to 
facilitate estimating the threshold 
concentration of dissolved solids 
within the soil profile. 

3. Collection and analysis of field 
measurements to verify the assump
tion that salt pickup is propor
tional to the amount of percolating 
water. Although results based on 
column experiments support this 
assumption, a comprehensive analysis 
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of pertinent field data is necessary 
to really verify it. 

4. Application of the model over a wide 
variety of irrigated agriculture 
sites to aid in refining the repre
sentation of the interrelationship 
among the surface water, drainage 
water, and groundwater and the 
salini ty processes linked to them. 

5. Identify the importance of sediment 
pickup and movement to the salinity 
problem, and if significant, develop 
a means for including it in the 
model. 

6. Develop relationships between the 
management strategies that are 
possible to impose on an irrigation 
system and the corresponding param
eter interrelationship that must be 
imposed on the model to accurately 
predict the effect of applying a 
specified strategy. 
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