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was raised. A comparison between these counting rates and the counting
rates of calibration tests enabled an estimate to be made of the moisture
content at each selected depth. Plotting the soil-moisture contents at the
corresponding depths permitted the drawing of a soil-moisture profile for
the material penetrated by the access tube. Soil-moisture profiles were
obtained after a few weeks of fairly steady flow conditions and then
during and near the end of a period of rising heads. These profiles
provide reliable information on changes in soil moisture and on the
storage characteristics (specific yield) of the material within the zone of
water-table fluctuation.

Specific yield was determined from soil-moisture measurements
made before and during a 48-hour release of 2,500 ft3/s of water from
Laguna Dam which the U.S. Bureau of Reclamation scheduled for August
14-17, 1973, at the request of the U.S. Geological Survey. Prior to the
release, soil-moisture profiles were obtained for each access hole. Near
the end of the release, soil-moisture profiles were obtained again. To
estimate specific yields, the soil-moisture profiles at each access hole were
compared to determine changes in moisture (fig. 11). The wvolume of
water entering storage per unit aquifer-surface area was computed as the
area between the soil-moisture curves at depths over which changes in
soil moisture were judged to be the result of changes in head at the
water table. This wvolume per unit aquifer-surface area was divided by
the change in head in the adjacent shallow piezometer to obtain an
estimate of the specific yield for the access hole.

Specific vyields from the two access holes were averaged to
obtain an estimate of specific yield for each near-cluster site. In
general, the data obtained by following this procedure were useful for
estimating specific yields except where the change in head in the shallow
piezometer was too small or where the soil was saturated or nearly
saturated to the land surface. At five sites where the neutron-probe
method did not yield satisfactory results, data collected from comparable
sites were used to estimate the specific yields.

The specific yields estimated for each cross section are shown
in. table 1. The values range from 0.13 to 0.28; 32 of the 36 values are
in the range of 0.15 to 0.23. The average value is 0.19, which is typical
for unconfined aquifers (Lohman, 1979, p. 8).

Models of the System

Equation 2 can be solved approximately by using mathematical
flow models. A finite-difference model program developed by Trescott
and others (1976) was used for solving equation 2 to simulate flow in each
cross section. Each cross section was divided into rectangular blocks
with a variable-spaced grid. Finite-difference approximations are made
between the centers, or nodes, of blocks for the continuous derivatives
in equation 2. The result is a system of linear equations that are solved
for head distribution and flow components. A direct-solution algorithm
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Figure 11.--Selected soil-moisture profiles.

NOTE:

WATER-LEVEL ALTITUDE IN SHALLOW PIEZOMETER

BETWEEN TUBES WAS 2.15 FEET HIGHER ON AUGUST 15,
1973, THAN ON JUNE 18, 1973.

Volumetric water content

is volume of water per unit volume of soil (dimensionless).
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Table 1.--Estimated specific yields at cross sections in the
Yuma area

[Sites are about 100 feet from the river. Each site includes
two neutron-probe access holes from which soil-moisture
data were collected before and during the river-stage
event of August 14-17, 1973]

Cross section Sit'e on Ar:izona Sitg on Cal!for‘nia
side of river side of river
18 0.18 0.18
17 .28 .28
16 .23 .23
15 .19 .19
14 .15 .20
13 113 .13
12 .15 .15
11 7 .17
10 .21 .21
9 .23 .23
8 1,22 .22
7 .18 .18
6 .20 .15
5 .20 .15
4 .23 .23
3 .20 1,20
2 115 115
1 .22 .22

150il-moisture data not available.

using alternating-direction diagonal ordering (Larson, 1978) was found to
be efficient in solving the linear equations simultaneously.

Transient-Flow Models

Transient-flow models were developed to estimate distributions
of hydraulic conductivity at the cross sections; steady-state models
cannot be used to estimate hydraulic-conductivity values because the flew
quantities entering the far-cluster boundaries are not known. The
transient-flow models simulated head changes in the aquifer caused by
changes in river stage. The simulated head changes with time were
compared to observed head changes at each of the 12 piezometer
locations. These comparisons gave a basis for trial-and-error adjustments
of Kh and Kv values in zones within the cross sections.
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The equation for simulating head changes in the cross sections

9 oh* 3 dh* . _ on* 3
Bx(Kh dx / +¥(Kv 93 ) = Ss ot (3)
where
h* = head change since start of river-stage event,
SS = specific storage, and
t = time.

An assumption made in applying this equation is that the aquifer is
isotropic in the horizontal plane.

For the transient analysis, the simplifying assumption was made
that the water table could be represented as being horizontal and at a
fixed elevation. This representation of the water table is reasonable for
head changes that are small compared to the saturated thickness
represented by the cross section.

The vertical boundaries were treated as no-flow boundaries.
The cross sections were extended beyond the far clusters to insure that
head changes at the vertical boundaries would be insignificant. The
lower boundary also was treated as a no-flow boundary.

The part of the upper boundary representing the river was
treated as a specified-head boundary at which %#* varied as a function of
time to approximate observed changes in river stage with time. For the
rest of the upper boundary, a function was needed to describe the flux
going into or out of storage due to saturation or desaturation at the
water table (q,;). The correct function initially was thought to be

-5 ot
Qwt y ot ? (4)

where

Sy = the specific yield of the aquifer material
at the water table.

With this boundary function, studies using electrical-analog models indi-
cated that the theoretical head changes in the aquifer resulting from
river-stage changes were slower that the corresponding observed head
changes in the aquifer. From these studies, the inference was made that
the disparities were due to the delayed yield to or from storage at the
water table.
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The finite-difference model program (Trescott and others, 1976)
does not have the capability of simulating effects of delayed yield. E. P.
Weeks (written commun., 1976) suggested an adaptation of a procedure
for approximating effects of delayed yield in mathematical models proposed
by Cooley (1972). A description of this adaptation as applied for this
study follows.

The procedure proposed by Cooley (1972) involves an aquifer
overlain by a poorly permeable confining layer with a thickness (m), a
vertical hydraulic conductivity (X), and a specific yield (Sy). The solu-

tion for the effects of delayed storage at a point on the aquifer surface
for time step »n in a transient simulation was given as

(n) _ i(n)_ _(n) (5)

where

v (n) = the volumetric rate of flow stored or released
from water-table storage per unit aquifer-
surface area,

«'(™) = the explicit component of the rate, and
p

x(") = the implicit component of the rate.

These components are given as

i(n) _ e-ocAt(n) [x'(n_l) i Sy —ﬁlz-(n—l) . e_am;(n-l))] )
and
(n) 5, %%f”) (1 - st ™y )
where
o = K/(S)m),

At(n) = length of time step 7,

AM(n) = change in head at the base of the confining
layer during time step 7,

and subject to the initial conditions

x'(o), _A_]/L(O) - 0.
At
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Equations 5, 6, and 7 are derived from equations 9 and 10 in the analysis
by Cooley (1972, p. 1048, 1049).

The parameter o, as presented by Cooley (1972), describes
properties of a single overlying confining layer. In the Yuma area the
effects of delayed yield were attributed to clayey and siity layers at or
near the water table. The areal extent and hydraulic properties of the
layers were unknown. The parameter o, therefore, was used as a delay
index that was adjusted so that computed aquifer responses would more
nearly match the observed responses. The equations later were simplified
by defining the new parameter:

—O(.At] .

S = sy[z -e (8)

o

If At is constant for all time steps, equations 6 and 7 can be rewritten
as:

(n-1)
(n) _ (n-1) An
z' = (1-5,/5 )= -5 3 ] (9)
and
(n)
(n) _ o b
x =5, % - (10)

The So values, which were considered to be initial storage coefficients,

were input for water-table nodes and were adjusted as needed to obtain
the proper delay effects.

The vd function, which was used as an approximation of A

was added to the right-hand side of the finite-difference approximation of
equation 3 for nodes at the water table. This substitution provided the
additional capability needed to obtain good correlation between computed
and observed head values.

To illustrate the effects of the delayed storage function on the
computed hydrographs, several model runs were made using the river-
stage hydrograph for August 14-17, 1973, at cross section 8. A trans-
missivity of 40,000 ft2/d and a ratio of horizontal to vertical hydraulic
conductivity of 10 to 1 were used. For a specific yield of 0.22, the
effects of various ratios of So/Sy on the response of the aquifer near the

water table are shown in figure 12.
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Figure 12.--Effects of various ratios of gg/s on response of the aquifer

at location of piezometer AZ4.

river at cross section 8.

The piezometer is 530 feet from
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Grid Dimensions

The cross sections were modeled as matrices of 40 columns and
from 10 to 14 rows of blocks. Blocks simulating river segments ranged
from 10 to 70 ft horizontally, depending on the width of the river and the
position of the simulated river-width segment relative to the edge of the
river. Blocks beyond the river simulated distance segments that ranged
from 10 ft to more than 1,000 ft. The simulated distance of each block
beyond the far cluster usually increased by a factor of about 1.5 over
that of the adjacent block nearer the river. Vertically, simulated dimen-
sions of blocks ranged from 5 to 30 ft. Parts of the model grids near the
piezometers are shown in figures 13-29.

Input and Output

For transient simulations, input data included (1) dimensions of
the blocks, (2) hydraulic conductivity of each block, (3) ratio of vertical
to horizontal hydraulic conductivity, (4) initial storage coefficient at the
water table, (5) specific yield at the water table, (6) specific storage
below the water table, (7) location of the river, (8) locations of the
piezometers, (9) step approximation of the change in river stage with
time, and (10) observed head changes in the piezometers. Program
output generally included (1) maximum simulated head at each node, (2)
graphs showing observed and computed head changes at each piezometer
location, and (3) a cumulative mass balance.

For steady-state simulations, additional input consisted of the
average annual altitude of the river surface and the average annual
water-level altitudes at each of the piezometers for a given year and
average annual flux normal to the water table. The hydraulic-
conductivity values beyond the far clusters, river-stage changes, and
observed head changes in piezometers were not used in steady-state
simulations. The average annual heads in the far-cluster piezometers
were used to define the specified-head vertical boundaries. An algorithm
added to the model program assigned specified head values at the vertical
boundaries as follows: (1) Nodes corresponding to a piezometer
level—shallow, medium, or deep—were assigned the values of average
annual head determined for the piezometer, (2) nodes between piezometer
levels were assigned values by interpolation on the basis of vertical
hydraulic conductivity and distance, and (3) nodes below the levels of
deep piezometers were assigned values by extrapolation on the basis of
the relations of head change, vertical hydraulic conductivity, and dis-
tance determined for nodes between medium and deep piezometer levels.
The average annual altitude of the river surface was used to define the
specified-head boundary corresponding to the river. Output consisted of
the flow into or out of each specified-head block, a mass balance of
sources and discharges of water, and a matrix showing the head at each
block.
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Calibration of the Models

The model approximates the response of the real system to a
stress. To calibrate each of the models, the aquifer was stressed by a
river-stage change with time, and the resultant ground-water head
changes were observed in the piezometers. The river-stage event was
approximated in the model at each cross section, and the resultant head
changes were computed for each piezometer location. By comparison
between the observed and computed responses, one or more parameters
could be changed and the model run again. This trial-and-error process
was repeated until the model results satisfactorily approximated the
observed results.

An additional calibration test usually performed concurrently
with the transient procedure was to run the steady-state model and
compare the modeled heads at the near-cluster piezometer locations with
average annual heads determined from field data. |If the differences were
significant, one or more parameters were changed and the model was run
again.

The trial-and-error calibration approach leads to somewhat
subjective estimates of model parameters and computed return-flow rates.
The reliability of the computed flow rates cannot be quantified.
Statistically based techniques for formally estimating model parameters
have been published in Cooley (1977); Neuman and Yakowitz (1979); and
Yeh and Yoon (1981). Application of these techniques generally yields
objective estimates of one or more model parameters with an assessment of
the reliability of the estimated parameters. Preliminary return-flow rates
computed using parameters derived by trial-and-error calibration,
however, indicated values that were consistent with estimates made using
surface-water-budget techniques. The additional insight to be gained by
applying formal parameter-estimation techniques would not justify the
additional research needed to apply such techniques at this time.

The parameters varied during the calibration process were
(1) horizontal hydraulic conductivity of the upper fine-grained unit, (2)
horizontal hydraulic conductivity of the older alluvium, (3) transmissivity
of the gravel unit, (4) ratio of horizontal to vertical hydraulic
conductivity, (5) initial storage coefficient, (6) specific storage value,
and (7) inflow or outflow at the water table. A brief discussion of these
parameters follows.

The upper fine-grained unit, the lower gravel unit, and the
older alluvial unit typically consist of discontinuous layers of sediment of
contrasting hydraulic conductivities. The lack of field data, however,
precludes estimation of the thickness, areal distribution, and hydraulic
conductivity of each layer. In calibrating the models, a single average
horizontal hydraulic conductivity value was estimated for each unit. The
thickness of the lower gravel unit is not known at most cross sections
because test holes drilled for the project generally penetrated only to the
top of the unit. Consequently, hydraulic-conductivity values estimated
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for the lower gravel unit are representative to the extent that the
modeled thicknesses of this unit are representative. The significant
hydraulic property in transmitting water horizontally in this unit is the
product of the hydraulic conductivity and the thickness (transmissivity).
Test simulations of a cross-sectional model confirmed that for varying
thicknesses of the lower gravel unit, the results were essentially the same
if the products of the thicknesses and hydraulic conductivities were the
same.

The calibration procedure also included estimating an overall
value of the ratio of horizontal to vertical hydraulic conductivity for the
system. Geologists' logs from test holes at some of the cross sections
indicate that clayey to silty layers are present over most of the width of
the cross section. At some cross sections, data from piezometers indicate
unusually large vertical head differences between two levels within a unit,
thereby indicating a greater resistance to vertical flow between those
levels than between other levels. The increased resistance to vertical
flow in these cross sections was simulated by decreasing the vertical
hydraulic conductivity between two rows of model nodes at the
approximate level of the layer causing greater restriction to vertical flow.

The initial storage coefficient for transient simulations was
varied to alter the general shapes of the response curves as they are
affected by delayed yield (fig. 12). The selection of this parameter could
affect the computation of return flow because the hydraulic-conductivity
values selected in the trial-and-error calibration process could differ
slightly with different values of this parameter. The values selected for
the ratio of So/sy ranged from 1/26 to 1/1 with only two values less than

1/10. Values in the range of 1/1 to 1/10 produce computed hydrographs
at the far-cluster shallow piezometers of about the same magnitude but
with slightly different response times (fig. 12). At most cross sections,
use of the delayed-yield capability resuited in better agreement between
observed and computed hydrograph shapes and response times. The
differences between the magnitudes of the observed and computed
hydrographs could be adjusted by changing values of other hydraulic
parameters.

Estimates of storage properties of the aquifer are needed to
estimate distributions of hydraulic conductivity. Specific yield of the
aquifer is the storage property that has the most significant effect on the
estimates of hydraulic conductivity. In general, an error in the
specific-yield value used in transient simulations will result in the same
percentage error in the estimated hydraulic-conductivity values. The
specific yield of the aquifer was assumed to be known from the soil-
moisture studies. Specific-yield values shown in table 1 were used in all
the cross-sectional models except models of cross sections 14, 6, and 5,
at which different values were estimated for each side of the river. For
these cross sections, the average of the two estimated values was used in
the model. Specific-yield values were not varied in the calibration
process.
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The model program has the ability to simulate the effects of
changes in storage because of compression and expansion of the water
and aquifer. To simulate these effects, specific-storage values are input
for all nodes below the water table. For test simulations, varying

specific storage values from about 1077 t0 10™° ft”! caused changes in the
hydrographs on the order of several hundredths of a foot. It was
therefore concluded that specific storage was not a significant parameter
in the calibration of the models.

At several cross sections, some land between the far-cluster
piezometers and the river is irrigated. At most of the cross sections,
evapotranspiration loss may occur between the river and the far clusters.
The evapotranspiration and infiltration may result in outflow from and
inflow to the aquifer at the water table. Estimates of infiltration of
irrigation water and loss of water through evapotranspiration could be
input to a steady-state model as a volumetric rate per unit aquifer-
surface area for each of the water-table nodes. To test the significance
of this flux on the steady-state calibration procedure, estimated recharge
from irrigation was input for models of cross sections 16 and 7. Addi-
tionally, evapotranspiration losses were input for some of the low-lying
land adjacent to the river channel at cross section 7. In both models,
the flux to or from the surface of the aquifer made only slight differences
in the computed steady-state heads at the shallow-piezometer locations.
The net flow to the aquifer surface was at most 1 percent of the flow
entering the cross section from beyond the far clusters. Inflow to or
outflow from the aquifer at the water table was concluded to be insignifi-
cant in the calibration of the models and computation of return flows and
therefore was not considered.

Several problems with the field data complicated the calibration
procedure. One major problem was that during a river-stage event used
for calibration, the river surface would occupy a substantially wider
channel than was common at lower flows. At cross sections 12, 11, 10,
and 9, the high river stages caused flooding at or near one or more of
the piezometer clusters. An attempt was made to simulate the change in
the river width by adding or deleting specified-head nodes at different
time steps; however, the width and position of the river surface at
different times during the river-stage event could not be reliably deter-
mined. Although data were collected in the piezometers at and near
flooded land, the reliability of the calibration using this data is
questionable.

Another problem that affected the calibration was pumping wells
near the piezometers. At cross section 12, a diesel-powered well pumping
within one-quarter mile of the far cluster on the California side of the
river caused head declines in piezometers on both sides of the river.
With this well pumping, the gradients computed from the average annual
heads in the piezometers on the California side were flat or away from the
river. Data collected at this cross section were not considered to be
representative of the conditions over the subreach. A similar problem
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occurred at cross section 6. A well was pumped within several hundred
feet of the far cluster on the Arizona side and effects of pumping caused
several feet of head decline in the deep piezometers on the Arizona side.
Power records were available for the pumping well; therefore, the average
annual heads were adjusted proportionally to the percentage of the time
that the well was pumping and the average declines in the piezometers
during pumping. This procedure provided estimates of the heads that
would have been measured had the well not been pumping.

The finite-difference grids and the hydraulic-conductivity
values estimated in the calibration procedure are shown in figures 13-29.
Values given for hydraulic conductivity are those input to the models; the
precision shown does not imply accuracy of the estimated values. Hydro-
graphs showing observed and computed head changes are shown in
figures 30-46. The average annual heads in the piezometers and the
river are shown in table 2. Differences between the observed and
computed heads for the near-cluster piezometers are shown in table 3.

The graphical correlations shown in figures 30-46 give an
indication of the extent to which the model simulated the observed head
changes caused by a pressure wave propagating normal to the river.
Computed hydrographs that differ significantly in shape or magnitude
from the observed probably are indicative of small-scale spatial variations
of aquifer characteristics that could not be defined.

Similarly, the differences between observed and computed
average annual heads (table 3) give an indication of the extent to which
the models simulated the average annual head distributions between the
far clusters and the river. Differences in table 3 that are large percent-
ages of the corresponding differences between heads in the far-cluster
piezometers and the river (table 2) probably are indicative of an inability
to define smail-scale spatial variations of aquifer characteristics.

RESULTS

Computation of Return Flow

The steady-state model computes rates of flow entering or
leaving the aquifer from each block on the far-cluster boundaries. The
net flow to the river from each side is normally computed as the total flow
entering the aquifer from each far-cluster boundary. At a few of the
cross sections, however, part of the flow entering from a far-cluster
boundary does not discharge to the river but rather crosses the opposite
far-ciuster boundary. Flow crossing under the river results in part from
layers that restrict vertical flow. This flow component is most significant
at cross section 14 where as much as 45 percent of the flow that enters
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Table 2.--Average annual heads measured in piezometers in the Yuma area

[Values are in feet above National Geodetic Vertical Datum of 1929]

Piezometer number River Piezometer number
Year All Az2 Al3 AZ4 Al AZ6  surface CAl CAz CA3 Ch4 CAS CAé
Cross section 18
1974 124.53 124.77 125.05 125.33 125.35 125.46 124.22 124.42 124.47 124.72 124,55 124.54 [24.4%
1975 124.49 124.65 124,95 125.24 125.28 125.34 124.10 124,33 124.36 124,469 124.55 124.98 124.83
1976 124,45 124.67 124,94 125.22 125.26 125.27 124,01 124.35 124,39 124.67 124.50 124.33 124.40
1977 124,02 124.26 124.51 124.84 124,74 124,90 123.72 123.83 124.03 124.43 124.24 124.30 124,35
1978 123,78 123.94 124,29 124.56 124.44 124,68 123.48 123.469 123.83 123.75 124.09 124,10 124,09
Cross section 17
1974 123.80 123.81 124,02 124.77 124.87 124.91 122.78 123.73 123.90 122.98 124.78 124.84 124.90
1975 123.83 123.84 124.17 124.72 124.80 124.86 122.72 123.76 123.92 124.11 124,82 124.90 124.9%
1976 123.80 123.81 124,09 124.79 124,88 124.94 122,860 123.75 123.81 124.08 124.84 124,90 124.9%
1977 123,64 123.63 124,03 124.55 124.66 124.79 122,32 123.60 123.62 123.87 124.54 124.68 124.75
1978  123.49 123.90 123.70 124.47 124.58 124.64 122.65 123.45 123.58 123.71 124.36 124,43 124.50
Cross section 16
1973 123,44 123.97 123.68 124.45 124.52 124.57 122,20 123.09 123.56 123.55 124.16 124.16 124.08
1974 123,50 123.62 123.70 124,48 124.54 124.61 122.40 123.18 123.97 123.51 124.16 124,16 124.07
1975 123,32 123.41 123.51 124.38 124.42 124.43 122,20 122,91 123.24 123.36 123.84 123.91 123.99
1976  123.18 123.37 123.43 124.29 124.34 124.5%6 121.99 122.84 123.25 123.32 123.81 123.84 124,05
1977 123,06 123.26 123.34 124.25 124,27 124.36 121.92 122.74 123.19 123.24 123.78 123.81 124.01
1978 123,18 123.34 123.42 124.30 124.31 124.45 121.79 122.80 123.18 122.24 123.65 123.469 123.92
Cross section 13
1974  123.34 123.43 125.42 125,71 125,73 125.86 122.35 123.49 123.72 125.31 124.85 124.96 125.16
1975 123,10 123.20 125.12 125.46 125.47 125,98 122,13 122.23 123.45 125.02 124,59 124.69 124.95
1976 122,99 123.09 124,956 125.42 125.43 125.57 121.92 123.02 123.25 124.92 124,33 124.41 124,863
1977 122,60 122.70 124,50 124,82 124,84 125.06 121.68 122.%9 122.87 124.44 123.82 123.90 124.14
1978 122,41 122,51 124.25 124.65 124.67 124,88 121.71 122,356 122.64 124.19 123,40 123.567 123.90
Cross section 14
1974 123,65 124.00 126.11 125.99 125.60 126.47 122,30 123.03 123.71 125.33 123.85 124.17 124.42
1975 123.27 123.67 125,80 125.06 125.08 125.97 122,05 122,62 123.24 124.82 123.48 123.80 124.20
1976  123.00 123.42 125.32 124.81 124.80 125.75 121.85 122.55 123.16 124.74 123.35 123.65 {24.19
1977 122,65 123.04 124.88 124.49 124,50 125.33 121,61 122,22 122.83 124.3% 122.82 123.17 {.79
1978  122.32 122.72 124.48 124.10 124,10 124.95 121.61 121.97 122.54 124.03 122.55 122.89 123.94
Cross section 13
1974 123,65 123.79 123.95 124,96 125,00 125.09 121.93 123.24 123.20 123.42 123.22 123.30 123.M
1975 123.35 123.47 123.99 124.61 124.65 124.73 121,73 123.04 122.94 123.13 123.00 123.07 123.10
1976 123,01 123.10 123.22 124.08 124.11 124,17 121,55 122,67 122.73 122,79 122.75 122.76 122.80
1977 122,76 122,85 122.96 123.8 123,91 124.01 121,03 122.51 122.44 122,59 122.40 122.51 122.93
1978 122,26 122.47 122,98 123,35 123.33 123.30 120.97 122.29 122.05 122,22 122.04 122.15 {22.11
Cross section il
1974  119.26 119.28 119.45 119.26 119.34 119.63 119.15 119.50 119.46 119.53 119.89 119,85 119.83
1975 119.22 119.48 119.63 119.55 119.60 119.84 118.88 119.42 119.44 (19,52 119.95 119.94 119.90
1976 119,19 119.44 119.76 119.73 119.82 120,18 118,75 119.33 {19.55 119.63 120.13 120.13 120.10
1977 119,02 119.31 119,63 119.48 119.73 119.92 118,63 119.21 119.23 119.64 119.74 119.78 {19.81
1978 118,72 118.95 119,22 119.14 119.17 119.31 118.20 118.85 116.90 119.02 119.16 119.25 119.32
Cross section 10
1974  117.60 117.72 117.92 118.01 118.04 118,12 117.44 117.52 117.67 117.83 {17.98 117.87 117.94
1975 117.88 118.04 118.38 118,51 118.52 118.62 117.42 117.69 118.03 118.20 118.01 118.07 118.22
1976  117.82 117.90 118,15 118.18 118.19 118.29 117.40 117.59 {17.91 118.06 117.92 118.04 118.08
1977  117.57 117.73 118.09 1{18.13 118.14 {18.25 116,96 117.35 117.70 117.95 117.77 117.82 117.85
1978 117.24 117.45 117.85 (17.72 117.72 {17.87 116.81 117.12 {17.16 117.41 117.22 117.27 117.39
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Table 2.--Average annual heads measured in piezometers in the

Yuma area—Continued
Piezometer number River Piezometer number
Year Azl AzZ2 A3 AZ4 Al Alé  surface CAl CA2 CA3 CA4 CAS Cab
Cross section 9
1974  115.29 115.32 115.34 115.65 (15.47 115.74 115.21 115.28 115.28 115.31 115,33 115,32 115.32
1979 115.46 115.58 115.41 116,02 116.06 116,23 115.35 115.50 115,55 115,65 115.61 115,65 115,72
1976 115,41 115.80 115.90 116.28 116.31 116.49 115.34 115.58 115.81 115.88 115.86 115.91 11é6.01
1977 115,22 115.49 115,40 115.97 116.02 116.20 114,98 115,29 115.45 115.62 115.52 115,59 115,72
1978 115,29 115.50 115.60 115.84 115.93 114.13 115.03 115.38 115.52 115.66 115,73 115.77 115.84
Cross section 8
1973 113,40 113.68 113.77 114.20 114,22 114,23 113.22 113.26 113,39 113.46 113.44 113,49 113.50
1974  113.51 113.58 113.68 114.21 114.22 114,24 113.00 113.07 113.19 113.25 113,20 113.28 113.29
1979 113.76 113.90 114.04 114,77 114,81 114,85 113.21 113.34 113.45 113,53 112.31 113,23 113.M
1976 113,56 113,49 113.79 114.29 114,31 114,33 113.09 113.16 113,26 113.34 113.31 113.41 113.43
1977 113.49 113.57 113.70 114,09 114,08 114,16 112,94 112.98 113.09 113.17 113.09 112,98 113.48
1978 113.27 113,33 113.48 113.83 113.80 113,86 112,81 112.90 113.02 {13.10 113.01 113.13 113.15
Cross section 7
1975 112,49 112.48 112.91 113.06 113.20 113.21 11i1.94 113.29 113.28 113.31 113.81 113.82 113.9
1976 112,49 112,54 112,93 113.04 113.26 113.27 111,58 113.25 113.26 112.33 113.94 113.86 113.95
1977 112,20 112.24 112,57 112,73 112.92 112.93 111.43 112,85 112.87 112.93 113.52 113.38 113.43
1978 112,24 112,31 112,60 112,68 112.87 112,88 111.48 112,80 112.79 112.88 113.38 113.32 113.39
Cross section &
1973 111.24 111,17 111,66 118,77 111.82 111,98 110.16 111.33 11,38 t11.74 112.41 112,33 112.59
1976 111,06 111,20 111,90 112,10 112,15 112,23 110.07 111.38 111.46 111,80 112.48 112,58 112.76
1977 110,77 110,94 111.58 111.70 111.80 {12.10 109.93 1{11.10 111.18 111,94 112,05 112,15 112.3!
1978 110,80 110.89 111.40 {11.43 {11.55 111,91 109.85 111.07 111.18 111.57 112,08 112.16 112,32
Cross section 5
1975 109.83 110,01 110.22 110.72 110.88 110.89 108.95 110.09 110.35 110.466 111,63 111.28 111.78
1976 109,90 110.10 110.32 110.80 110.96 110.97 108.50 110.13 110,38 110.67 111.25 111.63 111.75
1977 109.64 109.83 110.06 110.50 110.63( 010.64 108.38 109.99 110.16 110.42 110.99 111,38 111.45
1978 109,63 109.80 110.03 110.41 110.56 110.57 108.32 109.76 110.02 110.34 110.72 111.16 111.29
Cross section 4
1975 108.64 108.42 108.96 109.12 109.14 109.10 107.38 103.76 109.00 109.1& 109.68 109,83 109.98
1976 108.90 108.87 109.25 109.3%9 109.36 109.39 107.64 109.02 109.32 109.46 110.11 110.19 110.22
1977 108,86 108.82 10%9.19 109.38 109.33 109.36 107.46 108.82 109.13 109.27 109.76 109.90 109.95
1978  108.90 108.83 109.14 109.38 109.34 109.37 107.40 108.75 109.13 109.24 109.69 109.81 109.8%
Cross section 3
1979 106,65 107.04 107.43 107.98 108.20 108.54 105.97 109.21 109.04 109.16 112.28 112.32 112,33
1976 107.08 107.42 107.86 108,26 108.48 108.76 106.23 109.47 109.37 109.42 112.68 112,72 112.72
1977 107,16 107.49 107.90 108.33 108.56 108.91 106,48 109.32 109.22 109.28 112.06 112,10 112.13
1978 106,99 107.33 107.73 108.14 108.47 108.73 106.25 109.19 109.08 109.14 111,87 {11.90 111.89
Cross section 2
1979 105.24 105.45 105,72 105.72 105.79 105.91 105.05 105.67 105.76 106.21 107.07 107.25 107.85
1976 103,59 105.78 106.08 106.03 106,10 104,21 105.26 105.76 105.89 106,38 107.24 107.37 107.89
1977 105.87 106.04 106.37 106,26 106.33 106.49 105.68 106.18 106.27 106.68 107.36 107.45 107.98
1978 105,72 105.83 106.17 106.05 104.13 106.27 105.47 106.07 106,13 106.49 107.22 107.30 107.79
Cross section |1
1973 103.74 104.41 104,51 104.53 104,68 104.89 103.24 104.10 104.41 104,51 104.60 104.72 104.81
1979  103.94 104.58 104.70 104.75 104.77 105.06 103.50 104.44 104.65 104.80 104.88 105.04 105,33
1976 104,04 104.78 104.95 104.91 104,98 105.31 103.66 104.66 104.86 105,01 105,18 103.26 105.30
1977 103,95 104.82 104.93 105.05 105.11 105.43 103.466 104,38 104.83 104.99 105.11 105.25 105.32
1978 104,09 104.71 104.75 104.82 105.01 105.20 103.463 104.46 104.55 104.78 104.78 104,93 103.00




Table 3.--Differences between observed and computed average annual

heads at near-cluster piezometer locations in the Yuma area

[Amount by which computed values exceed (+) or

are less than (-) observed values, in feet]
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Piezometer number

Year
AZ1 AZ2 AZ3 CA1 CA2 CA3
Cross section 13
1974 +0,15 +0, 02 -0, 08 +0.02 +0.13 -0,01
19275 +0, 0% +0,11 -Q.07 +0Q, 05 +Q,13 -0.04
1976 +Q. 046 +0,03 -Q.12 -0Q.03 +0.10 -0.07
1277 +0, 14 +0,10 -0.02 +0.21 +0.17 -0.11
127a +0.13 +0Q.17 -0, 04 +0, 13 +0,15 +0, 33
Cross section 17
1974 -0.12 +0, 01 -0, 05 +Q, 02 +0, 00 +0,07
1275 -0.,20 -0, 0k -0, 24 -0,.02 -0, 02 -0, 0&
1974 -Q. 2 -0.0A -0.18 -0.07 +0.04 -Q.07
1977 -0, 20 -0.12 -0.35 -0.14 -0.01 -0, 0%
1278 -0,02 +0,.10 +0.032 +0.05 +0. 05 +0., 06
Cross section 14&
1973 -0.0A -0.12 -0.12 +0.04 ~0.24 -0.21
1974 -0.01 -0,07 -0.0%5 +Q. 05 -0.25 -0.0%9
1975 -0, 00 -0,03 -0, 04 +0.15 -Q.1% -Q. 07
1974 +0.07 -0.04 +0.01 +0,13 -0.17 -0,.10
1277 +0.,08 -0.04 -0.02 +0, 14 ~-0.12 -0, 09
1973 -0.07 -0.15 -0, 12 -0, 00 -0.,27 -0.12
Cross section 195
1974 -0.02 +0,.15 -0.04A +0. 03 -0.08 -0.10
1275 -0.02 +0.14 -0.01 +0.,10 -0, 05 -0.04
1976 -0, 0% +Q, 02 -0.01 +0, 0% -0, 02 -0.17
1977 -0. 03 +0.11 -0.03 +0.15 -0.07 -0.18
1972 +0,12 +Q,. 2 +0.,02 +0.20 +0.07 -0.14
Cross section 14
1974 +0.10 +0.00 -Q. 24 +0.20 -0, 20 -0,11
197% +0,12 -0.01 -Q. 22 +0, 20 -0.,07 -0.04
1274 +0.17 +0.,02 -0.10 +0.19 -0.14 -0.035
1977 +0,23 +0.10  -0.07 40,13 -0.1% -0.05
1978 +0, 39 +0.21 -0.01 +Q. 30 -0, 04 -0.04
Cross section 132
1974 +0, 0% +0Q, 04 +0, 09 -0Q.04 +0,02 -0.14
1975 +0Q.10 +0. 04 +0.14 -0.10 +Q.01 -Q.14
1274 +0,05 +0Q, 03 +0, Q9 -0.02 -0, 07 -0,10
1977 -0, 02 -0.0% +Q.,07 -0.18 -0,10 -0.21
1272 -0, 02 -0, 07 -0.04 -0, 32 -0,07 -0.21
Cross section 11
1974 +0.07 +0. 09 -0.01 -0, 0% +0. 03 +0.01
1975 +0, 0& -0.14 -0.1% -0.07 -0, 04 -0,03
1976 +0.14 -0,02 -0.17 -0.14 -0.11 -0.06
1977 +0.,15 -0, 04 -0.24 -0,04 -(Q. 00 -Q. 29
1973 +0,01 -0.14 -0, 32 -0.11 -0.10 -Q.11
Cross section 10
1274 +0.14 +0. 21 +Q., 04 +0,.11 -0,01 +Q., 00
12735 +Q, O3 +0.24 -Q. 0% +Q,08 -0.22 -0,13
1974 -0, 02 +0.14 -0.07 +0,.11 -0.1% -0.12
1977 -0.0Z2 +0,.164 -0, 19 +0,02 -0, 28 -0, 26&
1972 +0,02 +0.10 -0,25 -0.05 -0,06 -0.,10



Table 3.--Differences between observed and computed average annual
heads at near-cluster piezometer locations in the Yuma area—Continued

Piezometer number

Year
AZ1 AZ2 AZ3 CA1 CA2 CA3
Cross section 9
1274 +0,13 +0.14 +0. 146 +0, 02 +0, 03 +(Q, 02
1275 +Q,28 +0. 20 +0.25 +0,08 +0, 04 +0Q, 02
1974 +0,27 +0.13 +0.14 +0.15 -0.04 -0.01
1977 +0,33 +0.11 +0,132 +0.11 -0, 00 -0.06
1278 +0,27 +0,11 +0,13 +0.11 +0Q,. 02 -0.01
Cross sectian 8
1272 +0, 03 +0.01 -0, 04 +0. 04 -0.01 -0.04
1974 +0.01 -0.01 -0.06 +0.04 -0.02 -Q. 03
1975 +0.14 +0Q, 04 -0.01 +0. 02 -0.01 -0.01
1976 +0.06 -0.032 -0.07 +0., 09 +0.02 -0.01
1977 -0.04 -0.07 -0.15 +Q. 04 +0.,03 +0. 06
1978 -0.02 -0.04 -0.14 +0.03 -0,0% -0, 04
Cross section 7
1975 +0,22 +0. 24 -0.01 -0.04 0,02 +(Q . OA
1974 +0,135 +0Q,12 -0.06 -Q.07 -0,07 -0.02
1977 +0.14 +0.14 -0, 00 -Q.03 -0.04 -0.02
1978 +0.11 +0, 06 -Q. 04 -0.01 +(Q. 00 +0, 01
Cross section &
1975 -0.28 -0.14 -0.01 -0.18 -0.16& +0.11
1976 -0.01 -Q.07 -0.09 -0, 23 -0.24 +0Q. 14
1977 +Q. 04 -0.03 +0.04 -0.21 -0, 22 +0.10
1978 -0.12 -0,13 +0,08 -0,23 -Q.,27 +Q, 02
Cross section S
1975 +0.08 +0.10 +0.13 +0. 29 +0Q, 24 +0.15
1976 -0.19 -0.15 -0.07 +0.1& +0, 04 -0, 00
1277 -0.14 -0.11 -0,07 +0Q, 02 +0,05 +(Q, 00
1278 -0.21 -0.14 -0,12 +0.12 +0. 0646 -0.05
Cross section 4
1975 -0.10 -0.01 -0.18 -0,10 -0.13 -0, 05
1974 -0, 08 +Q, 02 -0.18 -0.05 -0.19 -0.03
1977 -0.14 -Q.04 -0, 23 -Q.07 -0.22 -0, 06&
197& -0.23 -0.,08 -0,21 -0, 07 -0, 28 -0,09
Croass section 3
1275 +0,29 +0.13 +0. 046 -Q, 43 -0.24 -0.27
1274 +0.12 +0.04 -0.13 -0,358 -0,25 -0.21
1977 +0.22 +0,13 -0, 00 -Q.32 -0.321 -0.20
1978 +0Q. 20 +Q.10 -0, 04 -Q.42 -0.40 -0, 2%
Cross section 2
1975 +0.21 +0,15 +0,04 +0.13 +0, 28 +0.10
12764 +0.12 +0, 08 -0.04 +Q.24 +0, 23 +0.10
1977 +0.17 +Q0.13 -0.032 +0.14 +0.24 +0Q.03
1978 +0.11 +0.13 -0, 05 +0.,0% +0,18 +0.,04
Cross section 1
19732 +0,11 +0,01 +0.01 -0.29 -0.04 -0, 06
1975 +Q.14 +0.07 +0, 05 -0.324 +0.07 +0Q, 02
19764 +0,21 +0Q, 064 -0.00 -0.38 -0,03 -0.10
1977 +0, 26 +0.10 +0,10 -0.11 +0.,01 -0Q.03

1972 +0.10 +0,032 +0. 08 -0.23 -0.02 -0.07
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the cross section on the Arizona side leaves on the California side. At
cross section 15, about 15 percent of the flow that enters the cross
section on the Arizona side leaves on the California side. Because there
is no assurance that these flow components discharge to the river, these
components cannot be included in the computation of return flow to the
river. The computed flow to the river therefore is reduced by the
amount of flow that leaves the model through the opposite far-cluster
boundary. Using this procedure, the computed flow to the river from the
far-cluster boundaries is always equal to the flow exiting the model
through the specified-head blocks that represent the river.

The hydraulic-analysis method computes return-flow estimates
for each side of the river for each subreach represented by a cross
section. The method as presented cannot determine which diverter should
receive the credit for the return flows.

The return-flow estimates that were made during the study are
listed in table 4. The estimates of ground-water return flow from the
Arizona and California sides of the river are the only such estimates
known to the authors. Other estimates of total return flow for the Yuma
reach, however, can be made using surface-water budgets. For
comparison purposes, water-budget estimates of ground-water return flow
were made for 1975-78 for the reach from Laguna Dam near cross section
18 to the international boundary near cross section 1. In the water
budgets, ground-water return flow was estimated as the difference
between known or measured inflows and outfiows to the reach.
Additionally, the U.S. Bureau of Reclamation has made other estimates of
ground-water return filow using a salinity budget for the reach from
Imperial Dam to the international boundary near cross section 1 (E. E.
Burnett, U.S. Bureau of Reclamation, written commun., 1980). The
water budgets and the salinity budgets are not independent in that both
use many of the same annual surface-water flow quantities. Some of the
surface-water flow quantities used in the budgets are much larger than
the ground-water return-flow quantities. Small errors in the surface-
water flow quantities therefore may result in large errors in the estimated
ground-water return flow. The resuits of the three methods, however,
indicate general agreement in the magnitude and year-to-year trend of the
ground-water return flow for 1975-78 (fig. 3).

The results of the hydraulic-analysis method are estimates of
the annual return-flow quantities rather than measurements. Ground-
water return-flow quantities cannot be estimated to the same degree of
accuracy that surface-water return-flow quantities can be measured. The
accuracy or reliability of the ground-water return-fiow quantities
estimated by the hydraulic-analysis method cannot be assessed because of
subjectivity in the trial-and-error calibration process. Return-flow
quantities for the entire Yuma reach, however, are probably more
accurate than those estimated for individual cross sections. A major
advantage of the hydraulic-analysis method over the water-budget and
salinity-budget methods is that estimates can be made of the amount of
return flow entering the river from each side.
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Future Estimation of Return Flow

The hydraulic-analysis method as presented herein can be used
for estimation of ground-water return flow for future years. Application
of the method will involve collecting data in the piezometers and the
river, estimating average annual heads from the data, and using the
average annual heads in the steady-state ground-water flow models.
Collection and processing of data probably will be the most time-
consuming and costly task in the process of ground-water return-flow
estimation.

An analysis was performed to gain insight on the effect of
greatly increasing the time period between measurements. Average annual
heads in the river and at the piezometer locations were estimated from
data obtained at the time of the monthly visit to the cross-section sites.
The monthly data represented actual field readings that were separate
from the data obtained every 3 hours on the recorders. The annual
average heads were simple to compute from the monthly field readings.

At one point in the calibration, return-flow estimates had been
made at every cross section in the Yuma reach for 1976. These estimates
were recomputed using the average heads from the monthly data. The
total return flow for the Yuma reach computed using these data differed
from the total return flow using the 3-hour data by about 2 percent.
Return flows for individual cross sections differed from the previously
computed values by considerably more than 2 percent; however, the
differences appear to be random in magnitude and sign (fig. 47).

The foregoing analysis does not attempt to define the proper
level of data collection but does indicate that fewer data will suffice for
long-term monitoring under the existing flow regimen. The effects of
reducing data collection in time (increasing time between measurements)
and in space (reducing the number of piezometers and river-stage gages)
need to be evaluated. The following questions should be addressed.

1. What is the sensitivity of the computed return
flows to errors in average annual heads?

2. What errors in estimating average annual heads
are associated with wvarious levels of data
collection?

3. What are the costs associated with various levels
of data collection?

With answers to these questions, a decision can be made regarding an
appropriate level of data collection.

Future changes in the hydrologic regimen of the area may alter
the data needs for return-flow estimation with the hydraulic-analysis
method. For example, during sustained periods of high river stages,



84

1000 T T T T T T T T T T T T T T T T
’—-
Ll
[N
“w 500 —
Ll
®F
<ﬁ
=1 B ]
33
ey
[N ]
oxr
o a -500 _
.
a
-1000 | | ] ] L ] 1 1 ] 1 | | ] |

18 17 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1
CROSS SECTION ‘

1]

Figure 47.--Differences in return-flow rates for 1976 at cross sections in the
Yuma reach computed on the basis of monthly data and 3-hour data. Positive
values indicate amount by which return-flow estimates using monthly data
exceeded estimates using 3-hour data.



85

such as occurred in 1979 and 1980, land around many of the piezometers
would be inundated. For such periods, ground-water heads farther away
from the river would be needed to define the gradients to the river. In
contrast, significant lowering of the river stages by channelization could
necessitate repositioning river-stage gages, deepening shallow piezom-
eters, and revising some of the models. I[ncreased ground-water pumping
near any of the cross sections, such as occurred near cross sections 12
and 6, could cause violations of the assumptions made in applying the
method.

In summary, future analyses are needed to determine the
amount of data required to effectively and efficiently compute average
annual gradients to the river. Prudent application of the method will
include a brief evaluation of the hydrologic regimen of the area.
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