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CONVERSION FACTORS AND VERTICAL DATUM

Multiply By To obtain
Length
inch (in) 2.54 centimeter
inch (in) 254 millimeter
foot (ft) 0.3048 meter
mile (mi) 1.609 kilometer
Area
acre 4,047 square meter
acre 0.4047 hectare
acre 0.004047 square kilometer
square mile (mi?) 259.0 hectare
square mile (mi?) 2.590 square kilometer
Volume
acre-foot (acre-ft) 1,233 cubic meter
acre-foot (acre-ft) 0.001233 cubic hectometer
Flow rate
acre-foot per year (acre-ft/yr) 0.001233 cubic hectometer per year
foot per day (ft/d) 0.3048 meter per day
foot per mile (ft/mi) 0.1894 meter per kilometer
cubic foot per second (ft/s) 0.02832 cubic meter per second
million gallons per day (Mgal/d) 0.04381 cubic meter per second
inch per year (in/yr) 254 millimeter per year

Sea level: In this report, "sea level" refers to the National Geodetic Vertical Datum of 1929 (NGVD
of 1929)--a geodetic datum derived from a general adjustment of the first-order level nets of both the
United States and Canada, formerly called Sea Level Datum of 1929.
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Table 2. Average monthly precipitation and estimated recharge

Recharge Normal (1976-94) 1985 1986
Month multiplication A\'re.rag‘e ) Recharqe tg A\./e'rag.e 2 Recharge tg Ayerag_e ) Recharge tg
factor! precipitation the aquifer precipitation the aquifer precipitation the aquifer
(inches) (inches) (inches) (inches) (inches) (inches)

January 0 0.42 0 0.29 0 0.28 0
February 0.20 0.48 0.10 0.04 0.01 0.01 0.00
March 0.35 1.65 0.58 1.84 0.64 1.90 0.67
April 0.35 2.65 093 5.09 1.78 5.33 1.87
May 0.64 3.49 223 4.68 3.00 3.68 2.36
June 0.25 383 0.96 3.70 0.92 361 0.90
July 0.23 3.58 0.82 0.71 0.16 2.22 0.51
August 0.08 3.27 0.26 5.41 0.43 2.51 0.20
September 0.08 2.42 0.19 4.01 032 5.70 0.46
October 0.15 1.74 0.26 1.27 0.19 1.75 0.26
November 0 1.10 0 0.78 0 0.94 0
December 0 0.55 0 0.63 0 0.05 0

Annual 25.18 6.33 28.45 7.45 27.98 7.23

!The fraction of average precipitation that could potentially recharge the aquifer.
2Average of Centerville and Canton, S. Dak. (National Oceanic and Atmospheric Administration, 1976-94).
3Calculated by multiplying the monthly precipitation by the recharge multiplication factor.

stations (U.S. Geological Survey, 1977-95a, b) located
on the Big Sioux River at North Cliff Avenue at Sioux
Falls and at Akron, Iowa; Beaver Creek at Canton;
Rock River near Rock Valley, lowa, and measurements
from various bridges throughout the study area (fig. 3).
The stage of each reach for each monthly transient
simulation was interpolated from the mean monthly
measured stages at the stations and bridges mentioned
above. River stage was held constant for each
individual month, and for the steady-state simulation.
The river-bottom altitude was interpolated in much the
same way as river stages.

The hydraulic conductivity of the riverbed was
held constant through time and was estimated to be
0.5 ft/d in most areas. This value is within the range of
0.5 to 1.0 ft/d determined by Jorgensen and Ackroyd
(1973). In the vicinity of Canton where the river has
cut through the aquifer and flows over the till under-
lying the aquifer, the river reaches were assigned a
reduced riverbed conductance to reflect the different
riverbed material. Riverbed conductance, which is
calculated using the hydraulic conductivity and the
lateral area covered by the river length and width
within a cell, varies in each cell. The average width
and length of the river in each model cell was deter-
mined from U.S. Geological Survey 7.5-minute
topographic maps; the width averaged 110 ft. The

thickness of the riverbed material was assumed to be
1ft.

Withdrawals from pumping wells within the
study area are simulated using the well module of
MODFLOW. Pumping rates from irrigation wells in
South Dakota were obtained from water-use records
collected by the South Dakota Department of Environ-
ment and Natural Resources, Water Rights Program.
Irrigation pumping rates in Iowa were obtained from
the Iowa State Water Use Database. Pumping records
for the cities of Fairview, Hudson, and Hawarden, and
for the rural-water systems of Rock Valley, Lincoln,
and Lyon-Sioux were obtained from the appropriate
official at each city or system.

CALIBRATION OF THE DIGITAL MODEL

Once the model is constructed, it must be cali-
brated to ensure that the assigned aquifer characteris-
tics are representative of those in the actual system and
that it will simulate observed conditions as accurately
as possible. Calibration was accomplished by adjust-
ing the model data input within acceptable ranges until
the model adequately simulated observed heads and
ground-water discharge to rivers. Model calibration
involved a steady-state simulation, a steady-state
sensitivity analysis, and a transient simulation.
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The steady-state conditions (1976-94) were sim-
ulated by setting the change in storage to zero and using
average recharge, evapotranspiration, and pumpage.
The simulated water levels were compared with the
average of water levels measured at observation wells
for 1976-94. The steady-state simulated ground-water
discharge to rivers also was compared with estimated
ground-water discharge to the rivers. Monthly tran-
sient simulations (1985 and 1986) and the antecedent
simulations leading up to them included storage and
time-dependent recharge, evapotranspiration, and
pumpage. Parameters that were varied included
hydraulic conductivity, recharge, evapotranspiration
extinction depth, and specific yield. Recharge to the

aquifer was varied by adjusting the monthly recharge
multiplication factors during transient simulations to
better approximate water-level hydrographs. Follow-
ing each change in recharge factors, the steady-state
and antecedent simulations were run again to provide
appropriately adjusted antecedent conditions for the
transient simulation. The model was considered cali-
brated when the model parameters produced the best
composite set of average arithmetic and absolute dif-
ferences between simulated and observed water levels
for the steady-state simulation and the 1985 and 1986
monthly transient simulations (table 3), and simulated
base flows approached estimated base flow values.

Table 3. Comparison between simulated and measured water levels in the aquifer for steady-state and transient simulations

[--, no data]
Number of Average arith,netic difference Average absolute difference
Model simulation observation wells between simulated am: between simulated anc;
measured measured water levels measured water levels
(feet) (feet)
Steady-state
1976-94 57 -0.91 1.54
Transient
1985 January 10 0.22 1.41
February 23 0.63 1.72
March 26 0.19 1.76
April 28 0.65 1.40
May 31 -0.12 1.51
June 33 0.36 1.35
July 60 -0.22 1.54
August 59 0.17 1.57
September 61 -0.56 1.59
October 60 -0.56 1.64
November 0 - -
December 61 -0.71 1.69
1986 January 0 -- --
February 59 -0.41 1.77
March 55 -1.38 2.31
April 27 -0.27 2.59
May 33 -1.17 2.01
June 62 0.14 2.12
July 60 -0.73 1.62
August 59 -0.24 1.80
September 59 1.44 2.56
October 1 1.09 1.09
November 61 -0.85 1.81
December 61 -0.88 1.90
Transient average -0.15 1.76

ISummation of the differences between simulated and measured water levels divided by the number of observation wells measured. Positive number
indicates simulated water level higher than measured water level; negative number indicates simulated water level lower than the measured water level.
2Summation of the absolute values of simulated minus measured water levels, divided by the number of observation wells measured.
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Water-level measurements were recorded regu-
larly at 57 observation wells during the steady-state
period of 1976-94. An additional set of observation
wells was measured during 1985 and 1986. During
that period, field conditions dictated that not all of the
62 observation wells could be reached each month, and
no wells were measured in November 1985 and
January 1986.

To take into account antecedent conditions,
heads from the steady-state simulation were used as
initial conditions for an annual simulation of 1983.
The resulting heads were then used as initial conditions
for a 60-day simulation of January and February 1984.
This set of heads was then used to start a series of
90-day spring, summer, and fall simulations, followed
by a monthly simulation of December 1984. The
monthly simulations of 1985 and 1986 followed, using
the simulated December 1984 heads as initial
conditions.

Steady-State Simulation

Steady-state conditions were assumed to be rep-
resented by the average hydrologic conditions (water
levels, evapotranspiration, precipitation, streamflow,
and pumpage) for 1976 to 1994. This period was
chosen because climatic conditions were near the long-
term normal and substantial records were available for
use as model input data. River stages, streamflows,
evaporation, and precipitation data were available for
the entire period. Observation-well water-level records
were available for several wells for most of this period;
however, water-level data were available for many
more wells beginning in 1984. The data from all of
these wells were used in the steady-state calibration,
although the average water levels for the wells likely
would be slightly different if data for the entire period
had been available. Longer periods (for example,
1961-90) had limited observation-well and river-stage
data available, and the simulations would have
involved more extensive interpolations and
assumptions.

The model parameters were varied within
acceptable ranges until ground-water levels and
ground-water discharges to rivers adequately approxi-
mated measured data. Adequacy of the steady-state
model was evaluated by comparing the average arith-
metic and average absolute difference between the
simulated and measured water levels for the 57 obser-
vation wells used in steady-state calibration. The

average absolute difference was calculated as the
average of the absolute values of the differences
between the simulated and measured water levels at
each well. The average arithmetic difference was
-0.91 ft, and the average absolute difference was

1.54 ft. These differences were considered acceptable
because many of the wells had data for only a portion
of the steady-state period. In addition, all of the obser-
vation wells were measured more often during the
summer, when field conditions permitted, and less
often during the winter, when snow cover and cold
temperatures hindered data collection. Consequently,
the average measured water levels are skewed towards
the higher ground-water levels of spring and summer,
accounting for some of the difference between simu-
lated and measured water levels. Grid size also may
influence the difference between simulated and
measured water levels. The 1,320-ft grid size used in
the model was chosen for compatibility with other
models in the Big Sioux Hydrology Study (Koch,
1980, 1982; Hansen, 1988; Putnam and Thompson,
1996). However, such a grid size also means that there
could be as much as 933 ft between the location of an
observation well and the model node. The simulated
water level for a cell represents the average value for
that cell, whereas the water level for an observation
well is a measured value at a specific point in the cell.
The pumping of a well near an observation well may
influence measured water levels by causing a draw-
down that makes the observed water level too low to
adequately represent the overall cell. Differences
between simulated steady-state and measured water
levels are shown in table 4.

The simulated hydrologic budget for the steady-
state model is shown in table 5. Ground-water inflow
from the adjacent aquifers accounts for about
26 percent of the total inflow into the system. Dis-
charge torivers is approximately 78 percent of the total
outflow from the system. The net ground-water
discharge (outflow-inflow) to the Big Sioux River and
its tributaries within the aquifer extent was simulated to
be 53 ft’/s, which compares reasonably with 65 ft3/s,
the estimated ground-water discharge to the Big Sioux
River during 1990 (a year with near-normal precipita-
tion). This difference could be due to the fact that the
model is simulating steady-state, or average water
levels, while the calculated base flow is from a single
year. The estimated base flow also includes the small
contributions from intermittent streams that were too
small to be included in the model.
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Table 4. Difference between simulated and measured water levels for steady-state simulation

20

Location of nearest node Measured Simulated
Row Column Well location ::::te;::::; z::;te;:::ve; Difference
sea level) sea level)
36 47 99N48W21BBAA 1,245.92 1,246.56 0.64
39 46 99N48W20DDDD 1,244.01 1,245.04 1.03
47 45 99N48W32DCDD 1,241.76 1,240.89 -0.87
53 46 98N48WSADDA 1,235.01 1,236.82 1.81
59 46 98N48W17DDCB2 1,235.04 1,233.72 -1.32
60 38 98N4OW24AAAA 1,236.27 1,237.05 0.78
60 41 98N48W19ABBB 1,239.77 1,240.05 0.28
67 35 98N49W25CCBC 1,226.39 1,227.70 1.31
69 35 98N49W36BCBC 1,228.01 1,230.85 2.84
79 42 97N48W7DDDD IO 1,205.92 1,206.66 0.74
81 56 97N48W 14BDCC 1,195.60 1,195.56 -0.04
82 56 97TN48W14CACA2 1,197.47 1,195.90 -1.57
84 57 97N48W23ABCA 1,193.38 1,194.22 0.84
85 57 97N48W23ACDB 1,198.59 1,194.92 -3.67
87 55 97N48W23CCDD 1,201.07 1,196.45 -4.62
88 58 97N48W26AABB 1,192.65 1,192.36 -0.29
105 70 96N47W16BCCB 10 1,197.63 1,193.51 -4.12
106 62 96N48WI3DAAD 1,187.35 1,188.79 1.44
108 58 96N48W23AAAA 1,204.92 1,204.03 -0.89
108 60 96N48W24BAAA 1,202.64 1,196.72 -5.92
108 66 96N47W20BBCB 10 1,192.05 1,185.47 -6.58
111 56 96N48W23CDDD 1,201.36 1,201.97 0.61
112 59 96N48W25BBAA 1,195.76 1,191.56 -4.20
112 66 96N47W30AAAA 10 1,182.96 1,182.01 -0.95
115 56 96N48W26CDDD 1,195.87 1,194.43 -1.44
116 54 96N48W34AAAA 1,196.63 1,198.22 1.59
119 56 96N48W35CDDD 1,193.46 1,191.17 -2.29
119 61 96N48W36DCCD 1,175.59 1,174.17 -1.42
120 53 95N48W3ABAA 1,197.19 1,197.08 -0.11
120 58 95N48W2AAAA 1,187.72 1,184.54 -3.18
123 58 95N48W2DDDD 1,184.66 1,180.00 -4.66
132 48 95N48W21BACA 1,162.31 1,162.54 0.23
133 51 95N48W22BCCC 10 1,164.02 1,163.49 -0.53
133 54 95N48W22ADDD 10 1,170.77 1,169.36 -1.41
139 53 95N48W27DCCC 1,161.12 1,159.44 -1.68
140 50 95N48W33AAAA 1,164.02 1,162.94 -1.08
142 51 95N48W34CBCC 1,159.91 1,160.36 0.45
147 51 94N48W3CCDC 10 1,159.24 1,158.44 -0.80
148 55 94N48W11BBBB 10 1,164.29 1,162.30 -1.99
156 48 94N48W21BAAA 1,154.05 1,153.19 -0.86
156 53 94N48W22ABAA 10 1,158.66 1,156.30 -2.36
162 46 94N48W29DABB 1,145.52 1,146.52 1.00
165 44 94N48W32BDBA 1,142.30 1,143.18 0.88
171 51 93N48W3CCCI0 1,150.78 1,149.59 -1.19
173 43 93N48W8BCDC 1,139.44 1,139.96 0.52
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A hypothetical scenario using increased irriga-
tion pumpage was developed to ascertain the capability
of the aquifer in supporting more extensive irrigation
under dry conditions. Within the period used for
steady-state simulation, 1988 and 1989 were two
consecutive years with below-normal precipitation and
river stages, and also above-normal evaporation. The
recharge and evapotranspiration rates for a simulation
of 1988 and 1989 conditions, except with a hypotheti-
cal increase in pumpage for irrigation (table 9) were
calculated using the same procedures as for the tran-
sient simulation of 1985 and 1986 conditions. River
stages were based on actual streamflow data from 1988
and 1989. Stages during these years were low due to
below-normal precipitation and above-normal evapo-
ration, but also because the antecedent year, 1987, was
drier than normal. Steady-state heads were used as
initial conditions for the 24-month simulation. Irriga-
tion pumpage for the aquifer was based on maximum
permitted pumping rates found in the U.S. Geological
Survey State Water Use Databases (SWUDs) for South
Dakota and Iowa. The 23 irrigation wells in the Big
Sioux aquifer in Lincoln and Union Counties had a
combined maximum permitted pumping rate of
48.15 ft’/s. Irrigation wells in Iowa generally had
smaller maximum permitted pumping rates than those
in South Dakota; the 33 wells in Jowa had a combined
maximum pumping rate of 7.03 ft3/s.

Throughout the simulation, many cells contain-
ing irrigation wells on the South Dakota side of the Big
Sioux River went dry (outflow exceeded inflow) and
were converted to no-flow cells. Only one of the max-
imum permitted pumping rates for irrigation wells in
Iowa caused a cell to go dry. The pumping rates in the
affected wells were adjusted to prevent cells from con-
verting to no flow and remaining that way for the dura-
tion of the simulation. The pumping rate was lowered
iteratively to determine a pumping rate for each well
and for each month that would prevent the cell from
going dry. The sustainable pumpage for each month in
the simulation is shown in the hydrologic budgets in
table 10. These pumping rates can be compared to the
total maximum permitted irrigation pumping rate of
about 55 ft’/s. Itis important to realize that the aquifer
may respond somewhat differently than the modeled
system, which simulates regional responses to values
of withdrawal and does not account for local well
hydraulics. The simulation estimates, on a regional
scale, the amount of pumping the Big Sioux aquifer
could support under dry conditions and with the
existing number of irrigation wells.

Table 9. Estimated monthly areal recharge and
evapotranspiration for 1988 and 1989

. Recharge rate Evapotrans-
Stress period (inches) plr.atlon rate
(inches)
1988  January 0 0
February 0.05 0
March 0.21 0
April 1.03 3.62
May 1.43 7.57
June 0.32 9.46
July 0.18 8.77
August 0.37 7.93
September 0.32 4.81
October 0.04 222
November 0 0
December 0 0
1989  January 0 0
February 0.06 0
March 0.36 0
April 0.57 430
May 0.65 5.61
June 0.71 6.70
July 1.00 7.86
August 0.22 6.10
September 0.15 4.45
October 0.04 2.96
November 0 0
December 0 0

The depletion of storage that occurs during dry
conditions and increased pumpage can be observed in
the hydrologic budgets of the simulation (table 10).
The net average decrease in storage in 1988 was
38.9 ft’/s and in 1989 was 8.6 ft*/s. The lesser storage
depletion in 1989 likely reflects that the system is
tending towards a new, lower water table in response to
dry conditions. This trend is also evident in the net out-
flow to the river. Net outflow (outflow-inflow) to rivers
was 23.0 ft3/s less in 1989, probably because the lower
overall water levels in the aquifer result in a decreased
gradient towards the rivers.

These simulation results indicate that the Big
Sioux aquifer in Lincoln and Union Counties probably
is unable to support the present maximum permitted
pumping rates during extended dry periods. However,
the smaller total pumping rates currently permitted in
the adjacent Iowa counties of Lyon, Plymouth, and
Sioux could be sustained.
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SUMMARY

The Big Sioux aquifer in Lincoln and Union
Counties is a 60-square-mile, predominantly uncon-
fined aquifer that is hydraulically connected to the Big
Sioux River and to the Shindler aquifer in northeastern
Lincoln County, to the Newton Hills aquifer in south-
eastern Lincoln County, and to the Missouri aquifer at
its extreme southern end in central Union County.
Observation-well data indicate that the Big Sioux
aquifer receives some leakage through sandy till from
the Brule Creek aquifer in central Union County. The
average thickness of the Big Sioux aquifer in Lincoln
and Union Counties is 28 feet and the maximum thick-
ness is 72 feet. The aquifer is overlain by either allu-
vium/colluvium or till and underlain by till or Carlile
Shale.

A digital model was constructed to simulate
ground-water flow in the Big Sioux aquifer in Lincoln
and Union Counties. The Shindler, Newton Hills,
Brule Creek, and Missouri aquifers were treated as
various boundary conditions to simulate hydraulic
connections to the Big Sioux aquifer. The model was
calibrated to simulate both steady-state (1976-94) and
transient (1985 and 1986) conditions. The model was
calibrated for steady-state conditions using average
annual water levels of the Big Sioux aquifer, recharge,
evapotranspiration, well pumpage, river stages, and
base-flow discharge in the Big Sioux River. Steady-
state simulated water levels for the Big Sioux aquifer
from 57 observation wells averaged 0.91 foot lower
than measured water levels. The average absolute
difference between simulated and measured water
levels was.1.54 feet.

Sensitivity analyses of the steady-state model
indicated that the recharge rate and aquifer hydraulic
conductivity had the greatest effect on simulated water
levels. The evapotranspiration extinction depth and
evapotranspiration rate had the least effect on simu-
lated water levels.

The model was calibrated for transient condi-
tions using 1985 and 1986 ground-water levels.
Measured observation-well water levels were com-
pared to simulated water levels in the Big Sioux aquifer
in as many as 62 wells on amonthly basis. The average
monthly difference between simulated and measured
water levels was -0.15 foot. The absolute value of the
average monthly difference between simulated and
measured water levels was 1.76 feet.

A hypothetical simulation using dryer than
normal conditions and maximum permitted irrigation

pumpage revealed that the Big Sioux aquifer in Lincoln
and Union Counties in South Dakota was unable to
support continuous pumpage when simulated at the
current permitted irrigation levels.
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