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Figure 2. Ponds and canals at Quivira National Wildlife Refuge.
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est, and highest annual mean discharges for the same Table 1. Drainage area and SCS curve number for control
ponds at Quivira National Wildlife Refuge, south-central

period were 48.4, 2.77, and 190 ft/s, respectively (Put-  Kansas

nam and others, 1996). [SCS, U.S. Soil Conservation Service. Drainage areas and SCS curve
numbers are from the Kansas Geological Survey (Marios Sophocleous,
written commun., 1997)]

In addition to the water supplied by Rattlesnake
Creek, surface runoff to ponds generated by precipita-
tion also plays an important role. The delineated drain-
age areas of the ponds are listed in table 1 (Marios

Water-unit number  Drainage area  SCS curve
(fig- 2) (acres) number

Sophocleous, Kansas Geological Survey, written com- 5 1,890.7 74.020
mun., 1997). These drainage areas were used for the 7 140.8 42.680
calculation of overland surface runoff to the ponds. 10A 84.9 48.397
Surface runoff was estimated using the SCS 10B 201.4 41.575

rve-number method (Soil Conservation Service 10C 84.5 47575

CUrve-numocr meuioa (o011 Conservation Ser vu,c,
National Wildlife Refuge also are listed in table 1. A n 341.4 41.575
description of the SCS curve-number method is found 14A 149.9 71217

in the section “Estimation of Direct Overland Surface 14B 124.9 71.693
Runoft.” 14C 59.5 33.552
The refuge currently diverts water from the Little 16 180.0 40.753

Salt Marsh (water unit 5), which is supplied by Rattle-
20A 179.4 58.461

snake Creek, into the main canal and into water units 7,

10A, 10B, 10C, and 11 (fig. 2). Water also flows from 208 116.4 73.101
the Little Salt Marsh back into Rattlesnake Creek. 21 60.0 76.469
Water in the creek flows north to water unit 24, where 22 82.5 45.543
part of the water is diverted into the Darrynane Canal 23 4338 46.615
and into units 21 and 25. Some water flows into Rattle-
snake Creek north of unit 24 and is transported to the 24 259.9 51.636
west and north into the units north of County Road 484. 25 226.7 35711
26 194.7 67.952
28 228.4 38.659
Ground Water 29 78.9 60.995
The ponds in the north part of the refuge are within 30 69.0 61.968
a ground-water discharge area. Table 2 shows the esti- 40 207.2 42.018
mated monthly ground-water discharge from shallow 48 305.6 73.499
aquifers to ponds for 1994 (Marios Sophocleous, Kan- 49 137.4 71.000
sas Geological Survey, written commun., 1997). These 55 582.8 72.250
values were estimated using a previous ground-water
simulation done by Sophocleous and Perkins (1992) 57 257.5 69.910
and the delineated drainage area of the ponds (table 1). 58 186.7 62.831
The total ground-water discharge to ponds for 1994 61 258.8 71.481
was about 6,200 acre-ft. 62 90.4 52.546
63 201.4 71.000
Physical Features of Control Ponds 75 5,621.7 69.583
78 6359 70.544
Bottom elevations and full-pond capacities of con- 80 187.1 70.544
trol ponds are listed in table 3 (Megan Estep-Johnston, 81 6209 70.544
U.S. Fish and Wildlife, written commun., 1995). To 83 149.4 70.544
express mathematically the elevation-volume-area
relation of a pond, the pond storage was first divided Total 14,240.5

into several water-depth zones. The number of zones

Physical and Hydrologic Features of Qulvira National Wildlife Refuge 5



Table 3. Full-pond elevations, water-surface areas, and capacities for selected control ponds at Quivira National

Wildlife Refuge

[Data from U.S. Fish and Wildlife Service (Megan Estep-Johnston, written commun., 1995). BM, bench mark; fi, feeij
Bottom
Water-unit elevation Full-pond  Full-pond
number (feetabove sea Full-pond elevation, in feet above sea level surface area capacity
(fig. 2) level) (datum location) (acres) (acre-feet)
5 1,780 1,783 (SPILLWAY) 864 1,866
7 1,774 1,778 (TOP OF STOPLOG SLOT) 26 40
10A&10B 1,774 1,779 (TOP OF STOPLOG SLOT) 64 145
10C 1,772 1,774.4 (TOP OF GAGE) 11 13
11 1,754 1,7749 (SPILLWAY) 90 338
14A 1,772 1,778 (SPILLWAY) 87 196
14B 1,772 1,776.7 (SPILLWAY) 65 96
14C 1,774 1,777 (14C! BM-0.67 ft) 7 16
16 1,768 1,775 (TOP OF STOPLOG SLOT) 31 80
20A 1,767 1,770.7 (SPILLWAY) 138 195
20B 1,767 1,770.7 (SPILLWAY) 138 195
21 1,764 1,770 (TOP OF STOPLOG SLOT) 30 81
22 1,764 1,766 (22A! BM-0.6 ft) 10 i3
23 1,762 1,764.3 (TOP OF GAGE) 15
24 1,765 1,769.4 (SPILLWAY) 31 35
25 1,762 1,768.4 (TOP OF GAGE) 94 296
26 1,758 1,762 (SPILLWAY) 59 111
28 1,762 1,768 (28A1 BM-0.86 ft) 85 153
29 1,757 1,762 (29C! BM-0.58 ft) 61 91
30 1,756 1,759 high water 78 119
40 1,736 1,742.5 (40B1 BM-0.65 ft) 32 66
48 1,750 1,754.4 (SPILLWAY) 89 113
49 1,750 1,754.2 (SPILLWAY) 95 159
57 1,740 1,743.5 (57A1 BM-0.6 ft) 127 212
58 1,736 1,742 (58B! BM-0.5 ft) 99 251
61 1,740 1,745.5 (62B] BM-0.58 ft) 218 498
62 1,735 1,744 (TOP OF STOPLOG SLOT) 47 120
63 1,736 1,741.2 (TOP OF GAGE) 154 339
75 1,736 1,740.8 (SPILLWAY) 1,768 2,446
Total 4,607 8,298

ILetters indicate structure names where water levels are measured.

were different for different ponds. For example, the
number of zones for water unit 5 and water unit 24
were two and five, respectively (table 4). The bottom

Physical and Hydrologic Features of Quivira National Wildlife Refuge

elevation (above sea level) of each zone was called the
zonal elevation base (Z,) for the corresponding zone.
The elevation-volume-area relation of a pond was rep-
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Figure 3. Relations of water-surface elevation, water volume, and water-surface area for Little Salt Marsh (water unit 5,

fig. 2).

Because flows in canals at the refuge are not regulated,
one flow zone (normal) was used in the flow model
development. In model simulations, canal flows were

maintained in the normal flow zone as long as possible.

Operating Policy

Under ideal inflow conditions, all pond levels
would be maintained at the target water levels (rule
curves), and all canal flows would be maintained in the
normal flow ranges in addition to satisfying
water-management requirements such as minimum
desirable streamflow (Kansas Water Office, written
commun., 1996). In reality, ideal inflow conditions
rarely occur. If a pond water level was higher or lower
than its rule curve, a “cost” or “penalty” was assessed
to the water storage or depletion deviation from the rule
curve. The penalty depended on the amount of water
deviation from the target level and the penalty coeffi-
cient (cost per unit water deviation from the target

level). A penalty was also assessed to canal flows. In
other words, penalty coefficients were assigned to each
storage zone of a pond and each flow zone in a canal to
assess penalty.

Different penalty coefficients were assigned
according to management priorities related to each
storage zone of a pond. Penalty coefficients for canal
flows were specified in a similar way. Higher penaity
coefficients were assigned to the extended upper zone
and inactive zone, and smaller penalty coefficients
were assigned to the conservation zone (the lower zone
and the upper zone) because water levels needed to be
maintained in the conservation zone for normal use.
The penalty coefficient in the normal-flow zone in a
canal was generally zero or less than the penalty coef-
ficient of the pond conservation zone. A higher penalty
coefficient was assigned for violation of normal flow
range; that is, the higher values of penalty coefficients
were assigned to the upper and lower flow zones.

To optimally operate the canal and pond system at
the refuge, it was necessary for some interpond rela-

12 Simulation of Canal and Control-Pond Operation at the Quivira National Wildlife Refuge, South-Central Kansas



Table 6. Results of seepage tests along
Rattlesnake Creek, 1996, at Quivira National

Wildlife Refuge

[Data from U.S. Fish and Wildlife Service (Megan Estep-Johnston,
written commun., 1996). ft3/s, cubic feet per second]

Discharge (ft3/s)
Date Upstream test Downstream
(month/day/ site 1 test site 2

year) (fig. 2) (fig. 2)
06/26/96 6.93 6.15
07/17/96 8.98 7.46
07/24/96 3.13 2.92
09/09/96 5.52 5.12

full-pond storage capacities. The capacity of the inac-
tive zone of a pOﬁu was set at 20 percent of full- pouu
storage capacity (selected in consultation with the U.S.
Fish and Wildlife Service). Some of the rule curves for
some ponds with measured water levels were located in
the inactive zone during the simulation. In this case, the
top boundary of the inactive zone capacity was set at
the rule curve, and the capacity of the lower zone was
set to zero. The top boundary of the upper zone was set
at the full-pond elevation. The top boundary of the
extended upper zone was set 0.5 ft higher than its
full-pond elevation. For ponds whose maximum mea-
sured water levels were higher than the full-pond ele-
vation plus 0.5 ft, the top boundaries of the extended
upper zone were set at the maximum measured water
level. Pond zoning expressed as pond storage is sum-

Geological Survey, written commun., 1997) for 1994
were used (table 2).

Pond Water-Surface Elevations

Water-surface elevations for selected control ponds
were measured during the simulation period. Table 7
lists the ponds with measured water-surface elevations,
the number of measurements, and the minimum and
maximum water-surface elevations for the ponds.
Because the water levels may be at the bottom of ponds
or above the staff gage at ponds, the number of obser-
vations of water-surface elevations listed in table 7 may
be different than the number of measurements listed.
The difference between the number of observations
and the number of measured elevations is the number
of records without measurements. Those water-surface
elevations observed outside the range of measurement
on pond staff gages were treated accordingly as the

nond-hattam elavation or the fuull_nond alavation in thic
t’ull“ UVWVLLL VIV YV UALLIVIL VL UiV 1 Wil lIUlL\A WANV EALAVJAL 111 L1

simulation.

Pond Zoning and Operating Policy

Each control pond was divided into four storage
zones—inactive zone, lower zone, upper zone, and
extended upper zone as shown in figure 5. Target water
levels (rule curves) were set at the top of the lower
zone. For ponds with measured water-surface eleva-
tions (table 7), the measured water elevations were
used as their rule curves, which indicates that the rule
curves changed during the simulation period and so did
the storage capacity of lower and upper zones. For
those ponds without measured water levels, the rule
curves were set at 95 percent of their corresponding

marized in table 8.

To operate the system of canals and control ponds
on the refuge, it was necessary to establish the priority
of the ponds. Because Little Sait Marsh (water unit 5),
which is supplied by Rattlesnake Creek, serves as the
principal water-storage unit for the entire refuge, the

hichact anaratinnal nriaritiag wara givan tn it gtaracag
lllsll\aol Uywlauuua; PllUllllUD Yyuiw slv\all LU 1w otunasvo

zones. Water units (75, 78, 80, 81, and 83, see fig. 2) in

the north part of the rf-ﬁme were OIVPI'\ the lowest oper-

ational priorities because these ponds are at the down-
stream end of the refuge and control less drainage area.
The remaining ponds were given priorities in between
the highest and the lowest priorities. Under this operat-
ing policy, water to satisfy the downstream water
requirements was released first (1) from the lowest pri-
ority ponds when water levels at the highest priority
ponds were below the rule curve so that high-priority
pond water levels were as close as possible to their rule
curves, or (2) from the highest priority ponds when
their water levels were higher than the rule curves so
[hat tﬂe water lCVClb WOUIU uecr‘eaSc fo as LlObC fo [ﬂClI
rule curves as possible. To represent priorities of ponds,
different penalty coefficients were assigned to each of
the storage zones of the ponds. The higher the priority,
the higher the penalty coefficient assigned. It should be
noted that the relative magnitudes, not the absolute val-
ues, of the penalty coefficients determined the optimal
operation of the system. Different combinations of
assigned values of penalty coefficients were tested for
the control ponds on the refuge. Typical values of pen-
alty coefficients used in this simulation are summarized
in table 8.

Because there are no flow requirements such as
minimum-required flow for canals on the refuge, there

Simulation of Canal and Control-Pond Operation for 1996 27



Table 7. Summary of water-surface elevations for selected ponds at Quivira National Wildlife
Refuge, June 11 through December 11, 1996

[Data from U.S. Fish Wildlife Service, written commun., 1997]

Maximum Minimum
Water-unit measured measured
number Number of Number of elevation (feet elevation (feet
(fig. 2) observations measurements above sea level) above sea level)
5 30 30 1,783.30 1,782.62
7 30 23 1,778.96 1,777.33
10A 30 16 1,778.67 1,777.03
10B 30 29 1,778.89 1,777.32
10C 32 32 1,774.86 1,773.22
11 32 14 1,773.91 1,771.95
14A 30 30 1,777.92 1,776.30
14B 30 30 1,777.36 1,774.90
16 30 28 1,774.46 1,772.72
20A 29 29 1,770.84 1,769.56
21 29 17 1,769.09 1,767.00
22 29 29 1,767.17 1,764.91
23 29 27 1,764.78 1,763.02
24 30 30 1,770.46 1,769.61
25 33 20 1,766.92 1,763.16
26 28 28 1,762.06 1,760.14
28 30 17 1,767.81 1,764.10
29 30 26 1,761.83 1,757.20
30 30 17 1,760.01 1,756.48
40 29 22 1,742.59 1,738.58
48 29 25 1,754.28 1,750.88
49 29 29 1,754.13 1,750.25
58 30 30 1,740.90 1,739.59
61 29 29 1,743.89 1,742.54
62 29 29 1,742.64 1,739.55
63 29 29 1,740.73 1,739.17
75 29 7 1,740.17 1,739.55
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Table 8. Initial storage, zoning, and penalty coefficients assigned to control ponds at Quivira National Wildlife
Refuge, June 11 through December 11, 1996

Upper
boundary Penalty Lower
of coefficient Upper Lower boundary Penalty
extended for boundary Penalty boundary Penalty of coefficient
Water-unit Initial upper extended of upper coefficient of lower coefficient inactive for
number storage zone upper zone for upper zone for lower zone inactive
(fig. 2) (acre-feet) (acre-feetl zone  (acre-feet) zone (acre-feet) zone (acre-feet) zone
5 1,988.26  2,312.18 2,000 1,866.00 1,500 373.20 1,500 1.00 5,000
7 39.72 72.90 2,000 40.00 1,500 8.00 1,000 1.00 2,000
10A 145.48 180.30 2,000 145.00 1,500 29.00 1,000 1.00 2,000
10B 145.48 180.30 2,000 145.00 1,500 29.00 1,000 1.00 2,000
10C 19.54 21.81 2,000 13.00 1,500 2.60 1,000 1.00 2,000
11 388.37 440.07 2,000  338.00 1,500 67.60 1,000 1.00 2,000
14A 161.70 242.20 2,000 196.00 1,500 39.20 1,000 1.00 2,000
14B 93.40 185.74 2,000 96.00 1,500 19.20 1,000 1.00 2,000
14C 15.51 19.07 2,000 16.00 500 3.20 500 1.00 2,000
16 62.67 96.07 2,000 80.00 1,500 16.00 1,000 1.00 2,000
20A 163.88 268.01 2,000 195.00 1,500 39.00 1,000 1.00 2,000
20B 163.88 268.01 2,000 195.00 1,500 39.00 1,000 1.00 2,000
21 34.34 96.62 2,600 81.00 1,560 16.20 1,000 1.00 2,000
22 2.30 18.81 2,000 13.00 1,500 2.60 1,000 1.00 2,000
23 15.41 19.66 2,000 15.00 1,500 3.00 1,000 1.00 2,000
24 132.55 139.01 2,000 35.00 1,500 7.00 1,000 1.00 2,000
25 18.00 344.05 2,000 296.00 1,500 59.20 1,000 1.00 2,000
26 91.48 142,29 2,000 111.00 1,500 22.20 1,000 1.00 2,000
28 6.11 198.82 2,000 153.00 1,500 30.60 1,000 1.00 2,000
29 0.20 124.51 2,000 91.00 1,500 18.20 1,000 1.00 2,000
30 2.82 161.64 2,000 119.00 1,500 23.80 1,000 1.00 2,000
40 55.91 83.19 2,000 66.00 1,500 13.20 1,000 1.00 2,000
48 3.94 161.19 2,000 113.00 1,500 22.60 1,000 1.00 2,000
49 51.63 209.05 2,000 159.00 1,500 31.80 1,000 1.00 2,000
57 212.22 280.74 2,000 212.00 1,500 42.40 1,000 1.00 2,000

Simulation of Canal and Control-Pond Operation for 1996 29



Table 8. Initial storage, zoning, and penalty coefficients assigned to control ponds at Quivira National Wildlife

Refuge. June 11 thro

FITIUYD,; UIITU 11 UHHVUYl W Ovoiiivw TN

ouah December 11 1996—Continued

NFN e P T,

Upper
boundary Penalty Lower
of coefficient Upper Lower boundary Penalty
extended for boundary Penalty boundary Penalty of coefficient
Water-unit Initial upper extended of upper coefficient of lower coefficient inactive for
number storage zone upper zone for upper zone for lower zone inactive
(fig. 2) (acre-feet) (acre-feet) zone (acre-feet) zone (acre-feet) zone (acre-feet) zone
58 146.39 302.82 2,000 251.00 1,500 50.20 1,000 1.00 2,000
61 212.80 613.17 2,000  498.00 1,500 99.60 1,000 1.00 2,000
62 48.58 145.00 2,000 120.00 1,500 24.00 1,000 1.00 2,000
63 26898 419.01 2,000  339.00 1,500 67.80 1,000 1.00 2,000
75 2,445.85 3,490.32 1,000 2,446.00 500  489.20 500 1.00 2,000

80 355.20

1,000
81 25.31 60.68 1,000 25.00
83 31434 419.31 1,000 314.00

500 71.00 500 1.00 2,000
500 5.00 500 1.00 2,000
750 62.80 750 1.00 2,000

s rmmim o £ am

was Ul'lly one 1 UW ZONE 101 Canie 15
simulation. It was assumed that flow through a canal

cmguawu lll ullb

reach ranged in magnitude from zero to the full capac-

ity of the canal. Because of the complexity of the canal
flow network on the refuge, flows could reach the same
location through different routes of canals. Different
penalty coefficients were assigned to the flow zones of
canals so that the most efficient route could be deter-
mined by minimizing the total penalty applied to canal
flows. However, costs of transporting water through
canals were not available. Because Rattlesnake Creek
is used as the major route to distribute water to the ref-
uge and because other canals are used only when nec-
essary, flows through Rattlesnake Creek and canals
downstream from control ponds were assigned penalty
coefficients of zero, and the remaining canals were
assigned nonzero penaity coefficients as shown in
table 9 (see figures 2 and 4 for nodal names, location,
and flow network).

Results

The simulation of canal and control-pond opera-
tion at the Quivira National Wildlife Refuge for
June 11 through December 11, 1996, was conducted
using the following specifications for pond zoning,
operating policy, and canal outflow from the refuge: (1)

£ + £ T
four storage zones for each pond, with the inactive stor-

age of 20 percent of full-pond storage capacity; (2) rule
curves set at the measured water levels for ponds with
measurements, otherwise at 95 percent of full -pond
storage capacity; (3) initial storage in ponds interpreted
from the water levels measured on June 10, 1996, for
ponds with measurements, otherwise set at 95 percent
of full-pond storage capacity; and (4) outflows from the
refuge through Rattlesnake Creek near the USGS
streamflow-gaging station near Raymond equal to the
observed discharges at the streamflow-gaging station
(fig. 110).

Figures 12A-D show the water-budget components
simulated for the operation of water unit 5. Similar fig-
ures also can be generated for other control ponds.
Inflows shown in ﬁgure 12A are upstream inflows from
Rattlesnake Creek, which are equal to the discharges
observed at the USGS streamflow-gaging station near
Zenith. Total downstream releases shown in figure 12C
are the summations of releases to all downstream nodes
(water units 7 and 10A, and nodes C-2 and JE-1, see
figure 4). Ground-water seepage during the simulation
period shown in figure 12B is almost the same for the
whole simulation period (the values were estimated for
1994, see table 2). Figure 12E shows the simulated and
measured water stages and depths. From July 9 to
August 8, even though there were no releases from the
pond, the simulated water stages were lower than the

30 Simulation of Canal and Control-Pond Operation at the Quivira Natlonal Wildlife Refuge, South-Central Kansas



Table 10. Water budgets simulated for selected control ponds at Quivira National Wildlife Refuge, June 11
through December 11, 1996

[All values are in acre-feet; --, not applicable]

Water-unit Total Total Water- Ground- Total
number Initial 4+ upstream + surface - surface - water - downstream -  Final

(fig. 2) storage inflow runoff evaporation seepage release storage
5 1,988.26 17,782.22 1,117.84 1,795.73 286.00 16,844.87 1,961.72

7 39.72 486.93 31.98 57.25 0 431.67 69.71
10A 145.48 169.66 57.79 109.78 0 117.67 145.48
10B 145.48 531.21 55.60 98.40 34.04 467.15 132.70
10C 19.54 45995 9.25 20.34 0 449.93 18.47
11 388.37 448.42 54.08 101.65 0 400.85 388.37
14A 161.70 214.52 96.82 152.05 0 152.25 168.74
14B 93.40 197.43 150.80 120.57 -9.20 179.99 150.27
14C 15.51 102.95 6.88 12.81 18.09 91.24 3.20
16 62.67 114.02 29.02 51.88 0 92.57 61.26
20A 163.88 493.65 142.78 250.73 0 353.34 196.24
20B 163.88 433.68 141.17 249.69 7.36 285.45 196.23
21 34.34 531.79 31.32 48.36 0 494.16 54.93
22 2.30 489.96 13.63 22.24 0 460.62 23.03
23 15.41 458.46 10.26 17.77 0 448 .68 17.68
24 132.55 12,741 .83 63.05 93.63 103.47 12,666.91 73.42
25 18.00 676.23 55.85 72.37 40.89 494.09 142.73
26 91.48 862.43 63.69 93.92 7.25 829.71 86.72
28 6.11 635.03 44.60 69.63 0 497.53 118.58
29 .20 482.72 38.38 53.35 0 404.38 63.57
30 2.82 396.78 62.17 97.04 0 196.68 168.05
40 5591 77.90 14.03 34.19 -36.27 83.58 66.34
48 3.94 316.42 73.47 72.85 0 245.36 75.62
49 51.63 567.52 64.72 102.76 11.87 437.18 132.06
57 212.22 1,193.02 156.57 257.91 0 1,102.51 201.29
58 146.39 1,388.52 83.47 135.49 -86.07 1,429 80 139.16
61 212.80 340.11 123.31 209.47 -50.68 380.83 136.60
62 48.58 59.57 17.64 33.97 -31.89 57.62 66.09
63 268.98 132.23 129.33 232.08 -76.44 243.73 131.17
75 2,445.85 1,177.96 1,445.34 2,043.86 -2,484.88 4,004.79 1,505.38
78 5,270.43 5,359.15 1,728.99 3,161.14 -291.63 7,252.18 2,236.88
80 355.20 7,542.65 155.93 363.20 -85.77 7,705.34 71.01
81 25.31 7,252.18 41.67 94.73 -323.22 7,542.65 5.00
83 314.34 0 188.34 35291 -68.48 14.14 204.11
Total 13,102.68 -- 6,499.77 10,683.75 -3,035.56 - 9,211.91
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Table 11. Water budget simulated for entire canal and
control-pond system at Quivira National Wildlife
Refuge, June 11 through December 11, 1996

[All values are in acre-feet; --, not applicable]

Water-budget

component Storage  Inflow  Outflow

13,102.68 -- --

17,782.21 --
6,559.04 --

10,683.74

Initial storage
Stream inflow --
Surface runoff --

Water-surface - --
evaporation

Net ground-water - 3,035.56 -
seepage

Canal-flow - -
transmission loss

2,761.79

Outflow from -- - 17,822.07

Raymond node

Final storage 9,211.88 - -

Data Preparation

In this section, data needed for the simulation are
discussed. Measurement data were used if available. If
some data were not available, reasonable values were
interpreted on the basis of other related data.

Precipitation

One of the major factors affecting the generation of
direct overland surface runoff to ponds is the amount of
precipitation. Figure 13A shows the daily precipitation
measured at the Sandyland Experiment Station and at
the USGS streamflow-gaging station near Zenith
(fig. 1). Precipitation data from October 1, 1990,
through May 20, 1991, were measured at the Sandy-
land Experiment Station. Precipitation data from May
21 through September 30, 1991, were measured at the
USGS streamflow-gaging station near Zenith. The total
amount of precipitation during the 1991 water year was
13.43 in.

Water-Surface Evaporation

The daily potential evapotranspiration (PET) esti-
mated with the Penman method using the climatic data
collected at the Sandyland Experiment Station (Marios
Sophocleous, Kansas Geological Survey, written com-
mun., 1996) is shown in figure 13B. The total amount
of PET was 61.23 in. for the 1991 water year. For the

1991 water year simulation, it was assumed that the
daily water-surface evaporation rate for ponds on the
refuge was equal to the corresponding daily potential
evapotranspiration at the Sandyland Experimental

Station.

Canal Discharge

Discharges for Rattlesnake Creek measured at the
USGS streamflow-gaging stations near Zenith and
Raymond (fig. 1) from October 1, 1990, through Sep-
tember 30, 1991, are shown in figure 13C (Geiger and
others, 1992). The mean daily discharges for the Zenith
and Raymond stations during the 1991 water year were
6.59 and 2.77 ft%/s, respectively, which are much
smaller than the long-term means ;)f 50.6 ft>/s

years), respectively. As shown in the figure 13C, there
was almost no flow during late September 1991.

For this simulation, the daily mean discharge
observed at the USGS streamflow-gaging station near
Zenith station was used as daily inflows to Little Salt
Marsh from Rattlesnake Creek. The daily mean dis-
charge observed at the USGS streamflow-gaging sta-
tion near Raymond was used as the streamflow
requirement for Rattlesnake Creek near Raymond.

Canal-Flow Transmission Losses

Canal-flow transmission loss was difficult to esti-
mate. Because there were no data available to estimate
the canal-flow transmission loss coefficient for the
canals on the refuge during the simulation period, the
estimated transmission loss coefficient (k in
equation 42) of 9.16 x 107 ft”! for the 1996 simulation
period was used for this simulation. Similar to 1996,
canal-flow transmission losses occurred only in canals
south of the RC Canal.

Ground-Water Discharge to Ponds

No monthly data for ground-water discharge to
ponds were available for the simulation period. The
study conducted using MODFLOW by Marios Sopho-
cleous (Kansas Geological Survey, written commun.,
1996) shows that the amount of annual ground-water
discharge to ponds on the refuge was almost the same
from 1975 through 1990. Consequently, the monthly
ground-water-discharge data obtained from Marios
Sophocleous (Kansas Geological Survey, written com-
mun., 1997) for 1994 were used (see table 2).
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Table 13. Water budgets simulated for control ponds at Quivira National Wildlife Refuge with rule curve at 90
ant n

naoarn,

perc f full-nond canacity. 1991 water year

ITMVIIU VG Quiy, LI 4 S -3 ]

[All values are in acre-feet; --, not applicable]

Initial
storage at 80
Water-unit pergent of Total Water- G:::::f' Total
number full-pond + upstream . Total surface. surface . - downstream =
(fig. 2) capacity inflow runoff evaporation seepage’ release Final storage
S 1,492.80 4,772.63 900.16 3,970.32 545.66 2,312.24 337.37
7 32.00 27.62 17.03 60.87 0 15.78 0
10A 116.00 81.59 48.37 196.59 0 4133 8.04
10B 116.00 56.16 31.97 132.51 64.84 6.78 0
10C 10.40 6.68 5.53 22.61 0 0 0
11 270.40 0 41.11 17591 0 0 135.60
14A 156.80 117.93 67.12 252.34 0 80.85 8.66
14B 76.80 64.16 44.27 171.41 -18.25 27.51 4.56
14C 12.80 56.63 5.13 17.70 24.97 31.89 0
16 64.00 48.64 19.21 72.22 0 54.60 5.03
20A 156.00 100.37 78.10 303.93 0 2997 57
20B 156.00 196.85 96.66 380.01 13.88 55.62 0
21 64.80 51.83 22.11 85.13 0 50.50 3.1
22 10.40 50.07 6.45 23.09 0 43.83 0
23 12.00 43.62 6.40 23.31 0 38.71 0
24 28.00 1,541.96 17.28 62.83 149.33 1,375.08 0
25 236.80 94.39 73.72 268.01 75.04 61.85 .01
26 88.80 95.05 30.52 121.74 13.50 83.17 0
28 122.40 61.71 4438 172.26 0 53.03 3.20
29 72.80 51.45 31.35 123.71 0 30.83 1.06
30 95.20 30.25 42.70 167.16 0 99 0
40 52.80 0 30.79 134.70 -86.83 8.19 27.53
48 90.40 35.50 43.20 167.99 0 12 .99
49 127.20 45.13 52.38 205.68 19.03 0 0
57 169.60 343.12 114.11 485.65 0 102.75 38.43
58 200.80 362.88 92.46 394.82 -173.34 390.50 44.16
61 398.40 565.28 208.54 902.49 -109.08 283.94 94.87
62 96.00 0 40.37 173.96 -70.19 3.15 29.45
63 271.20 189.92 150.50 650.00 -161.39 59.07 63.94
75 1,956.80 254.24 1,478.91 6,103.74 -5,002.59 1,642.84 945.96
78 4,216.00 1,881.86 1,262.39 5,406.83 -587.57 1,486.99 1,054.00
80 284.00 2,028.75 147.51 646.47 -172.74 1,915.53 71.00
81 20.00 1,486.99 3792 162.60 -651.44 2,028.75 5.00
83 251.20 0 133.69 522.11 -137.75 0 .53
Total 11,525.60 - 5,422.34 22,760.70 -6,264.92 - 2,883.07

IThe positive values of ground-water seepage indicate that ponds lost water to the aquifer. The negative values of ground-water seepage indicate
that ponds gained water from the aquifer.
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__ transmission loss

Table 14. Water budget simulated for entire canal
and coniroi-pond system at Quivira National Wiidlife
Refuge with rule curve at 90 percent of full-pond
capacity, 1991 water year

[All values are in acre-feet; --, not applicable]

Water-budget

component Storage  Inflow  Outflow

11,525.60 -- -
4,772.63 -
5,422.34 --
22,760.70

Initial storage

Stream inflow --

Surface runoff --

Water-surface -- --
evaporation

Net ground-waier --
seepage

Canal-flow -- - 336.51

Figure 15 shows the change in water storage for water
uniis 5 and 78, respectively, with different ruie curves.
As the rule curve was reduced from 90 to 60 percent of
full-pond capacity, water storage in water unit 5 during
the simulation period decreased, and the final pond
storage was also reduced from 337 to 48 acre-ft (fig.
15A). Because water unit 5 had the highest priority and

because the initial storage was higher than the rule

Aiatal A atra
curve, water was released immediately downstream as

shown in figure 15A. On the other hand, water storage

in water unit 78 increased durine the simulation period

A NSleliiip vazv 1Aeie

(fig. 15B). Because water unit 78 had the lowest prior-
ity and because water storage in the upstream higher
priority ponds was in the upper zone, water was
released from these higher priority ponds to maintain

their rule curves, and water released from the upstream

Outflow from - -- 2,005.24

Raymond node

Final storage 2,883.07 -- -

To examine the water budget for the whole flow
system at the refuge, table 14 summarizes the overall
water budget for the entire canal and control-pond sys-
tem with the rule curve set at 90 percent of full-pond
capacity. It can be seen from this table that although
there were total inflows of 16,459.89 acre-ft, of which
4,772.63 acre-ft were from Rattlesnake Creek at Zenith
node, 5,422.34 acre-ft from direct surface runoff, and
6,264.92 acre-ft from the ground-water seepage to
ponds, the final water storage in the system was sub-
stantially reduced from the initial storage of
11,525.60 acre-ft, which was set at 80 percent of
full-pond capacity, to 2,883.07 acre-ft due to the out-
fiows from the Raymond node, water-surface evapora-
tion, and canal-flow transmission loss. Total water out
of the system (outflow, evaporation, and canal-flow
transmission loss) from the system was
25,102.45 acre-ft, of which 22,760.70 acre-ft (or 91
percent of water outflow from the system) was due to
water-surface evaporation. At the end of simulation
period, 30 out of 34 ponds, including water unit 5, had
water stored only in the inactive zone or were dry due
to the large amount of water-surface evaporation.

To compare the operation of canal and control
ponds with the rule curve at 90 percent of full-pond
capacity, simulations were also conducted with the rule
curves at 80, 70, and 60 percent of full-pond capacity.
All of simulations were conducted with the same
model specification except for the rule curves.

pond was stored in the unit 78, which caused the water
storage to reach full-pond capacity (fig. 15B). After
mid-June 1991, there were not enough inflow
(upstream inflow plus surface runoff) to water unit 5 to
maintain water levels at the rule curve, and water levels
decreased due to water-surface evaporation. At the end
of simulation, the water level in water unit 5 was
located in the inactive zone (figs. 14 and 15A). Similar
changes in water storages were also observed for other
control ponds.

The simulated water budget for the entire canal and
control-pond system for the 1991 water year with dif-
ferent rule curves is summarized in table 15. As the rule
curves were reduced from 90 to 60 percent of full-pond
capacity, surface runoff, water-surface evaporation,
and ground-water seepage from ponds were reduced,
and stream outflow and final storage increased (see
table 15). The reduction of the rule curve of a pond
generally caused a lower pond water level to be main-
tained for the higher priority ponds. In other words, the
total water-surface evaporation and rainfall onto the

adiinad Fre tha o
water-surface area of a puud WwCIC reaucea 101 tnc samc

evaporation rate and precipitation depth. When initial
pond storage was higher than the rule curve (initial
storage was set at 80 percent of full-pond capacity),
water was released from the ponds with higher priority
to meet the rule-curve water level, which caused more
canal-flow transmission losses along the canals in the
south part of the refuge and increased outflows from
water unit 11. The final pond water storage also
increased due to storage increases in water unit 78
(fig.15B) and other ponds in the north part of the
refuge.
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Table 15. Water budgets simulated for entire canal and control-pond system at Quivira National Wildlife

=T Ve VTS

Refuge using different rule curves, 1991 water year

[all values are in acre-feet]

Rule curve set at

Rule curve set at

Rule curve set at  Rule curve set at

Water-budget 90 percent of 80 percent of 70 percent of 60 percent of
component full-pond capacity full-pond capacity full-pond capacity full-pond capacity
Initial pond storage 11,525.60 11,525.60 11,525.60 11,525.60
Inflow:
Stream inflow from Rat- 4,772.63 4,772.63 4,772.63 4,772.63
tlesnake Creek
Surface runoff 5,422.34 5,393.31 5,260.83 4981.23
Net ground-water seep- -5,928.41 -5,900.37 -5,854.23 -5.854.04
age, including canal-
flow transmission loss
Outflow:
Water-surface 22,760.70 22,694.41 22,238.25 21,299.74
evaporation
Total outflow 2,005.24 2,005.28 2,073.30 2,547.26
Final pond storage 2,883.07 2,892.22 3,101.74 3,286.50

Simulation results for the 1991 water year indicate
that water-surface evaporation was the major factor in
lowering water storage in ponds. Storing more water in
the ponds in the north part of the refuge by reducing the
rule curve for higher priority ponds may reduce the
overall water-surface evaporation. However, this will
also cause water unit 5 to dry out quickly if there is not
enough upstream inflow as was the case during the
1991 water year. Maintaining high water levels in
water unit 5 depends upon the rule curve in water unit 5
being set at a high level. The simulation results dis-
cussed for the 1991 water year were obtained based on
a number of assumptions, such as the initial storage in
ponds. If the specifications for the simulation model
change, the results may be much different.

SUMMARY

In 1995, a 3-year study was undertaken to develop
a water budget and flow-routing model to assist the
U.S. Fish and Wildlife Service in determining the out-
come of possible water-management options at the
Quivira National Wildlife Refuge, south-central Kan-
sas. The study was done by the U.S. Geological Survey
in cooperation with the Kansas Geological Survey. A
computer program OPONDS, written in FORTRAN,

was developed using network flow analysis to deter-
mine the optimal operation of a system of canals and
control ponds. Applications of the model are presented
that investigate the daily operation of canals and con-
trol ponds on the refuge using historical discharge and
pond water levels.

The daily operation of a system of canals and con-
trol ponds at the refuge in the Rattlesnake Creek Basin
was simulated for June 11 through December 11, 1996,
using a linear-network flow model. In this simulation,
some management requirements inciuded the mea-
sured water levels of control ponds as the target man-
agement pond levels and the observed stream
discharges in Rattlesnake Creck near Raymond as the
outflow requirement from the refuge. Measured precip-
itation and calculated potential evapotranspiration
were used to compute the surface runoff to ponds and
water-surface evaporation, respectively. The operating
policy was determined by using selected storage zones
within a pond and prioritization of the ponds by using
the relative magnitude of penalty coefficients within
the computer model to adjust pond storages and canal
flows. Results of the 1996 simulation indicate that the
current specification for pond zoning and rule curves,
with water unit 5 given the highest priority and ponds
in the north part of the refuge given the lowest priori-
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