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Simulation of Stage and Hydrologic Budget for Shell
Lake, Washburn County, Wisconsin

By J.T Krohelski. D.T. Feinstein, and B.N. Lenz

Abstract

A mode] that simulates fuhe stage was devel
oped 1o test the current understunding of the
nydrology of Shell Lake. Wisconsin and to provide
dtool for predicting the effects of withdrawing fuke
water on tutare Luhe stages, The modet code 15wt
ten in Fovtran and simulates daily Take stage by
summing estinates oi hydrologic-budget compo-
precipitainnn falbing on the Tahe surtice,
wider evaporatine from the like surfacce. runott

nents

reonsistnz ot overland How to the Like and inter-
mttent streams flowme mtoahe lake). and ground-
wiater Tlow out ot the Take,

The model was calibrated 1o miermittent
Juhe stage measurements for the penod 194898,
The Bvdrofogie budget model was coupled o
L'CODL. a purameter ostination model. to awdmn
cstimating runoll cocthcrents. Trends an stage sin-
Alated by the cahsated model compare reasonably
well with histoncai stave wrends. The root mean
sgptare ot the difivrences of simulated and mea-
sured daily lake stage for the pernod 1948-98 13
.54 {oot.,

Predictive stmulations indicine thut with-
drioe tog kihe water 1s an ettective way ol reducing
lrhe stage. Several yewrs of pumping for at icast
200 davs per vear at rates of LO0OO 10 2,000 gallons
per minue would have been required to reduce
19007s high stages by aboul ane (oot.

INTRODUCTION

Shelt Lake. Tocated m Washburn County o north-
western Wisconsin, hes completely wathio the City of
Shelt D ake (fige 1) The City, which is responsibile Tor
shorelime zomng. tus been concerned over the recent
fleading of severad near-shore residenves. A commitiee,
dppoetnted by the Uity to investigate ways o mikigade the
Hooding, has considered withdraw g lake worer during
gl stace period:. The committee agreed that belore

decisiones oy mitigate the Hooding can be made. a better
widerstamding of e hvdrologs of the Take and the fong-
term eftect of withdrawing lake water on lake stage is
required. To meet this necd. the U8 Geologicul Survey
(USGST m cooperation with e Ol ol Shell T ake and
the Wisconsmn Department of Natural Resousees
PIWDNR L intiated a studs of Shell Fabe in Januare of
1998

Sinple models ot Juke hydrolooy can often te
developed esponsively and used wo simlate Tike-
stage flucratians caused Dy vartation in hvdrolosi, -
budget components o withdrawul or addition of water,
A model that sccnrately <imulates Lithe stage overa
Jdecade or more tiereases confidenee that the fahe
hvdrotouy s understood. This methad bas been ased
previows!y 1o predicr changes i labe staee caused by
aguiter dewatering 1Krug and others, FON7vand with-
draseal of fube woater (Krohelshy und Banea, F995) Fur-
ther desetapment of this method sl Lead o more
avcarute models and help Tabke Districts i Wisconsin
and water-resource planners to understand the hvdros-
oy el lakes and (o citocu el manage sater resourees

Shell Lake <rage data, callected since 936, indi-
cate aten- (o Nfleen-vear cvele between low and hich
fake stagesifie 23 Forthe period of record, the average
lake stage s L2190 above seu levell the minimuam
stuge s L2153 T above sea devel fou November 28,
19491 und the maxnnwm s 1222 frabove sea leved ton
June 240 199, There is historical ey idenee that the
niaxnnun bihe stage could be as high as 1.229 1t above
sea Jes el as documented by a high-water oark from
abour 1900 (Douglas Joseph, Wisconsin Department of
Natural Resources, written commurn.. 1998y,

Accomparison of the cumulative departure from
average precipitation drem Spooner. Wis b water-table
clevation (rom an observation well near Hayward.
Wis. ) and likhe stage mdicates that ihe Take stage i
influenced by the relation amons these natural hydro-
logic budeet components. rather than, for cunnple. by
the effects of outside influences such as land-use
chanees in the luke™s watershed (g, 310 Generallv, s
precipitiubion wireases or decreases there is an aecom-
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panying response i the water table and fake stage,
Lake-<aze departures increase substuntially more than
the water-tuhle departures during periods ol high pre-

cipitation tNote that the water-table departures are mul-

-

tplicd by 10 fig 2 The correlation between
procipitation and fuhe stuce underscores the importancey
ol inpat from surface water w the Like, either from
itermittent rributuary streams or overland flow.

Purpose and Scope

I'hins report describes the hvdrology of Shell | sk
and provides o ol rw ater-budget model) to predict the
eftects N wathdrawing Take water an luture fake slages.

In addition (o Take stage and climae datas driller’s
constiuction reports for wells near the fuke, @ geologie
Iow for the Shell Lake munteipal w oo sod two previous
studies prosided mformation for this study Durine an
carbicr sluds, nine piezometer nests (o group wells fine
wshed at varving depths with short screens) were
installed (Wisconsn Deparunent of Natural Resources,
[982). Although the prosameters were abandoncd
1983, logs of these prezometers deseribe the geologic
niatertals 10 a deptl of abour 50 feadjacent w the lake,
and water-Tes el data from these welis indweate gradients
ad dirccnan of ground-water fTow The U8 Army
Corpe oy bFngioeors (Y881 also conduiod o teasibitity
study 1o deteroine how best tow nhdraw wgter from the
RIS

Long term and short-term intensive monitoring of
precipitation. lake stage. and ground water was used to
describe the hvdrology of Shell Lake. Long-term
recards of Tuke stage measured by the USGS and the
Ciiv of Shell Luke were obtamed {rom the USGS data-
buse and the City, Prectpitation and ey aporation records
woere oblaned from weather stations nearest 10 Shell
Fake (Spooner, Muarshfield, and Mimocgua, Was, wot
showny A vazme station, located on the southw est side

of the Like, was mstatled v June 19938 and operated dur-

ing non-freesing periods 11 1) Pwosurveys using
mn-picsameters (small diameter piezomelters)
installed in the near-shore lakebed were conducted
iAugzast 1998 and March 1999 1o estimate an averige
hydrouly gradient. Cocflicients were used o estimate
runoff to the ke ovanoration from the lake surbace,
and net ground-water How from the lake von o duily
busis,

A computer model program 1o simulate changes o

bihe stage | Py thevaristiotm adtl 0o -t

compoenents was developed. The model was calibruted
by comparng simulated to meusured luke stages for the
period 1940 -98. The madel-calibration process wus
automated and some coelficients were estimated usimne
UCODTI, aparameter estimatinon model (Poeter and
Hill. 199%).

Physical Setting

Shell | ake™s surface avea 1s 2,580 acres (Wisconsin
Department of Natural Rescurces. 19951, which is
roughly one-gquarter Of the area Ut' it surfuce-water
basin (11,390 acres) (fig. [t Sholl Luke isa seepage
Jake, hasing no surface outiet dut with associated w-
lands hinked to the fake by mtermittent streams fhe
lake is relativ ely shallow with ameandepth of 23 frad
a maximum depth af 30 fo i Wisconsin Department o
Natural Resources, 19950 The busin contuinmy Shell
Lake was formed i part by glaciad ice and snopart b
tunnel channel actrvity, In general. thin deposits of sand
and gravel overlie Copper Falls 6170 percent sand. 30
percent stlt. and 10 percent clayy (Mark Tohnson,
Department of CGeelogy, Gustay us Adoiphus College,
written contton., 1999). This interpretation 1s sup-
ported by revew of approximately 200 drdler™s cons
struction reports of wells in the vicinity of Shell ke
Thickness of surfictal sand and gravel deposits range
trom 0 to more than 50 f1 and appear to be thickest on
the north side of the lake 12, 4).

Acknowledgments

Special thanks ure eatended to Brad Peterson (Cry
of Shell Luke) for measuriny luke stage during the
199%--99 winter and 1o Douglas fozeph {WDNR) for
providing initial reconnmssanee of the lake and histor
cal information Paul Juckem 1 USGS Y was responsinie
for formatting and verity ing model input and assisted
preparing the report ilustrations.

DETERMINATION OF HYDROLOGIC-
BUDGET COMPONENTS AND MODEL
COEFFICIENTS

The hydrotogic budget of Shell fuke can be
desesibed by the lollowing ¢quanon:

DETERMINATION OF HYDROLOGIC-BUDGET COMPOHENTS AND MODEL CQEFFICIENTS 5
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AS
ALS)
where
AS v change in lake stage Tor a given ume
interval,

£ s volume of precipitation falling directly
on the lake over the interal,

RO 15 volume of stream inflow and overland
runoft into the lake aver the interval,
Foo1y volume of water evaporated from the

lake surface over the mters al,

W volume of net ground-waler flow over
the mterval (posttive for outflow. nega-
tive for inflow),

A8 is the lake area for the stage at the begin-
ning of the time interval,

I'he sum of the hyvdrologic budget components deter-
mines the change in luhe stege (AS). If the sum is posi-
tive there will be a corresponding increase in luke stage
that resulls it an increase i lake area. The opposite
the stage and arca of the lake decrease—il the
s of the components 1s negative, A regression equa-
tom based on the relation betw een lake stage and area
was developed from an availuble bathymetric map. The
cquation was used to determine like stage from a cal-
culated lake area or o determine lake area from a cal-
culated lake stage.

resules

Luke stage (5) was measured intermittently singe
August 1936, and continuously during non-freczing
pertods from Mav 5. 1998 through fall of 1999 ata gag-
ing stution on the southwest side of the lake (fig. T
During the winter of 1998 99 a local observer mea-
sured Take stage intermittently.

Precipitation (77) data were oblained from the
Spooner Lxperimental Farm for the period July 3, 1948
1o December 31, 1998, Data from the Shell Lake gaging
station were used in place of the Spooner data whenever
available. The Spooner Experimental Farm is approxi-
mately 5 mi north of Shelt Lake. Based on the Spooner
Experimental Farm precipitation record, the average
precipitation for the period of record i3 29.3 In. per year.
The maximum was 45,3 in. in 1991 and the minimum
was 5.1 inomn 1977 (g, 51 A five-year moving aver-
age of annual precipitation (fig. 5) indicares trends that
coincide with the ten (o fifteen year high (o low cycles
in lake stage that are evident in figure 2.

Evaporation (£} from the lake surfuce was esti-
mated by using pan-evaporation data obtained from the
Marshheld Experimental Farm for the period 1948-96
and the Minocgua Airport for the period 1997 98,

Marshfield is approximately 115 mi southeast of Sheil
Lake and Minocqua 1s about 132 mi east. The pan-cvap-
oration data were multiplied by 0.80. a typical lake-pan
cocfficient for Wisconsin, (0 cstimate evaporation fron
the lake surface (Wentz and Rose, 1991), The uverage
difference between precipitation and evaporation at
Marshiteld is 2.31 1w tfig. 6). Even though the distance
between Spooner and the Marshficld Experimental
Farm is considerable, the dilference between precipita-
tion and evaporation at fhe (wo siles 1s In close agree-
ment to values published by Novitzki (19820 jor this
area of Wisconsi, Data trom Minocqua were used
because data from Marshiield were not avalable 1o
1997-98 during this study. The ditference between pre-
cipitation at Spooner and evaporatton at Minocgua is
about 6 in. Lhe five-vear moving average of precipita
ton minus evaparation indicates a below -average
period from 1960 to 1985, und an above average period
after 1985, The difference between precipitation and
cvaporation clearty has some relation to the lake stage
cycles in figure 2.

Six streams and wetlands are ributary we Sheld
lake (fig. ) Stream conditions were monitored by
obscrvation approximalely once a month from February
1998 to Septembuer (999 Flow was neser observed m
tributarics | and 2, though cvidence of {low was
observed alter several intense storms in the spring of
1999 Tributarics 2 and 4 generatly lowed atabout § ots
continually throughout the study pertod with slight
increases 1 flow during rainstorins During pertods of
lttlc or no raintull, tributaries 5 and 6 did st How - dur-
ing snowmelt or ramnfull events. however, they had the
greatest flow s of the six tributaries. The highest mea-
sured flow i any tributary occurred as aresnlt of snow-
melt and rainlall runoff on February 28, 1998 in
tributarics 5 and 6. which had Mows of 7 and 13 cff,
respectively,

Runofl (RO) trom the tribularies and overfand tlow
o the lake was estimated by first multiply ing the lake
surface-water basin area {surlace-water basio arcu
minus the lake arca) by the three-day moving average
for precipitation. and then multiply ing that product by a
runofl coelficient. Coctlicients for six seasonal runoff
periods extending from March 16 to November 30 were
estimated using UCODE (Pocter and Hill, 19984, a
parameter estimation model, which Is discussed in the
following section. Runoff from the basin to the take dur-
ing December. January, February, and the tirst hall of
March was assumed to be zero because of freezing con-
ditions.

DETERMINATION OF HYDROLOGIC-BUDGET COMPONENTS AND MODEL COEFFICIENTS 7
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Figure 5. Spooner Experimental Farm precipitation (1947-97) with the five-year moving average.
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Ground-wuter inflow and outflow areas were deter-
mined by installing a total of 22 piezometers around the
lake edge during August 17-21, 1998 and 13 piczome-
ters during March 15 .17, 1999, Picsometers were
instalted along the take edge because the most seepage
accurs iteur shore (MceBride and Plannkuch. 19735,
Mueuasured ground-water gradients indicate that Shell
Lithe iy generally losing water to the ground-water sys-
tem (1gs. 7u and by 'he average gradient for the
Algust 1998 measwrement period i1s 0,21 (oot per Foot
and -G 19 for March 1999 (ussuming that dry piczome-
ters have s gradient of - 1.0 foot per foot, which is the
smallest possible gradient). The average for both pen-
ads s -0.20 toot per toot indicating that Shell Take has
anet loss of water (o the shallow ground-water sy stem
At times, howeser, ground water may (low into the lake
in some small areas. Examples of these areas are shown
by positive gradients in figures 71 and b, and at the gag-
ing station during pertods when the ground-water [evel
mueasured in the well is greater than the lake fevel
fig. ¥

Crround-water How (GW ) out ol the luke wus csti-
mited using Darey s Law by multiply ing danly lake area
umes an wseruee hydranlic gradient (-0.20) times 2
hvdraulic conductivity, Hydraulic conductivity was
estimated as part of the model calibration process dis-
cussed in the following section,

SIMULATION OF LAKE STAGE AND
HYDROLOGIC BUDGET

A computer model program o simulate changes in
lake stage caused by the vartation in hydrologic-budgel
components was writlen in Fortean (appendix).

The following assumptions were made 1o allow the
use of available clhimatological data and to simplify the
maodel;

[, Precipitation and evaporation amounts
recorded at nearby weather stations were
representative of the amounts at Shell Lake.

b

Scasonal runoff coctticients estimated by use
of LICODE arc representative for the entire
period of record. In addition, runoff from
snowmelt 1s assumed to occur over g one-day
period. March 15, The water equivalent of total
snow fall from December through Mareh 15 13
summed aud stored. and the total sum s added
to the Like on March 13, The model results ure

not sensitive o the exact day sclected 1o repre-
sent fate winterfearly spring snowmelt.

3. Hydraulic gradient wus constant for the entire
simulation period. Hence. the amount of net
ground-water flow is proportional (o lake uren.

The model program calculates daily lakhe stage. The
major program steps are shown in figure 9 The pro-
gram first reads precipitation and pan-eviporation data
for the entire stmulated perind. Coefficients for runoff
and evaporation. surface-w ater basin arcy. luke/ground-
water aradient, and vertical hvdraulic conductivity are
initialized and the beginning like stuge is read. ‘1 hen,
from current or beginning daily luke stage, lake arca s
calculated.

A series of it statements” are exeeuted in the pro-
gram 1o determine the volume of runoft during the cur-
rent day. Runoff l'or six perfods. swinter (December
through March [5), early spring (March 16 Aprily,
spring (May), sumnmer (June. July, and August). 1all
{September and October) and late Tall {November) have
different coctficients. To calculate datly runoftf amouni.
the cocfficients are multiplied by the area of the dryland
surface-water basin and the three-day moving average
for precipitation. For wianter, runoff volume is summed
and added to the luke on Muarch 15,

Alter duily runoff s caleuluted, the amount of
around-water (Tow is calculated using Darey™ Law.
Ground-water flow s calewlated by multplying the gra-
dient by the vertical hvdraulic conductivity of the take-
bed by the arca of the lake. If the previous day Luke stage
is greater than a prescribed threshold, then the fake is
assumed (o lap onto the more permeable deposits along
its fringe that allow more ground-water outtlow. The
parameters controlling this “{ringe™ cflect are quanti-
fied during the cahbration process discussed below.

Finally. the Take stage for the start of the next day is
culculated by addmng the change in stage due to daily
precipitation and runoff, evaporation and ground-water
flow. The next daily Tuke stage is then caleulated in the
mode! starting with the calculation of a new lake areu.

MODEL CALIBRATION

The water-budget model was cabibrated by varying
runoff coctlicients and the vertical hvdraulic conductiv-
ity of the lakebed so that model-caleubated duily lake
stage closely matched 51 years of internmtlent mcasure-
ments of daily lake stuge (1,387 fake stage measure-
ments from July 3, 1948 ta December 31 199¥), The

10 Simulation of Stage and Hydrologic Budget for Shell Lake, Washburn County, Wisconsin
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maodel was tirst calibrated for rhe period July 3, 1948 to
Dicevmber 3101990 and then throngh 1998 UICODE
tPocter and Hill. 19981 was coupled o the water-budget
mudel and automatically vared runofl coetficients over
£ reasonable range unni the differences between mea-
sured duily fake stage and model-culeutated luke stage
were minimized.  This difference 1s called the calibra-
Hon error

For the 1949896 calibranon period, the siv sca-
suntal runelt cacthicients were optimised repeatedly ior
woeertes of vertival v draulic conductivity (Kz) values.
CL e tunedd coethicients and the Kz vabue cannot be
optintized together because they are 100 closely corre-
lited o therr etfect on the calibration errory The range
ot K values ased wos 0010010 0.025 {i/day. The mode)
run with the lavwest root mean square error (0.59 ) cor-
responds faa model run with a Kz value of .020 friday.
The optimized runott coetticents for this Kz value
tosether with the assumed value of sero runolt tor the
winler months vicld a global runotf coctticient for the
entire vear equal to 0 168 (that s the model prediets
that an average 16.8 percent of the precipitation on the
hasiy {Tows 1nto the lake,

When the model wus extended into the second cal-
ibration period—ifrom 1996 o 1998 --the optimized
runott coefticients and the Kz value of 0.02 1t/duy pro-
duced lahe stages that were about 2 it higher than the
meusared stages These parameters also predicted
exeessive fahe stages for carlier pertods, when laree dif-
ferences between precipitation and eyaporaion pro-
duced high Libe stages, Given the tendeney ot the water
budget made! to over predict high fabe stages. 10 was
clear that it needed W be refined. A physical mechanism
that would correct the bias of the model predicuons 15 a
“self-himiting™ process at high water levels The pres-
cnce ol high permeability. sundy deposits ulong the
fringe of the lake tespecially on 1ts northern side) pro-
vides this mechunism. The data suggest that at high
witer levels the Take Loses water at a hngher rate by per-
colation o ground water through the fringe than it does
through s normal fakebed,

A new funcuon controlled by the arca-dependent
conductivity fuctaor tADCE) was employed to account
for the effect of the fringe. The ADCE fuctor is applied
e Ui Kz value of the fringe above g defined luke stage.
or threshold. The fringe arca is defined as the total arca
of the lake Jess the arca ol the liake at the threshold stage.
For the calibrated model. the area-dependent conductiv-
ity threshold cADC Ty is 1,221 1 At Lake stages greater
than 1.221 f1, the Kz value of the [ringe area increases

at an increasing rate (set by the ADCE factor) with the
rise in fake stage, This Taceelerating ™ effect is expected
because with rising staye, the luke encroaches on
increasingly sandy beach deposits. Grven the assumed
fixed downward verticul gradient of 0.20 ft41 Darcy s
[ aw implics that the flux out of the fringe ared ol the
fihe to the ground-water svstem abs tneredses at an
increasing rate with fake stage Vins enhunced percola-
tion from the fringe limits the rate atwhich the lihe rises
when precipitation greatly exceeds evaporation (that Is.
when luhe levels rise above the ADCT

It ~cems reasonable that as lake stage incrcases
above the ADCT, areas not normally subijected o lihe
sedimentation become mundated. T hese inundated
arcas would have a higher vertical hydraulic conductiv-
ity than the average for the lakebed because fine-
grained lake sedimentis absent, The algorithm for the
ADCE s included 1 the FORTRAN code contined
appendix 1.

The “best it or calibranion bets cen measurad and
model-caleulated lake stages for tw entire period of
record occurs with runoff coetficients of O.33 for snow-
melt during the major thaw, 014 for rainfall in early
spring, 0.27 for rainfull in spring. 0.03 for rainfadl i
summer. 0.1 for rainfall in full and 0,02 tor ranfall in
Lte fall, a vertica! hivdraulic conductiy ity of the lake
bed of (.02 1Vday and an arga-dependent conductis ity
fuctor of 214 The ADCE value cqual to 24 vields o
fringe Kz vatue of 3 33 itday at astage ol 122210 1
above the ADCTT. A this high stuges the innge repre-
sents LA percent of the total Tuke area. Because the nor-
mal Kz value of 0.02 [Yday represents (he remaiming,
95.0 percent of the lake bottom, the averape Ke tor the
entire lake 1s 0.08 (Uday. This eleyated overall Kz vabue
(four imes e normal value) imphies thatat the 12221
stage. the lake will lose to ground water @t about three
times the rate it loses at the 1221 It stage. Conse-
quently, the rise in lake stage predicted by the model s
less than it would be if the fringe were not acus e,

Pararneters not varted during the cahibraton pro
cess include the hydraulic gradient between the lake und
shallow ground-water system (-0.20) and the pan evap-
oration coefiicient ol 0.80.

The average amount of precipitation and the subse-
quent runefd that occurs during cach runol! period vary.
The percentage of average annual precipitation
obsersed for the runof! periods are: (1) 1001 percent lor
winter (December through Mareh 159,027 10.2 percent
for carly spring (March 16-Apnily, 13) 11.3 percent for
spring (May). {4} 42 5 pereent Tor summer (June, Juls,
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and August), 153 20.2 pereent tor tull ¢Seplember and
October). (0 5.5 percent for late fall iNovember and
0.2 percent on March 13, Based on the calibvated runoff
coclticients. 1t interesting 1y note that even though
42,5 percent of the average annual precipitation falls in
the summer, the model predicts that only 3 percent or
037 1m0 1425 X 29 3 in0 X 0031 of runol! -~ contrib-
wied o the lake during the surmmer. In contrast. during
an average witter when only 1001 percent ot the annual
precipitaton talls, 233 1 of runoff occurs (L 101 X
20 5w, X 0.791 This underscores the etfect of the tem-
poral vanation of precipitation on lahe stage Farexam-
ple. two vears may have the same amount of
precipitation but may have sery ditferent changes o
lahe stage Tooavear with a faree amount of siow fall
there will be a Large increase i lahe stage compared to
Qyvear with a sl amount of saow fall,

Figure 10 shows the “hest-Tt7 mateh between the
observed und simulated lake levels for Shell Lake over
the periad of record. The raet mean square crror for this
aptintl stmulation s 054 11

hispection of Tigure 10 show s that trends i madel
caleulated Take stage compare reasonabih well wath his-
tortcal fake stuge trends For Shell Take Long-term
trends 1 the meusured stage ot Shell Lake starting i
L9348 mdcate three cyeles af Tow 1o high Take stupe that
are simuluted by the calibrated model. Low lake stuges
occur in 1949 ¢ 121490 1t above sea level, 1903
LL215.70 fabove sea level and 1977 (12160441
above sea fevelr while high stages occur m 1934
(1221001 frabove sealevel, 19091122004 [tabove sea
loeselyand TURO 122199 11 above sealeveln Simee
FOROL Lahe stage Tas been between 121863 and
L.222.69 {1t above sea Tovels the ighest stage for the
period of record.

The mewsured danly lake stage, however, does not
always compare well with the simulated daily Luke
stage, Reasons Tor this are in afl of the assumptions and
necessary simplifications discussed dbhove. The most
critical assumption seems o be that average runail
coctficients can be used to caleulate datly runolt to the
lake. Average runotf coetficients do not always docu-
rately predict daily runoft. Runolt can be greath
atfected by antecedent moisture conditions and eyvapo-
rransplration, both of which can vary daily.

Another assumption used is that the gradicnt
between the lake and ground water is constant, Tempo-
ral und spatial varatons in gradients oceur (fig, 7a
and 7h and fres 81 Fven though it appears that the aver-
aee gradient does not vary muach, i vatiable ground-

waler gradient may be necessary for highly uccurate
simulation of datly ground-water Mow.,

APPLICATION OF MODEL TO
PREDICTION OF LAKE STAGE

[he calibrated water-budget model was used Lo
predict the effeet of reducing runott or withdraw ing
wlter on lake stage. The predictive simudations were
run using the climate data (daily precipitation and evap-
oration) for the calibration period (1945 10 199¥).

Simulated daly luke stages using runoif coefti-
cients reduced by 5 percent were compared o the cali-
brated-modeled fake stuges. A reduction in runoff
coefficients by 3 percent might occur il for eaample.
one or more of the tributary streams were dammed or
had control structures instalted. This comparizon imdi-
cated that during periods of low Like stage. the reduced
coefticients cuuse luke levels w drop about | toot Dur-
iy the period of high lake stage in the Jate 19905 how -
cver. the reduced runoft coefticrents had hitde or no
clfect on lake stage. The reason for this 1s that the fringe
eftfect that etficiently “rids™ the lake of water at high
stages 13 weakened m the presence of the Tints on ahe
stage imposed by runolf control. In essence. the gains in
controlling fuke stge produced by runotf control are
negated by the loss ol the fringe effect

Asecond set ol predictive model runs swas made 1o
simulate the etfect of withdrawtng water from the fake
by pumping or siphoning as the ULS. Army Corps of
Fngineers {1988) suggests, For these runs, it was
assumied that water was withdrawn when a Take stage of
[.22¢ fect above <en level was exceeded. Based on the
ared caleuluted fora lake stage of 1.220 feet above sea
level. it would take appraximately 1.5 years of pumping
at 1OOO gpm (2.2 ¢ls) 1o tower the luhe stage | foor.
Pumping rates of 1.000 and 2,000 gpm were sinwelated.

Results ot these predictive siimulations indicate that
pumping may he an etfective wayv o lower lake stage
tfig. 111 During periods of high lake stage. stmutated
pumping a! 2,000 gpm reduces lake stage about } foaol
and slightly less than | foot during periods of fow stage.
The predicted average lake stage reduction during the
late 19907 high stage period if pumping at 2.000 gpin
was .17 ft.and was 0.83 {0if pumping ar F.O00O epm.
Model results indicate that for the case of pumping at
1.000 epm with a trigger of 1.220 fu, it1s expected that
about 13 percent of the years will require considerable
pumping and that generally more than 200 days of
pumping occur 1 those years needing pumping.

APPLICATION OF MODEL TQ PREDICTION OF LAKE STAGE 12
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SUMMARY AND CONCLUSION

Withdraw al of luke water from Shell Lake hus been
cunsidered because of recent flooding of near-shore res-
wences, A hetter understanding of the hvdrology of the
lihe and the Jong-term eftects of withdrawing luke
water on stage were reguired [or water resource plan-
ners o make an informed decision. To meet these necds
wstudy was done with these objectives: (1) o dewermine
the iy drielie parameters and water-budget components
of Shell Take. (210 simulate lake stage using cstimated
water-budget components. and (3110 provide a tool for
prediction of Take stages.

A wuder-budget model was developed for Shell
Lake. The model simulates daily fake stage by sununing
witer-budget components. that is. precipitation. cvapo-
ration, runoft and ground-water flow. Daily preeipita-
ton [rom the Spooner and pan evaporauon rom the
Marshfield Experimental Farm and Minocgua Airport
were Used ds model input. Datly runoff was estimated
by multiplyving a three-day moving averuge of precipi-
tation by drainage arca and by a runott cocfitcient. Run
oft coetiicients tor six runoff periods withina vear were
esumated using the parameter estimation model
UCODL. Ground-water flow was caleulated using
Darcy’s Luw. Vertical hydraubic conductivity was esti-
mated by triul und error calibration and an as crage
hydraulic gradtent betwecen the luke and the ground-
wiler system was estimated during two piesometer sur-
sevs. Anadditional function. an arca-dependent con-
ductivity factor (ADCEF. wis needed to match the
measured water lesels periods of high stage.

The stage of Shell Lake Las been measured inter-
mittently for the past 51 years. These measurements
were compared to madel-calculated lake stages to cali-
brate the water-budget model. The calibrated model was
then used in predictive simulations to indicate thal
reducing runaff by 5 percent would have had Litde effect
on reducing {ake stages during the 1990° high stage
period. Withdrawing fake water appears to be an etfee-
tive way of reducing lake stage. To lower lake stage by
about | foot tor conditions similar to the 1990°s5 high
witer period would reguire several years of pumping
for at leust 200 days per yeur at a rate of 1,000 1o 2.000
epm. Reductions i lake stage that would result from
withdrawing water at high stage would have the not
necessartly desired effect of depressing lake levels dur-
g subseguent low-stage periods.
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Appendix - Fortran program code used to simulate changes in stage of Shell Lake caused by

variations in hydrologic-budget components.
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