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Effects of Recharge, Upper Floridan Aquifer Heads, and
Time Scale on Simulated Ground-Water Exchange with
Lake Starr, a Seepage Lake in Central Florida

By Amy Swancar and Terrie M. Lee

ABSTRACT

Lake Starr and other lakes in the mantledeakage reduces the imglieffect of ground-water
karst terrain of Florida'€entral Lake District are withdrawals from the Pper Floridan aquifer on
surrounded by a conductive surficial aquiferthe lake.
system that receives highvariable recharge from
rainfall. In addition, downward leakage from theseacco
lakes varies as headstive underlying Upper Flori-

Calibrating the weekly simulation required
unting for transientesponses in the water

d iter ch 4 with table near the lake that generated the greater range
an aquifer change seastipand with pumpage. of net ground-water flow Vaes seen in the weekly

A sat(;”ated ftlhree-dl(;nclaﬂnsmnal (;'n'te'.d'ﬁ?rencﬁ\Nater budget. Calibrating to the weekly lake water
ground-water flow model was use to Simu ate t Budget also required increasing the value of annual
effects of recharge, Upper Floridan aquifer heads, opaige in the nearsteoregion well above the
and model time scale on ground-water exchanggitia| estimate of 35 peent of the rainfall, and

with Lake Starr. The lake was simulated as af, . - . :
creasing the hydraulioaductivity of the deposits
active part of the wdel using high hydraulic around a%d ben{eath the lake. v P

conductivity cells. Simkated ground-water flow

was compared to net ground-water flow estimated ~ T0 simulate the total ground-water inflow to

2-year period August 1996-July 1998. account for the_ potenti_al_ effects of rapid and effi-
_ _ cient recharge in the sugial aquifer system clos-

Calibrating saturated ground-water flowest to the lake. In this part of the basin, the ability
models with monthly stes periods to a monthly to accurately estimate recharge is crucial because
lake water budget will result in underpredictingthe water table is shallowest and the response time
gross inflow to, and le@ge from, ridge lakes in between rainfall and recharigeshortest. Use of the
Florida. Underprediction of ground-water inflow one-dimensional LEACHM model to simulate the
occurs because rechaigfeesses and ground-watereffects of the unsaturatembne on the timing and
flow responses during rainperiods are averaged magnitude of recharge ithe nearshore improved
over too long a time peril using monthly stress the simulation of peak/alues of ground-water
periods. When inflow isunderestimated during inflow to Lake Starr. Rests of weekly simulations
calibration, leakage alss underestimated becausesuggest that weekly reatge can approach the
inflow and leakage are correlated if lake stage ig1ajority of weekly rainfd on the nearshore part
maintained over the long term. Underpredicte®f the lake basin. However, even though a weekly

Abstract 1



simulation with higher recharge in the nearshore The linear regressiobetween simulated lake
was able to reproduce ghextremes of ground- leakage and average hedifference between the
water exchange with the lake more accurately, lbke and an index welprovides a method for
was not consistently better at predicting net estimating leakage froniake Starr beyond the
ground-water flow withinthe water budget error modeled time period. Leage estimates from the
than a simulation with lower recharge. The morgelation with head diffence could be used along
subtle effects of rainfaand recharge on ground- with a lake water budgeo estimate ground-water
water inflow to the lake were more difficult 10 jnfiow over any period that water budget and average

simulate. The use of variably saturated flow modelneaq measurements in the index well are available.
ing, with time scales that are shorter than weekly

and finer spatial discretation, is probably neces- |\NTRODUCTION

sary to understand thegeocesses. The basin-wide _

model of Lake Starr hadifficulty simulating the ~~ Ground-water inflow and lake leakage can be
full spectrum of ground-water inflows observed inimportant components of lake water budgets (Stauffer,
the water budget because inufficient informa- 1985, Crowe, 1989; Grubp$995; LaBaugh and others,
tion about recharge to ground water, and because B195; Sacks and others, 1998). Lake basins in the karst

practical limits on spatiand temporal discretiza- terrain of central Florida are subject to highly variable
tion in a model at this scale rainfall, both annually and asonally, that affects the

interaction between lakes and ground water. Ground-

In contrast, the saturated flow model\yater withdrawals from the deeper Upper Floridan aqui-
appeared to successfully simulate the effects gfr system, which also are time-variable, affect ground-
heads in the Upper Floridan aquifer on water levekgater interactions with marof these lakes. Understand-
and ground-water exchangeth the lake at both ing the effects of changinginfall patterns and ground-
weekly and monthly stress periods. Most of th&vater withdrawals on lake water budgets is a fundamen-
variability in lake leakag can be explained by the tal requirement for water managers who must safeguard
average vertical head difference between the lakake water levels and skits on ground-water with-
and a representative UppeEloridan aquifer well. drawals from the underlying aquifers (Barcelo and
Simulated lake leakage was correlatéd=(10.86) others, 1990; Southwestlorida Water Management
to the average head diftarce between the lake andDistrict, 1994).

a representative Upper Floridan aquifer well, Combining ground-water flow modeling of lake
suggesting that leakageaw largely a linear func- basins with detailed lake water budgets is a balanced
tion of this head difference. approach to understanding the effects of hydrogeologic

The best estimate of weekly or monthlysetting’ climate and groundater pumping on ground-

ground-water inflow can herived using the water Water exchange (Lee, 1996; Lee and Swancar, 1997;
budget and simulated lakeakage. Ground-water GOl and Harvey, 2000; Swancar and others, 2000;
inflow is calculated as a new residual to the wateY€"ith 2001). However, differences in the magnitude
budget for Lake Starr aftesubstituting the simu- Of ground-water exchangestimated by modeling and
water budgets reveal ground-water flow processes

lated values of lake leakage into the eql'I‘fitlonlhadequately accounted for bye models. To date, the

Using this combined approach to calculate th%.s. Geological Survey (USGS) has used this

ground-water inflow to Lake Starr gave gross. .ii.oqa o . :
; ) pproach to invegate five lakes in mantled
inflow estimates of 15,689,000 and 20,778,00 arst settings in Florida (@bbs, 1995\ ee, 1996, Lee

cubic feet for .the first and sepond years of thg,q Swancar, 1997; Merri2001). At the two seepage
study, respectively (33 @n42 inches per year, |5k hasins modeled in eatest detail, three-dimen-

respectively). Ground-water inflow was aboutsional transient saturateground-water flow models

42 percent of the total inflow to the lake for theyere used to simulate ground-water fluxes to and from
2-year time period. Lake leakage was estimateghe |akes. These fluxes were then compared with
to be 14,389,000 and 12,115,000 cubic feet pefetailed monthly lake water budgets. The models
year for the first andsecond years, respectively underestimated ground-water inflow to the lakes for
(29 and 24 inches per year, respectively), and wasonths with large rainfallotals when compared with

31 percent of the total outflow during the 2 years.the lake water budget (Grubbs, 1995; Lee, 1996).

2 Effects of Recharge, Upper Floridan Aquifer Heads, and Time Scale on Simulated Ground-Water Exchange with Lake Starr, a
Seepage Lake in Central Florida



During the driest periods, the models underestimateground-water inflow and the gross lake leakage for any
lake leakage. These models probably underestimatgiven time period is the net ground-water flow. The
ground-water inflow in part because they failed toagreement between the two estimates of net ground-
simulate the ground-water inflow generated by shortwater flow indicated whether or not the representation
lived water-table mounds near the lakeshore. Rapidf boundary conditions improved the simulation.
water table mounding hasdryesimulated using a more The model described in this report is based on
detailed variably saturated ground-water flow model of study of Lake Starr by Swancar and others (2000).
a small portion of the lakbasin, and daily boundary The basin hydrogeology, weekly and monthly lake
conditions (Lee, 2000). However, this process has n@fater budgets, and the ocrence of transient water-
been evident in saturated flow models calibrated t@able mounds near the edge of the lake are described in
monthly lake water budgets. that report. This report asell as the initial report by
The weekly water budget of Lake Starr providesSwancar and others (2000) are extensions of a study by
evidence that short-livesvater-table mounding affects Sacks and others (1998), who used lake water budget
ground-water inflow to the lake (Swancar and othersand chemical and isotopic mass balance approaches to
2000). Water-table mounding was documented withirestimate ground-water exchange at Lake Starr and nine
150 feet (ft) of the water’s edge of Lake Starr duringother central Florida lakes. All of these studies were
weeks with large ground-water inflows. The waterfunded cooperatively by the USGS and the Southwest
budget of Lake Starr also suggests that ground-watéflorida Water Management District.
pumping increased the lake leakage by lowering the
potentiometric surface ahe Upper Floridan aquifer
for periods as short as weekly. If processes that occfCknowledgments
within a week significantly affect lake water budgets,
then calibrating flow modelt weekly fluxes should
clarify relevant processes for lakes in mantled kar
terrain of central Florid. Improving our ability to
simulate short-term ground-water exchanges with Flo
ida lakes also should improve our estimates of annu
ground-water exchanges.

The assistance of the property owners around
Sll,ake Starr in the monitoringfforts associated with this
study was greatly appreciatékchanks to Keith Halford

Ij_or constructing a parametestimation ground-water
QPW model on a hypothetical lake/ground-water
system, and for helpful digssions. Thanks to Dick
Yager for encouragement and assistance in using the
one-dimensional unsaturdtdlow model to estimate

Purpose and Scope recharge.

The purpose of this study is to (1) quantify
ground-water inflow and ke leakage using a three- BACKGROUND
dimensional, saturated ground-water flow model of the
Lake Starr basin, and (2) to investigate how represent- | ake Starr is representative of the many lakes in
ing the time-varying boundargonditions (recharge to Florida’s Central Lake District, an upland area of well-
the surficial aquifer system and the potentiometri¢irained sand ridges (Brooks, 1981). It is a 135-acre
surface of the Upper Floridaaquifer) affect simulated |ake (at a stage of 105 ft above NGVD of 1929) in a
ground-water fluxes. Groundater inflow to the lake topographic basin with no natural surface drainage
and lake water leaking intbe surficial aquifer system (fig. 1). Land and water-use in the Lake Starr basin also
(hereafter referred to askia leakage) were simulated are representative of the region. Homes on relatively
over a 2-year period from August 1996 through Julyarge (1- to 4-acre) lots surround the laRemmercial
1998. The two boundary nditions were represented citrus groves are located in higher parts of the basin. A
spatially to different level®f detail, and were repre- few lakefront residents pump water directly from the
sented in transient simulatis using both monthly and |ake for irrigation of landscaping or citrus trees, but this
weekly averaged data. component of the lake water budget is estimated to be

Simulated values of net ground-water flow wererelatively small (less thaB inches per year (in/yr),
compared with the more accurate net ground-wategwancar and others, 2000). Soils in the basin are
flow calculated from a rigorously derived lake watermostly excessively drained fine-to-medium silica sands
budget. The difference between the gross or totalf the Candler series (Soil Conservation Service, 1990).

Background 3
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Near the shoreline, theoils (Myakka series) are Lake Starr is a flow-through lake with respect to
typically more organic and poorly drained because ofhe surficial aquifer systenGround water flows into
shallow depths to the water table. Topography ishe lake on the northwest side, whereas water flows out
controlled by sinkhole formn in this mantled karst of the lake into the surficial aquifer system on the
terrain. Up to 200 ft of gticial sands and clays overlie southeast side of the lake(fi3A). In some lakes, the
a thick carbonate sequence that begins at about NG\ poportion of the lake's perimeter that receives lateral
of 1929. The numerous lakes and sinkholes in thground-water inflow from its basin varies seasonally
region result from collapse aubsidence of overlying (Sacks and others, 1998; Metz and Sacks, 2002). At
sediments into voids formed by dissolution of theLake Starr, however, the lakeshore areas experiencing
underlying limestone (Sinclair and others, 1985ground-water inflow and outflow did not vary substan-
Tihansky, 1999). tially during 3 years of data collection, except during
periods during and immediately after large rain events.
Contrary to the topography, ground water flows toward
Hydrogeologic Setting the highest hillside in the basin on the southeast side of
the lake, which is also the direction of several conspic-
The two aquifers of interest in the study of theuous sinkholes (figs. 1 and 2).

lake are the surficial aQUifer SyStem and the Underlying Short-lived water-table mounding was observed
Upper Floridan aquifer (fig. 2). The surficial aquiferin continuously moitored wells near the inflow and
system (Southeastern Geological Society, 198&jutflow sides of Lake Starr following rainstorms
surrounds the lake andésmprised of unconsolidated (Swancar and others, 2000). Mounds on the outflow
sand and clay sediments. ellwater table in the surfi- side of the lake briefly reversed the flow direction,
cial aquifer system is close to land surface near th@mporarily reducing latal leakage and generating
lakeshore but is over 120 ft below land surface benea@iound-water inflow. For exampie' during a particu-
the highest parts of the basin. A thin and discontinuougrly wet week (July 27-August 2, 1997), ground-water
layer of clay, called the farmediate confining unit, inflow to the lake from &nsient mounding could have
underlies the surficial aquifesystem and the lake. This generated one-half the volume of positive net ground_
unit separates the surficial aquifer system from thqater flow calculated from the lake water budget for
confined carbonate Upper Floridan aquifer, and rangagat week (Swancar and othe2000). Flow reversals

in thickness from 20 to 4f. Although breaches in the typically lasted less thanday. The duration and size of
intermediate confining undccur throughout the basin, transjent water-table mounds are related to the volume

they are most common ae southeast side of the of rain, depth to water, topography, and soil properties
lake. Breaches in the inteediate confining unit are and their degree of saturation.

formed k?y_smkhqles that allow clayg of the |niermed|- The potentiometric surface of the Upper Floridan
ate confining unit and sandy surficial deposits to be

e » - . aquifer (a surface analogousthe water table, but for a
transported downward along columns or “pipes” into_ " " .
solution cavities in the underlying limestone aquifer.Conflneol aquifer) slopes downward from northwest to
Two breaches exist under the deeper parts of the Iaégutheast across the Iaike _basm_, T“a"'”g th? ground-
(Swancar and others, 2000). Watc_ar_ flow dl_rect|on in thls_aqfer similar to _that in the
surficial aquifer system (fig. 3b). Heads in the Upper
The Central Lake District is a recharge area foFloridan aquifer rose andeclined more steeply than
the Upper Floridan aquifer, and water in the Lake Statieads in the surficial aquifsystem, and were strongly
basin flows downward from énhlake and the surficial affected by local and regnal irrigation pumping for
aquifer system to the undgirhg Upper Floridan aqui- citrus cultivation (fig. 4). The potentiometric surface of
fer (Swancar and others, 2000). Recharge to the Uppttfe Upper Floridan aquifer was highest in March 1998,
Floridan aquifer is enhanced by breaches in the intefellowing an unusually wet winter. On the west and
mediate confining unit. The top of the Upper Floridannorthwest sides of the lake basin, heads in the Upper
aquifer is about 30 ft above NGVD of 1929 on the wesFloridan aquifer were very close to or higher than lake
side of the basin and slopes downward to about 20 §tage from December 1997 through March 1998. As a
below NGVD of 1929 on the east side. Superimposetesult, the potential was low for downward flow of
on this sloping limestone surface are depressions duew@ter on the northwest side of the basin during this

irregular dissolution and collapse. period. On the southeast side of the lake, heads in the
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Figure 4. Hydrographs of selected Upper Floridan aquifer wells and Lake Starr stage
(well locations shown on figure 1).

Upper Floridan aquifer were always at least 5 ft lowepn the southeast side of the lake, and particularly near
than the lake stage. Thetpotiometric surface of the the Hart FLRD well (figs. 1 and 2), indicate breaches in
Upper Floridan aquifer wakwest in the spring and the intermediate confining unit that reduce confine-
early summer months (April, May, and June) of 1997ment (Swancar and others, 2000).

and 1998, when it was from 3 to 10 ft lower than the On the south side of the lake, a nest of wells was

lake stage from the west to the east side of the basigyjeq in an area where collapse of overlying units into
respectively. the Upper Floridan aquifer had occurred. This nest of
Heads in the Upper Flidan aquifer responded wells provided a uniqueopportunity to study the

differently to ground-water pumpage in different partshydrologic character of a calpse feature. The deepest
of the basin (fig. 4). Heads measured in wells on theell at the 2PNS site (2PNS-156 for 156 ft below land
northwest side of the lake showed steep rises and dropgrface), found sand at a depth of 46 ft below NGVD of
in response to pumping, wieas heads measured in1929, or tens of feet below the top of the Upper Flori-
wells on the southeast side of the basin showed a madean aquifer in other areas of the basin (fig. 2). Sand
moderated response. Measured heads in the Uppestead of the limestone of the Upper Floridan aquifer
Floridan aquifer well 1PNS-125 on the northwest sidat this altitude indicatedollapse. The downward head
of the basin ranged from 97.13 to 106.50 ft abovelifference between the lake and this well was statisti-
NGVD of 1929, whereas heads in the Hart FLRD welkally correlated to the head a nearby Upper Floridan
on the southeast side ranged from 93.58 to 99.22 #&guifer well (Hart FLRD well, see figs. 1 and 2)
above NGVD of 1929. The difference in response igr?(coefficient of determination) = 0.80, standard error
partly due to the differences in the degree of confine= 0.073 ft), indicating a connection between the sink-
ment of the Upper Floridan aquifer between the northhole and the aquifer. Theownward head difference
west and southeast sidestbé basin. Many sinkholes increased by about 0.1 ft for every 1 ft decrease in the

8 Effects of Recharge, Upper Floridan Aquifer Heads, and Time Scale on Simulated Ground-Water Exchange with Lake Starr, a
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Upper Floridan aquifer head. Heads in well 2PNS-15@vaporation, Gis ground-water inflow, Gis ground-
were consistently about 6 fftigher than heads in the water outflow or lake leakage, Q is irrigation with-
Hart FLRD well, which is abut 300 ft to the south of drawal directly from the lake, and other terms are errors
the 2PNS well nest. This substantial head differencassociated with each component. All of the terms are
indicates that even thoughconnection exists between expressed in units of volume or as depths over the aver-
the sinkhole and the aquifer, some degree of confin&ge lake surface area for the given period. Irrigation
ment is still in place between these two points. directly from the lake (Q) ia small loss term in the lake

Nearly all water for residential and agricultural water budget for Lake Starr that can be of minor impor-
use in the basin comes from wells drilled into thetance in its seasonal or amhwater budgets. This term
Upper Floridan aquifer. Imgiation of citrus groves is is not relevant for some lakes.

the largest water use. In the 6 square miles’)(mi The net ground-water flow term is positive for
surrounding Lake Starr, 14 large-capacity, deep wellgeriods when ground-water inflow exceeds outflow,
were permitted to pump ground water from the Uppegnd negative when outflow exceeds inflow. Positive
Floridan aquifer at average rates from 100,000 tQalues of net ground-water flow are sometimes referred
284,600 gallons per day (gal/d) per well (J. Whalenyo as net ground-waténflow, and negative values as
Southwest Florida Water Management District, writtemet ground-wateoutflow. In this study, the net ground-
commun., 1999). Thirty-six permits for ground-wateryater flow term derived from the water budget was
withdrawals averaging less than 100,000 gal/d alsgsed to track changes iretigross ground-water fluxes
existed in this area in 1999. Pumping causes heag the lake. For example, if net ground-water flow was
declines of up to 15 ft ithe Upper Floridan aquifer in negative in one week, and large and positive in the
the lake basin for short periods, and the region has begfliowing week, the implication was that the lake
designated a Water-Use Caution Area by the Southwegiceived a large amount of ground-water inflow during
Florida Water Management District because Othe second week. Lake leakage also may have been
concerns about the effects of ground water-use on bofduced, but generally thishange is due to a large
surface- and ground-water levels (Yobbi, 1996). increase in ground-water inflow associated with a
recharge event.

As shown in equation 1, the Net GW term
Ground-water exchanges with Lake Starrincludes the errors in the other water budget compo-
computed using the lake water budget provide the basients. For some time periods, this error can approach
for evaluating the accuracy of simulated ground-watethe size of the net ground-water term, making the inter-
flow to and from the lake. When a water budgefretation difficult. In general, errors expressed as a
approach is applied in ddtathe errors in estimating percentage increase for shorter time periods and
net ground-water flow to the lake can be substantiallgecrease for longer periods. Errors in monthly water
less than those inhererih modeling approaches budget terms were assumed®5 percent for rainfall,
(Lee and Swancar, 1997). A detailed water budget wakb percent for evaporation, 5 percent for change in
computed for Lake Starr for a 2-year period (July 20stage, and 100 percentrfdirect pumping from the
1996-August 1, 1998). Resulise presented in Swancar lake. For weekly water budgets, rainfall error was
and others (2000), and a brief summary of the watetssumed to be 10 percent, and for annual water
budget approach is presented below. budgets, evaporation error was assumed to be 10
For a seepage lake with no surface-water inflowgercent (Swancar and othe2000). The overall error
or outflows, net ground-water flow (the differenceis the square root of the sum of the individual errors
between ground-water inflow and outflow) can besquared (Winter, 1981):
calculated as a residual to the lake water budget using & ow= (€092 + (8)2 + ()2 + (eQ)2]1/2 2)

the equation:
Net GW = G- G, = Runoff to the lake waassumed to be negligible
AS-P+E+Qztgtete te, (1) in the water budget. During a few intense storms,
hourly increases in stagwere sometimes slightly
where Net GW is the net ground-water flow to the lakgyreater than the measuredinfall, which could be
during a given time period)S is the change in lake interpreted as either runoéfr transient ground-water
volume for that time period, P is precipitation, E isinflow. These discrepancies also could be due to errors

Water Budget Approach
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in the rainfall and stage rasurements. The assumption The annual net ground-water flow was positive
that runoff is negligibleis reasonable because basinin both years of the study.@inches the first year and
soils are excessively drained and most of the basin &/.5 inches the second ygaindicating that ground-
unpaved. Even if runoff does occur rarely, it is unlikelywater inflow was greater than lake leakage. Positive
that the volume of runoffom the basin exceeds the 10 nNet ground-water flow occurred mainly in months with

percent error assumed for the measurement of rain faositive net precipitation (nafall minus evaporation),
ing directly on the lake. but also occurred in drienonths that followed periods

of high rainfall (fig. 5). For example, despite low rain-

Monthly water budget terms for Lake Starr forfa|| in April and May 1998, net ground-water flow

the 2-year period August 1996 through July 1998 argontinued to be positive iresponse to above average
shown in figure 5. Annual rainfall for the 2 years ofrainfall from November 1997 through March 1998.
the study (August 1996-July 1997 and August 1997Negative net ground-water flow typically occurred in
July 1998) was 50.68 and 54.04 inches, respectivelglrier months when net precipitation was negative.

Rainfall during both years was within 2.1 inches of théVet ground-water flow differed substantially between
71-year annual average 189 inches), and was the 2 years. The difference of 13.6 inches was due to

oth an increase in the amount of ground-water inflow
nd a decrease in lake leakage in the second year.
round-water inflow was higher during the second

greater than the 30-year average (48.21 inche
Annual evaporation was 57.08 and 55.88 inches fo
the 2 years, respectiveBirect pumping from the lake ear because half of the ré&aH occurred in the winter
was the smallest component of the water budgelynen evapotranspiration losserere smaller, resulting
accounting for losses of 2and 2.9 inches from the i greater recharge to the ground-water basin. Lake
lake for the 2 years, respectively. Overall, the lake logeakage was probably reducddring the second year
water the first year (-4.9 inches) and gained water thieecause the head in the Upper Floridan aquifer was
second year (+12.7 inches). higher (Swancar and others, 2000).
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Figure 5. Monthly water-budget terms for Lake Starr, August 1996 through July 1998.
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The water budget indicated that ground-watesides, respectively) were used to test boundary condi-
exchange with Lake Starr waesponsive to the short- tions, and were inactive most simulations. In addition,
term fluctuations in UppeFloridan aquifer heads. the northeast corner ofhe model (approximately
Weekly and monthly net ground-water flow was corre-192,000 ) also was inactive in most simulations (fig. 6).
lated to the head in the Per Floridan aquifer. Swan- The steady-state model consisted of 22 layers that
car and others (2000) found that changes in weeklyaried in thickness from 1 to 91 ft (fig. 7). On
average head in the Uppdloridan aquifer could the southeast side of tHeke, the bottom of model
account for 59 percent of the variability of weekly netlayer 1 was lowered so that the simulated water table
ground-water flow to Lake Starr. Sacks and otherstayed within layer 1 during transient simulations.
(1998) also inferred the patial for increased leakage The steady-state model contained more layers than the
from some lakes in respontechanges in Upper Flori- transient model. To reduce the running time, the
dan aquifer heads on a weekly or shorter time scalaumber of layers was reduced to 16 for transient simu-
The daily drop in lake stage at several lakes in thiations. For transient sinations, layers 12-14 and
Central Lakes District (for days without rainfall) was 15-17, which represented ethdeep surficial aquifer
found to be greatest for days with air temperaturesystem and the intermetiaconfining unit, respec-
below freezing. These were the same days when heatiyely, were combined intdwo layers. Layers 18-20,
ground-water pumpage, and steep declines in Uppe&rhich represented the shalldJpper Floridan aquifer,
Floridan aquifer heads, were most likely to occur as also were combined into edayer. Porosity of hydro-
result of irrigating the local citrus crop for freezegeologic units throughouhe model was 0.3, specific
protection. storage was 5 x 19 and specific yield of the surficial

The water budget analysis also indicated thaaquifer system was 0.2 per ft.
ground-water inflow to Lake Starr was highly variable
from week to week. Monthwith large, positive net Hydrogeologic Units in the Model
ground-water flow typically resulted from only 1 or 2
weeks with large amounts of net ground-water inflow. The representation of hydrogeologic units in the
Weeks with large net ground-water inflows typicallymodel was based on geologic and geophysical logs of
had one or two large daily rainfall events and showetells in the basin, and sublake geology interpreted
transient water-table mounding and flow-reversals nedfom a seismic reflection survey of the lake (Swancar
the shoreline. Becausdaily rainfall and recharge and others, 2000). Initial estimates of hydraulic proper-
processes had an important effect on ground-watdies of different hydrogeologic units were from field
inflow, the weekly and monthly net ground-watermeasurements or other references (Lee, 1996; Yobbi,
flows were not well corfated to the weekly or 1996; Lee and Swancar, 1997). Values of hydraulic
monthly total rainfall or net precipitation (Swancar andparameters were adjustedhin realistic ranges during
others, 2000). model calibration to improvine simulation of heads in

the basin and ground-watexchanges with the lake.

DESCRIPTION OF THE GROUND-WATER Calibrated values for paramees used in the steady-
MODEL state simulation are listed in table 1.

A three-dimensional fite-difference numerical
ground-water flow model of the Lake Starr basin wa
constructed using the USGS model code MODFLOW The uppermost 14 layers of the steady-state
(McDonald and Harbaugh, 1988). The model simumodel (12 for transient) represented the surficial aqui-
lated ground-water flow in the surficial aquifer systemfer system. The horizontalydraulic conductivity (k)
and the intermediate coning unit within a 3-mi area  values for the surficial aquifer system were estimated
surrounding Lake Starr (fig. 1). The model also simufrom slug tests made in wells in the basin and ranged
lated Upper Floridan aquifer heads in cells where thffom 1 to 60 ft per day (ft)d Slug tests indicated that
head was not specified. The model consisted of 98eeper wells had lower K(1-10 ft/d) compared to
rows and 105 columns of cells that were 100 by 100 8hallow wells (20-60 ft/d). Hydraulic conductivity (K)
(fig. 6). The active part of the model was 78 rows by 79f the surficial aquifer system was assumed to decrease
columns. The outer 10 rows (on the north and soutith depth below land surface. Modeled, Kalues
sides) and 10 and 16 columns (on the west and easgére reduced throughout tharficial aquifer system in

SSurfic:ial Aquifer System

Description of the Ground-Water Model 11
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Table 1. Calibrated values of hydraulic parameters used in
the steady-state model

[Ky,, horizontal hydraulic conductivity; K, vertical hydraulic conductivity]

Parameter Value
Recharge (inches per year)
Basin recharge 18
Lake recharge -4
Hydraulic Conductivities (feet per day) Kh Ky
Lake 50,000 50,000
Lower basin surficiahquifer system 30 15
Upper basin surficiaghquifer systerr 15 0.75
Deep surficial aquifer system 2 0.1
Upper Floridan aquifer 125 50
Intermediate confining unit 0.25 0.0125
Thicker confining unit 0.25 0.0075
Breaches in confining unit 2 0.2
2PNS "wall"! 0.02 0.001
Lake sediments 0.3 0.015
Anisotropy (ratio of horizontal to
vertical K)
Breaches 10:1
Lake 11
Upper Floridan aquifer 5:2
Rest of model 20:1

1The 2PNS “wall” simulates confing conditions on the sides of a
collapse feature.

values are specified in table 1. Where the intermediate
confining unit was represented in the model, was
0.25 ft/d and K was 0.0125 ft/d; where breaches were
represented, Kwas 2 ft/d and Kwas 0.2 ft/d (fig. 8).

In areas of the basin where the intermediate confining
unit was thicker than 20 ft (primarily the east side of
the basin, see fig. 8), a lowe(, K0.0075 ft/d) was spec-
ified for the cells in this hger. Hydraulic properties for
the intermediateonfining unit andhe Upper Floridan
aquifer used in the model waesimilar to those used in
other flow models of these units (Lee, 1996; Yobbi,
1996; Lee and Swancar997). The altitude of the
bottom of the intermediateonfining unit conformed to
the top of the Upper Floridan aquifer.

Upper Floridan Aquifer

Layers 18 through 22 represented the Upper
Floridan aquifer throughout most of the steady-state
model (layers 18-20 for transient). Because the Upper
Floridan aquifer was treated as a specified-head bound-
ary, it could have been modeled as a single layer except
for the need to simulatel@each that extended down-
ward into the aquifer in a small area near the lake on
the south side, surrounding the 2PNS well nest (fig. 1).
The specified-head boundary acted as a discharge zone
(sink) for the model because all of the water that enters
the basin as recharge was either lost to lake evaporation
or flow to the Upper Floridan aquifer. Thg, kind K,

the upper basin because of increased depth to water values of the Upper Floridan aquifer were 125 and
and in the deepest surficial aquifer system (layers 12-14p ft/d, respectively (table 1 and fig. 7).

to reflect this relation (fig. 7). Anisotropy (the ratio

of horizontal to verticalhydraulic conductivity) was

specified as 20:1 for mosif the model. However,
anisotropy was decreased to 10:1 in model cells repre-

Breaches in the Intermediate Confining Unit

Breaches in the intermiade confining unit were

increased vertical hydraulic conductivity fjKcaused
by disruption of sediment layering.

Intermediate Confining Unit

indicated by well logs or seismic data (fig. 8). Sinkholes
were also assumed to unliecclosed topographic lows

in the land surface, including other lakes within the
modeled area. Breaches iretmtermediate confining
unit were represented by areas that had hydraulic prop-

Layers 15-17 in the steady-state model (layer 18rties similar to the overlyingurficial aquifer system.

in transient models) repsented the intermediate The thickness of the unit,dhsize of the breaches, and
confining unit where this unit was present in thethe hydraulic properties of the confining unit and
subsurface, and breacheglwe intermediate confining breaches control ground-waftow across these layers.
unit where confinement was locally absent. Reducind is possible that a number of slightly different repre-
the intermediate confining urfrom three layers to one sentations of sinkholes in the model could produce the
for transient simulations did not affect the head differsame leakage rate across the confining unit to the
ence across the unit. Whether one or three layers weldpper Floridan aquifer. For example, making sinkholes
simulated, this unit had a uniform thickness of 20 fieither larger or leakier can increase leakage across the
inthe model; for steadyae simulations, the K layer(s) that represent the intermediate confining unit.

14 Effects of Recharge, Upper Floridan Aquifer Heads, and Time Scale on Simulated Ground-Water Exchange with Lake Starr, a
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A collapse feature (sinkhole) that encompasseapplications, especially if the surface area changed
well nest 2PNS was represented in the model by mapidly as stage changed. These effects could be mini-
vertical shaft into the Uppéd-loridan aquifer that was mized by using methods described in Cheng and
infilled with surficial aquife system materials (fig. 9). Anderson (1993) or Merritt and Konikow (2000).

To simulate the observed head difference between

2PNS-156 and the Hart RD well, low-conductivity .

cells that retarded flovinto the surrounding Upper Boundary Conditions for Steady-State
Floridan aquifer cells were placed around this colum®imulations

of sandy material (2PNS “wall,” fig. 9). »
y ( 9-9) Three boundary conditionsere used to charac-

. terize the ground-water flow system in the Lake Starr
Method Used to Simulate Lake Starr basin: (1) a lateral no-flow boundary, (2) an upper
Lake Starr was represented as an area of actigpecified-flow (recharge) boundary, and (3) a lower
cells in model layers 1 to 8 (fig. 6 and 7). In steadyspecified-head (Upper Floridan aquifer) boundary.
state simulations, lake cells had a uniform K value of
50,000 ft/d, whereas in traient simulations the value | gteral Boundaries
was 10,000 ft/d. Values highthan these caused prob-
lems with numeric convergee. For the lake cells, a Lateral model boundaries were specified as no-
storage coefficient of 0.999 was specified because tH®w boundaries in all stely-state and transient simu-
model preprocessor (Visual MODFLOW; Guiguer andations. The northern, southern, and eastern boundaries
Franz, 1997) would not allow a storage coefficient of 10f the model coincided withateral ground-water flow
The large K of lake cells seilted in a low head gradient paths, where ground water flowed along the boundary
across the lake. The simulated head gradient across tigéher than across it. laddition, the predominance of
lake surface was typically$s than or equal to 0.05 ft vertical ground-water flow in the Lake Starr basin
in a 1,000 ft distance, or 5x%0 meant that lateral boundaries could be treated as no-
In transient simulations, the lake stage andlow boundaries if they we sufficiently far from the
volume fluctuated in the top model layer (layer 1) inlake so that horizontal ground-water flow components
response to changes in metharge to the lake and to at the boundary were minimal. The western model
flows to and from other pts of the model (ground- boundary was not along a horizontal flow path based
water exchanges). The lakeolume in underlying oOn water-table configuration, but was in an area where
model layers was constaiitage-volume-area relations flow was predominantly vertical. Despite deviating
for the lake are given in Swancar and others (2000from the ideal conditions fa no-flow boundary on the
Athin layer of lake sediments was simulated beneatwest side of the modelllaf the lateral model bound-
the deeper parts of the lake in layer 9 of the modefries were sufficiently faenough away from the lake
Sediments at Lake Starr are relatively thin (maximun$o that the effect of the boundary condition on ground-
thickness 5 ft), and cover lynabout a quarter of the water flow to and from the lake was minimal. Extend-
lake bottom (Swancar and others, 2000). ing the boundaries farther out on all sides by 1,000 ft
The lake area in the top layer was fixed afor both steady-stateand transient simulations
5,900,000 square ft gt an area that corresponds to anincreased net ground-water flow to the lake by less
altitude of 105.00 ft ab@/NGVD of 1929. The error than 5 percent. Nearly all dfie water that entered the
associated with using a fixed area for the top layer ghodel as recharge in the area beyond the original
the lake was always less thard5 ft of lake stage, or model boundary flowed downward to the Upper Flori-
0.3 percent of the average lake volume during the studian aquifer rather than to the lake.
period. This calculation is based on the difference Previous studies of lake basins have simulated
between the simulated volume at the stage farthektteral boundaries using egified heads to represent
from 105.00 ft that occurregliring the study (106.56 ft), nearby lakes (Lee, 1996; Merritt, 2001). Representing
and the measured volume at that altitude. Because tlekes that surround the Lake Starr topographic basin
stage never changed this much within a model stre¢Pinner, Suzanne, and Mabel, see fig. 1) with speci-
period, the error in individual time periods would fied-head boundaries in steady-state simulations did
always be less. The error associated with using ot affect the shape of the simulated water table or
constant surface area could be unacceptable in sorgeound-water exchange with the lake. The model

16 Effects of Recharge, Upper Floridan Aquifer Heads, and Time Scale on Simulated Ground-Water Exchange with Lake Starr, a
Seepage Lake in Central Florida
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produced water-table altitudes in these parts of thaquifer system was assumed to be 35 percent of rain-
model that were similar to the observed stages of thiall, or 18 in/yr, and recharge rates ranging fra25 to
surrounding lakes without ¢huse of specified heads. +50 percent were considered in the sensitivity analysis.

Recharge Upper Floridan Aquifer

The upper boundary of the ground-water and The lower boundary of the ground-water flow
lake flow system was defined by the water-table andystem, which representsetiupper Floridan aquifer,
lake surface. Recharge to the surf|C|_a_I aquifer systefas defined by a specified-head boundary. In steady-
and the lake was represensla specified flux to the state simulations, head wasesified in all of layer 22
upper boundary of the model. The location of the uppesng in the parts of layers 18 and 21 that represented the
boundary is partially deteimed by the flux of water ypper Floridan aquifer. The steady-state specified-
(recharge) applied to the uppermost active cellhead houndary was defined by a potentiometric surface
Rechgrge to the lake was net precipitation, _computed @®ntoured to median headssebved in 10 Upper Flori-
the difference between rdail and evaporation for a gan aquifer wells in the basin (fig. 10). Heads in these
given time period. Rainfall and evaporation weryells were measured or estimated biweekly (Coffin
measured at Lake Starr using a tipping-bucket raigng Fletcher, 1998, 1999; Swancar and others, 2000).
gage at the edge of the lake and the energy-budgehe nighest head in theesidy-state potentiometric
method, respectively (Swancar and others, 2000}y face occurred at the western boundary (106.50 ft),

For steady-state simulations, recharge to the lake wag,q the lowest head was #ie southeastern corner
-4 infyr, indicating thaton average, evaporation (g 24 ft).

exceeded precipitation ovéne lake during the study
period. The contribution of runoff from the basin to
lake recharge was assumed to be negligible. Boundary Conditions for Transient

Steady-state simulations were calibrated to averSimulations
age conditions during th&-year study, which were
assumed to be similar to long-term climatic conditions. During transient simulations, recharge and
Annual rainfall during the study (50.68 and 54.09 inche§)pper Floridan aquifer spiied heads were redefined
per year for August 1996 through July 1997 andor different blocks of time. The convention of
August 1997 through July 1998, respectively) wadvicDonald and Harbaugh (1988) and Anderson and
close to the long-term averagf 51.99 inches per year. Woessner (1992, p. 206) was followed; these blocks of

Initial estimates of the recharge rate to the surfitime are referred to as “stress periods.” Other external
cial aquifer system in the steady-state simulation werglresses on the flow sgsh, such as pumping from
based on a chloride masddizce between rainfall and Wells, were absent from ttemulations. The effects of
shallow ground water. Assuming the chloride mass iground-water pumpage were incorporated into the
conservative, the chloride concentrations in rain angnodel through the Upper Floridan aquifer boundary.
ground water (measured where land-use effects dpecause only boundary conditions changed with time,
chloride concentrations aexpected to be negligible) a stress period in this repds synonymous with the
can be used to estimateetlpercentage of rain that term “boundary stress ped” used in the MODFLOW
reaches the ground-water system. Using this methodocumentation (McDonald and Harbaugh, 1988).
recharge to the surficial ader system was estimated Transient simulations represented variations in
to range between 28 and 37 percent of average annuatharge and head in the Upper Floridan aquifer over a
rainfall (L.A. Sacks, U.S. Geological Survey, written27-month period from May 1996 through July 1998.
commun., 1998), or between 15 and 19 in/yr. In similafransient simulations were prepared using monthly and
upland settings in other parts of the State, Lee (199&)eekly stress periods to assdhe sensitivity of results
estimated recharge to be 26 percent of the annual raito- the length of the strep®riod. Transient simulations
fall during a drought year based on a calibrated modelyere begun 3 months before the study period (August
whereas Sumner (1996) found that rainfall minusl996-July 1998) to minimizthe effect of initial condi-
evapotranspiration was between 43 and 53 percent tibns on the transient resultsitial head conditions for
rainfall during a year with average rainfall. In steady-ransient simulations came froa steady-state simula-
state simulations, average recharge to the surficition that was calibrated to ground-water levels

18 Effects of Recharge, Upper Floridan Aquifer Heads, and Time Scale on Simulated Ground-Water Exchange with Lake Starr, a
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observed in early May B®. Weekly stress periods Table 2. Depth to water, land-surface altitude,

corresponded to periods over which water budgets  @nd assumed time delay for recharge to reach
the water table

already had been calculated (Swancar and others,

“ ” : [<, less than; >, greater than; altitudes relative to
_2000). These “weekly” periods were nearly all 7 days National Vertical Geodetic Datum of 1929]
in length, but ranged from 5 to 13 days because of a
few periods of missing recortthat affected the evapo- Depth to Land-surface L.
ration calculation. e CITIeE I(days) g

(feet) (feet)
Comparison of the wegkand monthly simula- 0-20 <125 0

tlo_ns reveals how stress-period Ie_ngth affects mterpre- 21-40 126-145 10
tation of the flow system. Shqrtenlng the stress p(_erlod 41-60 146-165 25
from monthly to weekly grely increases the variabil- 61-80 166-185 35
ity in recharge because, typllyamost of the rain that 81-100 186-205 45
falls within a month actuallpccurs within a few days. 101-120 206-220 55
This variability changes some of the underlying 121-140 >220 65

presumptions in the mod@&lamely, the increased vari-
ability of recharge requires that the ground-water flo
system respond more qllg to the imposed stress.
Thus, the weekly model isxpected to be fundamen-
tally different from the monthly model because it
presumes a system that responds more rapidly

stresses.

model was revised to as high as 86 percent of the
V\é-year rainfall. The three methods distributed this total
recharge differently within the 2-year timeframe.
The first method simply assumed that recharge
ver the stress period wasuedto a fixed percentage
5 percent initially) of theainfall within the stress
period. The second method accounted for evaporation
losses and intensity of rainfall by weighting larger rain
Recharge events more heavily than siter events, so that larger
events generated more recharge. Rainfall events
In transient as well asteady-state simulations, beneath a certain threshold contributed no recharge,
recharge to the water table was calculated as a functi@md when daily rainfall wagss than daily evaporation,
of rainfall. But for transient simulations, the timing of recharge was assumed to be zero. This method was
recharge was lagged behind rainfall events to refledtased on that of Lee (1996), and is referred to as the
the traveltime through the saturated zone (table 2). “threshold” method in this report.
The basin was divided into seven zones based on the Daily threshold rechargeas estimated using the
thickness of the unsaturated zone (fig. 11). The timequation:
delay in each zone was detened by computing the
time delay between peak lake stage and peak ground-
water levels at 26 water-table wells in the basin (see

fig. 6 for well locations). An average time delay wasyhereWF is the weighting factor and all units are in
computed for each well, and these delays were a|:)_pI|EfﬁlCheS per day (in/d) except for the weighting factor,
to areas of the model where the land-surface altitudghich is dimensionless. The weighting factor was

was within the same altitude range as the well (table 2yefined as follows for thehold recharge summing to
Land-surface altitude was arf accurate indicator of 35 percent of the 2-year rainfall:

the unsaturatbzone thickness because the water table

was relatively flat compared to the land surface. Daily net precipitation Weighting factor
(Inches) (unitless)

Recharge = (Total daily rainfall — monthly
average evaporation) *WF

3)

Three methods were used to compute recharge to

the surficial aquifer systerduring transient simula- <0.50 0.10
tions. To compare the results, each method was ggg:g';g 8'22
adjusted to deliver the se total amount of recharge 1.00-1.24 0.50
over the 2-year water budget period. This amount of 1.25-1.39 0.60
recharge wasnitially specified as 35 percent of the 1.40-1.99 0.70
total rainfall for the 2 years dhe study. In later tran- 2.00-2.99 0.80
sient simulations, total rectg® in some parts of the <3.00 0.95

20 Effects of Recharge, Upper Floridan Aquifer Heads, and Time Scale on Simulated Ground-Water Exchange with Lake Starr, a
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The third method for estimating recharge usedJpper Floridan Aquifer
the one-dimensional unsaturated flow model
LEACHM (Hutson and Wagenet, 1992). Daily To represent the potentiometric surface of the
recharge calculated by LEACHM is based upon dailyJpper Floridan aquifer itransient simulations, heads
rainfall, the physical character and moisture status afere specified at cells ¢ated along equipotential
the soils above the water tablnd losses attributed to contour lines in the lowest Upper Floridan aquifer
evapotranspiration. This method performed a dailyayer (layer 16) (fig. 13). Tdhead values specified for
accounting of water storemh the unsaturated zone. these cells changed at each stress period. Heads were
Using this method, a storm occurring during & Wek; ., iated in the remaining cells of layer 16 and in the
period generated more recharge than a similar StorB]arts of layers 14 and 15 that represented the Upper

during a drier period becauswailable storage in the . : o
unsaturated zone was already used up. LEACHM Calr:]Iorldan aquifer. Model cells between specified-head

simulate both water and chemical transport, but onlg€!lS Were active, and due to the highiK this layer
the water transport part of the model was used to esfit2> t/d), simulated headbetween contours were a
mate recharge. Soil moisture accounting wadnear interpolation of theontoured specified heads.
computed using the capacity or “tipping bucket’The results of simulating the Upper Floridan aquifer
approach of Addiscott (1977). Representative soildoundary condition in thisianner were virtually iden-
(fine sand, less than 3 pert silt, no clay) and shal- tical to results when heads in all of the cells in layer 16
low-rooted vegetation (grass) were used in the initialvere specified. The boundary was much simpler to
LEACHM model to achievehe 35 percent of total construct in this way give the number of transient
2-year rainfall criterion. In a later test of the ground-stress periods.
water flow model, recharge@as increased from 35 to ) ) )
86 percent of 2-year rainfall by reducing the silt The potentiometric surface of the Upper Flori-
content of the soil to 1 peent and eliminating the dan aquifer beneath Lake Starr was strongly affected
shallow-rooted vegetation in the LEACHM model. by pumping and was highly variable in time. To esti-
The one-dimensional LEACHM model mate the average head cdrmh for each stress period,
consisted of 20 vertical segments of 10 centimeter@iweekly measurements of representative wells on the
(3.94 inches) each, for a total profile thickness oftorthwest and southeast sides of the lake (1IPNS-125
2 meters (6.56 ft). ThHEEACHM model was designed and Hart FLRD, respectivelyyere first linearly corre-
for use in areas where the water table is shallowated to hourly readings at nearby wells that had
however, it was adapted for use with the deeper wateontinuous water-level recorders. Biweekly measure-
table found in the Lake Starr basin by applying thements at well 1PNS-125 on the northwest side of the
time delay. Weekly poteial evapotranspiration was Lake Starr were correlated to hourly water levels in
estimated as a function tie open-water evaporation \e|l ROMP 58, located about 2.5 miles southwest of
caICt_JIated for Lake Starr, adjusted to fit the time scalgye |ake, and biweekly heaitsthe Hart FLRD well on
required for the LEACHM model (R.M. Yager, U.S. yho southeast side of the lake were correlated to hourly
Geological Survey, written commun., 2000). Evaporawater levels in well ROMP 57A, located about

tion estimates for periodbefore Augu_st 1996. were 4.5 miles southeast of the lake (Coffin and Fletcher,

assumed to be equal to the evaporation estimates f% .

the same week in 1997 98, 1999). Then, a synthe_tlt_: hourly record was
generated for the two wellsvithin the lake topo-

. %aﬂé,geccn;rge rtz;\]tej calculated fron:j the thriﬁh- raphic basin, and an aege head corition for the
old an methods were averaged over eitheg o oq period was derived from the synthetic data. The
monthly or weekly period$or transient simulations. . :
difference between the average synthetic head over a

The recharge flux to themodel had the least variable iod and the 2 d head
distribution with time whemecharge was calculated as St'€SS Period and the 2-year average measured head at

a fixed percentage of rainfall during the stress perioach of these two wells was calculated. These devia-
The LEACHM method generated the most variabldions from the average head were used to define the
flux with time, and the threshold method generatedise and fall of each of the contour lines that deter-
aflux distribution that fell between the other twomined the lower specified-head boundary to the model
methods (fig. 12). (fig. 14).
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Figure 12. Monthly recharge rates using three recharge methods, August 1996 through July 1998.

RESULTS OF STEADY-STATE over an 18-month period (ség. 6 for well locations,
SIMULATIONS or Swancar and others (2000) fig. 5 and table 2 for
more detail on monitor wells). Simulated steady-state

Steady-state conditions in the Lake Starr basiground-water inflow to the lake also was calibrated to
were simulated to (1) describe the long-term averag@h estimate of the annual average ground-water inflow
heads and fluxes in the bas{@) to test the sensitivity to Lake Starr calculated using an isotope mass-balance
of the model to changes in input parameters, (3) t8pproach along with water budget data to derive gross
determine areas of the basin that contributed grounground-water inflow from the net ground-water term
water to the lake, and (4) &stablish initial conditions (31,000 cubic ft per day &) + 50 percent, or about
for transient simulationsTwo steady-state models 23 in/yr +11.5 inches; Sacks drothers, 1998). The
were constructed. One wacalibrated to long-term focus of the steady-statealibration was on heads,
heads and fluxes, and the other was calibrated to Mdywever, as many different steady-state simulations
1996 head conditions. €hMay 1996 steady-state produced ground-water inflow that was within the error
simulation was used to define initial head condition®f this estimate.

for transient simulations. The steady-state simulati provided a good fit

For the long-term steady-state simulation, simuto the median water-table configuration (fig. 15) and
lated heads were calibrated to median water levelmedian vertical head distribution in the aquifer beneath
measured in 26 water-ta@blvells and 13 piezometers Lake Starr. The overall root-mean-squared error (RMSE)

Results of Steady-State Simulations 23
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Figure 14. Estimated daily heads in the Upper Floridan aquifer on the north and south sides
of Lake Starr and weekly and monthly variation in specified head used in the ground-water
flow model, August 1996 through July 1998.

between simulated and madi observed water levels specified-head cells. Siastate ground-water inflow
was less than 0.5 ft (fig.6). The RMSE is the square to the lake was within the error of the inflow estimate
root of the sum of squares of differences betweeffom the isotope mass-balance approach. Net ground-
calculated and observed heads divided by the numbuaiater flow to the lake wasqual to the net precipitation

of observation wells. The RMSE is an approximatior{rainfall minus evaporation) (table 3).

of the standard deviation, which means that two-thirds

of the errors between simulated and median observe@ple 3. Steady-state fluxes in the Lake Starr model

water levels were less than 0.5 fi. The steady-stafftses o om e i nches, are et i e sufce e,
simulated lake stage was 104.17 ft above NGVD ofo applicable basin areas]

1929, 0.53 ft less than the 18-month median value cf

Flux over

104.70 ft. Simulated ground-water inflow and lake Flux Volume @ earea
leakage were calculated using the zone budget progra (cuble feet) (inches/year)
of Harbaugh (1990); these flows were then summed Q¢ ,4r4e to basin 220,400 18.0
derive net ground-water flow to the lake.
Recharge to lake -5,400 -4.0
On a steady-state basi percent of the total Ground-water inflow to lake 26,300 19.5

recharge within the model area ultimately flows to the

Upper Floridan aquifer specified-head cells (table 3). Of‘ ake leakage 20,900 155
the total recharge to thend surface of 220,400t (18 ~ Net ground-water flow to lake 5,400 4.0
inches per year), 215,006/ ultimately flows to the Flow to specified head cells 215,000 6.1
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Simulated heads and fluxes were most sensitivi is most critical to accurately define parameters such
to recharge and K values the intermediate confining as recharge that have laankings for more than one
unit (including breachespnd the surficial aquifer model result when the goa a realistic simulation of
system (table 4). Heads wdess sensitive to hydraulic the lake/ground-water systeffihe presence of organic
conductivity in the surficieaquifer system, with fluxes lake sediments in the model had little effect on simu-
to and from the lake directiselated to changes in this lated ground-water exchange with the lake. Because
value. Lower ranks of sensitivities (1-3) meant that th@rganic sediments covered a relatively small area of the
model results (RMSE in heathke stage, and ground- bottom of Lake Starr, their presence or absence in the
water inflow) changed moria response to changes in model did not appear to inhibit ground-water exchange,
the value of these paramete@ertain model results are which could still occur across most of the lake bottom.
more sensitive to some parameters than others. For  |n steady-state simulations, there is no change in
example, intermediate confining unit K has a strongaquifer storage, and conservation of mass requires that
effect on heads throughout the basin, but has less effeglt of the water that coméato the modkas recharge
on ground-water inflow to the lake, whereas the K okither flows to the Upper Floridan aquifer or is lost as
the surficial aquifer system has a strong effect omake evaporation. Most of ¢hwater that enters the Lake
ground-water inflow but a lesser effect on headsStarr model as rechargeofis to the Upper Floridan

Results of Steady-State Simulations 27



Table 4. Sensitivity of steady-state model results to changes in recharge and hydraulic conductivity parameters

[RMSE, root mean squared error of simulated heads; %, percent; ft, feet above NGVD of 1929; ft3/d, cubic feet per day; K, hydraulic
conductivity; SAS, surficial aguifer system; ICU, intermediate confining unit; 2PNS, 2PNS well nest; values with asterisks (*) are the 3 most

sensitive parameters for each result]

Change in result for given change in parameter
RMSE (ft) Lake stage (ft) Ground-water inflow (ft3/d)
Parameter [calibrated model Rank [calibrated model Rank [calibrated model Rank
result, 0.39] result, 104.17] result, 26,320]
-50% +50% -50% +50% -50% +50%

Basin recharge 2.78 2.55 *1 101.66 106.61 *1 19,730 32,920 *1
Lake recharge 0.47 0.34 7 104.01 104.34 7 27,550 25,000 5
Lower basin SAS K 0.73 0.34 5 103.64 104.45 5 21,010 29,440 *2
Upper basin SAS K 0.44 0.39 8 104.18 104.18 8.5 25,530 26,330 6
Deep SAS K 0.63 0.52 6 104.82 103.92 4 26,180 26,490 8
ICU K 1.75 1.09 *2 106.04 103.26 *2 28,750 25,510 4
Thick ICU K (east side) 0.74 0.65 4 104.61 103.91 6| 26,640 26,560 7
Breach K 0.85 0.80 *3 105.05 103.59 *3 23,360 28,280 *3
2PNS "wall" K 0.39 0.40 9 104.18 104.16 8.5 26,410 26,350 9.5
Lake sediment K 0.39 0.39 10 104.17 104.17 10 26,220 26,340 9.5

aquifer specified-head boundary. For a given rechargeonfining unit/breach celldoecause the model was

rate, the rate of flow acrosbe intermediate confining better able to represent the vertical head differences
unit largely determines heawnditions throughout the seen in the nest when more layers were present. Simu-
surficial aquifer system. Aimple parameter estimation |ated heads in the 2PNS nestre lower than observed

model of a similar hypothetical lake/ground-waterheads by about the same amount (0.29-0.56 ft) as the
system using the MODOPTIM program by Halford simulated lake level was below its observed water level
(1992) indicated that rectgr and intermediate confin- (0.53 ft). The simulated downward head difference was

ing unit K, were significantly correlated. Because ofg 52 ft compared to the observed difference of 0.75 ft.
this correlation, it is pruderto decide which of these

parameters is best knowFhen, a value for that param- Accurately representing the potentiometric
eter is set, and calibratiois used to determine the surface of the Upper Floridan aquifer was essential to
lesser-known parameter. For this model, as in Lee (199 uccessfully simulating the water-table configuration in
recharge was assumed to be known more accurately thé¢ Steady-state model. Thiepe of the potentiometric
confining unit properties, and confining unit propertiessurface across the basin has a strong effect on the
were varied in the calibrath process using a trial-and- water-table shape and imposes the same flow direction
error approach (Anderson and Woessner, 1992). in the surficial aquifer stem, causing lake water to
Simulation of water levels in the 2PNS well nestlloW out along the southeast shore despite the higher

was successful after the model was modified to refledPPO9raphy on this side ofafbasin. Variations in the
the increased hydraulic connection between the surfiftérmediate confining unit thickness and breaches in
cial aquifer system and ehbreach in which the wells this unit superimpose an additional effect on the water-
were located, and after adding a vertical “parriertable shape, lowering the water table in the southern
between the deeper parts of the breach and tHart of the basin where the confining unit is more
surrounding Upper Floridan aquifer cells. Without thedissected, and raising the water table where the confin-
barrier, water flowed from the breach to the specifieding unit is thicker. For exame) to calibrate the steady-
head cells too rapidly tenaintain the observed head state model to water levels in the area around wells
difference (about 6 ft) betwaedhe nested wells and the WTS-19 and WTS-26, located in sinkholes on the
nearest Upper Floridan aquifer well. Simulation of thesouth side of the lake (s&ég. 1), breaches in the inter-
downward vertical gradient observed at this nest wasediate confining unit were added. Otherwise, simu-
improved by using three ytars for the intermediate lated heads in these wells mgéhigher than observed.
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Ground-water flow paths were delineated usingnsufficient for that purpes When the steady-state
the particle-tracking methaaf Pollock (1994) to deter- Upper Floridan aquifer headgere lowered by 1 ft, the
mine areas of the basin that contributed ground-wateatchment area was reduced to 13 percent of the topo-
inflow to the lake (figs. 15 and 17). The area contributgraphic basin, ground-water inflow was reduced by
ing ground water to the ke, called the ground-water 15 percent, and lake stage was 0.51 ft lower compared
catchment, was west and north of the lake antb the original steady-state model.
extended about 1,200 ft from the lake on the west side. Short-term or seasonal variations in recharge and

The steady-state ground-water catchment coveradpper Floridan aquifer heads probably do not affect the
about 16 percent of the topographic basin (116 of 736ze of the contributing area as much as the long-term
acres). Rainfall recharging the surficial aquifer SySten&\/erage boundary conditie. Traveltimes a|ong
outside the ground-Water catchment flowed downwarground-water flow paths to Lake Starr range from 20
to the Upper Floridan aquifeather than to the lake. days to 25 years, but flow from farther parts of the
Most of the ground waterdiving into the lake entered catchment takes more than 10 years to reach the lake,
at shallow depths along the lake bottom and came frofghereas short-term chges in boundry conditions

the parts of the basin closés the lake. Ground-water occur over periods of hasir According to Reilly and
flow paths entered the lake d@épths up to about 15 ft pollock (1995), changes imoundary conditions begin
below the lake surface on the west side of the lake i affect contributing areas when the time scale of the
the steady-state simulation. Seventy-three percent ghange approaches the traveltime of ground-water flow
the ground water entering the lake from a row on th@aths. However, variations in the recharge and Upper
west side (row 55, see figs. 6 and 17) originated &s|oridan aquifer boundaryonditions over shorter peri-
recharge within 900 ft ahe lakeshore. The maximum ods of days to weeks can have a strong effect on the

simulated traveltime for recharge to reach the lake wagplumeof ground water that reaches the lake, which
about 25 years, and the minimum was less than 20 day#i| be discussed in the following section.

for a particle starting about 30 ft from the simulated
lake shore. Most flow pashto the lake had traveltimes g, ations, an additional edy-state simulation was

that were less than 1_CEars._Minimum traveltimes to calibrated to heads measuriedthe Lake Starr basin
reach the Upper Floridan aier were about 5 years. y,jng May 1996. The RMSE between simulated and
The computed traveltime islirectly related to the ,pqareq heads for this simulation was 0.476 ft, and
assumed porosity of 0.3; siifer porosity values would - gjn, jated lake stage was 104.49 ft, which was 0.09 ft
yield proportionally shorter traveltimes. less than observed. Simulated net ground-water inflow
Two additional long-term steady-state simula-was 17,500 fd. Steady-state calibration was achieved
tions were conducted to assess the possible effect By setting recharge equal to 20 in/yr, lake recharge to
changing heads in the Upper Floridan aquifer o in/yr, and by specifying Uger Floridan aquifer heads
ground-water catchment size. The highest observegfjual to levels similar téhose observed during that
Upper Floridan aquifer heads were about 3 ft highemonth.
than the median levels, and occurred during about
10 percent of the 2-year study period. These levels are
comparable to a predevelopgnt condition. When the RESULTS OF TRANSIENT SIMULATIONS
steady-state Upper Floridamuifer heads were raised
by 3 ft, the ground-water catchment area increased The objectives of transient simulations were to
from 16 to 20 percent of the topographic basin, groundyuantify ground-water inflow and lake leakage and to
water inflow to the lake wa20 percent greater, and the improve the understanding of the ground-water flow
lake stage was 2.7 ft higher compared to the originalystem around central Florida seepage lakes and the
steady-state model. In contrast, the lowest observefdctors affecting lake/ground-water interactions.
Upper Floridan aquifer heads were about 1 ft loweA range of recharge ratesttee surficial aquifer system
than the median levels, and occurred during abouwnd head conditioria the Upper Floridan aquifer were
25 percent of the 2-year study period. This condition agsed in transient simulans over both monthly
well as the median condition reflects the lower aquifeand weekly stress periods. Hydraulic parameters speci-
heads induced by ground-water pumping for irrigatiorfied in the transient simulations were initially
to meet the needs of the aigrcrop whenever rainfall is the same as steady-state siations. Some parameters

To establish initial headonditions for transient

Results of Transient Simulations 29
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(recharge and surficial aquif&) were adjusted during monthly average potentiometric surface. All of the three
calibration of the transient model to improve simulatecharge conditions did reasonably well simulating
tion of ground-water exchange with the lake.heads in the basin over the 2-year study period,
In general, errors in sinted heads were less thanalthough some recharge conditions did better than
errors in simulated net grod-water flows to the lake. others in certain parts ofdtbasin. In general, recharge
Results of transient simulatie were sensitive to the estimated as a fixed percentage of rainfall over each
same parameters as steady-state simulations, as wellsagss period generated hedmhnges that were smaller
to the specific yield of theurficial aquifer system. For than observed, whereas the LEACHM method gener-
transient simulations, net ground-water flow to the lakated head changes that were larger than observed
was computed as the sum of ground-water inflow angfig. 18). The threshold method did the best of the three
lake leakage for each stress period, assuming that avefiethods overall in simulatiy transient heads through-
age net ground-water flow over the stress period wasut the basin, but LEACHM recharge did nearly as
equal to the net ground-water flow at the end of thevell. The LEACHM method is not as appropriate for

stress period. the upper basin, even though it was modified by apply-
ing a time delay, becausewts designed for a shallow
Monthly Simulations water table (Hutson and Wagenet, 1992). However,

including LEACHM rechargen the model improved

Three recharge aalitions (35 percent of rainfall, the simulation of ground-wer flow to and from the

threshold, and LEACHM) were used to simulatelake compared to the lwgr two recharge conditions

monthly heads in the basin and ground-water exchangég 19). For these reasors,combination of threshold
with the lake. For each recharge condition, the Uppeand LEACHM recharge methods was used in
Floridan aquifer lower boundary was represented by subsequent transient simulations. The threshold

112
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Figure 18. Effect of three different recharge boundaries on simulated head in well WTS-1
(location of well shown in figure 6).
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Figure 19. Effect of three different recharge boundaries on simulated monthly net ground-water
flow to Lake Starr, and net ground-water flow from the water budget.

method was used to estimate recharge in the upper alosver than observed for the last half of 1996 and the
middle parts of the basin where the water table waspring of 1997. Later in 1997, simulated stage was
greater than 20 ft deep and the LEACHM rechargdelow the peak stage thataurred in August. The large

method was used near the lake where the water tabige and fall in stage between December 1997 and July
was less than 20 ft deep. 1998 was more accurately simulated, although the peak

Heads simulated using threshold recharge in thi&ke stage in April 1998 was not achieved.
upper basin and LEACHM recharge near the lake were Simulated net ground-water flow to the lake
generally within 1 ft of the observed values (fig. 20A-D).agreed within the error bm of budget-derived esti-
Simulated heads agreed bedth observed heads on mates for only 14 of the 24 months (fig. 22). During
the west side of the basin in the area that contributeglet periods, the monthly simulation underpredicted net
ground-water inflow to the lake (for example see wellground-water inflow. For example, in March 1998, net
WTS-23, fig. 20A). Agreement was not as close on thground-water flow to the lake calculated from the
southeast side of the basin where topography was higlyater budget was 83,300 (+13,70)dt but the simu-
est (well WTS-8, fig 20D). Uncertainty regarding thelated net flow was only 52,5003ft. Accounting for
timing of recharge in the highest regions of the basiwater budget errors, the simulated net ground-water
probably explains thikack of agreement. flow in March 1998 was between 54 and 75 percent of

Even with the combirteon of threshold and net ground-water flow estimated from the water
LEACHM recharge methods, the model failed to simubudget. Simulated net ground-water flow fit the water
late the highest lake levebnd to predict peaks and budget best when net ground-water flow was near zero;
lows in net ground-water flow to the lake (figs. 21 and 22periods when ground-water inflows and outflows were
respectively). Simulated lake stage was consistentlyalanced.
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Figure 21. Measured and monthly simulated stage for Lake Starr, August 1996 through

July 1998.
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Figure 22. Effect of different Upper Floridan aquifer specified-head boundary conditions on
simulated monthly net ground-water flow to Lake Starr, and net ground-water flow from the
water budget.
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For any given recharge condition, representingecharge to the water table caused by greater thickness
the Upper Floridan aquifer specified-head boundargf the unsaturated zone. Longer traveltimes and drain-
with monthly averages instead a steady-state poten- age of water stored in the unsaturated zone tended to
tiometric level improved the simulation of monthly sSmooth out the effects ofdividual rain events on the
ground-water exchange and basin water levelgvater table. Applying any of the recharge conditions on
To evaluate this effect, ¢hmodel using the combined & weekly basis worsenedethsimulation of transient
threshold/LEACHM recharge condition was simulateddround-water levels in the ppr basin. For this reason,
with the Upper Floridan aquifer lower specified-head©charge rates in the uppeasin for weekly transient
boundary as a steady-statadition. The results of this Simulations were averaged over a 4-week period, and

model were then copared to the simulation that usedSimulated heads in upperasin wells were conse-
monthly average specified heads to represent the Upp%lr‘emlIy S|;mlar tﬁ thqse Ifrc_)m monthl;r/] S|Tulat|ons.
Floridan aquifer. Changes water-table altitude were esu t.S of weekly simu ations are t eretore more
less than observed (hydroghapwere “flatter”) in the reflective of changes in realge conditions in the basin
simulation using a specifiesteady-state Upper Flori- nearthe lake. ) )
dan aquifer lower boundary, and simulated net ground- ~ Weekly stress periods simulated lake stage more
water flow deviated more from the results of the lakéccurately than monthly stress periods, primarily
water budget (fig. 22). The amplitude of simulated nepecause differences in rainfall an(_JI lake evaporation
ground-water flow was reduced when using specifie(‘j\’ere accounted.for on a shor_ter time sc_ale (flgs. 23
steady-state Upper Floridaaquifer heads, and net and 21, _respectlvely). The simulated rise in lake
ground-water flow was within the water budget error inz?sgeer\?eudrmgirrt]nzr \f[v(;ntrirdmg s?i?ngt?‘ljiz)n\gasBJ?S;‘t et:lan
only 10 of 24 months, compared with 14 of 24 from th arch 1é97 the simulatedhanges in Weekly lake
simulation with monthly specified heads. When the j
potentiometric surfaceywzfs highest (March 1998)stage followed observed changes more closely than
monthly simulations.
ground-water inflow shulated wusing specified Uy ik hiv simulati K h
monthly Upper Floridan aquifer heads was 52 percent - niike monthly simulations, wee y recharge
(21,300 f8/d) greater than inflow simulated with a conditions simulated the oacance of transient water-
steédy—state boundary, and outflow was 47 perceﬁ?ble mounds that were observed near the shoreline of

(8,700 f€/d) less. As a resulhetground-water flow to Lake Starr. For example, in the yveekly simulation,
the lake was 133 percent (30,008/d} greater when heads in the nearshore area occasionally rose above the

the monthly average Upper Floridan aquifer hea&ake level because of large rain events (fig. 23). These

boundary was used. Whenetipotentiometric surface peaks in nearshore water levels reversed the ground-

was lowest (June 1998), ground-water inflow simy vater flow direction on the outflow (southeast) side of

lated using specified monthly Upper Floridan aquifelIhe lake (for example, near well WTS-13). Flow rever-
heads was 4 percent (1,208d) less than inflow simu- sals were S|mulated_ at 'Flsame times that flow rever-
lated using specified steady-state Upper Floridan aqu?;—aIS were observed in camious water-leyel recorders.
fer heads, outflow was 15 percent (3,600t greater For example, after a series of Iarge_ rainfall events the
and net ground-water flow to the lake was 56 percenlWeek of July 27-August 2,997, the simulated head at

(2,400 fB/d) less. Substantial errors are introduced intéhde en;j ﬁf tlhekstress pﬁrloglpfﬁrsa Ce”" on the sogtggafst
simulated monthly net groundater flow if the lower side of the lake near the well nest was 0. t

boundary is specified as steady state. h@gher than the lake. Qbserved fI_ow reversals were

higher but more short-lived than simulated reversals;
the observed head in a nearshore well rose to 0.5 ft
above lake stage on August 2, 1997, but the flow rever-
sal lasted only about 6 hours (Swancar and others,

Ground-water levels in the upper basin, where2000).
the unsaturated zone was degdhan about 40 ft thick, Weekly stress periods simulated a larger variabil-
did not respond to weekly ahges in rainfall. Instead, ity in net ground-water flowo the lake compared to
water levels in the upper sia rose and fell more grad- monthly stress periods (fig. 24). Simulated weekly net
ually because of the timeelay between rainfall and ground-water flow rates ranged from -29,400 to

Weekly Simulations
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Figure 23. Weekly observed and simulated Lake Starr stage and simulated head in well
WTS-13 showing flow reversals, August 1996 through July 1998 (location of well shown on
figure 6).

77,400 fé/d, whereas monthly rates ranged fromsame 5-week period. The weekly water budget
—29,800 to 52,5003td. Weekly simulated net ground- indicated that ground-water inflow rates were larger
water flow was within the error of budget-derived estithan simulated rates and that net ground-water flow
mates in 46 of 105 weekdleekly simulation increased rates changed more rapidhan simulated rates.

the peak net ground-water inflow rates compared to

monthlv. but peak net around-water outflows were Like monthly simulations, weekly simulations
ronthly, but p ground-w UtHoWS - WeTe, h derestimated net ground-water inflow derived from
similar to monthly rates. However, the simulated

ceklv net around-water fi rates e still IIthe water budget. Problems simulating ground-water
weekly ground-w ow were Sl Welliaflow rather than outflow were the primary cause of
below the minimum and maximum rates derived fro

Minderestimated net ground-water flow. Gross ground-
a week_ly water budget (59,700 and 117,500dft water inflow should always exceed positiveet
respectively).

ground-water flow, yet simulated gross ground-water
Simulated net ground-water flow did not alter-inflow was commonly lowethan the net flow derived
nate from large net ground-water inflow to large nefrom the water budget, even when errors in the water
leakage as quickly as indicated by the weekly watdbudget were considered. For example, simulated gross
budget. For example, during the fall of 1996, budgetground-water inflow was less than budget-derived net
derived net ground-water flow to the lake droppedyround-water flow in 16 of the 31 weeks when net
rapidly from 64,600 to —30,0003ftl, a decrease of ground-water flow was both positive and larger than
94,600 f#/d, over the 5-week period October 6 throughthe water budget error. The discrepancy between the
November 10 (fig. 24A,ee inset). The weekly simu- simulated and budget-derivageekly net inflows was
lated net ground-water flow fell from 30,100 to greatest during weeks with large rainfall events and
4,900 fé/d, a decrease of only 25,208/d, during the large ground-water infloss to the lake (weeks of

36 Effects of Recharge, Upper Floridan Aquifer Heads, and Time Scale on Simulated Ground-Water Exchange with Lake Starr, a
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Figure 24. Weekly simulated net ground-water flow to Lake Starr, net ground-water flow from
the higher recharge simulation, and net ground-water flow from the water budget from (A) July
28, 1996, to August 17, 1997, and (B) August 24, 1997, to July 26, 1998 (values plotted on the

first day of the period).
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August 17, 1996, July 27, 1997, and July 12, 1998, ithe lake. Therefore, recharge in the upper basin was not
fig. 24). This discrepancmay reflect the inability of increased, as heads in this area were being accurately
the numerical model to adeately simulate the influ- simulated. Instead, the diier recharge simulation
ence of transient mounding on ground-water inflowtested the effect of increagj recharge only in the area
Transient water-table miading in nearshore wells closest to the lake. This higher recharge simulation was
could have generated half of the net ground-water flowvaluated for its ability taeproduce the weekly net

to the lake during the week of July 27, 1997 (Swancaground-water flow derived from the water budget.

and others, 2000). In the higher rechargersulation, recharge in the
The representation of specified weekly Upperzone closest to the lake was increased to 86 percent of
Floridan aquifer heads ithe transient model had a the 2-year rainfall totalgcharge in the second recharge
smaller effect on the magnitude of simulated negone was increased to 50 percent of rainfall, and
ground-water flow than the representation of weeklyecharge in the upper basin was kept at 35 percent of
recharge, but the effect was still noticeabler example, the 2-year rainfall total. Realge for both of the near-
during a 2-week period witlow recharge (March 2-16, shore zones was calculated using the unsaturated flow
1997), a decline in the axage head in the Upper Flori- model LEACHM.
dan aquifer on the north side of the lake of 2.12 ft (see  there is no precedent for applying recharge at

fig. 14) in the second week increased th(_a lake IeakaQﬁeater than 50 percent of rainfall over longer time
22 percent, from 31,300 to 38,308/dt This was the periods;: however, this assumption allows us to test the
largest week-to-week decline in the average UPP&lgect of very high recharge rates in some weeks on

Floridan aquifer head on this sidfe of the lake during thSround-water flow to the lake. Recharge rates in sandy
study. Ground-water inflow during the second weeKiqqe soils and their annuatariability are not well

also was affected by theamge in the Upper Floridan \oyn and may exceed ehinitial estimate of 35
aquifer boundary conditiordropping 41 percent from percent of rainfall. Forexample, Sumner (1995)
15,400 to 9,100 #d. Net ground-water flow from the o5, 1te that between 43ciB3 percent of the rainfall
lake in the second week was 85 percent (13,400 ft ocharged the ground-water system in a Florida ridge
lower than the previousveek, falling from -15,800  getiing where the depth to water was less than 10 ft and
to —29,200 fy/d. the annual rainfall amount was near average. The
higher recharge rates uséu the nearshore for this
study are consistent with results of Lee (2000), who
found that daily recharge greater than 90 percent of
Both monthly and weeklgimulations underesti- rainfall is needed to generatee short-term water-table
mated net ground-water inflows to Lake Starr duringise in nearshore wells during individual storm events.
wet periods, and underestimated peak net ground-water  |n addition to increasinthe nearshore recharge,
outflows during dry periods. Underestimating groundtwo other changes were made in the higher recharge
water inflow is likely due to an underestimation ofsimulation to more closely match the variable timing
recharge during wet periodin addition, the weekly and magnitude of weekly net ground-water flow seen
water budget indicated that the week-to-weblinges in the water budget. The Kof the surficial aquifer
in ground-water inflow and lake leakage could besystem in the lower basin wéncreased from 40 ft/d to
considerably larger thasimulated, suggesting faster 60 or 80 ft/d, and larger and more conductive breaches
exchange of water between the lake and the surrounglere placed in the intermiade confining unit beneath
ing aquifer. the lake. The size of sublake breaches was increased
To test these hypotheses, a weekly simulatiofrom about 10 to 18 acres, and the K of breaches was
was run using higher recharge rates, greafeinkhe doubled. Larger breaches below the lake are plausible,
surficial aquifer system gcent to the lake, and as these features were estimated to total at least 16
greater K in the sublake breaches. Simulations usingcres in size from a seismic reflection survey of the
higher recharge rates basin-wide raised the water tadlgke (Swancar and others, 2000). The highevafues
unrealistically high in the upper basin. Higher heads iin the surficial agifer in the high recharge simulation
the upper basin did not substantially increase groundre not far outside the rangemeasured values; 80 ft/d
water inflow to the lake mause most of the ground- is about 25 percent greatban the highest measured K
water inflow results fromecharge occurring closer to (64 ft/d).

Higher Recharge Weekly Simulation
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The higher recharge simulation approximated the In addition to improvinghe representation of the
peak weekly values of net ground-water flow from thdarge week-to-week variations in the net ground-water
water budget more closelthan the original weekly flow to Lake Starr, the higher recharge simulation was
simulation (fig. 24). Simulated net ground-water flowthe only transient model&h approximated the cumula-
was within the water-budget errors for 51 of 105 weekdive net ground-water exchange calculated by the 2-year
The higher recharge simulation also was better atvater budget. To quantify the error in simulated ground-
producing the relatively pd transitions from net water exchange with Lake &t, the absolute value of
ground-water inflow to net ground-water outflow, asthe difference between the budget-derived and simu-
well as the steep increases in net ground-water outflovated net ground-water flow was calculated for each
The improved ability to simulate budget-derived dropstress period, and these differences were accumulated
in net ground-water flow suggests that lake leakage arfdr the 2-year study period. For comparison, the water
the K of the sublake region were better represented udget error was accumudat for the same period.
the high recharge simulation than the original modelComparing the cumulative absolute errors of the differ-
For example, in the highecharge simulation, weekly ent simulations is more tiglg than comparing the total
average net ground-water flow drops from 58,00(het ground-water exchanges with the lake because a
to —9,300 f¥/d during the 5-week period between Octo-simulation can generate the same annual net ground-
ber 6 and November 10, 1996. The total simulatedvater exchange as the watridget without simulating
decline in net ground-water flow of 67,308/dtfrom the extremes of ground-water exchange with the lake.
the high recharge simulaticcompares more closely to The cumulative absolute errevas substantially less for
the budget-derived decline of 94,60F/dt than the the higher recharge simulation than for the lower
initial weekly simulation (25,200 ¥d)(fig. 24A inset). recharge simulation (fig25). For the 2-year period,
The steeper decline in simulated net ground-water flodhe cumulative absolute error was 17,057/dft
is governed by both the greater amount of ground-watgt 2,451,400 fttotal) for the higher recharge simulation,
inflow and by the more conductive sublake geology. which was about the same as the weekly average error

16

14
= \WEEKLY HIGH RECHARGE

=== \WEEKLY LOW RECHARGE

= \WEEKLY WATER BUDGET

CUMULATIVE ABSOLUTE ERROR IN
NET GROUND-WATER FLOW, IN MILLION CUBIC FEET

TSP S S S oNsSoSSSNsFR8R
1996 1997 1998

Figure 25. Cumulative absolute error in net ground-water flow for two simulations
and the weekly lake water budget.
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in the water budget of 17,072/tt, and well below the Offsetting the potential ffcts of increased K and
low recharge simulation error of 20,057%dt recharge on the catchment size is an increase in flow that
(14,641,700 fitotal). When applied over monthly stressbypasses the lake through the more conductive surficial
periods, the higher recharge simulation also had aquifer system and sublake breaches.

substantially lower cumulativabsolute error than the A much greater volume of ground water flows
lower recharge simulation and also was about the santterough the lake under the higher recharge condition.
as the monthly water budget error. The gross ground-water inflow predicted by the higher
echarge simulation for the 2-year period was
6,501,600 # (74.2 inches), 59 percent greater than
he gross inflow predicted ke lower recharge simu-

The higher recharge simulation did an excellen
job predicting lake stage during the first year of thet

study, but simulated lake stage was higher tharétion for this same period of 22,965,108 (#6.7

observed during most of the second year (fig. 26Ak,neg) | ake leakage from the higher recharge simula-
After the minor peak in lakstage in August 1997, the "\~ 26,503,100 %t(53.9 inches) over the 2-year

simulated stage did not drop as quickly as observeghyjng 72 percent greatttan leakage from the lower
during the fall of 1997. Tér simulated stage remained recharge simulation of 15,408,406 f31.3 inches).

about 0.5 ft higher than observed for the remainder qfake |eakage was 14,388,500 and 12,114,690t
the period, although rises dufalls were equivalent to year for the first and secongars, respectively (29.3
observed changes. An adjedtstage (simulated stage gnd 24.6 in/yr, respectively).

minus 0.5 ft) also is plotted on figure 26 for compari- In summary, the higher recharge weekly simula-

son. An explanation for the better fit of the adjusteqiOn provided the best sgement with the water
stage to the lake hydrograph is that the model did Weﬂudget-derived estimates of ground-water exchange
simulating lake/ground-waténteractions during most with Lake Starr over the 2-year budget period. The

of the study period, but generated t00 much groundsiyper recharge simulation also was able to accurately
water inflow during the summer of 1997 (this add"reproduce both peak net ground-water inflow and

t?onal S|mula_ted ground-w_ater inflow also is evident Inoutflow, and the transition between net inflow and net
figure 24). _Slmulated heads_s nearshore WeII_s shovyed outflow. However, the higher recharge simulation
more transient peaks in tigher recharge simulation tgenerated too much inflow during the summer of 1997,

because of the large recharge inputs to the water ta 8 that simulated lake stagifter this point was about
in this part of the model, and also were higher thala 5 ft higher than observed

observed values in the second year, similar to lake

stage (fig. 26B). Peaks that were of the same magni-

tude_ as those simulated (AL ft) were_observed N ~ombined Approach for Estimating

continuous measurementswéter levels in wells near Ground-Water Inflow

Lake Starr during this period (Swancar and others,

2000). Water-level rises up to 3 ft have been observed 114 (asults of the higher recharge weekly simu-

in nearshore wells around lakes about 60 miles west ?a(tion were coupled with water budget information
Lake Starr (Metz and Sacks, 2002). from Lake Starr in a combined approach for estimating
The high recharge condition had little effect on thehe ground-water inflow to Lake Starr. In the higher
catchment contributing ground-water inflow to the lakerecharge weekly simulation, asall of the simulations,
A steady-state simulation using the higher rechargike leakage was a saturated flow process where leak-
model K distribution and reage estimates produced aage was directly proportiohto the hydraulic conduc-
contributing area that was the same size as the origiratity of the material arond the lake and the vertical
long-term steady-state simtitan. If higher recharge and head difference between the lake and the Upper Flori-
increased K were applied sia-wide, the size of the dan aquifer beneath the lake. The saturated ground-
contributing area would be expected to increase (Lesyater flow model can represent leakage effectively.
2002). In the higher recharge simulation, howeversround-water inflow, in contrast to lake leakage, was a
changes in both rechargedahydraulic parameters were nonlinear process affected by the highly variable
made primarily close to and beneath the lake, and thenecharge boundary. This process was more difficult to
fore would not affect the contributing area as muchsimulate. In the combinedpproach, simulated lake
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Figure 26. (A) Weekly simulated, observed, and adjusted stage of Lake Starr, and (B) weekly
simulated and observed head in well WTS-13 (adjusted lake stage is 0.5 foot less than
simulated).
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leakage was substituted intloe water budget equation ground-water inflow wereusually accompanied by
and ground-water inflow isalculated as the new resid- reduced outflow, with two factors contributing to this
ual term as follows: effect. First, flow reversals associated with increased
ground-water inflow can temporarily reduce the
G=AS-P+E+Q+Gegtetate (4) percentage of the perimeter experiencing lake leakage
(Lee, 2000). Secondly, and probably more importantly,
This method eliminates some of the problemgertical lake leakage can be reduced because pumping
estimating recharge inputsyt maintains the increased from the Upper Floridan aquifer for irrigation is
“leakiness” of the sublake ground-water flow systenteduced during wet weeks, raising heads in the Upper
that was needed to simulate the transition from ndtloridan aquifer. During the wet season, these effects
ground-water inflows to dflows. When expressed as continue for many weeks attime. Using the combined
linear units over the lake surface area, simulated lealpproach, the annual ground-water inflow was
age is divided by a fixed lake area, as are other simi6,327,200 and 21,033,908 for the first and second
lated fluxes to and from éhlake. Inflow calculated years of the study, respectively (33.0 and 41.7 in/yr,
using the combined approach is relative to a variableespectively). Ground-water inflow was larger and lake
surface area similar to other water budget terms. Bleakage was smaller in thecond year compared to the
definition, net ground-water flow is the same as thdirst. As a result, net ground-water flow was 13.7
water budget. inches greater the seconday€3.7 and 17.4 in/yr for
Weekly ground-water inflows calculated usingthe first and second years, respectively). Note, net
the combined approach varied over a larger range @round-water values are slightly different from those
values than simulated lake leakage (outflows) (fig. 2presented in Swancar and others (2000) because of
and table 5). Weekly groundater inflow was gener- differences in the way volumes are converted to linear
ally inversely related to outflow. Weeks with increasedunits over the lake surface area.
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Figure 27. Weekly calculated ground-water inflow to and simulated leakage from Lake Starr
during the 2-year study period.
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Table 5. Weekly inflows to and outflows from Lake Starr, with ground-water inflows calculated using a combined

approach, July 20, 1996, through August 1, 1998

[All units cubic feet per day unless otherwise noted; GW, ground water; %, percent; most weeks are 7 days in length, but periods vary from 5 to
13 days; calculated inflow set to zero if negative]

Week begin
date

07/20/96
07/28/96
08/04/96
08/11/96
08/18/96
08/25/96
09/01/96
09/08/96
09/15/96
09/20/96
09/29/96
10/06/96
10/14/96
10/20/96
10/27/96
11/03/96
11/10/96
11/17/96
11/24/96
12/01/96
12/08/96
12/15/96
12/22/96
12/29/96
01/05/97
01/12/97
01/21/97
01/26/97
02/02/97
02/09/97
02/16/97
02/23/97
03/02/97
03/09/97
03/16/97
03/23/97
03/30/97
04/06/97
04/13/97
04/20/97
04/27/97
05/04/97
05/11/97
05/24/97
06/01/97
06/08/97
06/15/97
06/22/97
06/29/97
07/06/97

Rain

1,423
189,606
217,090
195,302

8,263
46,345

109,278

130,618

74,831

39,039
84,345
136,180
19,655

0

2,510

30,057
0
0
56,883
211,048
0
2,485
0
0
47,034
17,307
6,887
19,664
4,907
21,206
34,269
813
0
106,960
54,780
12,821
0
42,276
64,899
165,221
67,964
0
37,856
55,476
41,642
275,973
52,767
121,288
89,491
208,152

INFLOWS
Calculated
GW Inflow
38,470
42,436
79,158
134,681
81,343
104,950
65,761
76,429
88,005
64,142
73,990
86,487
73,610
59,169
52,938
20,379
14,754
29,360
23,990
59,976
54,111
47,808
54,906
67,589
33,572
21,320
34,252
43,910
43,229
25,112
37,700
12,971
18,162
0
16,696
35,604
6,623
19,346
27,702
31,446
47,680
10,372
23,570
21,800
4,906
46,086
57,092
57,895
22,962
44,358

GW inflow
as % of total

96
18
27
41
91
69
38
37
54
62
47
39
79
100
95
40
100
100
30
22
100
95
100
100
42
55
83
69
90
54
52
94
100

23
74
100
31
30
16
41
100
38
28
11
14
52
32
20
18

Evaporation

119,072
121,042
99,346
103,533
112,445
91,825
102,203
85,157
88,015
103,749
79,044
90,944
68,579
70,840
59,374
83,265
87,687
40,984
56,532
43,309
48,818
70,158
18,473
29,348
45,092
62,806
18,938
39,046
31,253
34,725
54,309
50,144
74,811
67,926
82,120
69,134
109,363
83,756
87,770
72,121
67,195
100,229
77,574
104,345
93,927
100,500
92,145
105,364
104,240
97,390

OUTFLOWS
Lake pumping Simulated
GW outflow
3,153 30,375
4,787 29,073
0 23,917
0 24,825
1,224 28,816
1,224 31,832
1,225 27,477
0 24,310
0 24,910
961 26,199
6,174 28,540
0 21,859
7,274 27,918
8,710 33,530
8,683 41,102
2,473 44,886
6,138 44,774
8,560 50,100
2,439 48,168
0 33,950
1,229 39,492
8,591 42,136
8,564 45,462
8,559 47,253
4,886 48,177
0 43,811
8,499 50,268
3,639 46,959
4,843 46,724
7,249 47,576
0 43,535
8,422 49,679
8,380 54,258
4,764 57,048
0 48,498
3,557 51,395
8,257 55,621
7,034 61,588
0 45,879
2,333 39,991
0 40,198
7,011 50,856
2,503 46,954
1,012 42,439
0 40,695
0 28,614
0 33,903
0 33,306
0 32,535
0 24,872

GW outflow
as % of total

25
21
22
22
20

34
32
50
45
44

41
65
52
56
53

41
32
40
34
35

27
24
24
20
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20
19
19
19
20

25
19
27
30
38

44
35
63
55
49

44
46
39
44
37

37
32
37
29
30

43



Table 5. Weekly inflows to and outflows from Lake Starr, with ground-water inflows calculated using a combined
approach, July 20, 1996, through August 1, 1998 (Continued)

[All units cubic feet per day unless otherwise noted; GW, ground water; %, percent; most weeks are 7 days in length, but periods vary from 5 to
13 days; calculated inflow set to zero if negative]

. INFLOWS OUTFLOWS
Week begin . .
- Rain Calculated GW inflow Evaporation Lake pumping Simulated GW outflow
GW Inflow as % of total GW outflow as % of total
07/13/97 108,983 30,715 22 95,827 0 27,499 22
07/20/97 38,519 22,454 37 95,293 0 31,049 25
07/27/97 416,592 127,686 23 111,144 0 19,169 15
08/03/97 94,563 26,629 22 90,124 0 22,656 20
08/10/97 142,956 30,233 17 92,414 0 21,744 19
08/17/97 3,694 36,384 91 103,200 2,372 27,154 20
08/24/97 11,060 16,283 60 106,094 8,274 29,972 21
08/31/97 98,407 22,300 18 111,223 1,178 24,937 18
09/07/97 22,707 30,964 58 85,735 3,528 30,723 26
09/14/97 0 14,440 100 86,063 8,200 35,432 27
09/21/97 174,329 29,240 14 85,027 3,501 32,819 27
09/28/97 730 41,515 98 83,441 1,169 31,658 27
10/05/97 50,927 21,059 29 94,689 0 34,584 27
10/12/97 5,788 28,578 83 72,757 4,649 38,365 33
10/19/97 723 38,566 98 79,394 8,112 40,743 32
10/26/97 191,533 36,693 16 50,547 1,157 30,633 37
11/02/97 28,294 39,122 58 70,275 0 29,703 30
11/09/97 187,442 49,744 21 43,837 4,647 25,076 34
11/16/97 0 32,866 100 48,547 2,337 31,285 38
11/23/97 727 67,150 99 40,309 8,175 35,787 42
11/30/97 67,676 33,851 33 46,697 4,670 33,767 40
12/07/97 319,721 67,243 17 24,175 0 22,173 48
12/14/97 65,148 42,283 39 58,891 0 23,273 28
12/21/97 115,231 71,418 38 2,197 5,947 25,901 76
12/28/97 4,469 34,416 89 59,292 1,194 29,457 33
01/04/98 75,408 77,133 51 0 4,781 28,325 86
01/11/98 53,173 47,682 47 39,122 0 27,416 41
01/18/98 156,539 62,893 29 22,937 1,203 22,415 48
01/25/98 2,267 40,935 95 48,198 2,424 27,329 35
02/01/98 149,233 48,763 25 60,627 1,212 22,906 27
02/08/98 27,021 65,551 71 40,042 4,873 30,152 40
02/15/98 428,354 137,341 24 28,532 0 19,880 41
02/22/98 72,878 97,913 57 65,396 0 23,433 26
03/01/98 9,435 110,303 92 72,377 1,263 27,821 27
03/08/98 106,561 84,774 44 101,219 1,264 24,704 19
03/15/98 346,235 110,990 24 60,235 3,807 21,191 25
03/22/98 0 107,198 100 60,256 2,600 25,497 29
03/29/98 3,246 139,412 98 64,292 9,119 31,486 30
04/05/98 0 76,659 100 98,899 9,110 34,668 24
04/12/98 0 88,696 100 89,407 9,070 37,199 27
04/19/98 6,445 70,947 92 103,488 9,041 39,726 26
04/26/98 46,353 82,586 64 81,219 5,145 42,575 33
05/03/98 20,850 96,278 82 80,409 0 36,719 31
05/10/98 0 60,294 100 115,046 7,702 39,873 25
05/17/98 0 45,135 100 113,327 8,922 42,915 26
05/24/98 5,512 54,860 91 79,634 8,864 45,256 34
05/31/98 787 49,096 98 117,385 8,817 51,217 29
06/07/98 2,342 35,415 94 128,051 8,741 54,339 28
06/14/98 0 37,464 100 119,831 8,666 60,719 32
06/21/98 13,729 28,962 68 114,359 8,594 61,098 33
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Table 5. Weekly inflows to and outflows from Lake Starr, with ground-water inflows calculated using a combined
approach, July 20, 1996, through August 1, 1998 (Continued)

[All' units cubic feet per day unless otherwise noted; GW, ground water; %, percent; most weeks are 7 days in length, but periods vary from 5 to
13 days; calculated inflow set to zero if negative]

. INFLOWS OUTFLOWS
Week begin . .
date Rain Calculated GW inflow Evaporation Lake pumping Simulated GW outflow
GW Inflow as % of total GW outflow as % of total
06/28/98 5,320 32,565 86 122,047 4,875 50,916 29
07/05/98 123,979 64,297 34 103,974 4,853 44,591 29
07/12/98 281,519 108,360 28 96,297 0 29,356 23
07/19/98 96,220 57,665 37 96,993 0 30,196 24
07/26/98 5,372 43,416 89 108,895 7,391 38,987 25
Total:
August 1996-July 1998 51,482,377 37,361,090 42 55,932,446 2,624,855 26,503,093 31
in cubic feet

Over the 2-year study, ground-water inflow The remaining variability insimulated leakage that
calculated using the corimed approach was about could not be explained by the regression is probably
37,361,100 fand accounted for 42 percent of the totarelated to the use of a single average water level to
input of water to the lake, while 58 percent of inflowrepresent the Upper Fload aquifer potentiometric
was from rainfall (table 5). During the relatively dry surface beneath the lake. In contrast to the good rela-
months of May and June 1998, ground-water inflontion for lake leakage, calculated ground-water inflow
provided over 90 percent of the total inflow to the lakeshowed poor predictive relations with rainfall or net
During the study period, simulated lake leakage waprecipitation (f = 0.12 and 0.11, respectively).
about 26,503,100 Ftand accounted for 31 percent of
the total losses of water from the lake, while evapora-
tion was 66 percent and direct pumping was 3 percent.

Calculated ground-water inflow and simulated lake 0 ' ' ' ' '

leakage at Lake Starr were on the high end of the range o5l ~ |

of possible values calculated by Sacks and others ' y——02.20x— 2.22

(1998) using an isotopic mass balance, and were morewj 1ol R"=0.86 |

than double the estimates of minimum inflow and 2

outflow from Swancar and others (2000). E 5 15 -
An adaptation of this eobined approach can be " 5

used to calculate ground-water exchange with Lake %E 20} .

Starr beyond the model period. Simulated leakage o &

values are not required; instead, a statistical regressioné 5-25) .

can be used to estimate lalkemkage. This adaptation = =

requires that a lake water budget and continuous head= £ 30| .

measurements in the Upper Floridan aquifer are avail- @ R

able for the time period ointerest. Simulated lake 3.5 - 1

leakage was highly correlated to the average head

difference between the lake and a continuously record- -4-0_6 _"1 2' 0' 2' i s

ing Upper Floridan aquifewell outside the basin
(ROMP 57, fig. 28). This tation allows the monthly
lake leakage to be estimated from the vertical
head difference. The predictive equation explained . .
86 percent of the variance in the simulated leakage, g'g‘”e 28. Relation between simulated leakage from Lake
. tarr and monthly average head difference between Lake
and had a standard error 6£23 inches, or about  starr and ROMP 57 Upper Floridan aquifer well, August
11 percent of the average monthly value of lake leakage. 1996 through July 1998.

AVERAGE HEAD DIFFERENCE BETWEEN
LAKE STARR AND ROMP 57 WELL, IN FEET
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Because of the correlatiai leakage to the head the water table was relatively shallow, provided more
difference between the lake and the Upper Floridarealistic timing of recharge, and magnified the recharge
aquifer, lake leakage estimated by the regression can bentribution of intense rainfall periods.
substituted into the water budget, and ground-water Using the lower of two recharge estimates,

inflow can be calculated as the new residual term to theaitner monthly nor weekly simulations came close to
water budget equation. This approach was used 10 esliiimating the budget-derivestimates of net ground-
mate the ground-water inflow to Lake Starr beyond thgater flow to Lake Starr. This result was true regard-

model period in a study using isotopic tracers 10 undefgss of the temporal variability of the Upper Floridan
stand lake/ground-water imtections (Sacks, 2002). aquifer boundary condito However, the weekly

model, like the weekly water budget, did reveal rapid
changes in magnitude and direction (net gain or loss) of

EFFECTS OF BOUNDARY CONDITIONS net ground-water flow on a week-to-week basis. The
AND TIME SCALE ON GROUND-WATER weekly simulation also wasapable of generating peri-
EXCHANGE odic flow reversals along the outflow side of the lake.

] ) ] ) Calibrating the weeklysimulation to the net

_Improving the simulation of transient b9undaryground-water flow seen ithe weekly water budget
condlfuons in ground-water flow models can improveprgyided insight into rechge processes and the hydro-

the S|mulat|pn of ground-water exchange with 'akesgeology of Lake Starr thatere lacking in the monthly
Understanding how the recharge boundary affeci§imylation. The simulated and budget-derived esti-
simulated ground-water exchange is important becauggates of annual net ground-water flow to Lake Starr

lack of information on renarge is a common model pegan to converge only wheme weekly recharge esti-
limitation. Understanding how ground-water exchanggnates and the aquifer hydraulic conductivity around

with Lake Starr is contited by the lower specified- e |ake were substantialljncreased. With these

head boundary is important because regulated grou”@hanges, the model was abbeaccurately simulate the

water pumping largely determines the specified heaghyger and more rapid changes in net ground-water flow
Investigating how differences in model time scaley, 3 week-to-week basis.

affect ground-water exchange with lakes makes it

possible to determine the time scale of processes that Despite the 'mp“"’ed simulation of per|0(_js of
affect lake/ground-water interactions. peak ground-water inflows and outflows, the higher

recharge simulation still lola difficulty consistently

predicting the smaller vatians in weekly net ground-
Recharge Boundary water flow. The model may have been unable to consis-

tently simulate the weeklyflows because it could not

Representing unsaturated zone processes in tkenulate the rechge and water-table response on a

recharge boundary of the saturated flow modetiaily or shorter time scale. Averaging the daily
improved the simulation of ground-water levels andecharge rates calculated by LEACHM over a week-
ground-water exchange with Lake Starr. The use dbng stress period greatly decreased the maximum
LEACHM in the nearshore region of the basin, wheredaily recharge rate apptlefor the week (table 6).

Table 6. Maximum daily, weekly, and monthly average recharge rates simulated by the LEACHM model

[Maximum rates are in inches per day; 35% P, soil characteristics adjusted so that LEACHM model delivers total 2-year
recharge equal to 35 percent of rainfall; 86% P, total 2-year recharge is equal to 86 percent of rainfall; most weeks are
7 days in length, but periods vary from 5 to 13 days]

Maximum daily rate Maximum weekly rate Maximum monthly rate
Month
35% P 86% P 35% P 86% P 35% P 86% P
June 1996 1.30 2.58 0.46 0.82 0.17 0.36
July 1997 1.39 2.09 0.60 0.83 0.16 0.29
February 1998 1.96 2.00 0.71 0.83 0.24 0.32
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Yet, variably saturated flow modeling of nearshoresient ground-water inflow. Runoff and the earliest
mound formation in a simitasetting and with daily ground-water inflow both cause short-term rises in lake
stress periods indicated that 80-90 percent of larggtage in excess of the amouwfitrainfall, so the poten-
daily rainfall events had to recharge the shallow watetial effect of runoff on lake stage can be difficult to
table to produce the observed water-table rise. Thessolate. Short-term (hourly) rises in stage that were
large daily events also weresponsible for generating substantially in excess oinfall occurred only a few
substantial fluxes of net ground-water inflow (Leetimes during the 2-year stydluring the most intense
2000). Averaging daily recharge over a monthly stresstorms (rainfall rates grésx than 1 inch per hour).
period reduced the maximu recharge rates further, Even if runoff is occurringn these few instances, its
effectively masking the impact of these transieneffect on lake stage is exgied to be well within the
processes. 10 percent error assumed foeekly rainfall. Washouts
For a shallow water table (for example less tha®r gullies that would be ewehce of runoff to the lake
6 ft)’ recharge from a given rainfall event Couldwere not observed at the IakeShore; howevel‘, runoff to
approach the majority dhe net precipitation (rainfall ditches and storm drains from roads in the basin does
minus daily evapotranspiration; Wu and others, 199g'0ute water from upper parts of the basin to areas closer
Lee, 2000). However, it is unlikely that the long-termt0 the lake, which could affect the distribution of
or annual average recharge is as high as 86 percent'8fharge within the basin.
rainfall in the closest nearshore zone defined for the In contrast to the lack of evidence of the influ-
lake basin. The fact thathis amount of weekly ence of runoff on lake stage, the influence of transient
recharge was required tolitaate the weekly simula- ground-water inflow was evident during the days after
tion to the budget-derivechet ground-water flow rain events. Lake stage rose or remained stable for
suggests that processes influencing ground-wateeveral days after the largest rainfall events had ended.
inflow on a weekly basis neain only partially repre- For example, lake stage rose 0.37 ft from March 19
sented in the model. to 21, 1998, in response to 4.41 inches (0.368 ft) of
To simulate the processes that generate highlfain, and continued to rise another 0.04 ft by April 1,
transient ground-water inflows, the model would1998, even though no more rain fell during that period.
require even shorter stress periods and smaller grithis rise could only be due to increased net ground-
sizes, which should represent nearshore water-tabveater flow to the lake.
mounds more accurately. Sitation of transient water- To determine whether ineasingly shorter stress

tablg mo_undin_g near Iakeshor_es requires relatively ﬁnSeriods could improve the prediction of ground-water
spatial discretization and att time scales. For exam- fow to the lake, the higher recharge simulation was
ple, Lee (2000) simulated transient mounding usingeryn using daily stress peds for the 10 weeks
daily stress periods and sfga discretization on the yyith the highest LEACHM recharge. In this scenario,
order of tens of centimeters in a two-dimensional, varithe simulated peak ground-water inflows exceeded
ably saturated finite-element model of two lake hill-{hose from the weekly moH¢245,000 compared to
sides. Nearshor_e cells in the current model are fouraa 000 f#/d), but the total inflongenerated during the
orders of magnitude larger, and this scale differencgg veeks was actually less than the weekly simulation
limits the ability of the model to accurately simulatedby a significant amount (27 percent). This difference
nearshore processes. Finer temporal and spatial discrﬁ{ay be an artifact of the way flows to and from the
ization in the nearshore could allow the model tqake were calculated. lgalculating flows to and from
generate the ground-water inflawthe lake seen in the the |ake, flow rates at the end of the stress period were
water budget without having to use such a high longsssymed to be equal to the average flow rate during the
term recharge rate. stress period. However, the magnitude of flow to or
One possible reason for the high nearshorérom the lake increases witkach time step within the
recharge needed to calibeathe weekly simulation is stress period, while the raté change declines. As the
that runoff from the basin to the lake is assumed to bstress period length increases, the flow rate at the end
negligible when this may not be true. Runoff could bef the stress period is more likely to approach a stable
occurring from saturated soitear the shoreline during value that is representative of the average flow rate
intense rainfall events, but this process is probablgver the stress period. Forcster stress periods (days
relatively unimportant in s basin compared to tran- or weeks), the flow rate at the end of the stress period is
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less likely to have stabilized. Using this method to Heads in the Upper Fliolan aquifer largely
calculate fluxes appears to have overestimated thwmntrol the amount of wateéhat leaks from the lake to
magnitude of the average flow rate during the 10 weekbe ground-water flow system. Simulated lake leakage
with the highest LEACHM recharge compared to awas related to head in the pgr Floridan aquifer and the
simulation with daily stress periods. When averagglownward head difference between the lake and the
flow rates for weekly streggeriods were assumed to be Upper Floridan aquifer. Most of the response of the lake
the average of the begingirand end fluxes (similar to Stage to pumping stresses tanrepresented by monthly

a running average), the daily simulation had 15 percefverage Upper Floridan aquifer heads, but lake stage
higher inflow compared tehe weekly simulation for also responds to stresses on a weekly time scale. Even
the same 10-week period. However, using this metho@ump_ing that lowers h_equ for several days is capable of
for the entire 2-year study period led to lower estimate&ffécting lake stage within éhsame week that the draw-

of peak net ground-wateroflv to the lake than previ- down occurs. For example, pumpage principally for

ously calculated, and a poorer fit to the budget—deriveHeeze protection of citrus crops caused the weekly aver-
net ground-water flow. age level of the Upper Floridan aquifer to drop 7 ft from

the week of December 24-30, 2000, to the week of
In attempting to simulatground-water interac- December 31-January 6, 2001 (data on file in Tampa

tions with lakes in manttekarst terrain, models need USGS database for ROMP 57 recorder wélf).a daily

to account for the effect of nearshore rechargeasis, heads ranged from 5-10 ft lower than the average

processes. There continues to be a need for a bettsir the previous week. Using the regression relation

understanding of annual and shorter-term rechargsetween simulated lake leakage and the head difference

processes for all types of hydrologic models. Futuréetween the lake and the 4 Floridan aquifer, this

efforts on quantifying recharge rates should considenveekly average head difference was capable of increas-

combining results of variably saturated flow modelsng outflows from Lake Stafry 53 percent, from 38,000

with field observations siilar to Lee (2000), using to 59,500 f/d. This is equivalent to an additional

geochemical tracer meth®@dPlummer and Friedman, decrease in stage of about 0.02 ft over the week.

1999), and calculating recharge by subtracting evapo-

transpiration from raifall (Sumner, 1996). Time Scale

As in previous modeling studies, the use of
. . monthly stress periods at Lake Starr adequately simu-
Upper Floridan Aquifer Boundary lated the observed headrmiitions in tle surrounding
aquifers. The monthly simulation could not, however,
Modeling results confirnthat accurately repre- predict the extremes in the monthly net ground-water
senting the Upper Floridaaquifer heads spatially and exchange, even when thecharge and Upper Floridan
temporally is important tsuccessfully simulating the aquifer boundaries were represented in greater spatial
ground-water flow patterns in the basin around Lakend temporal detail than ingwious studies. During the
Starr. Heads in the basin and ground-water exchanggettest months of the 2-year study period, the lake
with the lake are strongly affected by heads in theeceived more ground-water inflow than the model
Upper Floridan aquifer. Thshape of the potentiomet- predicted. During the drieshonths, the lake leaked
ric surface of the Upper Floridan aquifer in the basin isnore than the model predicted.

the primary control on the flow-through pattern of the Lake Starr is the first lake in Florida with a
lake with respect to the dicial aquifer system, and (etailed lake water budget on a weekly timeframe for a
which areas of the basin contribute ground water to thg_year period. The weekly water budget provided the
lake. Recharge superimpogemporary fluctuations on pasis for calibrating a numerical model of weekly
the water-table shape, but pky Floridan aquifer heads ground-water exchange with Lake St&imulating the
also control the general shape of the water tabléyet ground-water exchange on a weekly basis,
To thoroughly understand the variability of the potenti-however, required construcgjra substantially different
ometric surface in spaceditime, head measurementsmodel than the monthly ndel. Compared to the

in the Upper Floridan adfer should be recorded monthly model, the weeklgnodel required calibrating
continuously at severaldations in the lake basin. to four times as many value$ net ground-water flow.
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In addition, peak weekly net ground-water flow wasSUMMARY AND CONCLUSIONS

41to 128 percent higher than peak monthly flow.

The weekly water budget reveals that much of the ~ Numerical modeling can be used as a tool to
ground-water inflow during a month can occur in gunderstand the effects ofdipgeologic setting, climate

single week. Further, the rapid rate of decline in nei‘r,IOI ground-water pumping on ground-water exchange

ground-water inflow following a peak is not apparentWlth lakes. A useful appazh is to combine ground-

at a monthly time scale. Weekly simulations requiretyvalter flow modeling of lakbasins with detailed lake

. . . . water budgets. Differences in the magnitude of ground-
that lake interaction with the surrounding ground-water . .
water exchange estimated by modeling and water

flow system be much more dynamic than implied bybudgets can reveal ground-water flow processes unac-

the monthly simulation. To agree with the budgeteqnieqd for by the models. The purpose of this study

derived net ground-water flow, recharge and grosgas to quantify ground-water inflow and lake leakage
ground-water flow rates had to be higher, and thgsing a three-dimensional, numerical model of the
sublake geology and confining unit more leaky, than gke Starr basin, and to investigate how representing
initial simulations. the time-varying boundary oditions (recharge to the

Model stress periods and water budget time Ioer§urficial aquifer system ar?:he potentiomiic surface
ods are inextricably linked, as accurate lake wate?f the Upper Floridan aquifer) by monthly and weekly
budgets still provide the stdard against which simu- 2Verages affec_:ted the simulated ground-water fluxes.
lations are interpreted. Bw inflows probably occur Ground-water inflow to théake and lake leakage were

on time scales less thameekly, for example, those simulated over a 2-year period from August 1996

: : through July 1998.
resulting from transient reenge events. The weekly gS Iy d val ; q "
water budget of Lake Starr substantiates their impor- 'mu at_e values of net ground-water flow were
.. .compared with the more accurate net ground-water
tance (Swancar and others, 2000). Currently, it is diffi; : :
. flow calculated from a rigongsly derived lake water
cult to get interpretable lakeater budgets on a shorter

timef th kv, b & i dail ; budget. Net ground-water flow is the difference
Imelrame than weekly, becaifi€ error in daily Water ponyeen the gross or total ground-water inflow and

budget components becomes too large. At the sam@e |eakage for any given time period. In addition to
time, simulating ground-water exchanges that arg,jipration to measured watewels in wells, the agree-

evident from weekly lake water budgets is a sufficienfnent between the two estimates of net ground-water
challenge for the near future. flow indicated whether or not the representation of

One consequence of using monthly or |0ngepoundary conditions imprOVﬁUe simulation. A finite-

time scales in lake basin mels is the underestimation difference ground-water flow model of the Lake Starr
of ground-water inflow to the lake, and underestimatP@sin was constructed using the USGS model code

ing inflow leads to undestimating lake leakage. MODFLOW. The model simulated ground-water flow

At Lake Starr, leakage was underestimated because the the_ surflc_lal ?‘q?“fer stem and the |nt§rmed|ate

) . confining unit within a 3-nfi area surrounding Lake
K below the lake was undestimated. The higher K .
val needed t librate to weekly net around-w tSrtarr. The lake was represented as an area of active
alues needed to callbrate to weekly net ground-wallly s it a very high hydraulic conductivity (K) of
fluxes lead to a revised understanding of the effects qfy 45050 000 ft/d

pumpage on the lake and the surrounding water table.

I management decisions are based on models th%[ the median water-table configuration and median
underestimate these effects p?cause of the model t'rogrtical head distribution in the aquifer beneath Lake
scale, lakes may not be sufficiently safeguarded fromg, . \yith the root mean squared error between simu-
the effects of short-term drawdown in the Upper Florijateq and median observed water levels of less than
dan aquifer. Unintended déees in surface-water g5 ft. Simulated heads and fluxes were most sensitive
levels are the result. Effecof ground-water pumpage tg recharge, specified headshe Upper Floridan aqui-
on the lake would also be underestimated through ther lower boundary, and K values in the intermediate
use of generalized or averaged annual specified heagsnfining unit. Heads were de sensitive to K in the
to represent the Upper Floridan aquifer. surficial aquifer system, btiuxes to and from the lake

The steady-state simulation provided a good fit
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were directly related to chgas in this value. The head specified weekly Upper Floridan aquifer heads in the
distribution of the lower boundary had a strong effectransient model had a smaller effect on the magnitude
on the water-table shap&nposing a northwest to of simulated net ground-water flow than the representa-
southeast flow direction ahe surficial aquifer system, tion of weekly recharge, but the effect was noticeable.
which caused lake water to flow into the surficial aqui- . . . .
fer system along the southeast shore despite the higher A weekly simulation alsavas run using higher
y g p g . :
topography on this side of the basin. The steady—sta{g(?harge rates, greatey, i the surficial aqwfer system
area contributing ground wex to the lake, called the adjgcent to the lake, and gregter K in the sublake
ground-water catchment, was west and north of thEegion. The higher recharge simulation matched the
lake and extended about 1(2f from the lake on the peak weekly values of net ground-water flow from the

west side. The ground-water catchment covered abotater budget more closely than the original weekly
16 percent of the topographic basin. simulation. The higher reenge simulation was better

In transient simulations. a combination of two &t producing the relatively rapid transitions from net

methods for estimating recharge (threshold an§round-water inflow to net ground-water outflow, as
LEACHM) produced the best agreement to both head¥ell as the steep declinesnet ground-water flow that
and fluxes. Heads were gealy within 1 ft of the Were seen in the water budget. The improved simula-
observed values. However, monthly simulations witHion of net ground-water flow suggests that lake leak-
total recharge set to 35 percent of 2-year rainfall faile@de and the K of the sublake region were better
to simulate the highest lakevels and to predict peaks represented in the high rewige simulation than in the
and lows in net ground-water flow to the lake. Monthlyoriginal model. A much greater volume of ground
simulated net ground-water flow to the lake agreedvater flowed through th lake under the higher
within the error bars of uzlget-derived estimates for recharge condition. Thgross ground-water inflow
only 14 of 24 months. During wet periods, the monthlypredicted by the higher recharge simulation for the
simulations tended to greatly underpredict net ground2-year period was 59 percent greater and lake leakage
water inflow. Representing ¢hUpper Floridan aquifer was 72 percent greater than predicted by the lower
specified-head boundary with monthly averagesecharge simulation.

instead of a steady-statgpotentiometric surface . . .
. . . Even though the higher recharge simulation was
improved the simulation of monthly ground-water . : . . .

: n improvement over previous simulations, particularly
exchange and basin water levels. Use of a steady-state . o
: .. With respect to its abilityo reproduce the extremes of
boundary to represent the Upper Floridan aquifer ¢ d-water f this simulation did not dict
reduced the agreement wibudget-derived fluxes to net ground-water tow, this simulation did not predic

only 10 of 24 months and added substantial errors {3et ground-water flow withithe water budget error fqr
monthly estimates of net ground-water exchange. a greater number of weeks than the low recharge simu-
Igtion. This was because of insufficient information

Weekly stress periods simulated lake stage mor bout th bile effects of rainfall and rech
accurately and showed a larger variability in nefPOU!t the more sublie eliects ot raintall and recharge

ground-water flow to the k& compared to monthly on ground-watgr inflgw, gnp_ractical limits .on spatial
stress periods. Unlike monthly stress periods, the tra@d temporal discretization mmodel at this scale. In
sient water-table mounds that were observed near Lag@ntrast, the saturated flawodel appeared to success-
Starr were simulated wherecharge conditions were fully S|m_ulate the effects of heads in the Upper Flori-
applied weekly. Weekly simulation increased the Ioeagan aquifer on water levels and ground-water exchange
net ground-water inflow tas compared to monthly with the lake at both weekly and monthly stress peri-
simulation, but peak net ground-water outflows weréds. The majority of the variability in lake leakage can
similar to monthly rates. The minimum and maximumbPe explained by the average vertical head difference
simulated weekly net ground-water flow rates,between the lake and a representative Upper Floridan
however, were still well below the rates derived fromaquifer well. Simulated lake leakage was highly corre-
the weekly water budgeSimulated net ground-water lated to the average head difference between the lake
flow did not alternate fnm large net ground-water and an Upper Floridan ater well, suggesting that
inflow to large net leakage as quickly as indicatedeakage was largely a linear function of this head
by the weekly water budget. The representation odlifference.
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The results of the higheecharge weekly simu- responses during rainy periods are averaged over too
lation were coupled withwater budget information long a time period using monthly stress periods. Cali-
from Lake Starr in a comb&ul approach for estimating brating the weekly simulatiorequired accounting for
the ground-water inflow tbake Starr. In the combined transient responses in thetemtable near the lake that
approach, simulated lakeakage was substituted into generated the greater range of net ground-water flow

the water budget equation and ground-water inflowalues seen in the weekly lake water budget.
was calculated as the new residual term. This method

eliminates some of the problems estimating recharglek To ,[S'ml:k?jtil the to;all grofulndl;wabter_ inflow éot
inputs, but maintains the dreased “leakiness” of the akes, saturated-fiow models of lake basins need 1o

sublake ground-water flow system that was needed fpeount f(_)r the pote_nf[ial effects of rapid and efficient
simulate the transition from peak net ground-wateFeChalrge in the surficial ager system closest to the

inflows to outflows. Using this approach, ground-water@ke- In this part of the basin, the ability to accurately
inflow accounted for 42 peent of the total input of estimate recharge is cruglal because the yvater table is
water to the lake over the 2-year study, and rainfafhallowest, the responsme between rainfall and
accounted for 58 percent of water inputs. Simulate§fCharge is shortest, and daily recharge may approach
lake leakage for the 2 years accounted for 31 percent B¢ daily rainfall amountUse of the one-dimensional
total water losses, while evaporation was 66 perceftnsaturated model LEACHM mimulate the effects of
and direct pumping was 3 pert. An adaptation of the the unsaturated zone dne timing and magnitude of
combined approach can bsed to calculate ground- the recharge in the nearshore region of the model
water exchange with Lake Starr beyond the moddmproved the simulation of peak values of ground-
period using a regression to predict lake leakage. Thigater inflow to Lake Starr. The use of variably saturated
adaptation requires that a lake water budget and hef@w modeling, with time scales that are shorter than
measurements in the Upper Floridan aquifer are avaiweekly and finer spatial sretization, is probably
able for the time period of interest. necessary to understand thebtle effects of rainfall
This study illustrates how calibrating saturated@nd recharge on ground-water inflow processes.
ground-water flow models with monthly stress perioddJnderprediction of ground-water inflow to lakes due to
to a monthly lake water budget results in underpredicthaccurate simulation of nearshore processes can
ing gross inflow to, and leakage from, ridge lakes irreduce the implied effect of ground-water withdrawals
Florida. Recharge stresses and ground-water flofvom the Upper Floridan aquifer on the lake level.
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