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Figuxe 2. -A.rbu.ckle Creek Time Series. Dark Lines = predictions of regression models relating concentrations to flow, season, and year; Light
Lines = regression model prediction + interpolated residual (used in lake simulation); symbols = observed values.
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Figure 3.~ Josephine Creek Time Series. Dark lines = predictions of regression models relating concentrations to flow, season, and year; light
lines = regression model prediction + interpolated residual (used in lake simulation); symbols = observed values.
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whereas highest chloride levels are highest in ground-
water and base flow.

For Josephine Creek, the regression models ex-
plain 11% and 10% of the variance in total P and
chloride concentrations, respectively (Fig. 3). Buffer-
ing of flow and concentration variations in upstream
Lake Josephine may account for the low strength
of correlations, as compared with Arbuckle Creek.
With these low R? values, daily concentration time
series generated by the load-calculation algorithm are
controlled primarily by the interpolation terms.
Weak declining trends are indicated for phosphorus
(-2.4% yr') and chloride (-1.0%yr?). Deviations from
the regression (Fig. 3) indicate that most of the apparent
trend in phosphorus occurred prior to 1998. Higher
concentrations in 19982000 were associated with
periods of higher runoff, particularly in 1998.

Water Balance Model

The following water-balance equations were used
to generate a daily time series of predicted outflows for
the January 1988 through September 2000 period:

Q=Q+PA-EA+V -V,

Q=Q+Q*+Q,

Q,=017(Q,*+Q)

where,

Q. = Lake Outflow (hm?®-day")

Qi = Total Inflow (hm?*-day?)

P = Precipitation (mday”)

E = Evaporation (m day”)

A = Surface Area (km?)

V, =Volume at Start of Day (hm?®)

V, = Volume at End of Day (hm®)

Q, = Arbuckle Creek Flow (hm®-day”)
Q, = Josephine Creek Flow (hm*-day”)
Q, = Ungauged Flow (hm®-day”)

Starting and ending volumes were computed from
measured lake elevations on adjacent days. Precise
measurement of the change-in-storage term is difficult
on a daily basis because it depends upon small differ-
ences in elevation of the lake. This factor caused nega-
tive computed outflows on some dates. To remove this
high-frequency error term, rolling-average outflow
volumes (14-day and 90-day) were used in model test-
ing. The ungauged inflow was computed as a constant
fraction (17%) of the gauged inflows from Arbuckle
and Josephine Creeks. This fraction was calibrated
based upon a comparison of average observed and
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Figure 4.-Outflow and Mean Depth Time Series. Top panel: 14-day rolling average outflow volumes (1* = 0.86); middle panei: 90-day rolling
average outflow volumes (r* = 0.96); bottom panel: daily mean depths (12 = 1.00, forced).
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predicted outflows over the October 1993-September
2000 period. Data prior to October 1993 were reserved
for model testing. All other water-balance terms were
directly measured (inflows, volumes) or estimated
independently (rainfall and evaporation).

The model explains 86% and 96% of the variance
in the 14-day and 90-day rolling average outflows,
respectively(Fig.4). Small departures from the observed
mean depths occur during periods when the predicted
outflow is negative. The applicability of ungauged in-
flow estimates over the entire period is indicated by the
fact that flow residuals are uncorrelated with date. Fu-
ture watershed studies should provide drainage area

delineations and direct estimates of ungauged inflows
for comparison with those estimated here. The water
budget appears to be sufficiently accurate to support
mass-balance modeling, such as that required for TMDL
development.

Mass Balance Model

Mass-balance models for Cl and P were developed
to simulate variations in concentrations in each lake
segment (North and South). Chloride was assumed to
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Figure 5.-Lake and outflow chloride concentration time series. Top panel: north lake (r? =0.41, s,/s, =0.60); bottom panel: south lake
(r*=0.75,s,/s,=0.81);s,/s = predicted / observed standard deviation statistics for model calibration period (January 1993-Sept 2000). Light
line = prediction with ungauged inflow concentration = 16 mg- L (initial hypothesis); dark line = prediction with ungauged inflow
concentration = 21 mg- L (Calibrated); Symbol = median observed value in each lake segment.
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bea conservative tracer that provides a basis for further
testing of the water balance and load-computation
methods. Two lake segments were incorporated to
reflect the observed spatial gradientsin P concentration.
Predictions of south-lake concentrations are of parti-
cularinterest because theyare more directly correlated
with outflow concentrations, as compared with north-
lake or lake-mean values.

Daily mass balances are simulated by analytically
integrating the following set of linear differential
equations:

dM,/dt=1,+A D+PA C -Q.C,-KA C,
dM,/dt=Q, C,+A,D+PA,C, -Q C,-KA,C,
C,=M,/V,

C,=M,/V,

Q,=(Q+Q,)/2

L=L+L+QC,

A=A=A/2

V,=V,=V/2
Where,
= time (days)

M,, M, = mass in segments 1 and 2 (metric tons)
A,, A, = segment surface areas (km?)

V,, V, = segment volumes (hm®)

C,, C, = segment concentrations (mg-L")

Q,, = flow from segment 1 to segment 2 (hm*-d")
L, = total inflow load (metric tons-d?)

L, = Arbuckle Creek load (metric tons -d”)

L,= Josephine Creek load (metric tons -d1)

L, =ungauged load (metric tons'd?)

C, = concentratjon in ungauged inflows (mg-d?)
D = dry atmospheric deposition rate (g . m>d)
C_= concentration in rainfall (mg L")

K = first-order net settling velocity (m-d*)

The two lake segments are assumed to be of equal
area and volume. The area assumption is consistent
with the spatial distribution of sampling stations
(Fig. 1). Although estimates of mean depth within each
segment are not available, simulations are insensitive
to depth because the P removal termis dependent only
on surface area. Flow and volume terms used in the
mass balance model are derived from the water balance
model.

Consideration of dispersive transport (e.g, wind-
driven mixing) between the two lake segments would
add another unknown parameter to the model. Wind-
driven mixing is known to occur in other shallow
Florida lakes, including nearby Lake Okeechobee (Jin
et al. 2000). Some degree of numerical dispersion is
associated with the spatial segmentation scheme

(Walker 1999). While the model appears to provide
adequate simulation oflake and outflow concentration
dynamics without explicit consideration of dispersion,
future refinements to the model could include a cali-
brated dispersion term if P estimates of concentrations
at the north end of the Lake are of particular interest.

Estimates of dry atmospheric deposition rates
(0 g'm*yr for Cl and 0.01 g-m?yr for P) and rainfall
concentrations (1.4 mg-L? for Cl and 0.007 mg-L* for
P) were derived from various regional data and
consistent with values used in modeling for Lake
Okeechobee (Walker 2000). Given the flat topography,
ungauged inflows to be primarilyin the form of seepage.
Concentrations were initially assigned to values
measured in Arbuckle Creek underlow-flow conditions
(16 mg-L* Cl and 0.05 mg L total P). Concentrations
of Cl and P at the start of the simulation (January 1,
1988) were assigned to values measured on the first
sampling date (February 1988). Water and mass
balances derived from the model for the October 1993
- September 2000 period are summarized in Table 2.

As expected for a conservative constituent (K =
0 m-d?), average Cl concentrations in the North and
South segments of the Lake are not significantly differ-
ent (Fig. 6). Predicted Cl concentrations are shown
using two assumed values for the Cl concentration in
non-gauged inflows. With a non-gauged inflow
concentration of 16 mg-L? (low-flow value for Arbuckle
Creek), the model under-predicts observed Cl by 11%
and 5% in the North and South segments, respectively
over the 1993-2001 period. Adjusting the non-gauged
inflow concentration from 16 to 21 mg L reduces the
biases to 5% and 0%, respectively, and closes the chlor-
ide balance. The Cl adjustment may reflect higher
concentrations in seepage, as compared with surface
canal flows. The adjustment may also reflect consistent
bias in one or more of the water balance terms, par-
ticularly in rainfall and/or evaporation estimates
derived from Lake Okeechobee data. The validity of
the load estimates and mass-balance framework is
supported by the fact that model tracks observed Cl
dynamics in both regions of the lake over the entire
period of record (Fig. 5).

A settling velocity for P of 0.0096 m"d* (3.5 m yr?)
was calibrated to match the observed mean concen-
tration in the south segment between 1993 and 2001.
Data prior to October 1993 were reserved for model
testing. While agreement between observed and
predicted values is poor in some years (Fig. 6), the
model tracks the response to the major loading pulse
in 1998 (Figs. 2 and 3). Overall r? statistics are low
(<0.10), but do not adequately reflect model per-
formance. Small differences in the timing of observed
and predicted phosphorus pulses (phase shifts) can
result in low r? values, even when the model generally
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tracks the observed range of values. Phase shifts on a
daily scale do not limit the utility of the model for
simulatinglong-term variationsin P concentration and
outflow load. The ratio of predicted to observed stan-
dard deviation is an alternative measure of fit that is
insensitive to phase shifts. Values close to 1.0 (1.05
North, 0.96 South)indicate that observed and predicted
variations have similar scales.

Observed and predicted outflow P loads (Fig. 7)
are plotted in linear and logarithmic scales; the latter
provides better resolution over the entire range of
loads. The model explains 84% and 64% of the variance
in the observed loads computed from measured flows
and concentrations measured at S68 and the South
lake segment, respectively. Ratios of predicted to ob-
served load standard deviation are 0.86 and 1.23, res-
pectively. Deviations between observed and predicted
P concentrations during the 1989-1990 drought have
little influence on the load simulation because of the
low flows that occurred during that period. Given no
apparent trend in the P model residuals (observed -
predicted concentrations) over the 1988-2001 period,
there is no indication of a long-term increasing or
decreasing trend in the lake P assimilative capacity.
Higher lake P concentrations in recent years appear to
be explained by higher runoff volumes, particularly in
1998 (Figs. 2, 3).
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Conclusions

Empirical phosphorus models oftenare formulated
to simulate the steady-state response to external loads
averaged over seasonal, yearly, or long-term average
timescales(Vollenweider 1969, Chapra 1975, Canfield
and Bachman, 1981, Walker 1999). Although such
models are simpler computationally, their inherent
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2g&gi | = daily, dynamic simulations demonstrated here. One

% advantage of the dynamic simulation is that it explicitly

° accounts for the change-in-storage term of the mass

E balance and therefore does not assume that measured

8; '12:: 2 R =2 lake concentrations are in equilibrium with external
RARXR . L1

loads in each season or year. Measured within-year

variations provide a calibration signal for dynamic

models that is not available for yearly models. Given

the high outflow concentration variance and low

N o sampling frequency in this case, the calibration basis

pagitl ol 4 ;‘1 o forayearly model would be limited by thelow precision

=13 of the observed yearly-average values. Daily simulation

of adeeperlake in more northern climates mayrequire
additional complexity and calibration parameters,
however, toaccount foreffects of seasonand/ or vertical
stratification.
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Figure 6.-Lake and outflow phosphorus concentration time series. Top panel - north lake (12 = -0.03, 5,./5,= 1.05); bottom panel -south lake
(2=-0.10,s,/5,=0.96); statistics for model calibration period (Jan 1993 -Sept 2000); Line = model prediction; symbol = median observed value
in each lake segment.

The data analysis and modeling results indicate
the following:

(1)

(2

Theregression/interpolation algorithm dem-
onstrated here is useful for estimating daily
tributary loads based upon sparse concen-
tration data. In our experience, sparse data
often are a concern to managers when faced
with such issues as TMDL development.

In the specific case of Lake Istokpoga, the
water and P mass-balance models developed
here could be used by the FDEP in setting a
lake TMDL for total P, once an in-lake
concentration goal is specified.

(3

@

The modeling and monitoring results provide
no evidence of a decline in lake assimilative
capacity or an increase inthelong-term-average
phosphorus load.

Apparent increases in inflow and outflow P
concentrations and loads between 1993-2000
may reflect climatologic variations. Future
monitoring and watershed diagnostic efforts
will help to identify specific causal factors.
Development and application of watershed
models relating phosphorus loads to rainfall
would help to identify any long-term loading
trends inthe presence of hydrologic variability.
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