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EXECUTIVE SUMMARY

Tlhe Everglades Nutrient Removal Project (ENR) is a 1,544 hectare (ha) or 3,815 acre
(ac) constructed wetland designed and operated for the demonstration of phosphorus
(P) reduction from agricultural runoff/drainage. The ENR is located in south Florida
(26° 38 N, 80 25' W) at the eastern edge of the Everglades Agricultural Area. The
Everglades Agricultural Area is a 24-0,000 ha (593,000 ac) highly productive irrigation
drainage basin with a major production of sugarcane. Ecological changes in the
Everglades have been partially attributed to increase in phosphorus (P) concentrations
in the inflow waters. Local, state and federal initiatives have been taken to reduce P
load from agricultural runoff/drainage. Agricultural runoff/drainage from the
agricultural area flows to the south and southeast through four primary canals
(Miami, North New River, Hillsboro, West Palm Beach).

A minimum of 25% of the P load in agricultural drainage/runoff is required to be
removed at the farm level through the application of various agricultural Best
Management Practices. Further removal of P is to be achieved through constructed
wetland treatment systems known as Stormwater Treatment Areas (STAs) to an initial
outflow total P concentration of 0.05 milligrams per liter (mg L ). The ENR is a field
scale prototype for the large scale STAs. It is built on farm land that is owned by the

State of Florida and was previously leased (until 1988) to Knight's Farm for sugarcane
and corn production. Construction of the ENR started in August 1992 and was
completed in October 1993. Full operation started in August 1994. This report
summarizes a two-year water budget analysis covering the period from August 19,
1994 to August 1 9, 1996.

The total inflow through the inflow pump was 39,000 hectare-meters (ha-m) or

316,115 ace-feet (ac--ft) and the total outflow through the outflow pump was 38,802
ha-m (314,560 ac-ft). Soeepage inflow from the L-7 levee through the roadside
culverts was a total of 1,198 ha-m (9,715 ac-ft). Total flow into the seepage canal
through culverts G258 and G259 was 892 ha--m (7,231 ac-ft) and the seepage
recirculation pump had a total flow of 7,143 ha-mrn (57,908 ac-ft). Total areal rainfall
for the two-year study period was 328.7 centimeters (cm) or 1 29.4- inches (in) and
the total areal evapotranspiration was 262.2 cm (103.2 in). Tl'he remainders in the
water balance, the sum of the errors and unknowns, was 7% of the inflow or the
outflow pumping or 6% of the sum of all outflows. The ENR is a new system with
a relatively short period of hydrologic record. Longer periods of record are more
favorable to characterize the operation and water balance of hydrologic systems.
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INTRODUCTION

Background

The Everglades Nutrient Removal (ENR) Project is a 1,544 hectare (ha) or 3,815 acre
(ac) constructed wetland designed and operated for the demonstration of phosphorus
reduction from agricultural runoff/drainage. The project is located in south Florida (260
38' N, 80" 25' W) at the eastern edge of the Everglades Agricultural Area (Figure 1).
The Everglades Agricultural Area is a 240,000 ha (593,000 ac) highly productive
irrigation drainage basin with a major production of sugarcane. Ecological changes in
the Everglades has been partially attributed to increase in phosphorus concentrations
in the inflow waters. Local, state and federal initiatives have been taken to reduce P
load from agricultural runoff/drainage. Agricultural runoff/drainage from the
agricultural area flows to the south and southeast through four primary canals shown
in Figure 1 (Miami, North New River, Hillsboro, West Palm Beach).

A minimrum of 25% of the P load in agricultural drainage/runoff is required to be
removed at the farm level through the application of various agricultural Best
Management Practices (Whalen and Whalen, 1994). Further removal of P is to be
achieved through constructed wetland treatment systems known as Stormwater
Treatment Areas (STAs). The ENR is a field scale prototype for the large scale STAs.
It is built on farm land that was owned by the State of Florida and was previously
leased (until 1988) to Knight's Farm for sugarcane and corn production. Originally,
the land was part of the Everglades which consisted of wetland prairies, sloughs and
stands of custard apple (Davis, 1943). Construction of the ENR started in August
'1992 and was completed in October 1993.

Site Description

The ENR Project area is primarily covered by Okeechobee muck soils with very small
topographic relief and average ground elevation of 3 meters (m) or 9.84 feet (ft)

NGVD; a 1 to 2 m of peat overlies on several meters of carbonate rock (Jammal and
Associates, Inc., 1991). To the east, the L-7 levee separates the ENR Project from
the Loxahatchee Wildlife Refuge (Water Conservation Area 1 (WCA1)). The northern
and western sides of the ENR are encompassed with a seepage canal that separates
the ENR levee from agricultural fields. The narrow southern ENR levee runs along the
Knight's Farm which currently is not under cultivation. A 12 km (7.5 mile) levee
surrounds the ENR and internal levees separate the five interior cells. The Project
consists of two parallel treatment trains of two cells each and a buffer (distribution
cell). As shown in Figure 2, the upper two cells, Cell 1 and 2, are treatment cells.
The lower two cells, Cell 3 and 4, are polishing cells. The eastern treatment train
carries water from the Buffer Cell to Cell 1, then to Cell 3 and finally to the outflow
pump. The western treatment train carries water from the Buffer Cell to Cell 2, then
to Cell 4 and finally to the outflow pump. Average ground elevation and area for each
cell is shown in 'Table 1.
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Vegetation Cover and Monitoring

As part of the ENR monitoring plan, temporal and spatial changes of vegetation have
been documented through quarterly aerial photography prior to 1995 and semiannually
since 1995. Average vegetation cover estimated from four areal photographs (May
15, 1994; October 18, 1994; May 18, 1995; and November 24, 1995), are shown
in Table 1. The dominant cover is cattails (41 .2%), followed by open water/
submerged vegetation (35.7%) and mixed vegetation (23.1 %).

SYSTEM HYDRAULICS AND OPERATION

System Hydraulics

West Palm Beach canal water that would otherwise be pumped into the Loxahatchee
Wildlife Refuge or WCA 1 via the SS-A Pump Station is partially diverted to the ENR
through five culverts and a 3.4 km (2.1 mile) supply canal. Inflow into the
constructed wetland, outflow from the constructed wetland, and seepage recycling
are performed with lift pumps. The inflow pump station (G250) has six identical
pumps with a total capacity of 16.98 cubic meters per second (mn3 s1) or 600 cubic
feet per second (cfs). The inflow pumps lift water from the delivery canal into the
Buffer Cell. The outflow pump station (G251) has six identical pumps with a total
capacity of 12.74 m3 s1 (450 cfs). The outflow pumps lift treated effluent from the
ENR into the Loxahatchee Wildlife Refuge. Seepage from the seepage canal is
pumped into the Buffer Cell by three identical pumps (G250S) with a total capacity
of 5.66 m' s1 (200 cfs). Pump discharge is computed as a function of head and tail
water stages and pump rotations per minute (rpm). Water surface elevation is
monitored by automated stage recorders, and staff gages supplement stage readings
for operation.

Inter-cell flows are regulated with risers through 16.7 m (55 ft) long and 1.83 m (6
ft) diameter culverts. In the eastern treatment train, water flows from the Buffer Cell
into Cell 1 through ten culverts (G252A-J) and from Cell 1 to Cell 3 through ten
culverts (G253A-J). Water from Cell 3 is directed to the outflow pump through
collection canals. In the western treatment train, water flows from the Buffer Cell into
Cell 2 through five culverts (G255A-E) and from Cell 2 to Cell 4 through five culverts
(G254A-E). Outflow from Cell 4 moves through five culverts (G256A-E) into a
discharge canal that leads to the outflow pump. Water can be recirculated from Cell
2 and Cell 4 via the seepage canal by being released through culverts (G258 and
G259, respectively) in the western levee. Water can be transferred from Cell 1 to
Cell 4- through culvert G257 when necessary. Flow through culverts is being
monitored with Ultrasonic Velocity Meters (UVMs). Currently, the UVMs are in the
process of being calibrated. ENR structure locations and monitoring network are
shown in Figure 2.
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Operation

A preliminary operation plan was developed for the ENR by Guardo and Kosier in
1993. The early start-up and late start-up water depths and stages which were
recommended in this plan are presented for each cell in Table 2. The seepage pump
started operation in December 1993. Pumping was mainly to recirculate water from
the seepage canal and reroute water from cell to cell. The inflow and outflow pumps
started operating on August 19, 1994, marking the beginning of full scale operation
of the ENR. Inflow and outflow regulations have been a result of many conditions,
such as the stage in each Cell, S-5A pump station status, seepage and system
capacity tests run in the ENR, construction operations, pump maintenance and others.
Detailed information on ENR operations is available in the periodic summary of ENR
observations produced by project site managers (ENR Site Observations,
Memorandums, SFWMD).

HYDROLOGY AND HIYDROLOGIC MONITORING

Rainfall

South Florida has a subtropical climate with relatively high rainfall frequency of
occurrence and magnitude. On the average, 34% of the annual rainfall occurs in the
dry season (November to May), with the remaining 66% occurring in the wet season
(June to October). Mean annual rainfall for the area is 133 centimeters (cm) or 52
inches (in) as reported in Abtew and Khanal (1994). Frontal rainfalls occur in the dry
season and have relatively lower spatial variation. Rainfall during the wet season is
associated with daily convective and tropical systems which have high spatial
variations.

Based on the high variation of summer rainfall observations in the area, a ten-gage
rainfall network was established as a pilot network to evaluate the optimum gage
density needed for the project area. Network analysis of the first wet season daily
rainfall showed that five gages were sufficient for the area (Abtew et al., 1995). As
a result, three gages were removed. However, the network could not be reduced to
five because three of the gages are associated with the three lysimeters, and four
gages (one at the middle of each cell) are part of the monitoring network required by
the operating permit. Table 3 lists all the rainfall gaging stations and the
corresponding database keys, while Figure 2 shows the gage locations. Areal rainfall
on the project site was computed as a Thiessen-weighted average of the previous ten-
(and later seven-) gage network. The daily distribution of areal rainfall for the two
years of study (August 19, 1994 to August 19, 1996) is depicted by Figure 3.
Monthly summary of areal rainfall is shown in Table 4.
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Evapotranspiration

Evapotranspiration is measured by three lysirnmeters installed in Cells 1, 3, and 4. The
lysimeters in Cells 1 and 3 are vegetated with cattails and mixed marsh, respectively.
The lysimeter in Cell 4 is open water (Figure 2). Two weather stations are located
close to the lysimeters for the purpose of estimating ET from weather data. Based
on initial observations, the Penman-Monteith model for cattails and mixed-marsh
vegetation, and the Penman-Combination equation for shallow open water conditions
were calibrated (Abtew and Obeysekera, 1995; Abtew, 1996). Missing daily ET data
were filled with respective model-estimated values. For the water budget analysis of
the ENR, areal daily ET was computed based on percent type of land cover (Table 1)
and the area of each cell (Guardo, 1995). Distribution of daily areal ET from the ENR,
for the two years of study (August 19, 1994 to August 19, 1996), is presented in
Figure 3, while the monthly summary of areal ET is shown in Table 4.

Flows

Database keys for the flow structures and daily stage gages are listed in Table 5. For
the period of study, the inflow pump (G250) and the outflow pump (G251) were in
operation 85% and 97.5% of the time, respectively. The seepage return pump
(G250S) operated every day of the two-year period. The daily pumping rates of the
inflow and outflow pumps are shown in Figure 4a. Flow through culverts G258 and
G259 into the seepage canal occurred on 3 days and 133 days, respectively. Figure
4b shows the daily flows through culverts G258 and G259, and seepage recycling
pumps (G250S), along with the estimated seepage from L-7 levee flowing through the
roadside culverts. The L-7 seepage through the roadside culverts was estimated using
a regression equation developed from 42 data points. A relationship was developed
between the seepage from L-7 through the roadside culverts and the stage rise in
WCA 1 above 4.57 m (15 ft) NGVD, and the difference in stages between WCA 1
and the eastern cells of the ENR (Guardo, 1996). The regression fit had a coefficient
of determination (R2 ) of 0.93 and a standard error of 0.30 m 3 s - . The equation is
given as follows:

L 7 seepage 0 .217A WCA 1. 31 1 * Ah 2 02 5  (1)

where L-7 seepage is in m3 s-1; AWCA is the rise in stage in WCA 1 above 4.57 m (15
ft) NGVD and Ah is the difference in stage between WCA 1 and the eastern cells of
the ENR. Monthly flow data for the 2-year time period are presented in Table 4.
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Water Levels

Daily water levels in each cell of the ENR are dependent on rainfall,
evapotranspiration, seepage and daily operational decisions. Water levels have been
regulated based on water' depth, operation status of the S-5A pump station, pump
maintenance, and other activities in ENR such as seepage studies and construction
operations. The minimum, maximum, and mean of the daily average stage
observations for the study period are shown in Table 2. The mean observed stages
in each cell are the same as those recommended for the later start-up phase in the
preliminary operation plan. Average daily water level observations in the eastern
treatment train of the ENR are shown in Figure 5a, while those in the western
treatment train are shown in Figure 5b.

WATER BUDGET COMPUTATIONS

Water Balance Model

The schematic hydrologic model for the ENR is depicted in Figure 6. The influent
pumped through the G250 pump station accounts for about 86% of the known inflow
to the system. The known inflows to the system are the G250 pump station inflows,
rainfall, and seepage through the roadside L-7 levee culverts (L--7a). Rainfall accounts
for 11 % and L-7 seepage through the roadside culverts accounts for 3%. Outflow
pumping (G251) accounts for 85% of the known outflows, with evapotranspiration
constituting 9% of the total outflows. The unknowns in the system are subsurface
inflows and outflows. The schematic model (Figure 6) and the following set of water
balance equations represent the hydrologic system of the ENR for water budget
analysis purposes.

INFLOW - OUTFLOW = AS + E,. (2)

where INFLOW is the amount of water that enters the system from external sources;
and OUTFLOW is water that leaves the system boundary and is not recirculated. AS
is the change in storage in the system during the time interval of interest. Sum of all
errors is represented by eT. Because all inflow and outflow can not be entirely
quantified, the following equation is introduced to represent the remainders, errors and
unknowns:

REMA.IRDERS = eT  UNKNOWNS (3)

Figure 6 shows the possible inflows and outflows to and from the ENR system. The
seepage canal which encompasses the northern and western sides of the ENR was
designed and is operated to capture seepage from the ENR to the neighboring farms.

14
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When opened, and/or through leakage, G258 and G259 culverts release water into
the seepage canal. Seepage through the western and northern ENR levees is
represented in the model by SEEPAGE 2, regardless of the magnitude. SEEPAGE 3
represents the two seepage possibilities into or out of the seepage canal from or to

the surrounding farms, regardless of the magnitude. SEEPAGE 1 represents the
possible seepage loss through the southern ENR levee into the Knight's Farm. The
unmeasured seepage flow from WCA 1 into the ENR is represented by L-7b.

In computing the water balance for the ENR, the objectives are to identify quantifiable
variables from unquantifiable variables, making reasonable assumptions to reduce the
quantity of unknowns as much as possible. Since the purpose of the seepage canal
is to recirculate seepage and recycled water, it is assumed that the seepage return
pump flows (G250S) are recirculated in the system as designed. This scenario is
described or represented in the following equation:

S, - SEEPAGE 2 + G258 +G259i c (4)

where Sp is seepage return pump flows (G250S); SEEPAGE 2 is seepage from ENR to
the seepage canal; G258 and G259 are flows through the respective culverts from
ENR to the seepage canal; and cR is error in assumption and all other errors including
measurement errors and calibration errors. The error term also includes the net effect
of unknown variable SEEPAGE 3 which is the net subsurface flow of water from the
seepage canal to the adjacent farms (west and north) or from the farms to the
seepage canal. Also, SEEPAGE 1 (seepage through the southern levee of the ENR)
and L-7b (subsurface seepage from WCA 1 that is not captured by the roadside
culverts) are also unknowns. Equation 2 is expanded as follows.

AS = G2501R+L7,a+LY7b -G251- ET-SEEPAGE I .+ +Ez o (5)

where AS is change in storage in the system; G250 is inflow pump flows; R is rainfall;
L7a is seepage flows from WCA 1 through the roadside culverts; L7b is unknown
seepage subsurface flow from WCA 1 into the ENR; ET is evapotranspiration losses;
SEEPAGE 1 is seepage loss through the southern levee of the ENR; eR represents
errors in accounting for the recirculation water in the system; c, represents errors in
inflow terms; and Eo represents errors in outflow terms. The total error in the system
is expressed as follows.

C. - C.; . , co  (C)

Daily change in storage for the ENR was computed as a sum of storage changes in
each of the five cells (Buffer Cell, Cell 1, Cell 2, Cell 3 and Cell 4). Change in storage
volume in each cell was computed from the area of the cell and change in stage.
Change in stage was computed as the difference between the beginning-of-day and
end-of-day average instantaneous stage readings at two or three locations in each cell
(Table 5).
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The remainders in the computation of daily water balances are the sum of all errors
and unknowns in the system. Daily remainders were computed for the two-year study
period based on the following equation:

REMAINDERS E , - SEEPAGE 1 + L,7b (7)

where ET is the sum of all errors, SEEPAGE 1 is seepage from the ENR through the
southern levee, and L-7b is seepage from WCA 1 into the ENR that is unaccounted
for in the water budget.

Discussion

The total inflow through the inflow pump was 39,000 ha-m (316,115 ac-ft) and was
almost equivalent to total outflow through the outflow pump which was 38,802 ha-m
(314,560 ac-ft). Seepage inflow from the L-7 levee through the roadside culverts was
a total of 1,198 ha-m (9,712 ac-ft). Total flow into the seepage canal through
culverts G258 and G259 was 892 ha-m (7,231 ac-ft) and the seepage recirculation
pump had a total flow of 7,143 ha-m (57,907 ac-ft). Total areal rainfall for the two--
year study period was 328.7 cm (129.4 in) and the total areal evapotranspiration was
262.2 cm (103.2 in).

For the two-year study period, the mean daily remainders (errors and unknowns) was
-3.8 hectare-meters per day (ha--m d1') or -30.8 acre-feet per day (ac-ft d-'1) with the
total remainders being -2,781 ha-m (-22,545 ac-ft). The standard variation of the
remainders is 12.03 ha-m d' (97 ac-ft d'1 ) which signifies high variation. Figure 7
depicts the daily remainders distribution. The negative remainder indicates that there
is an over all inflow to the system that is not accounted for in the water balance
computation. The remainder is 7 % of the inflow or the outflow pumping, or 6% of
the sum of all outflows. Summary of the two-year water budget is shown in Table 6.
Details of the water balance terms and calculations are shown in the Appendix.

The mean hydraulic loading rate for the two year period, based on the G250 pump
inflow, was 3.45 centimeters per day (cm d') or 1.34 inches per day (in d-'). T-he
mean hydraulic retention time was computed as the ratio of the mean-estimated
volume of the ENR and the total inflow pumping. The mean-estimated volume was
computed from the area weighted (by cell) mean depth of 57.5 cm (22.6 in) and total
area of 1544 ha (3,815 ac). The estimated mean hydraulic retention time was 17
days.
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SUMMARY

The ENR is a new system with a relatively short period of hydrologic record. Longer
periods of record are more favorable for characterizing the operation and water
balance of hydrologic systems. In the ENR, all hydrologic parameters, with the
exception of seepage through the system, are well monitored. Since the direction of
seepage is not in one direction, the remainders (errors and unknowns) could not be
allocated to one variable. Seepage studies and monitoring will refine the water budget
for the ENR in the future. Groundwater modeling efforts will help in identifying and
quantifying subsurface sources and sinks in the system. Improvement in stage-
volume relationships will also increase the accuracy of water balance analysis.
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