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Regulatory BackgroundRegulatory Background

Subsection 62-302.530 (31), 
Florida Administrative Code

In Class III fresh waters, dissolved oxygen 
concentrations “shall not be less than 5.0 mg/L.  
Normal daily and seasonal fluctuations above 
these levels shall be maintained.”
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Periphtyon/macrophyte dominated wetland environments, 
such as the Everglades, exhibit wide daily DO fluctuations 
due to natural processes of photosynthesis and respiration 
within the marsh (McCormick et al., 1997; Everglades 
Consolidated and Interim Reports, 1999-2003). 

Periphtyon/macrophyte dominated wetland environments, 
such as the Everglades, exhibit wide daily DO fluctuations 
due to natural processes of photosynthesis and respiration 
within the marsh (McCormick et al., 1997; Everglades 
Consolidated and Interim Reports, 1999-2003). 



Dissolved Oxygen Concentration is a 
Function of Ecosystem Processes
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Dissolved Oxygen Concentrations within Everglades Marshes 
Routinely Fall Below the State Dissolved Oxygen Water Quality 

Standard of 5.0 mg/L Even within Background Areas
(Data from 50 Sites across all areas of the EPA)
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Standard of 5.0 mg/L Even within Background Areas
(Data from 50 Sites across all areas of the EPA)



Attainment of Class III Criterion Attainment of Class III Criterion 

Stations Site-
Years 

Assessment Methodology Number 
Exceedance

Percent 
Exceedance

AAAttt   LLLeeeaaasssttt   OOOnnneee   MMMeeeaaasssuuurrreeemmmeeennnttt   <<<   555   
mmmggg///LLL   333333555   999555...444   
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DO in Biologically Imbalanced Areas is Depressed 
Below Background Areas
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Marsh Dissolved Oxygen Naturally 
Fluctuates on a Diel Basis
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Regulatory SolutionRegulatory Solution
Paragraph 62-302.500(2)(f), F.A.C.

Dissolved oxygen levels that are attributable to 
natural background conditions or man-induced 
conditions which cannot be controlled or abated 
may be established as alternative dissolved oxygen 
criteria.

Proposed Site Specific Alternative Criterion 
(SSAC) developed to formally recognize the 
natural background conditions in the EPA marshes.
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natural background conditions or man-induced 
conditions which cannot be controlled or abated 
may be established as alternative dissolved oxygen 
criteria.

Proposed Site Specific Alternative Criterion 
(SSAC) developed to formally recognize the 
natural background conditions in the EPA marshes.



Model natural background dissolved oxygen 
conditions

Validate model with a larger dataset from the 
entire EPA

Define compliance limit and methodology
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Defining Natural Background Conditions
A New Single Point Criterion Would Not Adequately 

Describe Natural Diel Fluctuations 
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Ecological and Practical ConsiderationsEcological and Practical Considerations
• Under natural conditions, marsh DO concentrations exhibit periodic diel

fluctuations where a minimum is reached within a few hours of sunrise 
and increase towards a maximum near sunset.

• Ecologically, the important components of the dissolved oxygen 
fluctuation are the daily minimum, the length of time at the minimum, 
and the magnitude of the daily range.  However, it is impractical to 
measure all of these components on a regular basis over a large 
geographic area.

• Most of the fauna of the Everglades are adapted to periodic low DO and
anaerobiosis.  Impairment occurs when low DO conditions are 
protracted (e.g., nutrient impacted sites).

• A realistic compliance test must allow for some frequency of values 
below the SSAC threshold; given the tolerance of indigenous fauna to 
periodic low DO conditions.
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• Utilized reference site approach to be consistent 
with background requirement of state statute

• Reference sites selected based upon
– Availability of diel data sets
– Phosphorus levels

• Water column TP (geometric mean < 10 µg P/L)
• Sediment P (< 600 mg/kg)

– Location relative to canals
– Biological community (ecological data and site 

visits)
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Diel Modeling DataDiel Modeling Data
Extensive Diel DO data 

collected in WCA-2 
associated with nutrient 

threshold research
Collected over numerous 
weekly periods between 1994 
and 1998 at 30 minute intervals
Extensive ecological data sets 
were available to confirm 
background designation
Approximately 4000 
observations used to model 
background diel fluctuation
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Background Model SelectionBackground Model Selection

Saturation 
Deficit

Saturation 
Deficit

• Fit
– Modeled from diel samples
– Least squares regression

• Complexity
• Bias
• Cross-validation with grab 

samples
• Statistical Error (Type I and II)
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Modeling Saturation DeficitModeling Saturation Deficit
• The saturation deficit [SD] is the difference between the measured 

dissolved oxygen concentration and the concentration at saturation 

• Expressed by the formula; 

[SD] = DO – DOsat

• Saturation concentration is a function of temperature given by the 
formula;

Ln [DOsat] = -139.34411 + (1.575701* 105/K) - (6.642308 * 107/K2) + 
(1.2438 * 1010 /K3) - (8.621949 * 1011/K4),

where DOsat is the equilibrium oxygen concentration where K is the 
water temperature on the Kelvin scale (K = °C + 273.15) (APHA, 
1992)
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• Saturation concentration is a function of temperature given by the 
formula;

Ln [DOsat] = -139.34411 + (1.575701* 105/K) - (6.642308 * 107/K2) + 
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where DOsat is the equilibrium oxygen concentration where K is the 
water temperature on the Kelvin scale (K = °C + 273.15) (APHA, 
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Curve FittingCurve Fitting
• Least squares fit to the sinusoidal equation:

[SDt] = ß0 – (ß1 * sin(2π/1440 * t) + ß2 * sin(4π/1440 * t)),
where SDt is the saturation deficit at time t in minutes (1440 
minutes/day).

• Least squares fit to the sinusoidal equation:
[SDt] = ß0 – (ß1 * sin(2π/1440 * t) + ß2 * sin(4π/1440 * t)),
where SDt is the saturation deficit at time t in minutes (1440 
minutes/day).
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Model SimplificationModel Simplification
• To simplify its application, the saturation deficit model was 

algebraically reordered to directly calculate a predicted dissolved 
oxygen concentration

• Recall:  SD = DO – DOsat

• Therefore:  DO = SD + DOsat , and

DOt = ß0 – (ß1 * sin(2π/1440 * t) + ß2 * sin(4π/1440 * t))+ DOsat,t ,

where DOt and DOsat,t are the observed dissolved oxygen concentration 
and the dissolved oxygen concentration at saturation at time t, 
respectively. 

• For temperatures between 6° and 42° C the saturation concentration 
can be expressed as;

DOsat = 1/(0.0683 + 0.00198 * °C + 5.24*10-6 · °C2)
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DOi = -3.70-(1.50*sin(2π/1440· ti)-0.30*sin(4π/1440*ti))+1/(0.068+0.00198*Ci+5.24·10-6*Ci
2)

ti = sample collection time (minutes) of the ith sample

Ci = water temperature (°C) of the ith sample

DOi = -3.70-(1.50*sin(2π/1440· ti)-0.30*sin(4π/1440*ti))+1/(0.068+0.00198*Ci+5.24·10-6*Ci
2)

ti = sample collection time (minutes) of the ith sample

Ci = water temperature (°C) of the ith sample

• Model Predicts Central 
Tendency (Arithmetic 
Mean) of the Diel Curve

• Utilizes Sample Collection 
Time and Temperature
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Selected Model of Diel Dissolved OxygenSelected Model of Diel Dissolved Oxygen



Model background diel dissolved oxygen 
fluctuation

Cross-validate model with a larger dataset 
from the entire EPA

Define compliance limit and methodology
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SSAC Development Approach SSAC Development Approach 



Cross-Validation DatasetCross-Validation Dataset
Grab samples collected at 

background sites throughout the 
Everglades

Grab sampling is the most feasible 
method of compliance monitoring
Selection of background sites 
based on same criteria as utilized 
for diel modeling sites
In-situ measurement collected 
biweekly-monthly during the 
period from 1994 to 2002
Approximately 4200 observations 
(351 Site-Years) used to cross-
validate model and set compliance 
limit
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validate model and set compliance 
limit



Model Provides a Good Prediction of 
Average Grab Sample DO

Annual Sample Size Ranged from 348 to 598
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Model background diel dissolved oxygen 
fluctuation

Cross-validate model with a larger dataset from 
the entire EPA

Define compliance limit and methodology
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Defining a Compliance Limit
• The diel model provides a prediction of the average 

annual dissolved oxygen condition within background 
areas of the EPA  

• DO concentrations both above and below the model 
predicted values are expected to occur naturally due to 
random factors such as changes in cloud cover, rainfall, 
water depth, etc 

– Background site DO will be less than model prediction 
(exceedance) approximately 50% of the time due to random 
error

• The issue of compliance becomes a statistically testable 
hypothesis of whether observed deviations occur due to 
natural background variability  
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Defining a Compliance LimitDefining a Compliance Limit

• To judge compliance with a SSAC, it is necessary to 
calculate or define the allowable frequency and magnitude 
of observations below the curve

• Current USEPA guidance recommends a maximum 
exceedance frequency of 10 percent from applicable water 
quality standards for conventional pollutants or 
constituents (USEPA, 1997; USEPA, 2002)

• Impaired Waters Rule specifies a  > 10% exceedance rate 
to list waters on the State’s 303(d) list

• Therefore, the compliance limit was derived using a 10% 
error rate
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Annual Limit CalculationAnnual Limit Calculation

• Derived by comparing measured grab sample 
DO levels with levels predicted by the model 
(residuals)

• Residuals provide the distribution of data 
around the model curve and show how often 
observations are below (or above) the curve

• Residuals were calculated as the mean annual 
observed concentration minus the mean annual 
model predicted concentration
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around the model curve and show how often 
observations are below (or above) the curve

• Residuals were calculated as the mean annual 
observed concentration minus the mean annual 
model predicted concentration



Annual Limit CalculationAnnual Limit Calculation
The statistical problem of calculating a 10% lower 
rejection limit is equivalent to the problem of 
calculating a prediction interval below which there 
is less than a 10% chance that new observations 
come from the same distribution as previously 
collected data.  The lower prediction interval (PIl) 
can be calculated by the equation:

The statistical problem of calculating a 10% lower 
rejection limit is equivalent to the problem of 
calculating a prediction interval below which there 
is less than a 10% chance that new observations 
come from the same distribution as previously 
collected data.  The lower prediction interval (PIl) 
can be calculated by the equation:
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where S and n are the standard deviation and number of the 
individual observations, respectively, and t(α,n-1) is the one-
tailed t-test statistic for a probability of α with n-1 degrees of 
freedom

where S and n are the standard deviation and number of the 
individual observations, respectively, and t(α,n-1) is the one-
tailed t-test statistic for a probability of α with n-1 degrees of 
freedom



Lower Prediction Interval 
Calculation

Lower Prediction Interval 
Calculation
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-1.40 mg/L

DOLL = −3.70 – (1.50 · sin(2π/1440 · t) - 0.30 · sin(4π/1440 · t)) + 
                      1/(0.0683 + 0.00198 · C + 5.24·10-6 · C2) - PI1 = 

      −3.70 – (1.50 · sin(2π/1440 · t) - 0.30 · sin(4π/1440 · t)) + 
                     1/(0.0683 + 0.00198 · C + 5.24·10-6 · C2) -1.40  

Calculation of Compliance Limit



Compliance DeterminationCompliance Determination
• Calculate predicted DO for 

individual observations based 
on collection time and water 
temperature

• Compliance based on annual 
average DO levels
– Observed annual average 

concentration compared to 
annual average predicted value

– Provides an allowance for 
natural variability

• Seasonal
• Light intensity
• Biological activity
• Water level
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Annual Assessment for An Individual SiteAnnual Assessment for An Individual Site
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Where
– DOAL=Annual Compliance Limit (mean predicted value)
– DO=Annual mean measured dissolved oxygen
– n=Total Number of samples collected during year 
– ti=Sample collection time of the ith sample
– Ci=Water temperature (°C) of the ith sample
– xi=Measured dissolved oxygen concentration of the ith sample.

Where
– DOAL=Annual Compliance Limit (mean predicted value)
– DO=Annual mean measured dissolved oxygen
– n=Total Number of samples collected during year 
– ti=Sample collection time of the ith sample
– Ci=Water temperature (°C) of the ith sample
– xi=Measured dissolved oxygen concentration of the ith sample.



Example Application

6.06.019.9519.9586286214:2214:221/14/981/14/98

2.92.919.6619.6667767711:1711:1712/15/9812/15/98
5.15.126.2726.2771571511:5511:5511/17/9811/17/98
3.33.325.1025.105925929:529:5210/20/9810/20/98
3.93.929.0329.0369369311:3311:339/22/989/22/98
1.41.427.3227.324854858:058:058/25/988/25/98
2.82.830.4930.4960560510:0510:057/28/987/28/98
1.81.824.0624.0660060010:0010:005/5/985/5/98
2.22.222.8322.8360360310:0310:034/7/984/7/98
4.24.218.8618.8673373312:1312:133/17/983/17/98
5.45.414.0214.0267367311:1311:132/10/982/10/98

Observed DO Observed DO 
(mg/L)(mg/L)

Temp. Temp. 
((°°C)C)

Time Time 
(Minutes)(Minutes)

Collection Collection 
Time Time 
(EST)(EST)

DateDate



Example Application

5.25.26.06.019.9519.9586286214:2214:221/14/981/14/98

2.92.919.6619.6667767711:1711:1712/15/9812/15/98
5.15.126.2726.2771571511:5511:5511/17/9811/17/98
3.33.325.1025.105925929:529:5210/20/9810/20/98
3.93.929.0329.0369369311:3311:339/22/989/22/98
1.41.427.3227.324854858:058:058/25/988/25/98
2.82.830.4930.4960560510:0510:057/28/987/28/98
1.81.824.0624.0660060010:0010:005/5/985/5/98
2.22.222.8322.8360360310:0310:034/7/984/7/98
4.24.218.8618.8673373312:1312:133/17/983/17/98
5.45.414.0214.0267367311:1311:132/10/982/10/98

PredictedPredicted
DODOLLLL

(mg/L)(mg/L)

Observed DO Observed DO 
(mg/L)(mg/L)

Temp. Temp. 
((°°C)C)

Time Time 
(Minutes)(Minutes)

Collection Collection 
Time Time 
(EST)(EST)

DateDate

DOLL =  −3.70 – (1.50 · sin(2π/1440 · 862) - 0.30 · sin(4π/1440 · 862)) +
1/(0.0683 + 0.00198 · 19.95 + 5.24·10-6 · 19.952) -1.40 = 5.2



Example Application

5.25.26.06.019.9519.9586286214:2214:221/14/981/14/98

3.73.72.92.919.6619.6667767711:1711:1712/15/9812/15/98
2.92.95.15.126.2726.2771571511:5511:5511/17/9811/17/98
2.12.13.33.325.1025.105925929:529:5210/20/9810/20/98
2.32.33.93.929.0329.0369369311:3311:339/22/989/22/98
1.31.31.41.427.3227.324854858:058:058/25/988/25/98
1.41.42.82.830.4930.4960560510:0510:057/28/987/28/98
2.32.31.81.824.0624.0660060010:0010:005/5/985/5/98
2.52.52.22.222.8322.8360360310:0310:034/7/984/7/98
4.34.34.24.218.8618.8673373312:1312:133/17/983/17/98
4.84.85.45.414.0214.0267367311:1311:132/10/982/10/98

PredictedPredicted
DODOLLLL

(mg/L)(mg/L)

Observed DO Observed DO 
(mg/L)(mg/L)

Temp. Temp. 
((°°C)C)

Time Time 
(Minutes)(Minutes)

Collection Collection 
Time Time 
(EST)(EST)

DateDate

DOLL =  −3.70 – (1.50 · sin(2π/1440 · 677) - 0.30 · sin(4π/1440 · 677)) +
1/(0.0683 + 0.00198 · 19.66 + 5.24·10-6 · 19.662) -1.40 = 3.7



Example Application

5.25.26.06.019.9519.9586286214:2214:221/14/981/14/98

3.03.03.53.5Annual Average (Compliance Limit)Annual Average (Compliance Limit)
3.73.72.92.919.6619.6667767711:1711:1712/15/9812/15/98
2.92.95.15.126.2726.2771571511:5511:5511/17/9811/17/98
2.12.13.33.325.1025.105925929:529:5210/20/9810/20/98
2.32.33.93.929.0329.0369369311:3311:339/22/989/22/98
1.31.31.41.427.3227.324854858:058:058/25/988/25/98
1.41.42.82.830.4930.4960560510:0510:057/28/987/28/98
2.32.31.81.824.0624.0660060010:0010:005/5/985/5/98
2.52.52.22.222.8322.8360360310:0310:034/7/984/7/98
4.34.34.24.218.8618.8673373312:1312:133/17/983/17/98
4.84.85.45.414.0214.0267367311:1311:132/10/982/10/98

PredictedPredicted
DODOLLLL

(mg/L)(mg/L)

Observed DO Observed DO 
(mg/L)(mg/L)

Temp. Temp. 
((°°C)C)

Time Time 
(Minutes)(Minutes)

Collection Collection 
Time Time 
(EST)(EST)

DateDate



Test PerformanceTest Performance
Stations Site-

Years 
Assessment Methodology Number 

Exceedance
Percent 

Exceedance
AAAttt   LLLeeeaaasssttt   OOOnnneee   MMMeeeaaasssuuurrreeemmmeeennnttt   <<<   555   
mmmggg///LLL   333333555   999555...444   

GGGrrreeeaaattteeerrr   ttthhhaaannn   111000%%%   ooofff   ttthhheee   
MMMeeeaaasssuuurrreeemmmeeennntttsss   <<<   555   mmmggg///LLL   333333222   999444...666   BBBaaaccckkkgggrrrooouuunnnddd   333555111   

SSSSSSAAACCC   222333   66..66  

AAAttt   LLLeeeaaasssttt   OOOnnneee   MMMeeeaaasssuuurrreeemmmeeennnttt   <<<   555   
mmmggg///LLL   555333111   999666...777   

GGGrrreeeaaattteeerrr   ttthhhaaannn   111000%%%   ooofff   ttthhheee   
MMMeeeaaasssuuurrreeemmmeeennntttsss   <<<   555   mmmggg///LLL   555222888   999666...222   AAAllllll   555444999   

SSSSSSAAACCC   111555555   2288..22**  
 

*Non-random SSAC Exceedances Associated with Known Impacts from
• Nutrient Enrichment
• Canal and/or ground water influences

*Non-random SSAC Exceedances Associated with Known Impacts from
• Nutrient Enrichment
• Canal and/or ground water influences



2001-2004 Everglades Consolidated Reports
“Cruising Testing the SSAC”

2001-2004 Everglades Consolidated Reports
“Cruising Testing the SSAC”

• Following development, the SSAC has undergone 
extensive evaluation over a wide range of climatic 
conditions 

• Results of these evaluations reported in the peer-
reviewed 2001-2004 Everglades Consolidated Reports

• Because DO concentrations at most stations were within 
the range of natural background conditions applying the 
SSAC to actual monitoring data from the EPA resulted 
in a substantially lower excursion rate than did the 
analysis based on the current 5.0 mg/L criterion

• SSAC successfully differentiates between impaired and 
background conditions

• Following development, the SSAC has undergone 
extensive evaluation over a wide range of climatic 
conditions 

• Results of these evaluations reported in the peer-
reviewed 2001-2004 Everglades Consolidated Reports

• Because DO concentrations at most stations were within 
the range of natural background conditions applying the 
SSAC to actual monitoring data from the EPA resulted 
in a substantially lower excursion rate than did the 
analysis based on the current 5.0 mg/L criterion

• SSAC successfully differentiates between impaired and 
background conditions



DO SSAC Received Favorable 
Comments from the Everglades 

Consolidated Report Peer Review Panel

DO SSAC Received Favorable 
Comments from the Everglades 

Consolidated Report Peer Review Panel
• “The dissolved oxygen alternative criterion 

assessment is well developed and documented.”

• “The inclusion of a clear and well-documented 
definition of compliance in the study is viewed as 
being on the cutting edge of criteria development.”

• “The authors are to be complemented for adding this 
critical component to their criterion development. By 
adding a clear definition of compliance, future 
analysis of monitoring data for standard compliance 
is also defined.” 

• “The dissolved oxygen alternative criterion 
assessment is well developed and documented.”

• “The inclusion of a clear and well-documented 
definition of compliance in the study is viewed as 
being on the cutting edge of criteria development.”

• “The authors are to be complemented for adding this 
critical component to their criterion development. By 
adding a clear definition of compliance, future 
analysis of monitoring data for standard compliance 
is also defined.” 



SummarySummary
• SSAC formally recognize the natural background 

conditions in the EPA marshes
• SSAC Provides: 

– An accurate differentiation between impacted and background 
conditions relative to DO 

– More realistic information on ecosystem status than the existing
Class III criterion

– Variable environmental standard
• Considers natural processes
• Ecological factors

• Compliance limit
– Utilizes feasible sampling methodology
– Uncertainty
– Natural variability
– Provides defined and consistent statistical methodology

• SSAC formally recognize the natural background 
conditions in the EPA marshes

• SSAC Provides: 
– An accurate differentiation between impacted and background 

conditions relative to DO 
– More realistic information on ecosystem status than the existing

Class III criterion
– Variable environmental standard

• Considers natural processes
• Ecological factors

• Compliance limit
– Utilizes feasible sampling methodology
– Uncertainty
– Natural variability
– Provides defined and consistent statistical methodology
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Annual Assessment for An Individual SiteAnnual Assessment for An Individual Site
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Where
– DOAL=Annual Compliance Limit (mean predicted value)
– DO=Annual mean measured dissolved oxygen
– n=Total Number of samples collected during year 
– ti=Sample collection time of the ith sample
– Ci=Water temperature (°C) of the ith sample
– xi=Measured dissolved oxygen concentration of the ith sample.

Where
– DOAL=Annual Compliance Limit (mean predicted value)
– DO=Annual mean measured dissolved oxygen
– n=Total Number of samples collected during year 
– ti=Sample collection time of the ith sample
– Ci=Water temperature (°C) of the ith sample
– xi=Measured dissolved oxygen concentration of the ith sample.



Eastern Standard Time

  05:00   07:00   09:00   11:00   13:00   15:00   17:00

SS
A

C
 C

on
ce

nt
ra

tio
n 

L
im

it 
(m

g 
O

2/
L

)

0

1

2

3

4

5

6

7

8

Regression
95% Prediction Interval

Range of SSAC Lower Limit 
DO Concentrations


	An Alternative Water Quality Criterion for Everglades Dissolved Oxygen
	Regulatory Background
	Periphtyon/macrophyte dominated wetland environments, such as the Everglades, exhibit wide daily DO fluctuations due to natur
	Dissolved Oxygen Concentrations within Everglades Marshes Routinely Fall Below the State Dissolved Oxygen Water Quality Standa
	Attainment of Class III Criterion
	Marsh Dissolved Oxygen Naturally Fluctuates on a Diel Basis
	Regulatory Solution
	SSAC Development Approach
	Defining Natural Background ConditionsA New Single Point Criterion Would Not Adequately Describe Natural Diel Fluctuations
	Ecological and Practical Considerations
	Background Site Selection
	Diel Modeling Data
	Background Model Selection
	Modeling Saturation Deficit
	Curve Fitting
	Model Simplification
	Selected Model of Diel Dissolved Oxygen
	SSAC Development Approach
	Cross-Validation Dataset
	Model Provides a Good Prediction of Average Grab Sample DOAnnual Sample Size Ranged from 348 to 598
	Cross-Validation Residuals versus Julian Day Show No Significant Seasonal BiasSolid line indicates third order curve of best-
	SSAC Development Approach
	Defining a Compliance Limit
	Defining a Compliance Limit
	Annual Limit Calculation
	Annual Limit Calculation
	Lower Prediction Interval Calculation
	Calculation of Compliance Limit
	Compliance Determination
	Annual Assessment for An Individual Site
	Example Application
	Example Application
	Example Application
	Example Application
	Test Performance
	2001-2004 Everglades Consolidated Reports “Cruising Testing the SSAC”
	DO SSAC Received Favorable Comments from the Everglades Consolidated Report Peer Review Panel
	Summary
	Acknowledgments
	Questions or Comments?
	Annual Assessment for An Individual Site
	Range of SSAC Lower Limit DO Concentrations

