
CHAPTER 5


EUTROPHICATION

5.1  MODEL DESCRIPTION

Introduction

Nutrient enrichment and eutrophication are continuing concerns in many water bodies.  High concentrations of nitrogen and phosphorus can lead to periodic phytoplankton blooms and an alteration of the natural trophic balance.  Dissolved oxygen levels can fluctuate widely, and low DO concentrations in bottom waters can result.


Eutrophication has been modeled for approximately 30 years.  The equations implemented here were derived from the Potomac Eutrophication Model, PEM (Thomann and Fitzpatrick, 1982), and are fairly standard.  Sections of this text are modified from the PEM documentation report.
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1Figure 5.1   EUTRO5 state variable interactions.


The nutrient enrichment, eutrophication, and DO depletion processes are simulated using the EUTRO5 program.  Several physical‑chemical processes can affect the transport and interaction among the nutrients, phytoplankton, carbonaceous material, and dissolved oxygen in the aquatic environment.  Figure 5.1 presents the principal kinetic interactions for the nutrient cycles and dissolved oxygen.


EUTRO5 can be operated by the user at various levels of complexity to simulate some or all of these variables and interactions.  Four levels for simulating the DO balance were described in Chapter 4.  Three levels of complexity for simulating eutrophication are identified and documented at the end of this section:  (1) simple eutrophication kinetics, (2) intermediate eutrophication kinetics, and (3) intermediate eutrophication kinetics with benthos.  The user should become familiar with the full capabilities of EUTRO5 even if simpler simulations are planned.


EUTRO5 simulates the transport and transformation reactions of up to eight state variables, illustrated in Figure 5.1.  They can be considered as four interacting systems:  phytoplankton kinetics, the phosphorus cycle, the nitrogen cycle, and the dissolved oxygen balance.  The general WASP5 mass balance equation is solved for each state variable.  To this general equation, the EUTRO5 subroutines add specific transformation processes to customize the general mass balance for the eight state variables in the water column and benthos.  Following a short summary of the material cycles, the rest of Section 5.1 covers the specific details for the several transformation sources and sinks.

Phosphorus Cycle


Dissolved or available inorganic phosphorus (DIP) interacts with particulate inorganic phosphorus via a sorption‑desorption mechanism.  DIP is taken up by phytoplankton for growth, and is incorporated into phytoplankton biomass.  Phosphorus is returned from the phytoplankton biomass pool to dissolved and particulate organic phosphorus and to dissolved inorganic phosphorus through endogenous respiration and nonpredatory mortality.  Organic phosphorus is converted to dissolved inorganic phosphorus at a temperature‑dependent mineralization rate.

Nitrogen Cycle


The kinetics of the nitrogen species are fundamentally the same as the phosphorus system.  Ammonia and nitrate are taken up by phytoplankton for growth, and incorporated into phytoplankton biomass.  The rate at which each is taken up is a function of its concentration relative to the total inorganic nitrogen (ammonia plus nitrate) available.  Nitrogen is returned from the phytoplankton biomass pool to dissolved and particulate organic nitrogen and to ammonia through endogenous respiration and nonpredatory mortality.  Organic nitrogen is converted to ammonia at a temperature dependent mineralization rate, and ammonia is then converted to nitrate at a temperature‑ and oxygen‑dependent nitrification rate.  Nitrate may be converted to nitrogen gas in the absence of oxygen at a temperature‑ and oxygen-dependent denitrification rate.

Dissolved Oxygen


Dissolved oxygen is coupled to the other state variables.  The sources of oxygen considered are reaeration and evolution by phytoplankton during growth.  The sinks of oxygen are algal respiration, oxidation of detrital carbon and carbonaceous material from waste effluents and nonpoint discharges, and nitrification.  These processes are discussed in Chapter 4.
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2Figure 5.2   Phytoplankton kinetics.


Phytoplankton kinetics assume a central role in eutrophication, affecting all other systems.  An overview of this system is given in Figure 5.2.


It is convenient to express the reaction term of phytoplankton, Sk4j, as a difference between the growth rate of phytoplankton and their death and settling rates in the volume Vj.  That is:
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5.1
where:


Sk4j
=
reaction term, mg carbon/L‑day


Pj
=
phytoplankton population, mg carbon/L


Gp1j
=
growth rate constant, day‑1

Dp1j
=
death plus respiration rate constant, day‑1

ks4j
=
settling rate constant, day‑1

j
=
segment number, unitless


The subscript 1 identifies the quantities as referring to phytoplankton type 1, (only one type is considered in this particular model); the subscript j refers to the volume element being considered.  The balance between the magnitude of the growth rate and death rate (together with the transport, settling, and mixing) determines the rate at which phytoplankton mass is created in the volume element Vj.  In subsequent text and in figures, subscripts i and j will be omitted unless needed for clarity.

Phytoplankton Growth


The growth rate of a population of phytoplankton in a natural environment is a complicated function of the species of phytoplankton present and their differing reactions to solar radiation, temperature, and the balance between nutrient availability and phytoplankton requirements.  The available information is not sufficiently detailed to specify the growth kinetics for individual algal species in a natural environment.  Rather than considering the problem of different species and their associated environmental and nutrient requirements, this model characterizes the population as a whole by the total biomass of the phytoplankton present.


A simple measure of total biomass that is characteristic of all phytoplankton, chlorophyll a, is used as the aggregated variable.  The principal advantages are that the measurement is direct; it integrates cell types and ages, and it accounts for cell viability.  The principal disadvantage is that it is a community measurement with no differentiation of functional groups (e.g., diatoms, blue‑greens); also, it is not necessarily a good measurement of standing crop in dry weight or carbon units because the chlorophyll‑to‑dry‑weight and carbon ratios are variable and non‑active chlorophyll (phaeopigments) must be measured to determine viable chlorophyll concentrations.


As can be seen from the above discussion, no simple aggregate measurement is entirely satisfactory.  From a practical point of view, the availability of extensive chlorophyll data essentially dictates its use as the aggregate measure of the phytoplankton population or biomass for calibration and verification purposes.  For internal computational purposes, however, EUTRO5 uses phytoplankton carbon as a measure of algal biomass.  Using either a fixed or variable carbon to chlorophyll mechanism (discussed subsequently), phytoplankton chlorophyll a may be computed and used as the calibration and verification variable to be compared against observed chlorophyll a field data.


With a choice of biomass units established, a growth rate that expresses the rate of production of biomass as a function of the important environmental variables (temperature, light, and nutrients) may be developed.  The specific growth rate, GPlj, in segment j is related to k1c, the maximum 20(C growth rate at optimum light and nutrients, via the following equation.
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5.2
where:


XRTj
=
the temperature adjustment factor, dimensionless


XRIj
=
the light limitation factor as a function of I, f, D, and Ke, dimensionless:


XRNj
=
the nutrient limitation factor as a function of dissolved inorganic phosphorus and nitrogen (DIP and DIN), dimensionless:


T
=
ambient water temperature, (C


I
=
incident solar radiation, ly/day


f
=
fraction day that is daylight, unitless


D
=
depth of the water column or model segment, m


Ke
=
total light extinction coefficient, m‑1

DIP
=
dissolved inorganic phosphorus (orthophosphate) available for growth, mg/L


DIN
=
dissolved inorganic nitrogen (ammonia plus nitrate) available for growth, mg/L


An initial estimate of k1c can be made based upon previous studies of phytoplankton dynamics and upon reported literature values (such as Bowie et al., 1985) and subsequently refined during the calibration and verification process.  This maximum growth rate constant is adjusted throughout the simulation for ambient temperature, light, and nutrient conditions.


Temperature -- Water temperature has a direct effect on the phytoplankton growth rate.  The selected maximum growth rate is temperature‑corrected using temporally‑ and spatially‑variable water column temperatures as reported in field studies.  The temperature correction factor is computed using:
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5.3
where:


Θ1c
=
temperature coefficient, unitless


Light -- In the natural environment, the light intensity to which the phytoplankton are exposed is not uniformly at the optimum value.  At the surface and near‑surface of the air‑water interface, photoinhibition can occur at high light intensities, whereas at depths below the euphotic zone light is not available for photosynthesis due to natural and algal‑related turbidity.  


Modeling frameworks developed by Di Toro et al. (1971), and by Smith (1980), extending upon a light curve analysis formulated by Steele (1962), account for both the effects of supersaturating light intensities and light attenuation through the water column.  The instantaneous depth‑averaged growth rate reduction developed by Di Toro is presented in Equation 5.4 and is obtained by integrating the specific growth rate over depth:
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5.4
where:


Ia
=
the average incident light intensity during daylight hours just below the surface, assumed to average 0.9 I/f, ly/day


Is
=
the saturating light intensity of phytoplankton, ly/day


Ke
=
the light extinction coefficient, computed from the sum of the non‑algal light attenuation, Ke', and the phytoplankton self‑shading attenuation, Keshd (as calculated by Equation 5.5), m‑1

[image: image7.wmf]P

 

0.054

 

+

 

P

 

0.0088

 

=

 

K

0.67

Chl

Chl

eshd

 


5.5
and
PChl
=
phytoplankton chlorophyll concentration, µg/L


Typical clear sky values of surface light intensity for different latitudes and months are provided in Table 5.1.

1Table 5.1   Calculated Solar Radiant Energy Flux to a

Horizontal Surface Under a Clear Sky (langleys/day)

	PRIVATE 


PRIVATE 


	
	 Time

of Day
	Season
	Annual

 Mean

	Latitude
	
	Spring
	Summer
	Fall
	Winter
	

	30(N
	Mean1
	 680
	 750
	 530
	 440
	 600

	
	Mid-Day2
	2100
	2200
	1700
	1400
	1900

	
	
	
	
	
	
	

	40(N
	Mean
	 650
	 740
	 440
	 320
	 540

	
	Mid-Day
	1900
	2100
	1400
	1000
	1600

	
	
	
	
	
	
	

	50(N
	Mean
	 590
	 710
	 330
	 190 
	 460

	
	Mid-Day
	1700
	1900
	1000
	 650
	1300



1calculated seasonal means under a clear sky, representing upper limits for solar radiant energy at sea level. Reference:  Weast and Astle (1980).


2Mid‑day flux extended over a 24‑hour period, assuming an atmospheric turbidity of 0, precipitable water content of 2 cm, and an atmospheric ozone content of .34 cm NTP.  Reference: Robinson (1966).


Equation 5.4 is quite similar in form to that developed by Smith, which is also available as an option in this model:
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5.6
where:
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5.7
and
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5.8
where:


Io
=
the time variable incident light intensity just below the surface, assumed to follow a half sin function over daylight hours, ly/day


Φmax
=
the quantum yield, mg carbon fixed per mole of light quanta absorbed


Kc
=
the extinction coefficient per unit of chlorophyll,  m2/mg chlorophyll a

Ke
=
the light extinction coefficient, computed from the sum of the non‑algal light attenuation, Ke', and the phytoplankton self‑shading attenuation, Keshd (as calculated by Equation 5.9), m‑1
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5.9

fu
=
units conversion factor (0.083, assuming 43% incident light is visible and 1 mole photons is equivalent to 52,000 cal), mole photons/m2‑ly


Θc
=
the ratio of carbon to chlorophyll in the phytoplankton, (mg carbon/mg chlorophyll a)


e
=
the base of natural logarithms (2.71828), unitless


Equations 5.6 - 5.9 give a light limitation coefficient that varies over the day with incident light.  This term is numerically integrated over the day within the computer program to obtain daily average light limitation:


[image: image12.wmf](t)dt

 

X

 

 

=

 

X

RI

1

o

RI

ò


5.10

The term Is, the temperature‑dependent light saturation parameter is an unknown in the Di Toro light formulation, and must be determined via the calibration‑verification process.  In the Smith formulation, this term is calculated from parameters that are reasonably well documented in the literature.  As Smith (1980) points out, since the early experiments of Warburg and Negelein (1923), maximum photosynthetic quantum yield (Φmax) has been measured for a wide range of conditions (reviewed by Kok, 1960), and a nearly temperature‑independent value of 0.08 to 0.1 mole O2 per mole of photons absorbed is now widely accepted for photosynthesizing plants in general in the laboratory.  Bannister (1974a) gives good arguments for adopting 0.06 mole carbon (0.07 mole O2) per mole of photons as the maximum yield for plankton in nature.  Reported values for Kc generally fall in the range 0.01 to 0.02 m2mg‑1, and 0.016 m2mg‑1 has been suggested as the approximate average (Bannister, 1974b).  


A second feature incorporated in the modeling framework derived from Smith's work is the calculation of a variable carbon to chlorophyll ratio based on the assumption that adaptive changes in carbon to chlorophyll occur so as to maximize the specific growth rate for ambient conditions of light and temperature.  Smith found that phytoplankton adjust chlorophyll composition so that Is roughly equals 30% of the average available light.  The expression used to calculate the carbon to chlorophyll ratio is presented in Equation 5.11:
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5.11
where the latter term is the average daily solar radiation within a segment during daylight hours, in ly/day.  Note that substituting Equation 5.11 into 5.8 gives an Is equal to 30% of the average available light.


A review of reported carbon/chlorophyll ratios in nature (Eppley and Sloane, 1966) suggests that physiological factors (in part the energy cost of synthesizing chlorophyll as compared with other cellular compounds) come into play to prevent Θc from going much below 20, even in very low light.  This lower limit of 20 has been included when determining a value for Θc.  Previously reported values of Θc from algal composition studies conducted by EPA Region III's Central Regional Laboratory (CRL) are compared in Table 5.2 to calculated values of using Equation 5.11.  There is general agreement between the measured and calculated values.  Unfortunately, no winter algae composition studies were available for comparison purposes.


Nutrients
-- The effects of various nutrient concentrations on the growth of phytoplankton have been investigated and the results are quite complex.  As a first approximation to the effect of nutrient concentration on the growth rate, it is assumed that the phytoplankton population in question follows Monod growth kinetics with respect to the important nutrients.  That is, at an adequate level of substrate concentration, the 

growth rate proceeds at the saturated rate for the ambient temperature and light conditions present.  At low substrate concentration, however, the growth rate becomes linearly proportional to substrate concentration.  Thus, for a nutrient with concentration Nj in the jth segment, the factor by which the saturated growth rate is reduced is:  Nj/(Km + Nj).  The constant, Km (called the Michaelis or half‑saturation constant) is the nutrient concentration at which the growth rate is half the saturated growth rate.  Because there are two nutrients, nitrogen and phosphorus, considered in this framework, the Michaelis‑Menten expression is evaluated for the dissolved inorganic forms of both nutrients and the minimum value is chosen to reduce the saturated growth rate, as given by Equation 5.12.

2Table 5.2  Carbon to Chlorophyll a Ratio

	PRIVATE 


PRIVATE 



	
	Carbon/Chlorophyll a
µg C/µg Chlorophyll a

	Sampling Period
	Observed

Mean
	Observed

Range
	Predicted

Range

	July 20-Oct. 6,19701
	45
	25-68
	24-28

	August 1-29, 19772
	28
	12-37
	23-26

	Sept. 7-28, 19782
	21
	15-27
	26-30

	Sept. 7-28, 19783
	
	26-30
	



1.
Elemental analysis of blue‑green algae     


2.
Laboratory elemental analysis of overall phytoplankton   population     


3.
Estimates of cell composition based upon field data  
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At the user's discretion, the multiplicative formulation for nutrient limitation may be selected.  This formulation multiplies the two terms in 5.12.  It is not generally recommended.
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3Figure 5.3   Effects of nutrient limitation on growth rate, assuming Kmn = 25 µg-N/L, Kmn = 1 µg-P/L.


Figure 5.3 presents plots of G(N) versus DIN and DIP with KmN = 25 µg-N/L and KmP = 1 µg‑P/L, respectively.  The upper plot shows the standard Michaelis‑Menten response curve to various concentrations of the inorganic nutrients.  As can be seen, no significant reduction in growth rate is achieved until DIN is less than 200 µg/L (0.2 mg/l) or until DIP is less than 8 µg/L (0.008 mg/l).


The lower plot on Figure 5.3 uses an expanded nutrient scale and shows the Michaelis‑Menten formulation in a slightly different format.  Here the impact of the function may be evaluated quite readily.  For example, a particular reach of the water body may have concentrations of DIN equal to 100 µg/L.  This corresponds to a 20% reduction in the growth rate (XRN = 0.8).  In order for phosphorus to become the limiting nutrient in the same reach, dissolved inorganic phosphorus must reach a level of 4 µg/L or less.  It should also be noted that if upstream nitrogen controls were instituted such that DIN was reduced to 60 µg/L for that same reach, then a further reduction in DIP to 2.5 µg/L would be required to keep phosphorus as the limiting nutrient.  In other words, as water column concentrations of DIP begin to approach growth limiting levels due to continued reduction in point source phosphorus effluents, any nitrogen control strategies that might be instituted would require additional levels of phosphorus removal in order to  keep phosphorus as the limiting nutrient.

Phytoplankton Death 


Numerous mechanisms have been proposed that contribute to the biomass reduction rate of phytoplankton:  endogenous respiration, grazing by herbivorous zooplankton, and parasitization.  The first two mechanisms have been included in previous models for phytoplankton dynamics, and they have been shown to be of general importance.


The endogenous respiration rate of phytoplankton is the rate at which the phytoplankton oxidize their organic carbon to carbon dioxide per unit weight of phytoplankton organic carbon.  Respiration is the reverse of the photosynthesis process and, as such, contributes to the reduction in the biomass of the phytoplankton population.  If the respiration rate of the phytoplankton as a whole is greater than the growth rate, there is a net loss of phytoplankton carbon or biomass.  The endogenous respiration rate is temperature dependent (Riley et at., 1949) and is determined via Equation 5.13:
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5.13
where:


k1R(20(C)
=
the endogenous respiration rate at 20(C, day‑1

k1R(T)
=
the temperature corrected rate, day‑1

Θ1R

=
temperature coefficient, dimensionless


Reported values of endogenous respiration at 20( vary from 0.02 day‑1 to 0.60 day‑1, with most values falling between 0.05 day‑1 and 0.20 day‑1 (Bowie et al., 1985).  Di Toro and Matystik (1980) report a value of 1.045 for Θ1R.  The total biomass reduction rate for the phytoplankton in the jth segment is expressed via Equation 5.14:  
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5.14
where:


D1j
=
biomass reduction rate, day‑1

k1D
=
death rate, representing the effect of parasitization, i.e., the infection of algal cells by other microorganisms, and toxic materials, such as chlorine residual, day‑1

k1G
=
grazing rate on phytoplankton per unit zooplankton population, L/mgC‑day


Z(t)
=
herbivorous zooplankton population grazing on phytoplankton, mgC/L


Note that the zooplankton population dynamics are described by the user, not simulated.  If population fluctuations are important in controlling phytoplankton levels in a particular body of water, the user may want to simulate zooplankton and their grazing.  On the other hand, many studies need only a constant first order grazing rate constant, where grazing rates are assumed proportional to phytoplankton levels.  In that case, k1G can be set to the first order constant with Z(t) omitted (default value = 1).  Reported grazing rates vary from 0.1 to 1.5 L/mgC‑day (Bowie et al., 1985).

Phytoplankton Settling


The settling of phytoplankton is an important contribution to the overall mortality of the phytoplankton population, particularly in lakes and coastal oceanic waters.  Published values of the settling velocity of phytoplankton, mostly under quiescent laboratory conditions, range from 0.07‑18 m/day.  In some instances, however, the settling velocity is zero or negative.  Actual settling in natural waters is a complex phenomenon, affected by vertical turbulence, density gradients, and the physiological state of the different species of phytoplankton.  Although the effective settling rate of phytoplankton is greatly reduced in a relatively shallow, well mixed river or estuary due to vertical turbulence, it still can contribute to the overall mortality of the algal population.  In addition, the settling phytoplankton can be a significant source of nutrients to the sediments and can play an important role in the sediment oxygen demand.  In EUTRO5, phytoplankton are equated to solid type 2.  Time and segment‑variable phytoplankton settling velocities can be input by the user, then, using transport field 4, so that:
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where:


ks4j
=
the effective phytoplankton settling or loss rate, day‑1

vs4ij=
the net settling velocity of phytoplankton from segment j to segment i, m/day


Dj
=
depth of segment j, equal to volume/surface area, m

Summary


This completes the specification of the growth and death rates of the phytoplankton population in terms of the physical variables:  light, temperature, and the nutrient concentrations present.  Table 5.3 summarizes the variables and parameters in the net growth equations.  With these variables known as a function of time, it is possible to calculate the phytoplankton chlorophyll throughout the year.

3Table 5.3  Phytoplankton Net Growth Terms

	PRIVATE 


PRIVATE 

                         Exogenous Variables           

	Description
	Notation
	Values
	Units

	Extinction Coefficient
	Ke
	0.1-5
	m-1

	Segment Depth
	D
	0.1-30
	m

	Water Temperature
	T
	0-35 
	oC

	Fraction of day that is daylight
	f
	0.3-0.7
	-

	Average Daily Surface Solar Radiation
	Ia
	200-750
	langleys/day

	Zooplankton Population
	Z
	0
	mgC/L

	
Rate Constants

	Description
	Notation
	Values 
	Units

	Maximum Growth Rate
	k1c
	2.0
	day-1

	Temperature Coefficient
	Θ1c
	1.068
	none

	Maximum Photosynthetic Quantum Yield
	Φmax
	720.0
	mg C/mole photon

	Phytoplankton Self-Light Attenuation
	Kc
	0.017
	m2/mg Chl a

	Carbon-Chlorophyll Ratio
	Θc
	20-50
	-

	Saturating Light Intensity
	Is
	200-500
	langleys/day

	Half-Saturation Constant for Nitrogen
	KmN
	25.0
	µg N/L

	Half-Saturation Constant for Phosphorus
	KmP
	1.0
	µg P/L

	Endogenous Respiration
	k1R
	0.125
	day-1

	Temperature Coefficient
	Θ1R
	1.045
	none

	Settling Velocity
	vs4
	0.1
	m/day

	Death Rate
	k1D
	0.02
	day-1

	Grazing Rate
	k1G
	0
	L/mgC-day



The nutrients are not known a priori, however, because they depend upon the phytoplankton population that develops.  These systems are interdependent and cannot be analyzed separately.  It is necessary to formulate a mass balance for the nutrients as well as the phytoplankton in order to calculate the chlorophyll that would develop for a given set of environmental conditions.

PRIVATE 
Stoichiometry and Uptake Kineticstc  \l 3 "Stoichiometry and Uptake Kinetics"

A principal component in the mass‑balance equations written for the nutrient systems included in the eutrophication framework is the nutrient uptake kinetics associated with phytoplankton growth.  To specify the nutrient uptake kinetics associated with this growth, however, it is necessary to specify the population stoichiometry in units of nutrient uptake/mass of population synthesized.  For carbon as the unit of population biomass, the relevant ratios are the mass of nitrogen and phosphorus per unit mass of carbon.  A selection of these ratios presented by Di Toro et al. (1971) indicates that their variability is quite large.  The use of constant ratios in the analysis, then, is questionable.


Upon further investigation, however, it is clear that the reason these ratios vary is the varying cellular content of nutrients, which is, in turn, a function of the external nutrient concentrations and the past history of the phytoplankton population.  Large ratios of carbon to nitrogen or phosphorus correspond to that nutrient limiting growth; small ratios reflect excess nutrients.  Thus, the choice of the relevant ratios can be made with the specific situation in mind.


The operational consequence of this choice is that the population stoichiometry under non‑limiting conditions may be underestimated, but under limiting conditions should be estimated correctly.  Hence the trade off is a probable lack of realism during a portion of the year versus a correct estimate of phytoplankton biomass during periods of possible nutrient limitations.  Because this is usually the critical period and because most questions to be answered are usually sensitive to maximum summer populations, this choice is a practical expedient.  A comparison of carbon‑to‑nitrogen and carbon‑to‑phosphorus ratios measured in the Potomac Estuary is provided in Table 5.4.

4Table 5.4  Phosphorus-to-Carbon and Nitrogen-to-Carbon Ratios

	PRIVATE 


PRIVATE 


	
	  Phosphorus/Carbon                  mg P/mg C
	    Nitrogen/Carbon

      mg N/mg C

	Sampling Period
	Observed

  Mean
	 Observed

  Range
	Observed

   Mean
	Observed

   Range

	July 20-Oct. 6, 19701
	0.023
	0.010-0.046
	0.26
	0.10-0.48

	August 1-29, 19772
	0.024
	0.012-0.028
	0.24
	0.15-0.36

	Sept. 7-28, 19782
	0.030
	0.017-0.047
	0.26
	0.18-0.35

	Sept. 7-28, 19782
	0.031
	
	0.26
	

	Model
	0.025
	
	0.25
	



1.
Elemental analysis of blue‑green algae


2.
Laboratory elemental analysis of overall phytoplankton population


3.
Estimates of cell composition based upon field data


Once the stoichiometric ratios have been determined, the mass balance equations may be written for the nutrients in much the same way as is done for the phytoplankton biomass.  The primary interaction between the nutrient systems and the phytoplankton system is the reduction or sink of nutrients associated with phytoplankton growth.  A secondary interaction occurs wherein the phytoplankton system acts as a source of nutrients due to release of stored cellular nitrogen and phosphorus during algal respiration and death.

PRIVATE 
The Phosporus Cycletc  \l 3 "The Phosporus Cycle"

Three phosphorus variables are modeled:  phytoplankton phosphorus, organic phosphorus, and inorganic (orthophosphate) phosphorus.  Organic phosphorus is divided into particulate and dissolved concentrations by spatially variable dissolved fractions.  Inorganic phosphorus also is divided into particulate

5Table 5.5   Phosphorus Reaction Terms

	PRIVATE 


PRIVATE 


	Description
	Notation
	Value
	Units

	Phytoplankton biomass as carbon
	Pc
	-
	mg C/L

	Specific phytoplankton growth rate
	Gp1j
	(eq 5.2)
	day-1

	Phytoplankton loss rate
	Dp1j
	(eq 5.14)
	day-1

	Phosphorus to carbon ratio
	aPC
	0.025
	mg P/mg C

	Dissolved organic phosphorus mineralization at 20(C
	k83
	0.22
	day-1

	Temperature coefficient
	Θ83
	1.08
	none

	Half saturation constant for phytoplankton limitation of phosphorus recycle
	KmPc
	1.0
	mg C/L

	Fraction of dead and respired phytoplankton recycled to the organic phosphorus pool
	fop
	0.5
	none

	        . . . recycled to the

phosphate phosphorus pool
	(1-fop)
	0.5
	none

	Fraction dissolved inorganic phosphorus in the water column
	fD3
	0.85,

0.70
	none

	Fraction dissolved organic phosphorus
	fD8
	-
	none

	Organic matter settling velocity
	vs3
	-
	m/day

	Inorganic sediment settling velocity
	vs5
	-
	m/day


and dissolved concentrations by spatially variable dissolved fractions, reflecting sorption.  The phosphorus equations are summarized in Figure 5.4.
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16Figure 5.4  Phosphorus cycle equations.

  Table 5.5 presents the reaction rate terms used in the Potomac study.

Phytoplankton Growth


As phytoplankton grow, dissolved inorganic phosphorus is taken up, stored and incorporated into biomass.  For every mg of phytoplankton carbon produced, aPC mg of inorganic phosphorus is taken up.

Phytoplankton Death


As phytoplankton respire and die, biomass is recycled to nonliving organic and inorganic matter.  For every mg of phytoplankton carbon consumed or lost, aPC mg of phosphorus is released.  A fraction fop is organic, while (1 - fop) is in the inorganic form and readily available for uptake by other viable algal cells.  In work on the Great Lakes, fop was assigned at 50% (Di Toro and Matystik, 1980).

Mineralization


Nonliving organic phosphorus must undergo mineralization or bacterial decomposition into inorganic phosphorus before utilization by phytoplankton.  In their work on Lake Huron and Saginaw Bay, Di Toro and Matystik (1980) proposed a nutrient recycle formulation that was a function of the localized phytoplankton population.  This proposal was based on both an analysis of available field data and the work of others (Hendry, 1977; Lowe, 1976; Henrici, 1938; Menon, 1972; and Rao, 1976) that indicated bacterial biomass increased as phytoplankton biomass increased.  EUTRO5 uses a saturating recycle mechanism, a compromise between conventional first‑order kinetics and a second order recycle mechanism wherein the recycle rate is directly proportional to the phytoplankton biomass present, as had been indicated in pure culture, bacteria‑seeded, laboratory studies (Jewell and McCarty, 1971). 


Saturating recycle permits second order dependency at low phytoplankton concentrations, when Pc << KmPc, where KmPc is the half‑saturation constant for recycle, and permits first order recycle when the phytoplankton greatly exceed the half‑saturation constant.  Basically, this mechanism slows the recycle rate if the phytoplankton population is small, but does not permit the rate to increase continuously as phytoplankton increase.  The assumption is that at higher population levels, recycle kinetics proceed at the maximum first order rate.  The default value for KmPc is 0, which causes mineralization to proceed at its first order rate at all phytoplankton levels.

Sorption


There is an adsorption‑desorption interaction between dissolved inorganic phosphorus and suspended particulate matter in the water column.  The subsequent settling of the suspended solids together with the sorbed inorganic phosphorus can act as a significant loss mechanism in the water column and is a source of phosphorus to the sediment.  Because the rates of reaction for 

adsorption‑desorption are in the order of minutes versus reaction rates in the order of days for the biological kinetics, an equilibrium assumption can be made.  This equilibrium reaction implies that the dissolved and particulate phosphorus phases "instantaneously" react to any discharge sources of phosphorus or runoff or shoreline erosion of solids so as to redistribute the phosphorus to its "equilibrium" dissolved and solids phase concentrations.


Consider CDIP to be the concentration of dissolved inorganic phosphorus in the water column.  It interacts with the particulate concentration, CPIP.  The interaction may be an adsorption‑desorption process with the solids or an  assimilation‑depuration process with the phytoplankton.  If the total suspended solids is considered, the particulate concentration can be defined as:
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5.16
where:


CPIP'
=
concentration of phosphorus sorbed to solids, mg P/kg M


M
=
concentration of solids, kg/L


The total inorganic phosphorus is then the sum of dissolved inorganic and the particulate inorganic phosphorus
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The underlying assumption that is made, as mentioned previously, is "instantaneous equilibrium" between the adsorption‑desorption processes.  The equilibrium between the dissolved inorganic phosphorus in the water column and the mass concentration of inorganic phosphorus of the solids is usually   expressed in terms of a partition coefficient:
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5.18
where:


KPIP
=
partition coefficient for particulate phosphorus, (mg P/kg M) per (mg P/L), or (L/kg M)

Substituting equation 5.18 into 5.16 gives:
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Equation 5.19 is the linear portion of the Langmuir isotherm.  Although not always representative of actual conditions, it is a reasonable approximation when the sorbed phosphorus concentration is much less than the ultimate adsorbing capacity of the solids.  Combining Equations 5.17 and 5.19, the total concentration may be expressed as
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5.20
 
The dissolved and particulate fractions may be expressed, respectively, as
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5.22
A wide range of partition coefficients is found in the literature.  Thomann and Fitzpatrick (1982) report values between 1,000 and 16,000.  Using a range in partition coefficients from 1,000 ‑ 16,000 and a range of inorganic solids of from 10 to 30 mg/L in the water column leads to a range in the fraction particulate inorganic phosphorus of from 0.01 to 0.33.  In EUTRO5, the dissolved and particulate phosphorus phases are assigned as spatially-variable, time-constant fractions of the total inorganic phosphorus:
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 where:


C3i
=
the total inorganic phosphorus in segment i, mg/L


fD3i
=
the fraction of the total inorganic phosphorus assigned to the dissolved phase in segment i

   CDIP,i
=
the equilibrium dissolved inorganic phosphorus in segment i, available for algal uptake, mg/L

   CPIP,i
=
the equilibrium sorbed inorganic phosphorus in segment i, which may then settle to the sediment layer from the water column, mg/L.

Settling


Particulate organic and inorganic phosphorus settle according to user‑specified velocities and particulate fractions.  Particulate organic phosphorus is equated to solid type 1, which represents organic matter.  Time and segment‑variable organic matter settling velocities, vs3, can be input by the user using transport field 3.  Segment-variable organic phosphorus dissolved fractions, fD8j, are input with initial conditions.


Particulate inorganic phosphorus is equated to solid type 3, which represents inorganic sediment.  Time and segment variable inorganic phosphorus settling velocities, vs5, can be input by the user using transport field 5.
Segment-variable inorganic phosphorus dissolved fractions, fD3, are input with initial conditions. 

PRIVATE 
The Nitrogen Cycletc  \l 3 "The Nitrogen Cycle"

Four nitrogen variables are modeled:  phytoplankton nitrogen, organic nitrogen, ammonia, and nitrate.  A summary is illustrated in Figure 5.5.  Table 5.6 summarizes the terms used in the nitrogen system kinetics.
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25Figure 5.5  Nitrogen cycle equations.

6Table 5.6  Nitrogen Reaction Terms

	PRIVATE 


PRIVATE 


	
	
	   Value         from Potomac

Estuary Model


	

	Description


	Notation


	
	Units



	Nitrogen to carbon ratio


	aNC

	0.25


	mg N/gm C



	Organic nitrogen           mineralization rate 

 @ 20(C


	k71

	0.075


	day-1


	Temperature coefficient


	Θ71

	1.08


	-



	Nitrification rate 


	k12

	0.09-0.13


	day-1


	Temperature coefficient


	Θ12

	1.08


	-



	Half saturation constant for oxygen limitation of nitrification


	KNIT

	2.0


	mg 02/L



	Denitrification rate at

20(C


	k2D

	0.09


	day-1


	Temperature coefficient


	Θ2D

	1.045


	-



	Michaelis constant for denitrification


	KNO3

	0.1


	mg O2/L



	Fraction of dead and respired phytoplankton recycled ...


	
	
	

	to the organic nitrogen pool


	fON

	0.5


	-



	to the ammonia nitrogen pool


	(1-fON)


	0.5


	-



	Preference for ammonia uptake term


	PNH3

	eq. 5.30


	-



	Fraction dissolved organic nitrogen


	fD7

	1.0


	-



	Organic matter settling velocity


	vs3

	-


	m/day




Phytoplankton Growth


As phytoplankton grow, dissolved inorganic nitrogen is taken up and incorporated into biomass.  For every mg of phytoplankton carbon produced, aNC mg of inorganic nitrogen is taken up.  Both ammonia and nitrate are available for uptake and use in cell growth by phytoplankton; however, for physiological reasons, the preferred form is ammonia nitrogen.  The ammonia preference term PNH3 is given in Figure 5.5. 

[image: image30.wmf]
4Figure 5.6   Ammonia preference structure (Thomann and Fitzpatrick, 1982).


The behavior of this equation, for a Michaelis value, KmN, of 25 µg N/L, is shown in Figure 5.6.  The behavior of this equation is most sensitive at low values of ammonia or nitrate.  For a given concentration of ammonia, as the available nitrate 

increases above approximately the Michaelis limitation, the preference for ammonia reaches an asymptote.  Also as the concentration of available ammonia increases, the plateau levels off at values closer to unity, i.e., total preference for ammonia.

Phytoplankton Death


As phytoplankton respire and die, living organic material is recycled to nonliving organic and inorganic matter.  For every mg of phytoplankton carbon consumed or lost, aNC mg of nitrogen is released.  During phytoplankton respiration and death, a fraction of the cellular nitrogen fon is organic, while (1 - fon) is in the inorganic form of ammonia nitrogen.  The fraction recycled to the inorganic pool for Great Lakes models has been assigned at 50% (Di Toro and Matystik, 1980).

Mineralization


Nonliving organic nitrogen must undergo mineralization or bacterial decomposition into ammonia nitrogen before utilization by phytoplankton.  In EUTRO5, the first order, temperature-corrected rate constant is modified by a saturated recycle term, as explained in the phosphorus mineralization section.  This mechanism slows the mineralization rate if the phytoplankton population is small, but does not permit the rate to increase continuously as phytoplankton increase.  The default value for the half-saturation constant KmPc is 0, which causes mineralization to proceed at its first order rate at all phytoplankton levels.

Settling  


Particulate organic nitrogen settles according to user‑specified velocities and particulate fractions.  Particulate organic nitrogen is equated to solid type 1, which represents organic matter.  Time and segment‑variable organic matter settling velocities, vs3, can be input by the user using transport field 3.  Segment-variable organic nitrogen dissolved fractions, fD7, are input with initial conditions.

Nitrification


Ammonia nitrogen, in the presence of nitrifying bacteria and oxygen, is converted to nitrate nitrogen (nitrification).  The process of nitrification in natural waters is carried out by aerobic autotrophs; Nitrosomonas and Nitrobacter predominate in fresh waters.  It is a two‑step process with Nitrosomonas bacteria responsible for the conversion of ammonia to nitrite and Nitrobacter responsible for the conversion of nitrite to nitrate.  


Essential to this reaction process are aerobic conditions.  Also this process appears to be affected by high or low values of pH that inhibit Nitrosomonas growth, particularly for pH below 7 and greater than 9.  As with phytoplankton, the nitrifying bacterial populations are sensitive to flow.  During periods of high flow or storm runoff, upstream bacteria may be advected downstream, with some lag time after a flow transient before they can build up to significant levels again.


The process of nitrification in natural waters, then, is complex, depending on dissolved oxygen, pH, and flow conditions, which in turn leads to spatially and temporally varying rates of nitrification.  To properly account for this complex phenomenon in the modeling framework would be difficult and would require a data base that is usually unavailable.  


The kinetic expression for nitrification in EUTRO5 contains three terms -- a first order rate constant, a temperature correction term, and a low DO correction term.  The first two terms are standard.  The third term represents the decline of the nitrification rate as DO levels approach 0.  The user may specify the half-saturation constant KNIT, which represents the DO level at which the nitrification rate is reduced by half.  The default value is zero, which allows this reaction to proceed fully even under anaerobic conditions.

Denitrification


Denitrification refers to the reduction of NO3 (or NO2) to N2 and other gaseous products such as N2O and NO.  This process is carried out by a large number of heterotrophic, facultative anaerobes.  Under normal aerobic conditions found in the water column, these organisms use oxygen to oxidize organic material.  Under the anaerobic conditions found in the sediment bed or during  extremely low oxygen conditions in the water column, however, these organisms are able to use NO3 as the electron acceptor.


The process of denitrification is included in the modeling framework simply as a sink of nitrate.  The kinetic expression for denitrification in EUTRO5 contains three terms -- a first order rate constant, a temperature correction term, and a DO correction term.  The first two terms are standard.  The third term represents the decline of the denitrification rate as DO levels rise above 0.  The user may specify the half-saturation constant KNO3, which represents the DO level at which the denitrification rate is reduced by half.  The default value is zero, which prevents this reaction at all DO levels.  Denitrification is assumed to always occur in the sediment layer where anaerobic conditions always exist. 

PRIVATE 
The Dissolved Oxygen Balancetc  \l 3 "The Dissolved Oxygen Balance"

Five state variables participate in the DO balance:  phytoplankton carbon, ammonia, nitrate, carbonaceous biochemical oxygen demand, and dissolved oxygen.  A summary is illustrated in Figure 4.2.  The reduction of dissolved oxygen is a consequence of the aerobic respiratory processes in the water column and the anaerobic processes in the underlying sediments.  Both these processes contribute significantly and, therefore, it is necessary to formulate their kinetics explicitly.  


The dissolved oxygen processes in EUTRO5 are discussed in Chapter 4.  The CBOD and DO reaction terms are summarized in Table 4.1.

PRIVATE 
Benthic - Water Column Interactionstc  \l 3 "Benthic - Water Column Interactions"

The decomposition of organic material in benthic sediment can have profound effects on the concentrations of oxygen and nutrients in the overlying waters.  The decomposition of organic material releases nutrients to the sediment interstitial waters and also results in the exertion of an oxygen demand at the sediment‑water interface.  As a result, the areal fluxes from the sediment can be substantial nutrient sources or oxygen sinks to the overlying water column.  Additionally, the occurrence of anoxia, due in part to the sediment oxygen demand, may dramatically increase certain nutrient fluxes through a set of complex redox reactions that change the state and concentrations of various nutrients and metals thereby releasing bound nutrients.  The relative importance of the  sediment oxygen demand and nutrient fluxes vis‑a‑vis future nutrient control strategies requires the incorporation of a dynamic sediment layer and its associated interactions with the overlying water column in a framework that is consistent with that discussed in the previous sections.

[image: image31.wmf]
5Figure 5.7   Sediment-water exchange.


EUTRO5 provides two options for nutrient and oxygen fluxes: descriptive input and predictive calculations (Fig. 5.7).  The first option is used for networks composed of water column segments only.  Spatially-variable observed fluxes must be specified for ammonia, phosphate, and sediment oxygen demand.  Time functions may be specified for ammonia and phosphate, reflecting seasonal changes.  Seasonal changes in water temperature can affect SOD through its temperature coefficient.

Benthic Simulation


The calculational framework incorporated for benthic‑water column exchange draws principally from a study of Lake Erie, which incorporated sediment‑water column interactions, performed by Di Toro and Connolly (1980).  For a surficial benthic layer with thickness Dj, the nitrogen and phosphorus mass balance equations are summarized in Figure 5.8 and Table 5.7.  The benthic CBOD and DO equations were summarized in Figure 4.3 and Table 4.2 in the previous chapter.  
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25Figure 5.8  Benthic nutrient equations.

7Table 5.7  Benthic Nutrient Reaction Coefficients

	PRIVATE 


PRIVATE 

	
	  Value from        Potomac      Estuary Study


	

	Description


	Notation


	
	  Units



	Anaerobic algal decomposition rate


	kPZD

	    0.02


	day-1


	Temperature coefficient


	ΘPZD

	    1.08


	none



	Organic nitrogen decomposition rate


	kOND

	   0.0004


	day-1


	Temperature coefficient


	ΘOND

	    1.08


	none



	Organic phosphorus decomposition rate


	kOPD

	   0.0004    


	day-1


	Temperature coefficient


	ΘOPD

	    1.08


	none



	Fraction inorganic phosphorus dissolved in benthic layer


	fD3j

	0.045-0.001


	none



	Diffusive exchange coefficient


	EDIF

	2-2.5 x 10-4

	m2/day



	Benthic layer depth


	Dj

	   0.1-0.3


	m



	Benthic layer


	j


	
	

	Water column


	i


	
	



WASP5 allows a more detailed parameterization of settling into the benthos that includes not only a downward settling velocity but an upward resuspension velocity as well.  In this context, then, the net particulate flux to the sediment is due to the difference between the downward settling flux and the upward resuspension flux.


Benthic Depth -- One of the first decisions to be made regarding the benthic layer is to determine its depth.  Two factors influence this decision.  The first is to adequately reflect the thickness of the active layer, the depth to which the sediment is influenced by exchange with the overlying water column.  Secondly one wishes the model to reflect a reasonable time history or "memory" in the  sediment layer.  Too thin a layer and the benthos will "remember" or be influenced by deposition of material that would have occurred only within the last year or two of the period being analyzed; too thick a layer and the model will "average" too long a history, not reflecting, as in the case of phosphorus, substantial reductions in sedimentary phosphorus resulting from reduced phosphorus discharges from sewage treatment plants.  The choice of sediment thickness is further complicated by spatially variable sedimentation rates.  The benthic layer depths, together with the assigned sedimentation velocities, provide for a multi‑year detention time or "memory", providing a reasonable approximation of the active layer in light of the observed pore water gradients.


Benthic Nitrogen -- The next consideration is the application of these mass balance equations to the nitrogen species in a reducing sediment (Berner, 1974).  Particulate organic nitrogen is hydrolyzed to ammonia by bacterial action within the benthos.  In addition to the ammonia produced by the hydrolysis of particulate organic nitrogen in the benthos, ammonia is generated by the anaerobic decomposition of algae.  In a study of this reaction, Foree and McCarty (1970) showed that the anaerobic rate of decay of algae is substantial (0.007‑0.022 day-1).  However, the end product initially is not exclusively ammonia.  Rather, a fraction of the algal nitrogen becomes particulate organic nitrogen, which must undergo hydrolysis before becoming ammonia.


Ammonia produced by the hydrolysis of non‑algal organic nitrogen and the decomposition of detrital algal nitrogen may then be exchanged with the overlying water column via diffusion.  No nitrification occurs in the sediment due to the anaerobic conditions present in the sediment.  Denitrification, the conversion of nitrate to nitrogen gas, may occur, however.  Nitrate  is present in the benthos due to diffusive exchange with the overlying water column.


The analysis of the benthic nitrogen concentrations and the resulting flux of ammonia is relatively straightforward because of the simplicity of the kinetics:  hydrolysis and anaerobic algal decay produce a stable end product, ammonia, which does not undergo further reactions in the anaerobic sediment.  The equations resulting from the above framework are presented in Figure 5.9, and the coefficients are summarized in Table 5.7.


Benthic Phosphorus -- A complete analysis of the phosphorus fluxes from sediments would require a rather complex and elaborate computation of solute‑precipitate chemistry and its interaction with the mass transport of the dissolved species. The reasons for this are twofold:  first, it is well known (Nriagu, 1972) that for phosphorus the formation of precipitates affects the interstitial water concentrations, thereby affecting the interstitial water transport of the various phosphorus forms or species; second, the dissolved concentrations are affected by the redox reactions, which in turn, affect the phosphorus fluxes that occur during aerobic and anaerobic conditions.  (Phosphorus fluxes are enhanced under anaerobic conditions.)


A computation of solute‑precipitate chemistry was judged to be outside the scope of this model.  Instead, a simplified approach was taken, which to a large degree relies on empiricism.  Anaerobic decomposition of detrital algal phosphorus is assumed to occur using the same rate expressions and rate constants as those for detrital algal nitrogen, yielding both organic and inorganic phosphorus.  Anaerobic decomposition of organic phosphorus then proceeds.  A spatially-variable fraction of the end product, dissolved inorganic phosphorus, remains in the interstitial water and is not involved in the formation of precipitates and is not sorbed onto the benthic solids.  This spatial variation reflects the ionic chemical makeup of the benthos in various regions of the water body.

                                                                  
Using observed total and interstitial dissolved inorganic phosphorus values, the fraction dissolved inorganic phosphorus can be assigned to each segment, with the particulate and dissolved inorganic phosphorus computed for each time step in a manner similar to the overlying water column inorganic phosphorus (equations 5.25 through 5.27).  Exchange of the dissolved   phosphorus forms with the overlying water column is also similar to that of ammonia, nitrate, and dissolved oxygen.  Mass flux equations are presented in Figure 5.9.  The effects of anoxia upon sediment phosphorus flux were not included in the modeling framework.  The approach used to generate sediment phosphorus flux, although not entirely satisfactory, is at least consistent with the framework within which the fluxes of other materials are being generated.


Benthic Carbon -- The reactions that convert algal and refractory carbon to their end products are complex.  The initial step in which the algal and refractory carbon are converted to reactive intermediates appears to be similar to the refractory organic and algal nitrogen degradation, and in the subsequent calculations, the rates for carbon and nitrogen decomposition are assumed to be equal.  The reactive intermediates, however, participate in further reactions: for example, volatile acids react to become methane, and the mechanisms that control these reactions are somewhat uncertain.  In addition, few measurements of these intermediate species are available and a calculation that incorporates their concentrations explicitly would of necessity be speculative.  Thus, one uses a simplified, yet realistic, formulation of these reactions.


The method proposed by Di Toro and Connolly (1980), and highlighted here, is based upon separating the initial reactions that convert sedimentary organic material into reactive intermediates and the remaining redox reactions that occur.  Then using a transformation variable and an orthogonality relationship, Di Toro and Connolly derive mass balance equations that are independent of the details of the redox equations.  Rather they are only functions of the component concentration, and it suffices to compute only the component concentrations, which can be treated in exactly the same way as any other variable in the mass transport calculation.


The convenient choice of components for the calculation are those that parallel the aqueous variables -- carbonaceous BOD and dissolved oxygen.  Restricting the calculation to these components, however, eliminates the possibility of explicitly including the effects of other reduced species such as iron, manganese, and sulfide, which play a role in overall redox reactions and may be involved in the generation of sediment oxygen demand.  This simplification appears reasonable in light of the preliminary nature of the benthic calculation.


The decomposition reactions that drive the component mass balance equations are the anaerobic decomposition of the algal carbon, and the anaerobic breakdown of the benthic organic carbon.  Both reactions are sinks of the oxygen and rapidly drive its concentration negative, indicating that the sediment is reduced rather than oxidized.  The negative concentrations computed can be considered the oxygen equivalents of the reduced end products produced by the chains of redox reactions occurring in the sediment.


Because the calculated concentration of oxygen is positive in the overlying water, it is assumed that the reduced carbon species (negative oxygen equivalents) that are transported across the benthic water interface combine with the available oxygen and are oxidized to CO2 and H2O with a consequent reduction of oxygen in the overlying water column.  The sediment mass balance equations for carbonaceous BOD and DO, together with the equation for sediment oxygen demand, are presented in Figure 4.3 and Table 4.2.

5.2 MODEL IMPLEMENTATION


To simulate eutrophication with WASP5, use the preprocessor to create a EUTRO5 input dataset.  For the portions of the dataset describing environment, transport, and boundaries, EUTRO5 model input will be similar to that for the conservative tracer model as described in Chapter 2.  To those basic parameters, the user will add combinations of transformation parameters and perhaps solids transport rates.


EUTRO5 kinetics can be implemented using some or all of the processes and kinetic terms described above to analyze eutrophication problems.  For convenience, three levels of complexity are identified here:  (1) simple eutrophication kinetics, (2) intermediate eutrophication kinetics, and (3) intermediate eutrophication kinetics with benthos.  Please note that the discrete levels of simulation identified here are among a continuum of levels that the user could implement. 


The three implementation levels are described briefly below, along with the input parameters required to solve the eutrophication equations in EUTRO5.  Input parameters are prepared for WASP5 in four major sections of the preprocessor -- environment, transport, boundaries, and transformation.  Basic model parameters are described in Chapter 2, and will not be repeated here.  The eight state variables, with abbreviations used in this text, are listed in Table 5.8. 

8Table 5.8  Summary of EUTRO5 Variables

PRIVATE 
 

     Variable               Notation  Concentration   Units  

1. Ammonia Nitrogen
  
 NH3
       C1

mg N/L

2. Nitrate Nitrogen
  
 NO3
       C2

mg N/L

3. Inorganic Phosphorus 
 PO4
       C3

mg P/L

4. Phytoplankton Carbon 
 PHYT
  C4

mg C/L

5. Carbonaceous BOD
  
 CBOD       C5    
mg O2/L

6. Dissolved Oxygen
  
 DO
       C6

mg O2/L

7. Organic Nitrogen   
 ON
       C7

mg N/L

8. Organic Phosphorus  
 OP
       C8

mg P/L

Simple Eutrophication Kinetics

Simple eutrophication kinetics simulate the growth and death of phytoplankton interacting with one of the nutrient cycles.  Growth can be limited by the availability of inorganic nitrogen or inorganic phosphorus, and light.  Equations include phytoplankton kinetics:
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and either the phosphorus cycle:
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or the nitrogen cycle:
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where Ski is the source/sink term for variable "i" in a segment, in mg/L-day.  Kinetic rate constants and coefficients are as defined in Tables 5.3, 5.5, and 5.6.


Phytoplankton plus either three nitrogen variables or two phosphorus variables are used in simple eutrophication simulations.  While phytoplankton are simulated internally as mg/L carbon, initial concentrations and boundary concentrations are input by the user as µg/L chlorophyll a.  EUTRO5 converts these input concentrations to internal concentrations using a user-specified carbon to chlorophyll ratio.  If the carbon to chlorophyll ratio is not input, then a default value of 30 is used.  Internal concentrations of phytoplankton nitrogen and phytoplankton phosphorus are calculated from user-specified nitrogen to carbon and phosphorus to carbon ratios.  If these ratios are not input, then default values of 0.25 and 0.025 are used.

Tim, could you put these defaults for NCRB and PCRB into EUTROINT?  Else we'll need to delete this last sentence.  Talk to me if latter.   bob

Simple eutrophication kinetics assume that death returns phytoplankton nitrogen and phosphorus entirely to the organic nitrogen and organic phosphorus pools.  Mineralization is a simple first order function that is unaffected by phytoplankton levels, and nitrification is a simple first order function unaffected by dissolved oxygen.  Denitrification is not simulated.


Light limitation is described by the Di Toro formulation, equation 5.4, and the user must calibrate the saturating light intensity Is.


The particulate fractions of ON and OP are associated with transport field 3, organic matter settling.  Particulate PHYT is associated with transport field 4.  The particulate fraction of PO4 is associated with transport field 5, inorganic settling.

Environment Parameters


These parameters define the basic model identity, including the segmentation, and control the simulation.


Systems-- Select "simulate" for PHYT and either ON, NH3, and NO3, or OP and PO4.  Select "constant" for the nonsimulated nutrients and "bypass" for CBOD and DO.  During calibration, the user may select "constant" or "bypass" for any selected variables.  (Group A, Record 4, NOSYS; Record 9, SYSBY)


Segments-- Water column segments should be defined in the standard fashion.  If settling is to be simulated (i.e., for ON, OP, PHYT, or PO4), the user should add a single benthic segment underlying all water column segments.  This benthic segment will merely act as a convenient sink for settling organic matter.  Model calculations within this benthic segment should be ignored.  (Group A, Record 4, NOSEG; Group C, Record 3, ISEG, IBOTSG, ITYPE, BVOL, DMULT)

Transport Parameters


This group of parameters defines the advective and dispersive transport of model variables.


Number of Flow Fields-- To simulate settling of ON and OP, the user should select solids 1 flow under advection.  To simulate settling of PHYT, the user should select solids 2 flow.  To simulate PO4 settling, the user should select solids 3 flow.  The user should also select water column flow.  (Group D, Record 1, NFIELD)


Particulate Transport, m3/sec-- Time variable settling and resuspension rates for solids 1, solids 2, and solids 3 can be input using the continuity array BQ and the time function QT.  For each solids flow field, cross-sectional exchange areas (m2) for adjacent segment pairs are input using the spatially-variable BQ.  Time-variable settling velocities can be specified as a series of velocities, in m/sec, versus time.  If the units conversion factor is set to 1.157e-5, then these velocities are input in units of m/day.  These velocities are multiplied internally by cross-sectional areas and treated as flows that carry particulate organic matter out of the water column.  (Group D, Record 4, BQ, JQ, IQ; Record 6, QT, TQ) 

Boundary Parameters


This group of parameters includes boundary concentrations, waste loads, and initial conditions.  Boundary concentrations must be specified for any segment receiving flow inputs, outputs, or exchanges.  Initial conditions include not only initial concentrations, but also the density and solids transport field for each solid, and the dissolved fraction in each segment.


Boundary Concentrations, mg/L-- At each segment boundary, time variable concentrations must be specified for PHYT, expressed as µg/L chlorophyll a.  Time variable concentrations must also be specified for either ON, NH3, and NO3, or OP and PO4.  A boundary segment is characterized by water exchanges from outside the network, including tributary inflows, downstream outflows, and open water dispersive exchanges.  (Group E, Record 4, BCT)


Waste Loads, kg/day-- For each point source discharge, time variable PHYT, ON, NH3, NO3, OP, and PO4 loads can be specified.  These loads can represent municipal and industrial wastewater discharges, or urban and agricultural runoff.  If any phytoplankton loads are specified, they should be in units of kg carbon/day.  (Group F.1, Record 4, WKT)


Solids Transport Field-- The transport fields associated with particulate settling must be specified under initial conditions.  Solids 1 (Field 3) is recommended for ON and OP.  Solids 2 (Field 4) is recommended for PHYT.  Solids 3 (Field 5) is recommended for PO4.  (Group J, Record 1, IFIELD)


Solid Density, g/cm3-- A value of 0 can be entered for the nominal density of PHYT, ON, NH3, NO3, OP, and PO4.  This information is not used in EUTRO5.  (Group J, Record 1, DSED)


Initial Concentrations, mg/L-- Concentrations of PHYT, expressed as µg/L chlorophyll a and either ON, NH3, and NO3, or OP and PO4 in each segment must be specified for the time at which the simulation begins.  For the nonsimulated nutrients held constant, average concentrations must be specified.  These nutrient concentrations will remain constant throughout the simulation and can affect PHYT through growth rate limitation (although nonsimulated nutrients should be in excess and therefore not affect growth).  Concentrations of zero for bypassed variables -- CBOD and DO -- will be entered by the preprocessor. (Group J, Record 2, C)Tim, it seems like it would be safer for the preprocessor to input saturation levels of nonsimulated DO, or at least nominal concentrations of 7 or 8.

Dissolved Fraction-- The dissolved fraction of PHYT, ON, NH3, NO3, OP, and PO4 in each segment must be specified.  The dissolved fraction of PHYT should be set to 0.  Only the particulate fractions of the nutrients will be subject to settling.  (Group J, Record 2, DISSF)

Transformation Parameters


This group of parameters includes spatially variable parameters, constants, and kinetic time functions for the water quality constituents being simulated.  Parameter values are entered for each segment.  Specified values for constants apply over the entire network for the whole simulation.  Kinetic time functions are composed of a series of values versus time, in days.


Water Temperature, C-- Time and segment variable water temperatures can be specified using the parameters TMPSG and TMPFN, and the time functions TEMP(1-4).  If temperatures are to remain constant in time, then the user should enter segment temperatures using the parameter TMPSG.  TMPFN and TEMP(1-4) should be omitted.  


If the user wants to enter time-variable temperatures, then values for the parameter TMPSG should be set to 1.0.  The parameter TMPFN indicates which temperature function will be used by the model for each segment.  Values of 1.0, 2.0, 3.0, or 4.0 will call time functions TEMP(1), TEMP(2), TEMP(3), and TEMP(4), respectively.  Water temperatures should then be entered via these time functions as a series of temperature versus time values.  The product of TMPSG and the selected TEMP function will give the segment and time specific water temperatures used by EUTRO5.


TMPSG and TMPFN are identified in EUTRO5 as parameters 3 and 4, respectively.  TEMP(1-4) are identified in EUTRO5 as time functions 1-4.  (Group G, Record 4, PARAM(I,3), PARAM(I,4); Group I, Record 2, VALT(1-4,K))


Solar Radiation, langleys/day-- Time-variable solar radiation at the water surface can be described using time functions ITOT and FDAY.  Seasonally-varying values of solar radiation at the surface can be entered using ITOT with a series of radiation versus time values.  FDAY gives the seasonally-varying fraction of day that is daylight, entered as a series of fraction versus time values.  Internally, EUTRO5 uses the quotient ITOT/FDAY for the average radiation intensity during daylight hours.  (Group I, Record 2, VALT(5,K), VALT(6,K))


Light Extinction, m-1-- Time and segment variable light extinction coefficients can be specified using the parameters KESG and KEFN, and the time functions KE(1-5).  If extinction coefficients are to remain constant in time, then the user should enter segment coefficients using the parameter KESG.  KEFN and KE(1-4) should be omitted.  


If the user wants to enter time-variable extinction coefficients, then values for the parameter KESG should be set to 1.0.  The parameter KEFN indicates which light extinction function will be used by the model for each segment.  Values of 1.0, 2.0, 3.0, 4.0, or 5.0 will call time functions KE(1), KE(2), KE(3), KE(4), and KE(5), respectively.  Light extinction coefficients should then be entered via these time functions as a series of coefficient versus time values.  The product of KESG and the selected KE function will give the segment and time specific light extinction coefficients used by EUTRO5.


KESG and KEFN are identified in EUTRO5 as parameters 5 and 6, respectively.  KE(1-4) are identified in EUTRO5 as time functions 8-12.  (Group G, Record 4, ISC, PARAM(I,5), PARAM(I,6); Group I, Record 2, VALT(8-12,K))


Growth Rate, day-1-- The maximum phytoplankton growth rate constant and temperature coefficient can be input using constants K1C and K1T, respectively.  (Group H, Record 4, CONST(41), CONST(42))


Carbon to Chlorophyll Ratio, mg C/mg Chl-- The average carbon to chlorophyll weight ratio in phytoplankton can be specified using constant CCHL.  A default value of 30 is provided for in EUTRO5.  (Group H, Record 4, CONST(46))


Light Limitation-- Available light is specified using time functions describing seasonal light at the water surface and segment- and time-variable light extinction coefficents.  These are described above.


The Di Toro light limitation option can be specified using a value of 1.0 for LGHTS.  The saturating light intensity can then be specified using constant IS1.  Default values for LGHTS and IS1 are 1 and 300, respectively.  (Group H, Record 4, CONST(43), CONST(47))

Tim, could you make default value for LGHTSW = 1?

Respiration Rate, day-1-- The average phytoplankton respiration rate constant and temperature coefficient can be input using constants K1RC and K1RT, respectively.  (Group H, Record 4, CONST(50), CONST(51))


Death Rate, day-1-- The non-predatory phytoplankton death rate constant can be input using constant K1D.  No temperature dependance is assumed.  (Group H, Record 4, CONST(52))


Phosphorus to Carbon Ratio, mg P/mg C-- The average phosphorus to carbon weight ratio in phytoplankton can be specified using constant PCRB.  The EUTRO5 default value for PCRB is 0.025.  (Group H, Record 4, CONST(57)Tim, please provide for the default value... bob

Phosphorus Mineralization Rate, day-1-- The mineralization rate constant and temperature coefficient for dissolved organic phosphorus can be specified using constants K83C and K83T, respectively.  (Group H, Record 4, CONST(100), CONST(101))


Phosphorus Half-Saturation Constant, mg P/L-- The phosphorus half-saturation constant for phytoplankton growth can be specified using constant KMPG1.  When inorganic phosphorus concentrations are at this level, the phytoplankton growth rate is reduced by half.  (Group H, Record 4, CONST(49))


Nitrogen to Carbon Ratio, mg N/mg C-- The average nitrogen to carbon weight ratio in phytoplankton can be specified using constant NCRB.  The EUTRO5 default value for NCRB is 0.25.  (Group H, Record 4, CONST(58)Tim, could you provide for this default value....bob

Nitrogen Mineralization Rate, day-1-- The mineralization rate constant and temperature coefficient for dissolved organic nitrogen can be specified using constants K71C and K71T, respectively.  (Group H, Record 4, CONST(91), CONST(92))


Nitrification Rate, day-1-- The nitrification rate constant and temperature coefficient for dissolved ammonia nitrogen can be specified using constants K12C and K12T, respectively.  (Group H, Record 4, CONST(11), CONST(12))


Nitrogen Half-Saturation Constant, mg N/L-- The nitrogen half-saturation constant for phytoplankton growth can be specified using constant KMNG1.  When inorganic nitrogen concentrations are at this level, the phytoplankton growth rate is reduced by half.  This parameter also affects ammonia preference PNH3 as outlined in Figures 5.5 and 5.6.  When KMNG1 = 0, PNH3 = 1.0.  When KMNG1 becomes very large, PNH3 approaches a value of C1/(C1 + C2).  (Group H, Record 4, CONST(48))

Intermediate Eutrophication Kinetics

Intermediate eutrophication kinetics simulate the growth and death of phytoplankton interacting with the nitrogen and phosphorus cycles and the dissolved oxygen balance.  Growth can be limited by the availability of inorganic nitrogen, inorganic phosphorus, and light.


Intermediate eutrophication kinetics add CBOD and DO equations as well as certain nonlinear terms and functions to the simple eutrophication kinetics described above.  The oxygen balance equations and kinetic parameters are summarized in Figure 4.2 and Table 4.1.  The phosphorus cycle equations and kinetic parameters are summarized in Figure 5.4 and Table 5.5.  The nitrogen cycle equations and parameters are summarized in Figure 5.5 and Table 5.6.  Phytoplankton equations are presented throughout Section 5.2, with parameters summarized in Table 5.3.  


Light limitation can be described by either the Di Toro or the Smith formulation.  The Smith formulation implements equations 5.6 through 5.11.  These equations predict the carbon to chlorophyll ratio based on the availability of light, then predict the saturating light intensity based on the carbon to chlorophyll ratio.  


Other terms included in the intermediate kinetics equations are the phytoplankton effect on mineralization of organic phosphorus and nitrogen, the dissolved oxygen limitation on nitrification, the denitrification reaction, and zooplankton grazing.  The nonlinear DO balance equations can become important in inhibiting nitrification and carbonaceous oxidation and in promoting denitrification where low DO concentrations occur.


All eight state variables are simulated in intermediate eutrophication simulations.  During calibration of the model to observed data, however, the user may want to bypass certain variables or hold them constant.  Nutrients can be held at observed concentrations, for instance, while phytoplankton growth and death rates are calibrated.

Environment Parameters


These parameters define the basic model identity, including the segmentation, and control the simulation.


Systems-- Select "simulate" for all variables.  During calibration, the user may select "constant" or "bypass" for any selected variables.  (Group A, Record 4, NOSYS; Record 9, SYSBY)


Segments-- Water column segments should be defined in the standard fashion.  If settling is to be simulated (i.e., for ON, OP, PHYT, PO4, or CBOD), the user should add a single benthic segment underlying all water column segments.  This benthic segment will merely act as a convenient sink for settling organic matter.  Model calculations within this benthic segment should be ignored.  (Group A, Record 4, NOSEG; Group C, Record 3, ISEG, IBOTSG, ITYPE, BVOL, DMULT)

Transport Parameters


This group of parameters defines the advective and dispersive transport of model variables.


Number of Flow Fields-- To simulate settling of ON, OP, and CBOD, the user should select solids 1 flow under advection.  To simulate settling of PHYT, the user should select solids 2 flow.  To simulate PO4 settling, the user should select solids 3 flow.  The user should also select water column flow.  (Group D, Record 1, NFIELD)


Particulate Transport, m3/sec-- Time variable settling and resuspension velocities can be specified for particulate ON, OP, CBOD, PHYT, and PO4, as described in the simple eutrophication section above.

Boundary Parameters


This group of parameters includes boundary concentrations, waste loads, and initial conditions.  Boundary concentrations must be specified for any segment receiving flow inputs, outputs, or exchanges.  Initial conditions include not only initial concentrations, but also the density and solids transport field for each solid, and the dissolved fraction in each segment.


Boundary Concentrations, mg/L-- At each segment boundary, time variable concentrations must be specified for PHYT, expressed as µg/L chlorophyll a.  Time variable concentrations must also be specified for either ON, NH3, NO3, OP, PO4, CBOD, and DO.  A boundary segment is characterized by water exchanges from outside the network, including tributary inflows, downstream outflows, and open water dispersive exchanges.  (Group E, Record 4, BCT)


Waste Loads, kg/day-- For each point source discharge, time variable PHYT, ON, NH3, NO3, OP, PO4, CBOD, and DO loads can be specified.  These loads can represent municipal and industrial wastewater discharges, or urban and agricultural runoff.  If any phytoplankton loads are specified, they should be in units of kg carbon/day.  (Group F.1, Record 4, WKT)


Solids Transport Field-- The transport fields associated with particulate settling must be specified under initial conditions.  Solids 1 (Field 3) is recommended for ON, OP, and CBOD.  Solids 2 (Field 4) is recommended for PHYT.  Solids 3 (Field 5) is recommended for PO4.  (Group J, Record 1, IFIELD)


Solid Density, g/cm3-- A value of 0 can be entered for the nominal density of PHYT, ON, NH3, NO3, OP, PO4, CBOD, and DO.  This information is not used in EUTRO5.  (Group J, Record 1, DSED)


Initial Concentrations, mg/L-- Concentrations of all variables in each segment must be specified for the time at which the simulation begins.  Concentrations of PHYT are expressed as µg/L chlorophyll a. (Group J, Record 2, C)


Dissolved Fraction-- The dissolved fraction of each variable in each segment must be specified.  The dissolved fraction of PHYT should be set to 0, and the dissolved fraction of DO should be set to 1.  Only the particulate fractions of CBOD and the nutrients will be subject to settling.  (Group J, Record 2, DISSF)

Transformation Parameters


This group of parameters includes spatially variable parameters, constants, and kinetic time functions for the water quality constituents being simulated.  Parameter values are entered for each segment.  Specified values for constants apply over the entire network for the whole simulation.  Kinetic time functions are composed of a series of values versus time, in days.


Water Temperature, C-- Time and segment variable water temperatures can be specified using the parameters TMPSG and TMPFN, and the time functions TEMP(1-4), as described in the simple eutrophication section above.


Solar Radiation, langleys/day-- Time-variable solar radiation at the water surface can be described using time functions ITOT and FDAY, as described in the simple eutrophication section above. 


Light Extinction, m-1-- Time and segment variable light extinction coefficients can be specified using the parameters KESG and KEFN, and the time functions KE(1-5), as described in the simple eutrophication section above.


Growth Rate, day-1-- The maximum phytoplankton growth rate constant and temperature coefficient can be input using constants K1C and K1T, respectively.  (Group H, Record 4, CONST(41), CONST(42))


Carbon to Chlorophyll Ratio, mg C/mg Chl-- The average carbon to chlorophyll weight ratio in phytoplankton can be specified using constant CCHL.  A default value of 30 is provided for in EUTRO5.  If the Smith light limitation option is chosen, then CCHL will be variable, recalculated daily throughout the simulation.  (Group H, Record 4, CONST(46))


Light Limitation-- Available light is specified using time functions describing seasonal light at the water surface and segment- and time-variable light extinction coefficents.  These are described above.


The Di Toro light limitation option can be specified using a value of 1.0 for LGHTS.  The saturating light intensity, in langleys/day can then be specified using constant IS1.  Default values for LGHTS and IS1 are 1 and 300, respectively.  (Group H, Record 4, CONST(43), CONST(47))


The Smith light limitation option can be specified using a value of 2.0 for LGHTS.  Two other parameters must then be specified.  The maximum quantum yield constant, in mg C/mole photons, can be specified using constant PHIMX.  The chlorophyll extinction coefficient, in (mg chl a/m3)-1m-1, can be specified using constant XKC.  Default values for PHIMX and XKC are 720 and 0.017, respectively. (Group H, Record 4, CONST(43), CONST(44), CONST(45))


Nitrogen Half-Saturation Constant, mg N/L-- The nitrogen half-saturation constant for phytoplankton growth can be specified using constant KMNG1.  When inorganic nitrogen concentrations are at this level, the phytoplankton growth rate is reduced by half.  This parameter also affects ammonia preference PNH3 as outlined in Figures 5.5 and 5.6.  When KMNG1 = 0, PNH3 = 1.0.  When KMNG1 becomes very large, PNH3 approaches a value of C1/(C1 + C2).  (Group H, Record 4, CONST(48))


Phosphorus Half-Saturation Constant, mg P/L-- The phosphorus half-saturation constant for phytoplankton growth can be specified using constant KMPG1.  When inorganic phosphorus concentrations are at this level, the phytoplankton growth rate is reduced by half.  (Group H, Record 4, CONST(49))


Nutrient Limitation Option-- The nutrient limitation formulation can be specified using constant NUTLIM.  A value of 0 selects the minimum formulation, which is recommended.  A value of 1.0 selects the multiplicative formulation.  The default value is 0.  (Group H, Record 4, CONST(54))


Respiration Rate, day-1-- The average phytoplankton endogenous respiration rate constant and temperature coefficient can be input using constants K1RC and K1RT, respectively.  (Group H, Record 4, CONST(50), CONST(51))


Death Rate, day-1-- The non-predatory phytoplankton death rate constant can be input using constant K1D.  No temperature dependance is assumed.  (Group H, Record 4, CONST(52))


Grazing Rate, day-1-- Zooplankton grazing can be specified using parameter ZOOSG, time function ZOO, and constant K1G.  Time- and  segment-variable herbivorous zooplankton populations are described as the product of the time variable population ZOO, in mg zooplankton C/L, and segment specific ratios ZOOSG.  The grazing rate per unit zooplankton population, in L/mg zooplankton C-day, can be input using constant K1G.  The resulting grazing rate constant for phytoplankton is the product of the variable zooplankton population and the unit grazing rate.  (Note that ZOO can also be expressed as cells/L if K1G is expressed as L/cell-day).  (Group G, Record 4, PARAM(I,15); Group H, Record 4, CONST(53); Group I, Record 2 VALT(19,K))


Phosphorus to Carbon Ratio, mg P/mg C-- The average phosphorus to carbon weight ratio in phytoplankton can be specified using constant PCRB.  The EUTRO5 default value for PCRB is 0.025.  (Group H, Record 4, CONST(57)Tim, please provide for the default value... bob

Phytoplankton Phosphorus Recycle-- The fraction of dead and respired phytoplankton phosphorus that is recycled to the organic phosphorus pool can be specified using constant FOP.  The default value is 1.  The fraction of phytoplankton phosphorus recycled directly to inorganic phosphorus is 1 - FOP.  (Group H, Record 4, CONST(104))


Phosphorus Mineralization Rate, day-1-- The mineralization rate constant and temperature coefficient for dissolved organic phosphorus can be specified using constants K83C and K83T, respectively.  Phytoplankton effects on mineralization can be described using constant KMPHY, the half-saturation constant for mineralization dependence on phytoplankton, in mg C/L.  This causes mineralization rates to increase as phytoplankton levels increase.  If KMPHY is zero, there is no phytoplankton effect on mineralization.  If KMPHY is large, then large concentrations of phytoplankton are needed to drive mineralization, and thus relatively low phytoplankton levels can lead to low mineralization rates.  (Group H, Record 4, CONST(100), CONST(101), CONST(59))


Benthic Phosphorus Flux, mg/m2-day-- The segment- and time-variable benthic phosphorus flux can be specified using parameter FPO4 and time function TFPO4.  The product of the spatially- variable FPO4 and time-variable TFPO4 gives the segment and time specific benthic flux for PO4 used by EUTRO5.  Flux versus time values can be entered using TFPO4, while unitless segment ratios can be entered using FPO4.  Values should be entered for water column segments that are in contact with the bottom of the water body.  (Group G, Record 4, PARAM(I,8); Group I, Record 2, VALT(14,K))


Nitrogen to Carbon Ratio, mg N/mg C-- The average nitrogen to carbon weight ratio in phytoplankton can be specified using constant NCRB.  The EUTRO5 default value for NCRB is 0.25.  (Group H, Record 4, CONST(58)Tim, could you provide for this default value....bob

Phytoplankton Nitrogen Recycle-- The fraction of dead and respired phytoplankton nitrogen that is recycled to the organic nitrogen pool can be specified using constant FON.  The default value is 1.  The fraction of phytoplankton nitrogen recycled directly to ammonia is 1 - FON.  (Group H, Record 4, CONST(95))


Nitrogen Mineralization Rate, day-1-- The mineralization rate constant and temperature coefficient for dissolved organic nitrogen can be specified using constants K71C and K71T, respectively.  Phytoplankton effects on mineralization can be described using constant KMPHY, the half-saturation constant for mineralization dependence on phytoplankton, as explained above in the phosphorus mineralization section.  (Group H, Record 4, CONST(91), CONST(92), CONST(59))


Nitrification Rate, day-1-- The nitrification rate constant and temperature coefficient for dissolved ammonia nitrogen can be specified using constants K12C and K12T, respectively.  The half-saturation constant for oxygen limitation of nitrification can be specified using constant KNIT.  The default value for KNIT is 0.0, indicating no oxygen limitation.  (Group H, Record 4, CONST(11), CONST(12), CONST(13))


Denitrification Rate, day-1-- The denitrification rate constant and temperature coefficient for dissolved nitrate nitrogen can be specified using constants K20C and K20T, respectively.  The half-saturation constant for oxygen limitation of denitrification can be specified using constant KNO3.  The default value for KNO3 is 0.0, indicating no denitrification at oxygen concentrations above 0.0.  (Group H, Record 4, CONST(21), CONST(22), CONST(23))


Benthic Nitrogen Flux, mg/m2-day-- The segment- and time-variable benthic nitrogen flux can be specified using parameter FNH4 and time function TFNH4.  The product of the spatially- variable FNH4 and time-variable TFNH4 gives the segment and time specific benthic flux for NH3 used by EUTRO5.  Flux versus time values can be entered using TFNH4, while unitless segment ratios can be entered using FNH4.  Values should be entered for water column segments that are in contact with the bottom of the water body.  (Group G, Record 4, PARAM(I,7); Group I, Record 2, VALT(13,K))


Sediment Oxygen Demand, g/m2-day-- Segment variable sediment oxygen demand fluxes and temperature coefficients can be specified using the parameters SOD1D and SODTA, respectively.   Values should be entered for water column segments that are in contact with the bottom of the water body.  (Group G, Record 4, PARAM(I,9), PARAM(I,12))


Reaeration Rate, day-1-- There are three basic options for specifying reaeration -- a single rate constant, segment and time variable rate constants, and flow and wind calculated rate constants.  These options are described in Section 4.2, under the Streeter-Phelps transformation parameters.


CBOD Deoxygenation Rate, day-1-- The CBOD deoxygenation rate constant and temperature coefficient can be specified using constants KDC and KDT, respectively.  The half-saturation constant for oxygen limitation of carbonaceous deoxygenation can be specified using constant KBOD.  The default value for KBOD is 0.0, indicating no oxygen limitation.  (Group H, Record 4, CONST(72), CONST(73), CONST(75))

Intermediate Eutrophication Kinetics with Benthos

Simulating benthic interactions requires the addition of benthic segments to the model network.  All state variables are simulated in the benthic segments.  Dissolved fractions of NH3, NO3, PO4, CBOD, DO, ON, and OP may exchange with the water column by diffusion.  Particulate fractions of PHYT, PO4, CBOD, ON, and OP may deposit to or be scoured from the benthic segments.  Benthic layer decomposition rates for OP, ON, PHYT, and CBOD must be specified.  The equations used are those presented in Figures 4.3 and 5.9.  Rate parameters are summarized in Tables 4.2 and 5.7.


Many of the environment, transport, boundary, and transformation parameters required to implement this option are the same as those in the intermediate eutrophication option presented above.  The benthic nitrogen and phosphorus flux functions should be omitted, and the following should be modified or added.


Segments-- Water column segments should be defined in the standard fashion.  In addition, the user should add a benthic segment underlying each water column segment (or stack of water column segments).  These benthic segments will receive settling organic and inorganic matter from the water column above, and can  return material to the water column via resuspension or by pore water diffusion.  (Group A, Record 4, NOSEG; Group C, Record 3, ISEG, IBOTSG, ITYPE, BVOL, DMULT)


Phytoplankton Decomposition, day-1-- The user may specify the rate constant and temperature coefficient for phytoplankton decomposition in benthic segments using constants KPZDC and KPZDT.  (Group H, Record 4, CONST(55), CONST(56))


Carbonaceous BOD Decomposition, day-1-- The user may specify the rate constant and temperature coefficient for CBOD decomposition in benthic segments using constants KDSC and KDST.  (Group H, Record 4, CONST(73), CONST(74))


Organic Nitrogen Decomposition, day-1-- The user may specify the rate constant and temperature coefficient for organic nitrogen decomposition in benthic segments using constants KONDC and KONDT.  (Group H, Record 4, CONST(93), CONST(94))


Organic Phosphorus Decomposition, day-1-- The user may specify the rate constant and temperature coefficient for organic phosphorus decomposition in benthic segments using constants KOPDC and KOPDT.  (Group H, Record 4, CONST(102), CONST(103))

Data Group Descriptions

Input datasets to simulate eutrophication in a lake are given with the model software.  A comprehensive listing of the WASP5 data groups, records, and variables is given in Part B of this report.
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