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EXECUTIVE SUMNARY AND CONCLUSIONS

A. Summary

An estuarine eutrophication nodel has been developed to qualtify

the blue-green a1ga1 blooms in the lower Neuse River, North Carolína.

The ímportant features of the model include four functional groups of
phyÈoplankton: díatoms, greens, non-nítrogen fixing blue-greens, and

nitrogen f ixing blue-greens; a tr4ro- layer mass transport pattern ín a

portion of the estuary; and the effect of salinit1, er. a1gal growth. fn
addition, each of the two layers in the water column is divided ínto
longitudinal segments to account for the concentratíon gradients of the

water quality constituents.

The water qualíty constítuents simultaneously símulated by the

model are chlorophyll a 1evels associated. with the four algal groupsr

organic nitrogen, ammonia nitrogen, nitríte and nitrate nitrogen,

organic phosphorus, orthophosphate, dissolved oxygen, and salinity.
Biochemical, biological, and chemical interactíons betrveen the water

quality constítuents are íncorporated into the model to quantífy

phytoplankton growth and death, a1ga1 species competítion, nutrient
uptake and recycle, and photosynthetic reproduction and respiration
consumption of oxygen by algae.

A large data base primarily consisting of the r^/ater quality a¡d

phytoplankton data (1983 and 19g4) from the rnstitute of lfarine
scie'ces, university of North carolina ü/as used in the model

development, model calibration and sensitivity analyses. Additional
data from other studies on the lower Neuse !{as also used in this
modeling study.



The model calibration results for the surface segments under the

1983 condition are summarized in Fígure A. The model is able to mimic

the trend of the data in 1983 reasonably wel1. The year 19g3 ü¡as

characterízed by high runoff in the spring months and low flow in the

summer months. fn additíon, the water ín the Neuse River was warm and

calm in the summer of 1983. As a result, significant blue-green a1ga1

blooms occurred. Figure B shows the observed and model calculated

chlorophyll a concentrations associated with the four alga1 groups in
the lower Neuse in 1983.

The 1984 condition eúas characterized by a similar magnitude of
runoff in the spring months as 1983. However, the summer florv in 19g4

r^tas much higher than that in the summer of 19g3 . As a result, the

blue-green bloom did not occur although a modest population of
phytoplankton was maíntained in 19g4 (Figure C).

B. Conc 1us ions

The following conclusions are presented, based on the modeling

analysis presented in this study.

1. Based on the model calibration of the 19g3 and 19g4 data, íÈ

is concluded that the initiation and maintenance of the

blue-green bloom is strongly regulated by the nutríent supply

from the spring months âs well as the ríver flow and the

associated hydrodynamic conditions ín the summer months. The

modeling analysis has confírmed this hypothesis.
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2. lfore specifically, the blue-green a1ga1 blooms and theír

associated growth are influenced by the upstream boundary

conditions of the model. successful modeling of the

blue-green blooms would require accurate assignment of the

upstream boundary conditions, particularly for projecting the

trends of system response under various water quality

management schemes.

Nutrients (nitrogen and phosphorus) are not limiting factors

for the initiation of blooms ín the lower Neuse River in 1983

and 1984. However, nitrogen proved limíting in 19g3 once the

bloom became fírm1y establíshed. Further, light or turbidity

and sudden hydrological changes (f1ow increases) are the major

factors which cause the decline of an existing blue-green

b1oom.

salinity also plays a role in controlling the a1ga1 growth

rate. The effect ís particularly pronounced during the summer

period of 1ow flows because salinity j-ntrusion would reach the

bloom area under low florr¡ conditions (i.e., 19g3 conditions).

rncorporation of sedíment nutrient releases and díssolved

inorganic carbon as a state variable has been identified as

future model enhancement to better address the ímpact of
nutrient control on algal groruth.

3.

4.

5.



INTRODUCTION AND PURPOSE

Segnents of the lower Neuse River between Goldsboro and. New Bern,

North Carolina (Figure 1) have, over the past decade, revealed alarming

symptoms of advanced eutrophication, culmínating ín the appearance and

persistence of nuisance blue-green algal blooms. specific s¡zmptoms of
eutrophication in the lorver Neuse are (1) generally high rates of
primary productivity and standing stocks of algal biomass, often in
excess of 25 vc/I chlorophyll a; (2) period.ic spring and summer blooms

of nuisance blue-green algae, particularly the surface dwelling non-

nitrogen fíxing coloni-a1 specíes }licrocystís aeruginosa; and (3) algal
nutrient levels of both nitrogen (ammonia and nitrate) and phosphorus

(orthophosphate) greatly exceeding levels which are considered to be

growth-limiting to nuísance species at the inítiation of blooms (paer1,

1983).

Concern for mitigatíve steps

perspective include:

being asked from a management

- l4li11 major reductj-ons of nutrient (nitrogen and/or phosphorus)

ínputs (eiËher from point or nonpoint sources) to the lower

Neuse River help to contror further eutrophication and

specifically arrest the occurrence and persistence of nuj-sance

blue-green algal blooms?

- l'/hat magnitudes of nitrogen and/or phosphorus input cutbacks

are required to control and ultimately eliminate the nusiance

blue-green algaé bloom potentials on trre lower Neuse River?

Before these questions can be ans'ered and any sound water quarity
management scheme can be implemented, vrre need to understand. the

mechanísms initiating and sustaining a1ga1 bloom in the lower Neuse
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River. Although the data from many field studies of the Neuse River

has provided some clue as to the nutrient effect on the phytoplankton

growth as well as the roles played by other factors regulating the

bloom, more or less, on a qualitative basis, there is a pressing need

for a quantitatíve tool to assíst decision making for a sound management

strategy.

To help address these questíons, a mathematíca1 model of the lower

Neuse River has been developed. The modeling effort focuses on several

key technical areas related to the understanding of the mechanisms

ínitiating and sustaining alga1 blooms in the lower Neuse River:

an evaluation and quantification of the envíronmental

(physical, chemical) factors regulating the initiation of the

blue-green algae bloom;

development of a mass transport pattern suitable to add.ress

the florv related aspects of the bloom;

development of a phytoplankton (in four functional groups)

model of the lower Neuse River;

calibration and vertj-fication of the developed models using

the 1983 and 1984 data.

The q/ater quality data collected ín the past._few years by the

Institute of lfarine Sciences, University of North Carolína were used in

the model development. lfajor features of the model include multiple

phytoplankton functional groups such as the diatoms, gïeen a1gae,

blue-greens (nitorgen fixing and non-nitrogen fixing), and sa1ínity

effect on the algae grottrth. In the mode1, the r¡¡ater column is sliced

into two layers to characterize the near surface actívities of the



blue-greens (i.e., llj"croclrstís aeruginosa). Important environmenÈal

conditions such as light, temperaÈurer and river flow are incorporated

ínto the model

The results of the modeling study shorr¡ that the model reproduces

the temporal and spatial trends of the 1983 and 1984 data reasonably

we11. The river flow condition strongly influences the initiation and

maíntenance of the blue-green blooms. The dominant phytoplankton group

is the non-nítrogen fixing blue-green a1gae, Ificrocystis aeruginosa.

under low flow conditions, the two-layer m.ass transport pattern and

associated salinity intrusion play a role in controllj-ng the a1gal

growth in the 1o¡,¡er Neuse.

10



2. DATA ANALYSIS

2.1 Sources of Data

Concern about the eutrophication of the lower Neuse Ríver has

prompted many research efforts and field ínvestigations (Tedder et al. ,

1980; Paer1, 1983; Paerl et a1., 19s4). As a resurt, there is a good

amount of r,IaÈer quality data available for this modeling study. The

fnstitute of }farine Scíences (|forehead City) of the University of North

Carolina at Chapel Hill has been collectíng the $/ater quality data of

the lower Neuse since 1979 (Paerl, 1983; paerl eÈ a1., 19g4). In ad-

ditíon, researchers from East Carolina University have also studied the

eutrophication of the lower Neuse (Christian and Stanley, 1984; Stanley

and Christian, 1984). Additional data was also available from the North

carolina Department of Natural Resources (NCDNR, 19g4) and the

university of North carolj.na l{ater Resources Research rnstitute.

2.2 l{ater Quality Data of 1983

The Institute of }faríne Scj-ences has been collecting the !¡ater

quality data at a number of stations in the lower Neuse River from

Streets Ferry Bridge in Vanceboro to New Bern (see Figure 1) since 19g1.

The following $¡ater qualíty parameÈers (from the 1983 data) are

presented in Figure 2: dissolved inorganic carbon (Drc), ammonia (NH3),

nitrite and nitrate (NO2 + NO3), orthophosphate, salinity, chlorophyll

a' and dissolved oxygen. fn general, no significant spatial differences

in these water quality parameter levels exist in the study area. The

dissolved inorganic carbon data is presented sínce DIC is thought to be

limiting the phytoplankton growth in some circumstances (paer1, 19g3).

Figure 2 shows that the Ðrc levers increase over time, reaching a

11
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maxímum level of 15 mg/1 before dropping down to 3 mg/1. The DIC levelJ

are low ín the fírst 3 months of the year. Ammonía follows a similar

trend, reachi-ng a maximum leve1 about 0.4 ng/l on day 240. Nitrite and

nitrate levels decrease to 1eve1s close to zero concentration before

rising again. Nitrogen (NH3, N02, and NOr) are ín sufficient supply in

the water column for phytoplankton growth at the initiation of nuisance

blooms. Similarly, orthophosphate concentrations are high in the lower

Neuse River, thus would not be a limiting factor for phytoplankton

growth at the initiation of nuisance blooms. The salinity 1eve1 in the

lower Neuse above the streets Ferry bridge is generally low except

duríng the summer low flow period when salinity intrusion reached thís

area. [The ríver flow at Kinston in 1983 is shown in Figure 3. The

high spring runoff is followed by a relatively long period of lov¡ river

flotus in summer.] The chlorophyJ"l a level of the phytoplankton biomass

is low duríng the first 6 months of the year. Significant growth of

phytoplankton associated with the blue-green bloom is observed in Ju1y,

August, and September. Dissolved oxygen follows a decreasing trend ín

the first 6 months reaching minimum levels in July as the temperature ín

the water column increases progressively. A significant increase of the

dj-ssolved oxygen leve1 near the surface follows the increase of chloro-

phy1l a associated wíth the blue-green algae bloom (see Stations 74 a¡'d,

68 in Fígure 2). As the bloom disappears in october, the d.issolved

oxygen 1eve1s dropped before the increases again due to temperature

decrease toward the end of the year.

A close examínation of the ammonia and chlorophyll a data from the

upstream stations to the downstream stations reveals that while chloro-

phyl1 a levels (during the bloom) decreases s1íghtly ín the downstream

directíon, ammonia concentrations increases accordíng1y in the dorsn-
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stream direcÈion. Such an observation suggests nitrogen recycling from

the phytoplankton biomass although some ammonia may come from the

l{eyerhauser p1ant.

In thís study, phytoplankton species data vrras available from the

rnstitute of llaríne sciences and reported in ce11s/m1. rn order to

obtain specíes chlorophyll a values, the ce1l count d.ata was broken dorvn

into the four functional groups. For each cell count sanple, the

percentage of the total cel1s/m1 was determined for each group. Those

percentages were then used to determine the chlorophyll a for each

specíes from the total chlorophyll a data. It should be stressed that

different species of phytoplankton contain different amounts (per ce11)

of chlorophyll a. The approximation used in thís study to derive the

chlorophyll a concentrations for the four functionar groups may

therefore not generate accurate results. However, ít is the most

reasonable result that cân be obtained given the available data

(Ifitche11, 1985). The derived chlorophyll a concentratj-ons (in 1983) on

a functional group basís are presented in Figure 4 fox the same samplíng

stations where other water quality data lsas collected. The results show

that during the bloom period non-nitrogen fixing blue-green algae is the

dominating group in the phytoplankton biomass. The ni_trogen fixing

blue-greens are also present but at a much less pronounced leveI. Both

diatoms and green algae are present at very modest levels during the

bloom period.

2.3 l{arer Qualiry Dara of 1984

The water quality data of

difference between the 1983

phytoplankton biomass level in

f act, there r¡/as no blue-green

1984 is presented in Figure 5. One major

data and the 1984 data is that the

1984 is lower than the level in 1983. In

a1gal bloom in the summer of 19g4 while

15
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the environmental condítions supported. a modest growth of phytoplankton

population. The dísappearance of the blue-green a1ga1 bloom in 19g4 ís
prímarily due to flushing from the higher freshwater flow in the summer

months (see Figure 3).

Because of the increased freshwater flow in tire summer of 1984,

salinity intrusion díd not reach the study area (see Fígure 5 for
Statíon 52). The nutrient (NH3, NO2+N03, and orthophosphate)

concentratíons in 1984 were close to those observed in 1983 and appeared

in sufficienÈ supply to support the phytoplankton growth.

The algal species chlorophyll a data of 1984 ís presented in Figure

6. Although there üras no pronounced a1ga1 (surface) bloom in 1984, the

non-nitrogen fixiD.g blue-greens r.{ere still the dominating species (in

terms of chlorophyll a 1eve1) throughout the year.

Following the examination of the 19g3 and 19g4 data, the physical,

chemical, and biotic factors suspected of playing a role in the estab-

lishment and proliferation of blue-green algal (flícrocystis aeruginosa)

blooms in the lower Neuse River are: (i) excessive (for alga1 growth)

concentrations of both nitrogen and phosphorus nutrients throughout much

of the year lat least at the initiatíon of blooms (períod from ]fay to
July) nutrient 1evels appear to be suffic,ient for the maintenance of
growth] ' 

(2) periods of low flow and decreased turbulence (vertical

mixing), leadíng to thermal stratification of the water column. periods

of thermal stratifícation, even lasting only a day or two, are instru-
mental in promoting dominance by surface-dwe11ing lficrocystís popula-

tíons, thereby increasing overall bloom potential and resultíng water

quality degradation (Paerl, 1983). A combínation of these physical and

chemical agents leads to maximal bloom development. This was directly

2.4 Factors Affecting Blue-Green A1ga1 Blooms ín the Lower Neuse River
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observed in the summer of 1983 when dry, warm and calm weather, combined

l¡ith excess nítrogen (mainly as N03) and phosphorus (as POO) concentra-

tions led to several bloom periods in the summer months. In contrast,

1984, whích wítnessed abundant rainfall in spring and summer months,

resulted in high ríver-f1ow velocities. Despite accompanyíng excess

nitrogen and phosphorus loading, bloom developrnent \,¡as not observed in

1984. The consistently high flow periods severely hampered the ability

of lficrocystís to become a nuisance bloom organism during 1984.

The same theory was also found valid with the 1981 and 1982 con-

ditions. That is, tirere ti/ere blue-green algal blooms in the summer

months of 1981 due to day, warm and calm conditions while no significant

blue-green blooms were observed ín 1982 when the river flows were high

in summer (Paer1, 1983). such a theory for the establíshment and

maintenance of blue-green blooms ín the 1ov¿er Neuse may be summarized in

Table 1 to provide a beÈter perspective.

The model developed in thís study is designed to incorporate the

factors in Table 1 on a quantitative basis. That is, the developed

model is used to test the above described irypothesis of blue-green algal

blooms in the lower Neuse River.

2.5 Use of Field Data

The field data from the lower Neuse River have supported and aided

the modeling activity in several eùays. rn the first p1ace, they have

been used in aiding model construction through the quantification of
coefficients in the model. For example, light measurements have been

used to determine the ligirt extinction coefficient in the \^/ater. The

second use of the data has been to provide ímput to the mod.e1, specífi_-

ca1ly in terms of system loadings, boundary cond.iti-ons, and initial

conditions for model computations. For example, upstream nutrient

20



loading rates have been estimated using

the model upstream boundary. Fina11y,

utilized to verífy the model. Each of

discussed in detail in later sections.

Table 1.

Factor

the flows and concentratíons at

the field data have also been

the uses wíl1 be presented and

Factors Affecting the Bloom Potential

Effect

River Flow

Temperature

Hydrodynamics

Sa1íníty fntrusíon

Turbidity

Carbon

Phosphorus

Nitrogen

Sustained (more than several weeks) summer
1ow flow periods provide favorable
conditions for the bloom

Long r¡rarm summer months (June-October)
favor the blue-green a1gal blooms

Affectíng mixing, salinity intrusion,
stratífication and mass transport, and
success of nuisance surface bloom
pers istence

Secondary ímpact on a1gal bloom by
negatively affecting the growth rate of
some nuisance blue-green algae (including
llícrocystis )

Limit the growth of diatom and green
(non-surface grorving algae) in the deeper
r¡Iater and the growth of the near surface
non-buoyant blue-greens

Dissolrted ínorganic carbon 1eve1s are
relatively 1ow compared with phosphorus
and nitrogen in terms of requirement for
algal growth

Consistently high phosphorus (particularly
ortho-phosphorus) 1evels provide more than
sufficient phosphorus for a1gal growth and
bloom

High ammonia and nitrate 1evels exist.
\{hat is especially crucial is the fact
that nitrate sufficiency is common during
the initial stages of bloom formulation
(lfay-July) .
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3. I'ÍODEL ÐEVELOPI.IENT

3. 1 Estuarine Eutrophication }lodels

There are a number of estuarine eutrophicatíon models which have

been reported in the literature (Tiromann and Fitzpatrick, 19g2; Hydro-

Qual, 1981; Di roro et al., r97r; Thomann et a1., Lg74). The potomac

Estuary }lodel (PEIÍ) vüas completed by HydroQual ín IgB2 to símulate the

complex ínteractions that 1ed to the advanced state of eutrophication

found in the Potomac Estuary (Thomann and Fitzpat,rick, 19g2 ) . pEl-l

incorporates a state-of-the-art understanding of the kinetic processes

involved in phytoplankton growth and death. In add.iti-on, studies of the

Potomac Estuary show that interactions between the water column and the

sediment could be important to the eutrophication process. For that

reason, PElf also includes sediment mechanisms such as nutrient release

and sedíment oxygen demand. It is an extensive model involving eleven

system variables: phytoplankton carbon, dissolved organic phosphorus,

particulate organic phosphorus, díssov1ed. inorganic phosphorus, par-

tículate inorganic phosphorus, total organic nitrogen, ammonía, ni-
trate-nitri-te, chlorides, carbonaceous biochemical oxygen demand., and

díssolved oxygen. The potomac Estuary is divided into seventy-six

segments which include thírty-eight r,¡ater column segments and thírty-
eight sediment layer segments.

A water quality model for the Patuxent River Estuary has been

developed by HydroQuar (1981). rt includes fourty-seven segments and

nine system variables: chlorophyll-a, organic niÈrogen, ammonia, ni-
trite, nitrate, organic phosphorus, orthophosphate, carbolaceous BOD,

and dissolved oxygen ' The water column r{ras s liced ínto two layers in
order to incorporate the proper mass transport pattern found in the
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Patuxent Estuary. 0n a tidally averaged basis, the circulation

of a horizontal seaward velocíty in the upper layer and a

velocity in the loler 1ayer. A vertical velocity is introd.uced

pattern in order to maintain hydraulic continuity.

3.2 Conservation of llass

consísts

landward

by this

The frametuork of analysis detailed ín this report is based upon the

princíp1e of conservatíon of mass. Símply stated the conservation of

mass accounts for all of a materj-al entering or leaving a body of r{ater,

transport of material within the water body, and physical, chemcial, and

biological transformations of the materíal. The theoletical treatment

of conservation of mass is presented in the Appendix. The modelíng

framework employed ín this study, then, is made up of three components--

the transport, due to freshwater flow and díspersion, the kinetic

interactíon between varj"ables, and the external inputs.

3.3 Time and Space Scales

One of the princípal decisj-ons to be made in the choice of a model-

ing framework is the determinatíon of the appropríate time and space

scales ' A problem context may involve several levels of time and. space

scales, such as variations in dissolved oxygen from hour to hour or

month to month. There are tvro aspects to the time and space scale

determination: (a) the temporal and spatial extenÈ of the hrater qualíty

problem and variable, and (b) the temporal and spatial interval of the

computation, i.e., the time step and spatial gríd dimensions of the

computational scheme.

rn a recent modeling study of the potomac Estuary, Thomann and

Fitzpatrick (7982) discussed varj-ous time and space scales associated

with dífferent qlater quality problems in an estuarine environment. The
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Neuse Ríver Estuary, in mâny aspects, resembles the potomac Rívei

Estuary. The recent data of the Neuse River, as presented in Section 2,

have j-ndicated significant freshwater phytoplankton (b1ue-green algae)

blooms occurring ín the study area, with varying degrees of spatial

extent. Furthermore, blue-green a1gal taxa in both systems are

dominated by non-nitrogen fíxing genera, íncluding lticrocystis and

0sci1latoria. Generally a1ga1 growth begins in late spring, attains

peak chlorophyll a levels during the summer and is marked. by declíning

populations in the fa11, although some short lived blooms have been

observed during late fal1 and early wínter. To add.ress these facts and

the issues of possible nutríent control strategies and resultant a1ga1

biomass, ân intermediate spatial scale (10-20 mj_1es) is appropriate

while a seasonal or month to month time scale is required.. An

intermediate spatial scale dictates model segment sizes that are in the

order of one to three miles in length, and would require modeling only

L0 miles of the lower Neuse River. A seasonal or month to month time

scale could be satísfied wíth an integration time step on the order of a

day. A finer time scale, for example, mínute to minute or hour to hour

ís not appropriate for alga1 growth dynamics, sínce all of the inputs

that are relevant to the growth dynamics cannot be specified. on so fine
a time scale, and especially since phytoplankton population does not

significantly vary from hour to hour. computationally, however, the

integration time step may be required

meet the stability criteria dictated

solve the mass balance equations (to

Computational Framework) .

be less than a day in order to

the numerical methods used to

discussed later in Section 3.8,

to

by

be
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3.4 lfodel Segmentation

The study area is divided ínto twelve longitdinal segments

beginníng at FÈ. Barnt¡ell and ending about 3.3 miles upstream from New

Bern (Figure 7). Blue-green algal blooms have been observed in this

area during the past decade. The notorious scum forming genus,

Ilicrocystís, is particuarly domínant during summer stratificati-on, when

1ow ambíent ínorganíc carbon 1evels and suboptíma1 subsurface light

1eve1s induce buoyancy and hence a surface existence (Paerl and Ustach,

7982; Booker and l{alsby, rgï2). The \,üater column in the ríver from

StreeÈs Ferry and New Bern (6 segments) is therefore sliced. into trso

layers. Thus, a total of 18 segmenÈs are used in the model (Figure 7).

The geometry of the segments is presented in Table 2.

The two-layer segmentatíon is designed to better represent the

physical system for tvùo major reasons. It characterizes the salinity

íntrusion and mass transport in partially mixed estuaries such as the

lower Neuse River. Ifore ímportantly, this feature of the model takes

ínto account the different growth kinetícs associated. with various

functional groups of algae and the tendency for the blue-greens to

congregate near the ü¡ater surface. Gathering at the surface ís an

important factor in the blue-green's ability to outcompete other

(eukaryotic) alga1 genera during blooms (paer1, 19g6).

3.5 lfodel Variables

An important criterion for the inclusion of variables in the ca1-

culation is the existence of adequate field data for the variable, as

well as its importance in the processes being considered (Thornann and

Fitzpatrick, 1982). Ðue to data constraints, it was decided to include

the minimum number of state variable possible and yet to mimic the

growth dynamics assocíated wíth multiple functional groups of algal
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I Table 2.

Segrnent

Number

One Layer
1

2

J

4

5

6

Ilodel Segment Geometry

Ilean

Depth (ft)

9 .30

10.00

10 .50

11.10

11. 70

12.40

Volurne

(ro6 rt3)

47 .IA

48 .58

48.79

4s .83

42.24

47 -70

Surface

7

I

9

10

11

12

Bottom

13

T4

15

r6

77

18

Layer

Layer

7 .62

7 .44

8.46

8.04

8.64

5 .58

5 .08

4.96

s.64

5 .36

5.76

3.72

2t.93

24.82

24.12

23.56

23 .49

IT.73

L4.62

13. 88

16. 0B

L5.77

15.66

7 .82
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species. As a result, the following eleven state variables were incor-
porated in the Neuse Estuary Eutrophication }fodel framervork:

(1) Diatom chlorophyll a
(2) Green algal chlorophyll a
(3) Non-nitrogen fixing blue:green alga1 chlorophyll a
(4) Nitrogen fixing blue-green alga1 chlorophyll a
(5) Organic nítrogen
(6) Ammonia nitrogen
(7) Nitrite and nitrate nitrogen
(8) Organic phosphorus
(9) Orthophosphate

(10) Salinity
(11) Dissolved oxygen

Although nutrient 1eve1s are not limiting the a1ga1 growth (except

during a low nitrate períod in the l9B3 bloom) in the lower Neuse,

nutríent bomponents are íncluded in the model kinetics for assessing the

impact of future nutrient control. It is known that zooplankton grazíng

of algae (partícularly the díatoms and greens) ís part of the nutrient

recycle process in the lvaLer column. However, the zooplankton biomass

is j-nsignificant in the bloom area and as a result, not considered as a

state variable. That is, nutrient recycling through zooplankton grazing

is not important in the lower Neuse (Paerl, 1983). other variables,

constructed from these primary varíab1es are also tracked through the

lower Neuse River. These secondary variables include total

phytoplankton chlorophyll a, total nitrogen and total phosphorus as the

most important.

The kinetic equatíons discussed below that incorporate the above

state variables are designed to simulate the annaul cycle of phyto-

plankton production, its relation to the supply of nutrients, and its

potential effect on dissolved oxygen. The calculatíon is based upon

formulatíng the kinetics which govern the interactions of the biota and

the forms of the nutrients and applying them to the regions of the lower

Neuse River within the context of conservation of mâss equations.
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3.6 }lass Transport

The two components of transport, advective flol and díspersion, are

responsible for the movement of the water quality constituents within

the estuary. The advective flow transports the water qualíty consti-

tuents from the upstream freshwater or riverine portion of the estuary

to the downstream, tidally dominated, salinity portion of the estuary

and accounts for the ínstream dilution of point and nonpoint wastewâter

discharges. Another advective flow whiclr. transports salinity from the

estuarine portion to the riverine portíon in an upstream direction is

usually observed in the lower Neuse River (Giese et al., 1985). Thís is

a typical estuarine circulation pattern where more saline bottom \4rater

("wedge') enters the estuary and moves in the upsteam landward

direction. This flow is balanced by a downstream flow of less saline

water in the upper layer. There is a continual transport (vertical

advectíve f 1ow) and exchange of r,rrater (vertical mixing) between the

lower and the upper layers

A simple and efficient method of analysis of this type of mass

transport has b'een developed (O'Connor and Lung, 1981; Lung and

O'Connor, 1984). The analysis ís based on the condition that the

salinity distribution in both the longitudinal and vertical planes are

known or may be assígned. The advective and díspersive transport

mechanisms associated with the given salinity distribution can be

quantífied and can then be incorporated into the mass transport equation

of salinity. Solutions of the mass transport equatíon yield the

salinity distributions, rvhich may then be compared rvith the given or

knorvn salinity distribution to verify the mass transport.
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3.7 Kinetics Formulations

Figure 8 presents the princípa1 kinetic interactions for the

nutrient cycles, dissolved oxygen, and four algal functional groups.

Orthophosphate ís utilízed by algae for growth. Phosphorus is ret¡rned.

flom tire phytoplankton biomass pool to organic phosphorus and to ortho-

phosphate through re-excretion and non-predatory mortality. organic

phosphorus is converted to orthophosphate via micro-mineralízation and

hydrolysis ât a Èemperature dependent rate.

The kinetics of the nitrogen species are fundamentally the same as

the phosphorus system. Ammonia and nitrate are used by phytoplankton

for growth. The rate at which each is taken up is proportional to its

concentration relative to the total inorganic nitrogen (ammonía plus

nitrate) available. Nitrogen ís returned from the algal biomass and

follows pathways that are similar to phosphorus. Organic nitrogen is

converted to ammonj-a via hydrolysis and mineralizatíon at a temperature

dependent rate, and ammonia is then converted to nítrate (nitrificatio¡)

at a temperature dependent rate.

Dissolved oxygen ís coupled to the other system variables. The

sources of oxygen considered are reaeration and evolution by phyto-

plankton photosynthetic production duríng growth. The sinks of dis-

solved oxygen are alga1 respiratíon, oxídation of detríta1 carbon,

nítrogen and phosphorus and carbonaceous material from waste effluents

and nonpoint discharges, sediment oxygen demands, and nitrifícation, if
any.

A1gal growth and death kinetics are formulated for each a1gal group

on an indivídual basis. A1gal grorvth rates vary from one group to

another. For nítrogen fixing blue-greens, no nitrogen 1imítation is
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incorporated. In addition to light and nutrient limitations, salinity

effect on the a1ga1 growth is also included. Specífic details for the

above reactions are presented below.

Phytoplankton Kínetics

Although the model handles four functional groups separately, the

basic growth rate formulatíon is the same for each functional group.

The growth rate of phytoplankton ís a function of temperature, light,

nutrient concentration and salínity 1eve1. The gror,ith coefficient ís

directly related to temperature in moderate clímates. Auer and Canale

(1980) and Canale and Vogel (I974) summarized data from phytoplankton

growth experiments conducted at varíous temperatures. These results,

plotted as the so1íd and dashed lines in Fígure g, i-llustrate the

different temperature optimums for different phyla of phytoplankton and

also the differences in the way temperature influences growth rate.

Essentially, Figure 9 is incorporated into the Neuse Estuary Eutro-

phication lfodel to characterize the growth rates as a function of temp-

erature for diatom, green, and blue-green species. Figure 9 shows that

at temperâtures below 30oC, diatoms have the highest growth rate and the

blue-greens have the lowest growth rate.

The growth rate of phytoplankton is also dependent on the light
intensity up to a saturating condition, greater than which it may

decrease with light. The growth rate at saturating líght condítion can

be expected to be species dependent as sho¡.¡n in Figure 10. Because

light energy available to phytoplankton varies so much with depth and

time of day, an appropriate expression of ligirt availability for use in
analyses should account for these changes. A depth and tíme averaged

effect of available light energy on phytoplankton growth rate can be
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obtained for the Neuse

intensities relationships

River Estuary, by integrating the light

over depth and time. This reduces to

-KH
" lfe -a

S

-e (1)

24 hour day

/f)a'

I.f
I

2 .7 I}frt= *n¡(e
e

where r, = 1íght limitaÈion factor
f = photoperiod - daylight fractíon of averaging period
T = averagj-ng period (1.0 day)
K" = light extinctíon coefficÍent ( I/ ft)
H = average depth of segments (ft)
fu = average of incident light on water surface over
f, = average of íncident light over photoperiod. (= ¡
f_ = saturated light intensity

S

Simílarly, the grotvth rate is also a function of nutrient concen-

trations up to a saturating condítion, greater than which it remains

constant with nutríent consentratíon. Such a relationship is described

by a }fichaelis-lfenton formulation whose signifícant parameter is that
concentration at i"hich the grolth rate is equal to one-half of that at

the saturated concentration. When both nítrogen and phosphorus are in-
volved, the growth rate is assumed to be proportional to the product of
the Lfichaelis expressions for each of the nutrients. In the lower Neuse

River, silica is not considered a limiting nutrient for diatoms and

therefore ís not included in the mode1. Thus, the nutrient reductíon

factorr r*r is of the form

N
'N - K--+N

N

where N = the
K =haln

The If ichaelis

usually range

nutrient concentration (yg/l)
f saturation (Iliciraelis) constant (Ug/1)

constant is a functíon of a1gal species. Their values

from 5 pg/1 to 25 Ve/I for nitrogen and from 7 VS/l to 5
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UC/1 for phosphorus, depending

Ifichaelis constant values are

functional groups.

on the species. In NEEI'Í , dif ferent

allowed for different phytoplankton

There is a general consensus that most freshwaÈer a1ga1 specíes

exhibit a decrease in biomass in 1ow salinity ü/aters (Paerl et a1.,

1984; I{orris et al., L9B2; Sharp et al., 1982; Pennock, 1983). The

salinity effect in the nodel is incorporated using specífic a1ga1

thresholds for saliníty. The salínity thresholds (in parrs per

thousand, ppt) describe that particular a1ga1 species' tolerance to

sa1íne conditi-ons. Currently, this is considered an empirical approach

to quantifying the effect that salinity has on the growth rate of

freshwater algae (see Figure 11). The growth rate is not affected by

salinity until the salinity 1evel reaches the fírst threshold, s, (i.e.,

the salinity reductíon factor ís 1.0). The salinity reduction factor

decreases linearly between 1og s, and log sr. When the salinity reacires

the second threshold, s2, the saliníty reduction factor is at íts

minimum (i.e., the salinity effect is greatest). The values of 1 ppt

and 2 ppt are used in the model as St and s' respectively, while the

minimum salinity reduction factor is set at 0.4. These values are based

on observations that show a narror{r range of tolerance that freshwater

algal species have for salinity (Fi1ardo, 1984).

The phytoplankton growth rate can be formulated as follows:

-KH
e rt

-I
S

I.t-ae
S

o = Kr(r) ?Ë re
.NiPI *o^-r*i'\*t""

36

(2)



1.0
Freshwoter Soline Woter

log 51 log 52

Fígure 11. Solinity Effect on Algol Growth Rote
37

.9 o.ao
É.
!
'P3o
ö 0.6
xo

Ëo.n
v.
.L,,P

=o
ö 0.2

0.0



Iùhere K.n(T) = tenperature dependent growth rate (see Figure 9)I
Ní = ínorganic nitrogen concentration (sum of ammonia, ni-

tríte, and nítrate)
p = Ortho-phosphorus concentration
r = salinity reduction factor (see Figure 11)

S

Decreases ín algal bíomass concentrations are brought about by

three processes:

(a) endogenous respiration

(b) death and grazing

(c) algal settling

A1ga1 respiration is caused by endogenous respiration. A1ga1 death

includes gxazing by zooplankton (for diatoms and greens only) and cell

destructj-on through bactería1 attack, dísease, physíca1 damage, the

natural aging process or-other mechanisms. Grazing by zooplankton is

primarily limited to diatoms and greens although some blue-greens may be

grazed by crustacean zooplankton at reduced rates. rn add.itíon,

protozoans and rotifers can consume blue-greens (including llicrocystis).

In the model, approximatíons are made that only the díatoms and greens

are consumed by the zooplankton. The distinction between phytoplankton

reductions through death and reducÈions through respiration, grazíng by

zooplankton, or settling is that upon death, all the cârbon, nítrogen

and phosphorus contained in the a1gal bíomass is returned to the

carbonaceous BOD and organic nitrogen and phosphorus poo1s,

respectively. During respiration, carbon is gíven off as coz rather

than CBOD; through grazing, only 40% of the organíc contents of the

algal cells is returned to the respective organic pools (the remaining

609á is lost from the balance as zooplankton biomass); through setting,

none of the organic cel1 material is returned to the organic pools.
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Settling rates of algae are specified

inÈernally converted to I/day units

according to segment depth.

units of feet per day, and are

a segment by segment basis,

1n

on

The algal reduction rate can be expressed as:

\i
= Kr(T) + lt - ¡q

(T) = temperature dependent endogeneous respiration rate
= death rate
= settling velocity
= average segment depth

(3)

where

Nitrogen

The major components of the nitrogen system are detrital organic

nitrogen, ammonia nitrogen, and nitrate nitrogen. In natural r^/aters

there is a stepwise transformation from organic nitrogen to ammonia,

nitrite and nitrate, yielding nutrients for phytoplankton growth. The

kinetics of the transformations are temperature dependent.

The equation for the kinetíc term of the organic nítrogen system

ís:

D
p

Kt

Dr
V

S

H

tor*.N = (N/chl) (Dr) (ch1) - (K:+) oT-20 corg.N (4)

where N/Ch1 = nitrogen to chlorophyll ratio
Dr = phytoplankton death rate and respiration rate
K:+ = ammonífícation (decay of organic nítrogen to ammonia)

rate
C -- = concentration of organic nitorgen in the systemorg. N

The first term in Equation 4 represents the organic nitrogen that is
released through endogeneous respiration by phytoplankton and. phyto-

plankton death following the incorporation of the organic nitrogen

equivalent of grazed but not metabolized. phytoplankton excreted by
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zooplankton. Since the model incorporates four groups of phytoplankton,

the kínetic term involving phytoplankton is calculated separately for

each species to allow for possible differences ín rates betr.¡een algal

groups. The second term in Equation 4 describes the sink of organic

nitrogen due to ammonificatíon.

The reaction equation for ammonj-a is:

,*rr= *ao tt-to aorr.t¡ - K+"0T-20ctqH: - ao. ch1.N/ch1.pNH3 (s)

where K*, = nitrifícation rate
G_ = phytoplankton growth ratep
PNH, = preferenced by phytoplankton for ammonia

The source of ammonia in Equation 5 ís due to ammonífication. Nitri-

fication, the sequential oxídation of ammonia to nítrate, is the sink

described in the second term of the equation. The last term quantifies

uptake of ammonia by phytoplankton. Although both inorganic forms of

nitrogen, ammonia and nitrate, are available for use in cell growth by

algae; for physiological reasons the preferred form is ammonia. The

ammonia preference is calculated by Thomann and Fitzpatrick (1982) for

the Potomac Estuary as follows:

PNH,=nHr'ffi*NH3. ffi (6)

¡,¡here K__ = llichaelis constant for nitrogen (5 to 25 Ug/l). The be-mn

havíor of Equation 6 is most sensitive at 1ow values of ammonia or

nitrate. As one can see, for a given concentration of ammonia, as the

available nitrate increases above approximately the }fíchaelis 1ímitation

the preference for ammonia reaches a plateau. Also as the concentration
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of ãvaí1ãb1e ammonia intieasés the plateau 1eve1S õff at valuef

to unity, i.e., total preference for ammonia.

,or*., = P/chl.Dr.chl - Køl ut-''o.aorr.,

where P/ChI = phosphorus to chlorophyll ratio
Røl = mineralization rate

The kínetíc equatíon for orthophosphate is:

closer

Nitrate kinetícs are símilar to Lhose descríbed in the amr¡onia

system. Nítrification is now the source, with phytoplankton utilization

being the only sink.

t*0, = K45.CNtt, - Gp.Chl.N/Ch1e (1-pNH3) (7)

Phosphorus

The phosphorus system is similar ín some respects to that of ni-

trogen. Organic phosphorus is generated by the respiratíon and death of

phytoplankton. Phosphorus in this form j-s then converted to the in-

organic state, approximated by orthophosphate, where it is available to

the algae. The kinetíc formulatíon for organic phosphorus ís:

(8)

troo = K67.0T-20.aor*.p - p/ch1.Gp.ch1 (e)

, mineralization is the source of orthophosphate while the

orthophosphate to the system occurs due to phytoplankton

In Equation 9

only loss of

uptake.
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Díssolved Oxygen

The addition of oxygen to the system are caused by production by

phytoplankton photosynthesis and reaeration. The losses of oxygen

result from phytoplankton respíratíon, nitrification, and benthic oxygen

demand. rn addition, oxygen is lost to the atmosphere during oxygen

saturated bloom periods. The kínetic formulatíon is:

SDO = cp.Chl.O2lchl + (C= Cno) K" - K1(T).0T-20.o2lcht.Chl

- *ortt-'oa*, .o .s7 - KBN/H

saturation concentration of dissolved oxygen as a function
of temperature and salínity
reaeratíon coef f ícient
nitrification rate
benthic oxygen demand

Sa1 inity

Salinity is treated as a conservative substance in the mode1. It

, affects the phytoplankton growth rate (Equatíon 2) and the saturation

concentration of dissolved oxygen.

3.8 Computational Framework and Effort

Before getting into the tasks of model calibration and sensitivíty

analyses, i-t is well to clarify the definition and meaníng of the term
trmathematical model.tt There are tü/o principal components to a mathe-

matical mode1. One component is concerned with the specific ü¡ater

quality problem context--the particular water body (its geometry, f1orv,

dispersion), and tire specif ic ídenÈif ication of the r,/ater quality

problem. Thus for the Neuse, interests center on the lower Neuse and

(10)

where C -
S

K=
a

K45 =

^BN -
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the upper estuary and the problem at hand is eutrophication. Specifi-

cation of the relevant variables (e.g., a1gal species chlorophyll a,

phosphorus) must be made and the kinetic linkages or interactions

between the varíables must be specified as presented in preceeding

sections. These interacLíons make up a theoretíca1 construct which

incorporates the major features of the eutrophication problem ín the

lower Neuse River. Fínally, in this fírst component, a numeríca1

specification of ínput 1oads, system parameters a¡d environmental

variables ntust be made. Such specificatíon for eutrophícation, for

example, includes numerical values for the phosphorus recycle rate, the

nitrogen levels at wirich phytoplankton growth is inhibited and. incomíng

solar radiation. At this point, a set of varíables, interactions and

numerícal specifícatíons tsíthin the context of the lower Neuse Rj-ver has

been developed in the form of a set of ínteractive equations ín time and

space. rn order to calculate the levels of the system variables, a

computational scheme or framework must be used. This represents the

second major component.

Available computational schemes include simple manual, desk top

calculations as well as various degrees of complexity of computer soft-
qiare. rn many water quality models (programs) available in the public
domain, the basic variables and interactíons are specified and it is
generally not easy to change the number of variables or more importantly
the complexity of the interactíons. Following a close examination of
these programs, the hiater Quality Analysis simulation program (tl/Asp)

first developed by Hydroscience, rnc. and later d.ocumented for u.s. EpA

(Di Toro et al. , 1980) ¡vas chosen.
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WASP has proved itself to be a very versatíle program, capable of

studying time varíable or steady state, one, tü/o or three dimensional,

linear or non-línear kinetic water quality problems. To date I{ASP has

been employed ín many modeling applications, that have included river,

1ake, estuaríne and ocean environments and that have investigated

dissolved oxygen, bact.eríal, eutrophicatíon and toxíc substance problem

contexts. WASP permits the modeler to structure one, tr{o, and three-

dimensional models; allows the specificatíon of time-variable exchange

coefficients, advective f1ows, !üaste loads and water quality boundary.

The Neuse Estuary Eutrophication }lodel was run on a Compaq micro-

computer system installed rr¡íth an 8087 math co-processor. A one-year

simulation run of the model takes 5.5 houls on the Cornpaq. To speed up

the model testing, debugging, and calibratíon processes, the model was

uploaded from the microcomputer to the Universíty of Vírginía's CDC

Cyber mainframe system. The model results are then downloaded and

processed using a Hewlett Packard 7470A personal computer plotter.
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4. }ÍODEL CALIBRATION AND SENSITIVITY ANALYSIS

4.1 Derivation of }fode1 Input

Prior to running the nodel for calibration, a significant amount of

model input (e.g., time variable boundary conditions, initial condi-

tíons, and kinetic coeffícients) needs to be developed. This section

describes the derivation of the model coeffj-cients and parameters.

lfass Transport

An important feature of the model is the two-1ayer mass transport

pattern often found in partíal1y mixed estuaries which is dependent on

the extent of salinity íntrusion. In the sur¡mer of 1983, the freshwater

flows ín the lower Neuse Ríver were relatively low (see the flow at

Kínston in Figure 3) resulting in saliníty íntrusion into the study

area. 0n the other hand, the summer of 19s4 was observed with

relatively higher flows and salinity intrusion did not reach the study

area. The simplifíed methodology proposed by lung and o'connor (1984)

and o'connor and Lung (1981) lras employed to develop the two-layer

transport pattern for the summer of 1983 using the data on freshwater

flows and salinity distribution from the lower Neuse River. That is,

tíme-variable two-1ayer transport patterns were developed in a 15-day

interval for input to Èhe mode1. The derived mass transport patterns

e¡ere eventually validated by reproducing the salinity distribution in

the lower Neuse on a time-variable basis. Figure 12 shows one of such

mass transport patterns for 1983. The freshwater flow is in the

do!¡nestuary direction in the upper layer and the upestuary flow is in

the bottom layer. The sum of the horizontal florvs is equal to the net

freshwater flow at any given location. Vertical flows (in the upward

direction) are introduced to maintain the hydraulic balance (Figure 12).
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Freshwoter Flow : 278 cfs (Kinston ß/12/83)

downstrean

Figure 12. Two-Loyer Moss Tronsport in the Lower Neuse River
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Algal Growth Kinetics Coefficíents and parameters

The algal growth rates (/day) as a functíon of temperature are

incorporated in the model as described ín section 3.7 , The time-

variable temperature input was derived from the temperature measurements

in the fie1d. Similarly, the surface light íntensity (as photosyn-

thetíca1ly available radiation, the light energy of wavelengths between

300 and 720 nm) Ì{as also from the field measurements. The photoperiod

as a function of time over the year was obtained from the clímatological

data at Kinston. Table 3 shoi^¡s the temperature, surf ace light

intensíty, and photoperiod data for 1983 as model input.

The penetration of light ís limited by suspended. materj-als such as

clay and silt particles, by colored dissolved organic matter of humic

nature and by the phytoplankton organísms. lfeasurements of light

intensity at different depths in the water column were available. This

information I,Jas summarized in terms of light extinction coefficients

defined by the equation,

-Kz
I,/Io = e e

where z is the depth, r ís the light intensity at depth z, ro is the

surface light intensity, and K. is the light extínction coefficient.

Estimates of K were obtained by fitting the above equation to datae

using a least-squares criterion for the plots of 1n(r/ro) vs z. The

slope of the plot is the total light extínction coefficient. The light
extinctíon due to algal self-shading is substracted from the total light
extinction coefficient. Tire resulting r¡a1ue is input into the model

tvhich calculates the algal self-shad.ing effect, particularty the surface-

gathering blue-greens during the bloom period and ad.d.s to the light
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Table 3. Temperature, Lieht Intensít¡ and Photoperlod (19S3)

Temperature ("C)
qÊv

1

15
30
4s
60
75
90

10s
L2A
135
150
16s
180
195
2LO
225
24A
2s5
270
28s
300
31s
330
345
360

Top Layer

8.0
4.0
6.0
8.0

1s.0
11. 0
15 .5
14.0
19 .0
22.O
22.O
22.4
25 .0
27,A
21 .A
29.Q
27 .O
29.0
21.0
22.4
18.0
16. 0
14.0
12.A
5.0

Bottom Layer

8.0
4.0
6.0
7.8

15 .0
11.0
15 .5
13.6
18 .5
2L.9
22.O
25 .0
27.A
26 .4
28.2
26.2
28.0
21.0
27.5
18 .5
15.0
13 .5
11 .5
8.0
2.5

Surface Light
Intensity (Ly/day) Photoperiod

81.0
81.0
84.6

115.8
115 .8
138 .9
243 .1
s47 .3
122.7
1Bs .2
81.6
)J.¿

721.6
156.3
704.2
133. 1

97 .3
109 .9

t)5. I
90. 3
75.3
86 .8
69 .5
17.4
60.2

0.473
o .479
0.484
0.528
0.572
0.611
a .649
0.655
0.660
o.67r
0.682
o .671
0.660
0.644
4.627
0.600
o.572
0.523
o.473
o .457
0.440
0 .440
a.429
0.418
o .446
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extinctíon due to suspended partícles. The tíme-valiable 1íght extinc-

tion coefficient (less self-shading effect) ís shown in Figure 3. As

described. in Section 3.7, the total light extinction for the diatoms and

greells also includes the shading from the blue-greens because the blue-

greens usually stay near the water surface.

Other growth related coefficients and parameters were derived from

laboratory and field empirical estimates as published in the scientific

literature. Table 4 summarizes these values from a number of estuaríne

systems as well as the lower Neuse River.

Nutrients

The nutrient kinetic coefficients used ín the Neuse Ríver model are

shown in Table 5 along with the representative values from the

líterature. It is seen that the values used in this study are withín

acceptable limits.

Dissolved Oxygen

The reaeration coeffícíent has been estimated by Equation 11 as a

function of depth, tidal velocíty, and ç'ind speed:

K"(at 20oc) =
12.g U0'5

H1'5
( 11)

where U = average tidal velocity (ft/sec)
lù = wind speed (mi1e/hr)
H = average segment depth (ft)

There was no wind speed data available for the study area. Thus, the

windspeed qias approximated using the data from the Potomac Estuary.

Such an approximation is not expected to introduce serious errors ín the

model calculation as the wind-índuced reaeration is usually not

significant compared with the reaeration due to tidal currents. rn

+ 0.4 
H
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Table 4. Phytoplankton Kinetics Paraneters and Constants

Parameter Uníts

Saturating
Light
Intens ity

Saturated

langley/day 300

Grorvth /day @ ZOoC
Rate

Sacramento Patuxent Potomac James Neuse
Delta Estuary Estuary Estuary Estuary

2.5

350 300 300 200 :k

10 0 .;!:'.-

2.4 2.0 2.0-2.s Fig.9

Endogenous
Respiratíon lday @ 20oC 0. 1 0. 125 0. 125 0. 1 0. 1
Rate

Death
Rare /day G zooc 0. 125 o.02 0. 1 0.05

Settling ft/day 0.3 0.75 1.31?k
Velocity e . {!:k:k

If ichaelis
Constant (P) nC/I 1.0 1.0 1.0 5.0

ff ichae 1is
Constant (N) nç/l 25.0 5.0 25.0 5.0 ZS .O

Saliníty
Thresholds ppt 1.0-4.0 rrr'0

Ifaximum
Salinity O.4 0.4
Effect

Carbon/
Chlorophyll mg/mg 50 50 50 25 50

Nitrogen/
Chlorophyllmg/mg771077

Phosphorus/
Chlorophyllmg/mg1111

Oxygen/
Chlorophyll mg/mg 133 - 66.75 66.75

:k diatoms, greens
ì'r?k blue-greens
. no nitrogen limitation for the nitrogen-fixing blue-greens
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Table 5. Nutrient Ki_neti.c Coefficients

Sacrameato Patuxent Potômac Jamss Neuse
larameter Units Del"tq Estuåry Estuary Estuary Estuary

0rg. N

HSrdrol-ysir 0. l0-Rate lday G zooc Q.02 0.075 0.15 0.1

0 for
Hydrolysís
Rate unltless 1 ,045 1.08 1 . 0B

Org. P

Hydrolysis 0,05*Rare lday @ Zûoc 0.CI2 o,z2 0.10 0.1

0 for
Hydrolysis
Rate urrítless 1.045 1.0S 1.08

Nítrification 0.09- 0. O5*Rate /day € 2ouc 0.13 0.15 CI.05
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addi-tion, the summer of 1983 vras a relatively calm period, making wínd-

induced reaeration even less important. An average value of 0.5 ft/sec

was used for the tidal velocity, based on literature data on the Neuse

Estuary (Giese et al., 1985).

Other llodel Input

The boundary conditíons, i'ítial conditions, and waste

directly obtained from the data collected in 19g3 and 1984.

etater flols r'/ere derived from the data collected. at the

station at Kinston (see Figure 3).

4.2 lfodel Calibration of 1983 Data

loads ruere

The fresh-

USGS gaging

The model was first calíbrated using the hydrologic and environ-

mental conditíons of 1983. The procedure, as described in the pre-

ceeding section, vüas follorved to derive the model ínput from the 1983

data. The results of modeling analyses are presented in Figures 13 to

L6 for stations 74, 68, 58, and 52, respectively. only the model

results from the surface segments are presented because the bottom

segments do not support any significant algal grolth. In each figure, a

comparison between the observed data and model results is presented for
the following water quality parameters: NH4, No2+N03, orthophosphate,

salinity, total chlorophyll a, and dissolved oxygen. rn general, the

model results reproduce the observed seasonal trends of al1 six
parameters reasonably we11. Some slight dífferences between the model

predictions and observed data for orthophosphate in late 19g3 are

probably due to the temporal resolution of the upstream boundary

conditions (e.g., input is on a 15-day basis). Assigning the boundary

conditíons on a more frequent basis is expected to improve the model

results. Similar observation can be stated for nitrate and dissolved
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oxygen in terms of comparing the model results wiÈh the data as these

two parameters are closely related to watershead runoff on a transient

basis.

Duríng the bloom period, nitrate levels reduce sígníficantly whí1e

ammonia niÈrogen concentrations remain high during the peak of the bloom

period. The elevated ammonia levels between Stations 74 arLd 52 ís most

likely due to \{eyerhauser's input although nitrogen recycling from a1ga1

biomass may also contribute to the íncrease.

The model results show that orthophosphate always in large supply

for phytoplankton growth throughout the year. During the bloom period,

nitrate levels reduce significantly while ammonia nítrogen

concentrations remain high during the peak of the bloom. The two-1ayer

mâss transport pattern reproduces the temporal and spatial salinity

distributions very we11. An increase in salínity in the downstream area

(station 52) beginning around day 195 is reproduced. The elevated

salinity levels slightly reduce the phytoplankton growth rate. Both the

chlorophyll a and dissolved oxygen calculations match the data closely.

Both the observed data and model results show relatively high

levels of dissolved oxygen in the surface layer at the beginning of the

year followed by gradual decrease as the temperature increases. This is

because the saturatíon concentration of dissolved oxygen is a factor of

temperature and salinity. Further, the increase in the surface

dissolved oxygen levels beginning around day 180 is the result of the

increase in algal photosynthesis. A quick calculation proves that this

is indeed what the model is simulating. Based on an oxygen to

chlorophyll g ratio of 66.75 mg or/ns chl used in the model, a net

increase in phytoplankton chlorophyll a of 50 ltc/I around d.ay 195 (see
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Fígure 16), therefore results in a production of 3.34 ng/1 of dissolved

oxygen. The increase in díssolved oxygen calculated by the model at day

195 is quite close to that va1ue.

Fígures 17 and 18 sholv a close comparison between the model calcu-

lations and observed data for four different groups of phytoplankton:

diatoms, greens, non-nitrogen fixing blue-greens, and nitrogen fixing

blue-greens. Both the data and model results indicate that the non-

nitrogen fíxing blue-green algae are the domínating group. The most

abundant blue-green non-nítrogen fixing species found in the lower Neuse

in 1983 are }fícrocystís and Anacystís species (NC Department of Natural

Resources, 1984) . rt can also be noted that the peak in the díatoms

occurs in the early spring months. Diatoms do not thrive when the

blue-green algae is most abundant, primarí1y because the blue-greens

stay near the surface and reduce the amount of light that is available

for the diatoms. The model incorporates this aspect by including the

shading of the blue-greens over the díatoms and greens, thereby reducing

the available light for these two groups during the blue-green bloom

periods.

4.3 lfodel Calibration of 1984 Data

The Neuse Estuary Eutrophicatíon lfodel was applied to analyze the

1984 data. This is an interestíng test for the model since the 1984

hydrologic co¡rditions are quite different than those exhibited in 1983

(see Fígure 3). The most noticeable difference in the hydrologic

conditions is the freshwater flow during the summer months. Summer flow

r¡/as sígnificantly higher in 1984 than 19g3. rn addition, summer

temperature was slightly lower in 1984. As a result, no blue-green

bloom occurred ín 1984 although the nutríent concentrations were more or
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less the same 1eve1s as those observed in 1983 and the salinity íntrul

sion did not reach the study area ín 1984.

The same kinetic constant and coefficient values for the 1983

calibration rdere used in the model calibratíon of the 1984 data. Only

the exogenous varíab1es such as light extinction coeffícient, average

daily surface light intensi-ty, temperature, upstream boundary condi-

tions, and the mass transporÈ patterns \¡tere changed according to the

1984 conditions. The results of model calculations are presented in

Figures 19 to 22. In general, the model results match the obserr¡ed data

reasonably we11. Note that the salinity leve1s ín the lower Neuse are

relati-vely low throughout the year due to higher freshwater flolvs. That

is. the salínity intrusion is pushed downstream from the 1983 locatiols,

particularly during the summer months. The model calculations, based on

net¡¡ mass transport patterns (no upestuary flow in the bottom layer), are

able to reproduce. the salinity dístrj-butions. The results for

individual phytoplankton functíonal groups at Stations 52 and 58 are

presented in Figure 23. It ís seen that the blue-greens, partícularly

the nítrogen fixing species, âre noticeably less sígnificant (as a

biomass fractíon) in 1984 than 1983.

4,4 Factors Limiting Alga1 Growth in the Lower Neuse River

The 1983 results are further examíned to determine the limiting

factors on a1gal growth in the lower Neuse River. The model results
(see Fígures 13 and 16) show that nutrient concentrations are sufficíent

for phytoplankton growth at the beginning of the b1oom. Hov/ever,

nitrogen proved to be limit,ing in 1983 once the bloom became firmly

established. on the other hand, light effect on a1gal growth is rather

significant during most of the year, reaching almost an B0;"á reduction in
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growth râte (Figure 24). During the summer months of 1983,

íntrusions reached the bloom area and had a moderate impact

growth rate (figure 24).

sa1

on

inity

a1ga1

4.5 }lode1 Sensitivity Analyses

By examíning a model's responses to changes in certaín key paran-

eters, a sensítivity analysís would provide additional ínsights into the

phytoplankton-nutríent dynamics. It is especially important to examíne

the model kinetic coefficients and parameters that are uncertain and

difficult to quantify independently. Since nutrients are usually ín

sufficient, supply for algal growth in the lower Neuse, the sensitivíty

analyses focus on other parameters assocíated wíth phytoplankton growth

and death. The 1983 calibration r^ras used as a basís in the sensítivíty

analyses.

The phytoplankton endogenous respíration rate is estimated for the

model input as 0.1/day based on literature values (Tab1e 4). The model

I{¡as run using a reported range from 0.08/day to 0.I25/day (O'Connor et

41., 1975). The model results indicate that there is no significant

change in any of the system varíables modeled. The model is not

sensitive to the variation of algal endogenous respiration rates in

terms of phytoplankton biomass and dj-ssolved oxygen. Thus, the value

used for all four phytoplankton groups in the model calibration

(0.1/day) is considered acceptable to the analysis.

The non-predatory death rate of phytoplankton ranged. in the

literature from 0.02/day ro 0.r/day (o'connor et al., 1975). The phyto-

plankton biomass involved in non-pledatory death are available for

recycling (of nutrients) within the system. The model calibration uses
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ï

a vãlue of 0.05/dãyToi -he 1or,¡er Neuse. Again, model

analysís of the death rate show no signíficant changes ín

resulËs resultíng from the variaÈion of the a1ga1 death rate.

sensitivity

the model

As indicated in earlier diseussions, the light extinction

coefficient (K") is an important parameter. Ku ís ínput into the rnodel

as a time-varíab1e function through.out the year and is derived from

measured light intensity data. Figure 25 shortrs the results of Èhe

sensitivity analysis. rt can be seen that although an increase ín K. by

507. gives a better fit for the ammonía data, the chlorophyll a fit ís

not good. To reproduce all system varíables reasonably well, the K"

values used in the model calibration appear to be most appropriate.
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DISCUSSIONS

5.1 Hypothesis of Blue-Green Bloom Potential

The model calibration results âre consistent with a hypothesis for

the blue-green algae in the Neuse River. That is, the blue-green algal

blooms are strongly regulated by the nutríent supply from the spríng

months as well as the river florv condition in the summer months. In

1983, relatively hígh runoff in spring and warm temperaturesllow flows

in the summer months produced an intensive llicrocystís b1oom. On the

other hand, the summer months ín 1984 were wet although the spring flows

in 1984 were about the same as those ín the spring of 1983. As a result

of the relatively high flows in the summer months, no significant

lficrocystis bloom was observed in the lower Neuse in 1984. The Neuse

Estuary Eutrophícation }lodel (NEEM) ís able to mimj-c these observed

trends reasonably wel1.

The 1985 conditíon is different from the 1983 and 1984 conditions

in that a dry spríng and a noderately r^¡et summer were observed in the

Neuse River watershed during the year. As a result, no lfícrocvstis

bloom has been observed to date. Thus, it is interestíng to see whether

NEEIÍ would reproduce the observed 1985 results as r.¡el1. A successful

reproduction of the 1985 water quality data would further validate the

above hypothesis and the modeling framework and would províde additional

confidence in the model.

5.2 Upstream Boundary Conditions

The Neuse Estuary Eutrophication |lode1 (NEEI'Í) is able to reprod.uce

the 1983 and 1984 data in a "reasonable" fashion. It should be stressed

that there are mall.y model coefficients and parameters i^¡hich values must

be assigned prior to runníng the model. one of the most important
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parameters is the upstream boundary condition witich supplíes the

nutríent loads and freshwater discharges into the study area and

thereby has sígníficant bearings on the model r:esponse. Further, the

upstream boundary condítion becomes partícular1y ímportant in model

projection analyses of assessing the system responses to varíous

malìagement alternatives. llany manâgement alternatíves may involve

changes in the upper watershed of the Neuse. Thus, there is a need Èo

accurately quatr.tify tire upstream boundary condition (an exogenous model

parameter) of NEEII by relating the nutrient input from the upper basín

rvith the fate and transport of the nutrients in the riverine portion of

the Neuse.

One of the tasks of thís study was analyzing the fate and transport

ín the riverine system of the Neuse River. Examination of the available

water quality data for the riverine portion does not suggest any

elaborate modeling exercíse (i.e., like NEEN). The most comprehensive

data base at the time of this study consísts of the Ì\rater quality data

from surveys in 7979. Although the Department of Natural Resources

conducted intensive water quality surveys (including time-of-travel

surveys) during the sum¡ner months of 1985, the complete data i{as not

avai-lable for thís study. Thus, the 1979 data was used for a riveríne

fate and transport analysis, using a steady-state one-dimensíona1 mod.el

framework which kinetics strucLure is similar to the James River lfodel

(Lung, 1985, 1986).

The results of the fate and transport analysis are presented in

Fígures 26 and 27 for the r979 summer and spríng conditions,

respectively. The calculatíon results shoçrr that the nutrient

concentrations are not significantly attenuated between Raleigh and
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Kinston. However, the data indicates that the downstream concentrations

of chlorophyll a increase sharply whí1e the model results deviaÈe from

the chlorophyll a data signifícantly. Due to the lack of spatial

resolution (in longítudinal dírection) of the d.ata, a signifícant degree

of uncertainty exists for the chlorophyll a concentïations at the

downstream location. Nevertheless, the preliminary results j-ndicate

that the riverine fate and transport analysis can be used to quantify

the fate and transport of the nutríents in the Neuse River. rt is

expected that the coefficients of the riverine model can be refíned

usíng the 1985 data (available from the Department of Natural Resources

soon) .

5.3 Future }fodel Improvement

The Neuse Estuary Eutrophication llode1 has been developed utilizing

the data currerì.t1y available. Following the model calibration analysís

of the 1983 and 1984 data, a number of areas have been identified for

future model improvement in order to better address the impact of

nutrient control on a1ga1 growth. First, it ís highly possible that

nutrients stored in the lower Neuse River sediments may become available

for algal growth once the external supply of nutrients is reduced. The

model may be modified to incorporate nutrient release from sediments.

At the present time, however, data on sediments in the lower Neuse is

limited. A good understanding of sediments is needed before such a

model enhancement could be implemented. Second, dissolved inorganic

carbon may be incorporated as a state variable to characterize the

buoyancy mechani-sm for blue-green algae as well as to add.ress carbon

limitatíon on a1ga1 growth.
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APPENDIX - Conservation of |lass

The framework of the analysis detailed in this repor-t is based. upon

the principle of conservatíon of mass. Simply stated the conservation

of mass accounts for all of a material entering or leaving a body of

I4tater, transport of material within the r¡/ater body, and physical,

chemical, and biological transformations of the material. Consid.ering

an j-nfinitesíma1 volume oriented along the axís of a three-dimensional

coordinate system, a mathematíca1 formulation of the conservation of

mass may be wrj-tten:

âc
ôr fucE*ffr * h,rr#) * ¡,LcE,ffl - *u*. - hur. - L u,.

where

díspersive transport advective transport

+ S(x,y,z,t) + l{(x,y,z,t)

sources or sinks external inputs

concentration of the water qualíty varíable, [l-f/L3]time, tTl
dispersion (míxing) coefficient due to tides and density
and velocity gradients (or diffusion coefficient ín the
sediment interstítíal waters ) , U,2 /"tl
net advective velocity, lL/T)
sources and sinks of the q/ater quality variable,
representing kinetic interactíons, Il-f/L3-T]
external inputs of the variable c, IM/T]
longitudinal, lateral and vertical coordinates,
respectively, tL]

c
t
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U
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xtY szt
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c
C**************************************************************************
c
CNEUSE
c
CEUIROPHICATTON
c

MODEL
c**************************************************************************
c
c AIJG. l_995
c
c
C SYSTEN4S:
c
C 1. Diatoms
C 2. Green Algae
C 3. B1ue-green non-nitrcgen fixing
C 4. Blue-green nitrrcger¡ fixing
C 5. Onganic Nitrrcgert
C 6. Aïmonj_a (Nfß)
c 7. NO2 + NO3
C 8. Oryanic Phos¡l}ron:s
C 9. Otlro-P
C 10. SalÍnity
C 11. Dissolved olqgen
c
c
c

tttg ctr-l-arzl
Íq dú-a/1
ttg chl-arzl
ttg chl-arzl
Íq N/l
Íq N/I
Íq N/l
rq P/L
Íq P/L
ppt
ng/l

c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c

@NSIAIITS:

XMPD
XMPG
XMPB].
KMPB2
ISD..B2
KM¡¡D..81
KRD..B2
KR[I)..82
KIIRD..82
s\/D..82
slD..B2
S2D..B2
MINPD..B2
DEADD..B2
CCTTLD..82
NCÍILÐ..8}
PCHLD..82
OCIILD..82
CHrcD
crIIÆ
IG4

Ilalf sattuation ccnstarrt lor phosphonrs, d.íatcnns (îqp/r)Ìfalf satr¡ration cor¡stant, for phosphonrs, grreens
Iïalf sab¡ratíon constar¡t, for phoq*ronrs, ñon-N fixing blue greensllalf satr¡ation co.nstant for phosphonrs, N ri:ci::g blúe greeá
S_aturation 1+$t intensity for each groræ - - (Ly/ey)IIalf satu¡:ation constar¡t for nitrogen foi each group irrqNZrjEndogencus r.espi::ation rate at 20 deg c, for eaãh grotæ iláin'tsrpera.ture coefficient
Non-prredatory deattr rate
q"+li"q "rfuiE_fo! eacrr epe of phlroplanlcuon Íl#!"",Salinity threstrolds f:r +æf grclr^¡Èh - ppttt tt tt tt L t,
l4i¡i¡nun percent of grouÈh r:ate for saIÍnity ctrr/efiaction of dead cells that d¡cp to bottoni
Carbon to ch-l-a r:atio
Nitercgen to ctrl-a ratio
Phosphorus to ctll-a ratio
Oqgen to chl-a ratio
Chl-a to carlcon ratio, diatoms
Chl-a to caricon ratio, greerìst
ÌI¡prolysis rate Uev)



c
c
c
c
c
c
c
c
c
c

IC34T
K45
K45E
K67
K67T
KBN2O

tsrperature coefficient
Nitrification rate
tsrea:a.ture coef f icient

Phos¡fronrs to Otho-p corn¡ersion rate
tenesature coefficie¡rt

Benthic tptalce rate at 20 deg C

Uaav)

(/dav)

gVn/cæy)

c

c
c
c
c
c
c

PARAMETRS:

DESIII
\Æ[sG

Dee'th of segunent
evä. tiaar átd ;ost*r"r". velocity

(feet)
(fr/s)

c
c
c
c
c
c
c
c
c
c
c
c
c

TTME \ZARIABIE FUNCIIONS:

TB,IP(I)
TEI4P(2)
Ijav
F
KE
WII{D

Taçera,ture ín surface layer
Terça:a.fure in bottom layer
Surface light intensity
Haction of daylight
Light extj¡cÈion coefficient
?{ird velociQr

(deg c)
(deg c)
(Iylday)

(/f,æE)
(neters/s)

c
c
c

c

STTERCTIIINE I^TASPts
T¡GIEåL TOPSPG

Iq! KMI{D,ISD,Igp,SÐTKRID,KDRD,MII\TPD,NCÍILD,KI'ÍSID,KMNG, rSG
IEl! 1EMP(2), DEPrr{(l2), \msc(12)
lE4t N[ID,I'rIIG,NIIB1,I\Etts2,NuID,I.TiJTG,NttTtsl,NuTts2
¡E4t T]-D,T2D,TtcrT2GrT1Bl tT:-Bz,T:'B:. ,T2azREAL IAVTKE,KED,Kæ,KEBGTIC\rI(A2OrIGS{'fi{

SEAL tin¡cItr,NFt,NgI,NBCT(19),NVrKr(19),NFU¡ÍI
E! r{vtcL ( 12 0 )_4R. (250),}4Q (2sO ),yw, (:rs, 20), MÍvK ( le, 80), MFrrNc ( 20 )INIEffi, cüT,sysBiy(19),RBy(19),QBy(L9)
gqgþN IN,C[Ir,NOSYS,NOSEG, ISYS, ISEG, IS]M, LtSTc, LTSTC

Il{rfB, rryEt rEüt{p(8,2) , rDrSK, rREC,}OCn4p, rornc çro¡@,ll{ON NBCPSYTNWKPSYTSySByTRByTeBy,NEGSLN
OcltltrtO¡¡ TIME , D[f , TZERO , SCÀLÍI, TEI{D, pRtiT
@,1¡40N CI4EGATII[HCKT],0([IER
ffiUl,ION C (L9, 120), @ (19, J-ZO), O,ßX (19), C${IN (19)
æ¡,llvloN PARAM(120, 10),OONST(100)



æ4¡40N
æI4I\þN
@4¡,13N
@4¡,þN
æt4t40N
co}4t{oN
@4tqoN

BVOI, ( 12 0 ), BR ( 250 ), BQ ( 250 ) þrc, (L9, 20 ), B[^rK ( 19, 8 O ), BFUNC ( 2 o)
l4\¡3L, ¡4R, I4Q, MBC, MFüK, MzuÀIC
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rvoFT, Nc[/, IROFII, NOR, IQOpr, NOQ, IBOOP ( 19 ), NOBC ( 19 )
II^]TCIP ( 19 ), NC[^]K ( 19 ), NOPAI4, NæNS, NFIJNC
¡lvoüI, NRr, NgI, NBCI, NhIKp, NFUNI
ï[tIvIV, Iln{R, ITT¡4Q, InlMF, IIIMB ( 19 ), IIIMt^i ( 19 )c

c

c
c
c
c
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KE =MFT]NC(S) * (TÍME_NFUNI) +BFTJNC(s)
VüIND =MFUÌiIC(6) * (TIME-NTUNI) +BFUNC(6)
rF (rDrsK .EQ. 0 ) co [o so
PIIME = TIME + 0.000L :h TIME
T'lRsrE (cur,2oL) PIIME

do loo¡l

ISEG = ITNOSEG

Cl = C(lrISEG)
Q = C(2,ISEG)
C3 = C(3rISEc)
CA = C(A,ISEG)
C5 = C(SIISEG)
C6 = C(6rISEG)
C7 = C(7,ISEG)
C8 = C(SIISEG)
C9 = C(9rISEG)
clF C(lo,ISre)
C11= C(II,ISEG)

set concent¡:ations for segrnent

c
C sËart, nairr
c
50 æ i_00

c

c
c segrnent numbers less than thir{een (13) are surface segrnents and



c sesnenÈ' ntmþrs greåtær than tåi¡*een (13) are botton segments
c

rr (rsnc .ur. L3) rstEN
TTOPSEG = .TRIJE.

rT.qE
TOPSEG = .FAISE.

B{DTF
H = DEHEI(ISEC)
\ilCL = BVOL(ISEG)
rF (T'OPSEG) TnÐ[

TEM = 1E[4p(1)
FrsE

TEM = TEndp(2)
E{DIF

TEMPZO=TEM-20
c
C ***************************
c * sYsTEMt-DItgoI,F *c ***************************
c
C e\raluate satr¡¡:ated $pr^¡th rate due to tøçera.tr-rre
c

IF(TEM .qr. 0.0 .AND. TEM .UI. 3O.O) IIIH{
64N(D = 0.I0328*(TB{) + O.O4O8

F.TSE

rF (TEM .GT. 3s) rHn{
@{A¡CI = 0.0

ELSE
c¡{Nfl) = _O.76470S9ìk(TEM) + 26.73529

E[\rÐIF
Ð{DIF

c
C reducÈion in g:ovttr rate dr¡e to non-o¡rtirm.m light

¡gHD = (30.0 ¿, CL)/ 3.28I
æSHD = (30.0 rt (C3rc4) )/ 3.ZgL
KED=KE+EI{D+BGSHD
IF (.N(If. TOPSEG) BT_AV = IAV ¡k EI(P(-KEDTPREVH)
IEMP1=KED*H
rr' (TOPSEG) THEI\I

mvlp2 = TAY/T,SÐ/F
ETSE

TEMP2 = BTÀV/ISD/F
ENDIF

TB{FB = Ðcp(-{IEMpI)
RD = 2.718 ìt F/ TEMPI :+(EXp(aEMp2¡bTEMp3) - Ðp(_{Enp2))

c
C reå¡cÈion dtre to non-cpEimr-un nutrients
c
C nibrcgen effecÈ
c

CD{=C6*C7
lilÏfD=Cr[/ (OI+KM¡¡D)

c



C phqsphonrs effect
c

PHOSD=æ/(ca+KMPD)
c
C salinity effecÈ
c

Tl_D = AIOGIO(SID)
T2D = ÀIOGIO(S2D)
s = ALOGIO(CIO)
X =1.0-MINPD
ff (S .LE. TID) SALD = l.O
IF (S .qf. Tl-D .AI{D. S .LE. T2D) SAIÐ = t.O - X*(S-{lD)
ff (S .qI. T2D) SAID = MINPD

c
C total rn¡trierrt r-edr¡cÈion effecÈ
c

NTJTD = NmÐ * IHOSD ìr SAID
c
C calculate diatcnr gïoü¡th rate
c

@D = Gl4NÐ :t RD rh NUTD
c
C Diatom Death Rate - due to respiration and death
c

RESP = KRD ¡t KRID*¡¡TEr{p2O
DRD=RESP+KÐRD
sElItD = S\iD * (\¡3IÆ) *Cl

c
C calsulate derir¡ative
c

rF (FOPSEG) rHBr
CD(I,ISEG¡ = (GRD-DRD) :tg1*yg¡ - SEITD
PREVD = SETLD

F,T.qE

O(1,fSEG) = (æD-DRD) ?kQ]ìt\rcL + PREVD - S¡1¡¡Ð
E¡{DIF

c
c
C *******************************
C * SYSTEM 2 - GEM{ AICAE *c *******************************
c
C q¡aluate saturated gtrc\Ârth rlate dr¡e to tsrp.
c

ff (mU.C1.0.0 .AltD. TE{.1tr.35.0) ÏHEX.I
q,ßXG = 0.II83OBSìr(TEM) - 0.5954654

F:T 'qE
@,ßXc = -Q. 3Sg73Z7*(Tm.f) + 16. ]12].76

Ð{DTF
c
C reù¡cÈion in grcnrûr r:ate due to nonrc¡rEimm 1ight,
c

GSHD = (30.0 *e)/3.2si.
BcsHD = (30.0*(C3+C4) )/3.28r



KEG=KE+GgItD+BGSHD
IF (.NCtt. TOPSEG) BIAV = fåV * Ð(P(-KEG*PREVH)
TEMPI=KEG*H
rF (TOnSne) ${EXV

TEMP2 = ÍAY/Í#/F
tr,SE

TEMP2 = BIAY/T.SG/F
EI{DTF

TEMP3 = ÐP(-{IEMpI)
RG = 2.718 * r/ TEMPI * (Exp(-{EMp2*TEMps) - Ðrp(-{mæ2))

c
C redr¡cÈíon due to non-optfurm nutríents
c
C nitrrcger¡ effecÈ
c

CN=C6*C7
NIIG = Ct'I ,/ (C1{ + XMNC)

c
C ¡ùrosphorus eff,ecÈ
c

PHoSc=æ/ (Ca+K¡æ)
c
C saliJrity effecÈ
c

TIG = AIOGIO(SIG)
T2G = AIOcLO(S2c)
S = AIoGtO (C10)
X =1.0-MINPG
IF (S.LE.T1G) SAIG = 1.0
IF (S.ql.Tlc .Al.lD. S.tE.T2c) SAIG = 1.0 - X¡I(S-{1G)IF (S.GT.T2G) SAIG = MINpc

c
C total nutrient, redr¡cÈ,ion
c

NUIG = titllÇ ì+ pHOSc * SÀIc
c
C calculate g:rorlÈfr r:ate
c

GRG = @4AXc * Rc rk NIIG
c
c Green Deaür Rate - dr¡e to algal r.espi::ation anl death
c

RESP = KRG ¡r KRIG*j{IEMP2o
DIRG=RESP+KURG
sElftG = svG * (\¡uy'H) *Q

c
C calculate derir¡ative
c

rF (TOPSEG ) rÏrnr
@(2 

'ISEG) = (æC'-DRG):IC2IrVOL - SHIIG
PREVG = SHTIG

F.T.qE

@(2,ISEG) = (GG-DRG) *C2¡bVOL + PREVG - S¡1IIG
MÍDIF



c
c *****************************ti************
C * SYSTEM3 *
C * NON-NTTROGB{ TDüNG BII.]E æEM{ AI.GAE *
C ***************************tç****Jr*********
c
773 FÐR[44[ ( TSVSIU'I 3 t ¡C sahlrated growth rate ôte to teupera.ture

c
rF (TEM.gr.o.o ..AND. Tn4.r,8.13.0 )IF (IEM,GT.13.0 .AttD. tEM.LE.25.O)
IF (TEM.GT.25.0) e[N(Bc = 0.1711044*fm4 - 2.4297643

c
C redtrcÈ,ion in garcl¡/th rate due to nonrcptimrmr light,
c

BGSHD : (30.0 *(c3rc4)) ß.ze]-
KEBG=KE+æSHD
IF (.NCE. TOnSne) BIAV = IAV ìk Ð(P(-KEBG*PREVH)
TEMPI=KEBG*H
IF (TìOPSre) IIIEI.I

Indp2 = I},:V/ÍSBL/F
ETSE

Tm4P2 =BTÀV/ISBI,/F
B{DTF

TEMFIì = E](P(4EMp].)
RBI = 2.7L_? 1_F/tB4p1 * (Elcp({Bapa*Tmdm) - Þp({EMp2) )C rF (TOPsEc) RBI=1.0

c
C reå¡cÈion dr¡e to non-cpLimnn nutrients
c
C nitrogen effecÈ
c

CII=C6*C7
NffBI = Q:I / (O{ + XM}IBL)

c
C phosphorous effecÈ
c

PHOSBI=æ/(ca+KMPBI)
c
C Élinity effecÈ
c

TIB1 = ALOGIO(SLBI)
T2Bl = AlocLO (S2Bl_)
S = AIoGLO(cIO)
X =1.0-MINPB1
IF (S .I;8. TIBI) SALE1 = 1.0
IF (S .gt. TIBI .AND. S .LE. T2BI) S.AIB1 = 1.0 - X'I(S{IBI)IF (S .qf. T2B1) SALB1 = MEIPBI
NUTBI = NIIB1 ¡+ PHOSBT * SALBI

c
C calculate grcnlrth ::ate
c

@81 = 6{N(lc ìb RBI * NtffBL
c



c
c

c
c
c

death rate

RESP = KRB] * KRIBL*'TTEMpZO
DRB1=RESP+KDRBL
SEILBI = S\ßt * fircI+/¡I) ]b C3
BUGS\/ = S\lB1Æ

c
C calcrrlate derir¡ative
c

rF (ronsne) IIIH{
CD(3¡ISEG) = (æBI-DRBI) *Ca*VoL - SEILBI
PREI/BL = SEILBL

EI,SE
@(3, ISEG) = (RBI-DRBI) rtg3*1¡9¡ + PREVBI - SHILEI

ÐTDTF
c
C ***tr************************************
c * sYstad| *
C * .NTIROGE{ EDCING BLI]E æEEbTS *c ****************************************
c
774 FORUIAT ('SYSInt a ' ¡C saturated grcnrth r:ate

c
IF (TEM.GT.0.0 ..AltD. TEM.LE.13.O)
rF (TB{.GT.13.0 .AND. ÏEM.LE.25.ô)
rF (15M.G1I.25.0) @4ÐGc = o.17rrb44*(TEM) - 2.4287643

reå¡cÈion in gcmth rate dr¡e to non-opürun 1ight
BcsHD= (30.0 * (c3l{4))ß.zer
KEBG=KE+æSHD
IF (.NCE. [OPSæ) BfÂV = IAV :r Ð(p(-Kmc*pREVH)
TESÍPI=KEBG*H
IF $ìorsne) IIiH..I

TEMP2 = IA\|/ISB2/F
ElTSE

TEMP2 = BTAY/ÍSB2/F
EhrDtr

TEMEB = Elrp({EMpt)
RB2 = 2.718 l_y Tpqt*(Ðrp(-TEMp2rrrm4m)_Ð@(_{E[,p2) 

)IF (norsrc) RB2 = 1.0

ædrcÈion due to non-optiJrntn nutrients

nitrcgen effect, - (no U:nitation, fix from abnosphere)

Nf[ts2 = 1.0

phosphons effect

PHosBz=æ/(Ca+xMpB2)

sali¡ity effect,

c
c
c
c
c
c

c
c
c

c
c



c

c
c
c

c
c
c

TIB2 = AIocL0(S182)
WBZ = Alocl_O(S282)
S = AI3GIO (cIO)
X =1.0-MINPB2
ff (S .ü8. TLB2) SAIE2 = 1.0
rF (s .qr. T1B2 .AlÍD. S .L;8. r2B2)
IF (S .qI. T2B2) SALE2 = MtNpB2
NU[B2 = NIIB2 :h pHASB2 ¡t SAI;82

grcr¡rLh lîate

GRB2=@'IN(BG*RB2*NUIB2

death rate

SÄl;82=1.0-X*(S{IB2)

RESP = KRB2 rt KRIB2**T$iIp2O
DRB2=RESP+KDRB2
SEILE2 = S\ZB2 * (\¡CIlÐ tc C4

c
C calcrrlate derir¡ative
c

rr (ronsne) Tr{m[
CD(4¡ISEG) = (æ82-DRB2) *C4:wïOL - SEILB2
PREVB2 = SEILB2

E[.SE
Ð(A,ISEG) = (GRB2-DRB2) ìvC4*VOL + pRE\lB2 - Sn:ILB2

NVDIF
cc *************************************
C * SYSîEM 5 - ORGANIC NTTROGB{ *c *************************************
c
775 ¡ORSAI' (rSYStmt sr¡c source due to phytcpranlcton endogenorrs respiration

c
C nch.lb2 is r,¡ritten throughort, as nch1bl
c

SR5D = NCIILD * DRD rr Cl* (I.O-DEADD)
SRSG = NCI{IC * DRc * C2 * (t.O - DEADG)
SRSBI = NCHLBI ¡r DRBI * C3 * (f.O - OnaOef¡
SR5B2 = NCHLBL * DRB2 tc C4 rc (I.O - DEADB2I
SRS = SIRSD + SRSG + SRSB} + SR5B2

sink dr¡e to ansnonification (org.N - NH3)

SI(5 = (lC3¿ * I€4T**.IE${P2O) * C5

anount of nitrcgen i¡ t]1e systetn

!oN= (NCHtD*cr) + NcHrG*c2) + (NcHLBl,rc3) + (Nc[Ii,Bu.c4) +csTl{=TCIN+C6+C7
TEN=C6+C-7

c
c
c

c
c
c

c



q
c

qAlçUlate deriratíve

CD(S,tSre¡ = (SRs - SK5)rry6¡
c
c
c
c
c
776 FÞR¡4AT (rSVSrtU e r¡

C source due to arnnonification (o:rg.N - NH3)
c

SR6 = SI(5

sink of NH3 due to nitrification
SK6L = (K¿S * K4ST:+*TEMp2O) ¡b C6

sirik dr¡e to ph1Ê,oplar¡]cton uptake

PNH3D = C6 ¡t C"/((KI\O[D|C6)*(KMNDi-C"))
SK62D = (æD *' CI) :h PD{H3D * NCHLD
FNH3G = C6r,e71\GMNerc6) 

't (xMNGd{Y) ) + C6:TKMNG/ ( (C6+C") * (ßMNerc7) )SK62G= (GRG*C2) *plHge *NCHIG
PNIl3Bl= C6r,C7/ ( (KMNB1+C6) !r(IfiNBIr{") )
SK62B1= (æB1*cj) 't Ftüßbt * NerLBl_
SK62B2 = 0.0
SK62 = SK62D + SK62G + SK62BI + SK62B2

C calculate derir¡ative
c
_ CD(6¡ISEG) = (SR6 - SK6t - SK62)rry6¡
c
c
C ***********************tr*********
c * SYSTEM 7 -.NO2+NO3 *c *********************************
c
777 FORI4AT (tSYStm,I 7t)C source dtre to nitrification

c
SR7 = SK61

c
C sirik dr¡e to Fhytcplarrlcton uptal<e
c

SI(7D = (1.0 - PNH3D) ¡r NGILD * (eD,bCI)
SI(7G = (1.0 - PNH3C) * NCIIIG * (GRcìrC2i
SI(781= (1.0 - PNH3BI) ¡k NCÍilßI * (æ81:kC3)
SIç82 = 0.0
SIV=SM+Swc+SM1 +SM2

calculate derir¡ative

@(7rlSre¡ = (SR7 - SI?)*r1¡9¡

***ìt********************************
* SYSTEM 6 - AIqMONIA *
************************************

c
c
c

c
c
c

c
c
c



c
C ***********************************
C * SYSTH{ 8 - ORGANIC PFIOSPFIORUS *
C *****************t ********J.********
c
778 FoFI'IAT (TSYSTmA A t ¡c si¡ik dtre to orttro-p t¡ansforrnation (nina:alization)

c
Sl(8 = (K6Z * K67T:tìrTHUp20) * Cg

scrurce dtre to pþÈoplanlcEon endogenous res¡lÍ::atÍon

SRBD = PCHLÐ / NCIILD ¡t SRSD
SRBG = PCHIG / NCXiIG rt SREG
SRSBI = PCHLBI / NCX{IEI * SRSBI

ncfrlbl=+rchlb2 and was chânged here for tenporary sirçlicíty
SRBB2 = PCHLB2 / NCHIJBI * SRSB2
SR8 = SRSD + SRgc + SRBBL + SR8B2

aroãunt of ¡ùrosphonrs in ttre q¿stern

PP=c8+ (PcHtÐ:tcr) + (pcHrGìrc2) + (pcHrBl'rc3) + (pcHIlB2*c4)lP =TOP*Cg
c
C calcrrlate derir¡ative
c

@(8,ISEG) = (SRg - SI€) *ys¡

c
c
c

c
c

c
c
c

c
c
c
c

**********************************
* SYSTEq 9 . ORTT{O-P *
*******************:t*****.*********

c
c
c

779 FþRIUAT (rSYSTml 9t¡
C source dtre to ¡nineralization (p-FO4)
c

SR9 = SI€

sirik dr¡e to phltcplanlcton rrytake

SI(9D = PCFILD :r (æOrrcl)
SIç9G=pCHIG* (ec¡rC2)
SI(9BL = PCHLEI * (GìBI:IC3)
gI€82 = PCIILB2 * (GB2*C4)
SI€ = SK9D + SKgc + SI(9BI + SI(982

calculate derir¡ative

@(9¡ISEG) = (SR9 - SI€) rty6¡

******tr***********rr***tr*********
* SYSIH4 10 - SALINfiY *
********************************

c
c
c

c
c
c
c
c



c
c
c

c
c
c

780 fORÙßf ( tSySlHvI I0 ' )
CÐ(IO,ISEG) = 0.0

cc **********************************
C * SYSTEI{ 11 - DISSOL\ÆD O)ffGE{ *c **********************************
c
781 FORI{AT ('SYSTEM 1L')C sirik due to phytoplanlcLon uptake

c
SKtlD = (KRD * KRIlDr:+rrIEvtrZO) * OCfiLD * CI
SKIIG = (KRG ¡t KRIG¡Irc]IEMP2Q) * OCIII.16 ur C2
SIüIBI = (KRBL :t KRIB}**TB{P20) ?r OCIILB] * C3
SKIIB2 = (KRB2 * KRrts2**TEt4p2O) * OCHLB2 * C3
SIGII- = SKLID + SKLIG + SKtIBl +SKLIB2

sj¡ik dr¡e to oxlgen needed for nitrification
SKtL2=4.57*SK61

si:,lk dtre to benttric denrard

rr (.Ncrr. ToPsre) ${Ð¡
KB¡{IïI = KBN20 * I.Q2$*rrTEvIp2O
SICtl3=KBNIH*3.29I/H

FTSE
SKt13 = 0.0

EI'TDTF

o>qgen producÈion U¡ pfrytoplani<ton

SRLID= (GRD*C1) *OCfn¡
SRtlc= (@G*C2) *OCTUC
SRI1BI = (GRBJ_*C3) *Ocrü¡r
SRIIB2 = (GB2*C4) Tt OCIILB2
SRtll = SRL1D + gRLIc + gRLIBl + SRLIB2

soul'ce ù¡e to reaerîation

I([20 =].2.9{c \Æ[^SG(ISEG)**O.S / HrcrcL.S + 0.4 * V{INDÆ
IG, = I(A20 * l.elg*rrfþlr,fple
cs = 14. 6244 - 0.367134*TEI{ + 0.0044972*Tmf*TEM - 0.0966?rcro
SRI-L2 = (cS {11) * IQ\
IF (.NCII. TOPSre) SRtl2 = 0.0

calculate derÍvative

@(I1,ISEG) = (SRtll+ SRt12- SKLII- SKt12- SKLI3)*VOL
PREVH = H

prjnt the restüts

rF (rDrsK .8a.1)
IF (rDrSK. EQ. I.AlrD. TSEG.EQ. 7)
rF (rDrsK. EQ. r.AlrD. rsEe.EQ. 8)

c
c
c

c
c
c

c
c
c

c
c



c
c

c
c

rr (IDISK. EQ. I.AND. ISEG.EQ. 9)
.__I4R[IE(8,205) P[IME,C6, C:7 ,æ CLO, (C1+C2ì€3+C4) *1OOO,Ctl
IF (IDISK. Ð. l.A¡rD. ISre. EQ. 10)
rF (TDISK.EQ. I.AI{D. ISEG. EQ. 11)

IF (IDISK.EQ. I.AND. ISEG.EQ. l_2)
rF (rDrsK. EQ. r.AlID. rsEG. rc. 7 ) v{RnE ( 83, 206) rIrlME, cr, c2 ß3, c4IF (fDfSI(. EQ. I.AND. fSEc. Ee. I ) WRIIE ( 94, 206) mnm, Cf , C2', C3' I C4IF (IDISK. EQ. 1. À¡[D. TSEG. EQ. 9 ) VORTTE ( 85, 2O6i FTI],IE, CI ; C2', C3', C4rF (rDrsK.EQ. 1.AI'ID. rsEG.EQ. 1o) vüRrIE GG ¿06) rtruÈ, ci, c2,cá,c+rF (rDrsK.æ.1.ÀI{D.rsre.EQ.11) viRflrE (87 t2o6) ræ¡æ,cr, c2'tc3',c4rF (IDISK. EQ. 1.1ry9. ISEG. EQ. 12 ) WRsrE (88, 206) grnrE, è1, cz, cl, c+IF ( IDISK. EQ. ]-.AlrD. rsEG. EQ. 7 ) WRIIE ( 8L 2O7 )IF (rDrsK.EQ. 1.À¡[D. rsEc.EQ. 9)

vüRrrE ß3 Po7 ) HIIME' RBI, Nrltsl' PHosBl, sArBl, RBt, DRBI, BUGSVfF (IDISI(.EQ. I.At'tD. ISEG.æ. 11)
' --WR[IE 

( 8 4 Po7 ) g[n{E' RBl' Nr[tsl, PHosBl, sAl;Bt, RB]-, DRB1, BUc*gvIF (IDISK. EQ. 1.AlrÐ. rsEc. EQ. t2)
OONTINIÍE
¡oRI{tfI (5X,F10.3)
¡oRs[aT (]xrF9. 3, 1189. 3)
FoR!4AT (10Fe.2)
FþR!,E{I, (7F10.4)
FORIVTAT (5F10.4)
roRr{AT (8F10.4)
IDISK = 0
REIURN
m{Ð

c
c
c
c

100
201_

203
204
245
206
207
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