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EXECUTIVE SUMMARY

A nodellng study has been conducted to trace the fate and transport
of nutri'ents (nítrogen and phosphorus) in the lov¡er James Rlver Estuary.

The study consists of the following key technrcal Èasks:

o Review of the results from an earlíer modeling study of theupper estuary

r Expansíon of the upper estuary ¡nodel
estuary

Analysls of avaílab1e data ín the lower estuary

Calibratlon of the expanded model

Model projections to quantify the fate and transport ofnutríents

to incl-ude the lower

o

o

o

The followíng paragraphs híghlight rhese rasks.

Model calíbratr.on results from a previous study on the upper

estuary (Lung, 1986b) v¡ere reviewed for two separâte data sets in July
and septenber 1983. The review can be summarized as follows. Nutrlents
q¡ere not the 1írniting factors under the 1983 sunner condl-tfon. Rather,

turbidity ln the water column offered considerable lÍght attenuatíon.
In fact, the turbíd estuaríne vüater províded over B0Z redlctton in alga1

gro!¡th rates from the optimum growth leve1.

The James Ríver model (JlfsRV), which was used in the last urodelfng

study to assess the ftnpact of phosphorus control on the vrater quality of
the upper estuary, was expanded (from a 5o-segment configuration to a

62-segroent configuratíon) to include the l_ov¡er estuary. Hydraulic
geomeÊry data of the 10wer estuary was derived from physical data and

incorporated into Ehe model.



Receivíng water data was examíned to select a complete data set for
model calibration. A water quality monitoring study under the 208

program for the Harnpton Roads area provided an intensive r,saËer quality
survey ín July 1976. At the same time, an íntenslve water quality
survey was conducted for the upper estuary fron Ríchmond to the Chicka-

honíny Ríver by the state hrater control Board (swcB) and the Rlchmond-

crater 208 consortium Ín Jul-y 1976. Thus, a receivíng ï¡ater quality
data set complete for the entire estuary from Richnond to Newport News

r{¡as assembled for nodel calÍbratlon use. Point source discharge records

at nunicipal and industriar fací1íties vrere obtaíned. to independently

quantify B0D and nuËrient loads to Ëhe rnodel. Municipal r¡raster¡ater

Ereåtment f acilities ín the lor.¡er estuary e¡ere comprised of several
plants operated by the Hanpton Roads saniration District (HRSD) and

their data were obtaíned from HRSD. rndustrial loads r^rere derived fron
SI,JCB records.

The expanded rnodel v/as first applied ro calibrate rhe July Ig76

data set. Subsequently, the calibrated model r¿as tesËed using the July
and depteurber i9B3 data sets to provide addiËiona1 confídence in the

nodeling framework. Results from the nodel calibratíon and validation
analyses índícated that the seasonal conditíons in the Jarnes River

Estuary efere reproduced by the model. h/hile the July 1g76 and July 1gB3

data sets had al-most ídentical freshwater and tempeïature conditíons in
the estuary, peak chlorophyll e levels in these t\,Ío surveys Lrere quite
different. such a dlfference was explained by the node1, suggestlng

a higher llght extincËíon coeffícient Ín the esruary ín Jul1, 1976 r.¡as

the cause. As a result, lower chlorophylr g 1eve1s were generated in
JuIy 1976 than July i983.



Model projectlons v¡ere then conducted to quantify the relative
i-mportance of varfous nutrient sources in the upper estuary. Three

major nutrient sources l¡rere examined: POTWs, industries, and upstream

input. [A fourth one' nutrient releases from the sedíment, \^7as found to

have a much smaller impact on the water qualÍty than the three urajor

sources.] Among the major sources evaluated, POTWs in the upper estua-

ríes v¡ere found to Play a dominate role ín contributing to nutrlent
concentratj.ons ín the lower estuary.

The modelíng analysís also índicated that while phosphorus controls

ln the uPPer estuary would lncrease inorganíc nitrogen concentrâtions

entering the lower estuary, theír impact on the a1ga1 growth potential
ín the lor¡er estuary would be insignífícant. Algal growth ín Ëhe lower

estuary i-s highly suppressed due to considerable turbidity leve1s Ín the

water column. Phosphorus control r¡ould reduce to 1or¿er concentrations,

the relatively llurited orthophosphate concentrat,íons available for a1gal

growth in the lower estuary.

A nodeling study currently underway is designed to extend the

analysis further dor,mstream into the chesapeake Bay . such that the

nutrient transporË from the James River Basin can be accurately guanti-

fíed wíthin the context of this nodelíng framervork. ln additi.on, the

questÍon as Êo what role the nutrients from the James River basín play

in contributing to eutrophication ín Chesapeake Bay can be addressed in

t.he current ef f ort.



1. Introduction and Purpose

The James River basín (Fígure 1) potentially contributes a

sígnifícant amount of the phosphorus enteríng the chesapeake Bay,

ranging from 242 to 367" depending on the hydrologíc conditíons (Lung,

1986a). Such a hlgh phosphorus ínput ís due to the fact that none of

the publíc1y o¡^med treatment works (POTWs) in the basín currently

practice phosphorus removal. Tn additÍon, there ís no other form of

nutrient control exístíng in the James River basi.n. IA phosphate

detergent ban has been passed in Virginia and v¡ill become effective on

January 1, 1988.1 At Ëhe present tíme, approxirnarely r5T" to 302 of the

total phosphorus loads to the B.y, again depending on the hydrologic

condition' are from the POTLIs in the James River basín on an annual

basis . More Ínportantly, PorI.Is account f or about 557. to 7 52" of Ehe

total phosphorus loads from the James River basin rvith ÍEs rnajority

coming from sources below the fall line (Lung, 1986a).

Results from a recent rnodelíng study of point source phosphorus

control in the James River basin indicate that while present nutrienÈ

leve1s in the upper Jarnes River Estuary are adequate to support alga1

growth, a reduction of nutrient l-nputs by removing phosphorus at POTI"Ig

rvould lead to a phosphorus liuriting condiÈion thereby lowering the

phytoplankton bíornass levels (Lung, 1985, 1996b). under rhe 7-day

l0-year 1ow flow condLtÍons, phosphorus removal r¡ould reduce presenË

peak chlorophyll a level by 507. if an effluent total ptrosphorus lirnit of

2 ng/L is applied. Further reduction in the peak chlorophyll a level

uray be achieved with effluent límits of I rg/t, 0.5 mg/L, and 0,2 *e/t.



'1. Susquehonno
2. Eostern Shore
3. West Chesopeoke
4. Potuxent
5. Potomoc
ó. Roppohonnock
7. York
B. Jomes

DEL.

Flgurc 1. The Chesopcoke Boy ond Jomes River Bosln



IThe nodelíng results also indicated that phosphate detergent bans would

only s1íght1y reduce rhe chlorophyll a levels.l

Under che phosphorus removal scenarios the inorganlc nitrogen (NHr,

to;, and N0;) concenÈratlons ln the estuary would íncrease Ín the

downsËrea¡n dlrectíon because they r^rould not be utilized by the reduced

argar bl-omass. This result raises an inËeresting equation: would

phosphorus removal cause a nítrogen íncrease and result in greater

productíon in the lor^¡er estuary and the chesapeake Bay whích are

belíeved to be nitrogen línÍted?

The purpose of thís study ís to ad.dress the above questíon by

expanding the upper James EsËuary study to the lower estuary. rn

additlon' recent data (Cerco, 1985) on sedíment nutrient release fluxes
and oxygen demand rates Lrere incorporated into the expanded model to
better understand the fate and transpoït of nutrients ín the James Rlver

Estuary. That is, how much phosphorus originating fron the upper

estuarv will enter the Lower estuary under present conditions? Further,

would niÈrogen increases caused by phosphorus controls affect the algal
growth poÈentía1 in the lower estuary?

2. Results from Previous l"Íodeling Study

Model calibrati.on results from the previous study on the upper

estuary (Lung' i986b) are summarlzed in Figure 2 far two separate data

sets ín July and September 1983. rn general, Èhe increase in anmonia

nitrogen below Ríchmond \tas due to the ammonia discharge from point

sources such as Ehe Richnond wastev/ater treatment plant and other pOTWs

and industrlal facilities. A smal1 portion of such an increase \.¡as

probably due to the release of ammonia from the sedinent ín this section

of the ríver (Cerco, 1985; HydroQual, t1"., 1986). However, rhe

increase in aurmonía does not sustaln beyond rlver nile 90 because of



q,

=q)
o_
oT

.E!

c
o
E
()
ü

110100 90 80 70 60 50 40

Freshwoter Flow = 2200 cfs Temp = ZE'C (7-2E-BJ)
25

lzoc
.Iz tS
o
å108s
c)

0

.-2.5 r

Þ'+;Él
9 ro{
Ëo.u Izo.o L

110

^ 1'o f-
Eo.a I
å.'lÀl
å0.4 t
fo.zl
ol

.-2.5 r

Þ'+;Él
9 ro{
Ëo.u Izo.o L

1lC

^1'or
Eo.a I
%.'lo-l
å0.4 t
Fo.z I
ðo.o L

110

c
o
E

.9
É.

õ
=q)
o-
o

:f

Éi,m.

100

>80
-7 eo
o
140
o

=20C)
0

o
E
-c
.9
É.

õì
(¡)
o-
oT

110100 90 80 70 60 50 40

f

H

\
,E,ti
r0 E0

Milee'

90

rT
J
90

i

j
¡ 100

Ríver

70 60 50 402.5

<2.0
Frs
i r.o
I
:z0.5

0.0

12

ofo>8
$,0
o4oz

0110100 90 80 70 60 50 40
River Miles frorn Mouth

.'^t'x
110100 90 80 70 60 50 40 110100 90 80 70 60 50 40

110100 90 80 70 60 50 +o
River Míles frorn Mouth

110100 90 E0 70 60 SO .t0

Ríver Milee from Mouth

Él

110100 90 80 70 60 50 40

70 60 50 40
rom Mouth

Freshwoter Flow : 1100 cfs Temp = 26"C (g_20_g3)
25

lzoc{>ls
o
å10
85
C)

0

â¿-5
Þe.o
L

;rs
9ro
+
90.5zo.o

oto
þ.a
å.0
o-

å0.4
-to.z
oo.o

100â
>80
€oo
C'

140
o

=,20()
0

2.5

q2.0
Ers
Tro-:¿0.5

0.0

12

o1o

€6
o4clz

0110't00 90 80 70 60 50 40
Rþer Milee from Mouth

1f0100 90 80 70 60 50 40
Rlver Mllee frorn Mouth

Legend: { Ob."tu"d Doto (Aug. ond Ronge) 

- 

Model Results

I

Ffgure 2. Model colibrstion - upper Jomes Eatuory IgsJ



phytoplankton uptake and nÍtrifícation. Note that the increase 1n

phytoplankton chlorophyll a concentration started at this river reach.
The orthophosphate profí1e in Flgure 2 closely resembles the ammonia

profile along the upper estuary. Agaln, the sharp increase in
orthophosphate concentratlon rvas due to wastewater d,i.scharges from point
sources and subsequent decrease in concentration !r'as due to alga1

uptake. The lowest lever of orthophosphate is about 0.01 úg/L of p,

which is much higher than the MÍchaelis-Menron constanr (0.001 mg/1)

llmitíng the a1gal growth ín the mode1.

Additíonal ínsights into the phytoplankton growÈh-nurrienr dynaurlcs

may be obtained by examini.ng the factors affecting the a1ga1 growth

rate. Fígure 3 presents the average depth of the water colunnn, 11ght

extinction coefficíent, effects of 1íght and nutrients on algar growth,

and algal growth rates in the upper James River Estuary under the
september 20,1983 condition (wlth freshwater flow at Richmond = 1,100

cfs and l¡ater temperature = 26"c), rt should be poínted out that
average channel depths below Richnond increase for the first 20 miles
and then decrease, reachlng some shallow sections near che Hopewell

area ' Because of the shallo¡¿ness of the \.raËer column near Hopewell

(less than 10 ft. deep), the alga1 growth rate reaches a 1oca1 maximum

(about 0.S/day) resulting fn the peak of chlorophyll a 1eve1s sho¡¡n at
river mlle 76 in Figure 2, The líght extinction coefficient increases
progresslvely from 1.3/m in the downstream direction, reaching a maximum

of 3/ur below Hopewell. Firstly, ir ís this high degree of light exrinc_
tion thar causes the a1ga1 biouass (in chlorophyll a) to declíne follow_
Íng the biomass peak. [Phytoplankton setËIing is another cause of the
decline of the biomass.] Secondly, llght extincríon levers arong the
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entíre, study area r{ere relatively hÍgh. As a resulE, líght exËinction

ls the príncipal factor lirniting a1ga1 growth ín the upper James Estu-

ary. That ls, the turbíd waËer reduces algal growth rates by over BO7"

from the optlmum growth rate. 0n the other hand, nutrient (nítrogen and

phosphorus) lluritations on a1gal grorrth r¡/ere relatively snall compared

with líght límÍtation. Fina11y, actual growth rates along the upper

estuary have a proflle very siuilar to that of the ltght effect, further

irnpl-ylng the ímportance of líght attenuation in the water column. The

growth rates were much lower than the optimuu levels at 2ooc (2.2/ð.ay)

and at 26oC (3.5/day).

The above díscussíons índicate that light attenuatÍon, rather than

nutríent 1evels is the key factor cont-rolling the algal growth in the

upper James River Estuary aË the present tl_ne.

3. Approach and Methods

To address questíons related to the fate and transport of nutríents

in the lor,¡er James Estuary, a uodel for the entire estuarine system is

needed. In this study, the James River nodel (JIISRV) used in the study

of the upper estuary (Lung, 1986b) Ìras used. The fírst task L'as to

expand the upper estuary rnodel into the lower estuary. The expanded

model qtas then calibraËed wíth available data to provide credibilíty.

Subsequentlv, the calíbrated model was enployed to evaluate the irnpact

of various nutrient control alternatives and to deËermine the fate of

nutríents orlglnatlng from the upper basin in the estuary. The follor¿-

lng sections descrÍbe the technical tasks for this study.

3. 1 Model ModífÍcarions

The James River model (JMSRV), which \ras used in the last study

(Lung' 1986b) to assess the frnpact of phosphorus control on the ¡vater

10



quality of the upper James River Estuary, L'as expanded (from a 50-

segment configuratÍon to a 62-segment configuration) to ínclude the

lor¡er estuary. Basícally, lz segments were added to the upper esËuary

mode1. Hydraulic geometry of Ëhe 1or¿er esÈuary r^7as derived f rom

physical data and íncorporated ínto the model. Table I lists the

hydraulic geometry for the entíre estuarine system under tldally

averaged conditions. The upstream model boundary remaíned the same as

ln Ëhe last study (Lung, l98b), í.e., near Richnond, while the dorsn-

stream model boundary has been extended to the mouth of the ríver.

Fígure 4 sho¡¿s the segmentatíon for the James River Estuary used. in this

study. Model kinetlc interrelationshíps between urodel system variables

ín each segment a1.e shom ín Figure 5. No changes in model kinetics

r¿ere made for this study. A complete descríption of the model kínetícs

formulatlon has been presented elsev¡here (Hydroscience, rnc., 19g0;

Lung, 1985).

3.2 ReceÍving l{ater Data

Water quallty data needed to calibrate the expanded urodel for the

entire estuary is quíte 1iníted. A water quality monitor.lng study under

the 208 Program for the Hampton Roads area conducted by the Vírgínia

InstÍtute of Marine Sciences (VIMS) included an intensive water quality

survey in July 1976 and two slaek r,/ater quallty surveys in August Lg76

for the lower esËuary from the Chickahominy Ríver to the mouth (Kuo,

i986). In addition, an intensj.ve q/ater quality survey was conducted for

the upper estuary frour Richmond to Ëhe Chickahominy River by the State

hlater Control Board ín cooperation with VIMS and by the Richmond-Crater

208 consortíu¡r in July 1976, Thus, a receiving Lrater quality data set

for the entíre estuary from Richmond to Newport News can be assembled

LL
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from these water quality monitori-ng studies. Sanpling locations for
these studíes are shown in Fígure 6. rn general , the r"rater quality

constituents analyzed from samples included total Kjeldahl, ammonia,

niÈrite and nitrate nÍtrogen; orthophosphate and total phosphorus;

chlorophyll a; cBoD5 and cBoDro; díssolved oxygen; and severar physleal

parameters such as temperature, pH, conductlvity, and sallnity. These

hístoríc data were obtained fro¡n vIMS for thís study (Anderson, 1986).

Subsequent analyses of the data reduced thern to a form suitable for
model calíbratíon in this study. A summary of the July 1976 data for
the entire estuarÍne system is presented ín Fígure 7. Maxímum, minimum,

and average values over a tidal cycle are shor,¡n for key r^7ater quality

constituents: u1tíuate cBoD, organíc nítrogen, anmonfa, nl-trÍËe +

nitrate, organíc phosphorus, orthophoshate, chlorophyll a, and dissolved

oxygen. FÍgure 7 shows that the trends of \,rater quality in the upper

estuary (from urile 100 to ní1e 40) in July L976 are very much similar to

that observed in July 1983 (see Lung, 1985) except the peak chlorophyll_

a leve1 was much lower ín 1986. Subsequent roodeling analysís examineci

probable ceuses for such a difference in peak chlorophyll a 1eve1s. In

the lotser estuary from l^Iilliamsburg to lìewport News, no partícul-ar trend

exísted in July 1976. AlEhough there are a f ew L'aster{¡ater treatment

plants (".g., wÍ1liarnsburg, Boat Harbor, James River, ete.) discharging

their eff,luents into the lower James River, their inpacts are relatíve1y

ínsignificant as the flow and river channel ,width are much larger Ín the

lower estuary than the upper estuarv.

The slack vtater data collected in the lower estuåry Ín August 1976

Ì{ere not used in this study because no synopti-c data was collected 1n

the upper estuary.

1,5
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3.3 Point Source Loadings

Point source dÍscharge records at rnunicÍpal and índustrfal

facílitíes u/ere obtained from varlous sources. BOD and nutrient loads

Ín the upper estuary for the July 1976 survey have been compiled by

Hydrosclence, Inc. (1980) and were readíly available. Stu¡iLar data for

the summer 1983 surveys of the upper estuary have been eonpiled by Lung

(1985) for urodeling use from recent surveys (Grízzard and l,leand, i9B4).

Loading rates from the treatment plants in the lower estuary rr/ere

obtained from the Hanpton Roads Sanitation Dístrict (Lawrence, 1987).

Industrial discharges !üere obtaíned from SWCB records. The poínt source

loading rates are summarlzed 1n Tables 21 3, and 4 for the July L976,

July 1983, and Septernber 1983 surveys, respectively.

3 .4 Freshwater Flor+s

The river flor¿ data, particularly those in the James River and

Kanawha Canal near Richmond, the Appomattox and Chickahorniny Rivers rsere

obEained from the U.S. Geologícal Surveyts surface water records.

Ffgure B presents the hydrograph at these gagÍng statÍons during the

summer of. L976. Clinatological data from Byrd Airport for the two weeks

prior to the July 1976 survey sho¡,¡ rainfall occurred on July i5, 22, 24,

28 and 29 yieldlng 0.68,0.17,0.57,0.07 and 0.19 inches, respecrively.

It ís understood that these rainfall events were localized and dld not

produce slgnificant runoff or sewer overflows (Hydrosclenee, rnc.,

1980). The survey period, therefore, provlded suitable hydrological- and

clínatologicar conditions for a steady state modeling analysis.

3.5 Procedure of AnalysÍs

The expanded model was used to first analyze the July 1976 data.

Model coefflcient values developed ín the prevíous nodelíng study (Lung,

18



Table 2. Major trrlastewater Loadings
July 1976 Condltion

(lbs/day) fot

Diseharger

Ríchnond

DuPont

Falling Creek

An. Tobaceo

Phllip Morrls

A1lted-Ches ter

A11ied-Hopewe1L

Hopewell

Hopewel-l
Industries

l^lÍlliarnsburg

James River

Boat llarbor

Army Base

Lamberts Polnt

4014 803

2766 108

615 99

57 s6

73 25

4664 lsl

28437 871

3476 82

99192 515

466

48

1415

837

1927

4347 1596

38 422

773 20

4 185

254

64 185

11885 
- 

2903

494 2

438 117

1515 6

844 62

2846 L6

2123 10

3683 L2

NH3CBOD' Org.N N02+NO3 Total P Org.P Ortho-P

2229

64

337

39

98

4L

r26

162

115

627

1444

960

L7 40

557 L672

16 48

68 269

534
49 49

1B 23

74 52

39 r23

49 66

287 340

223

7s6 688

454 s06

86s 875

T9



Table 3. Major trIastewater toadings
July 28, 1983 Conditlon

(]-bs/day) for

CBOD4' Org.N NH: N02+No3 Total P 0rg.P Ortho-PDlscharger

Richmond

DuPont

Falling Creek

Proctors Creek

Reynolds Metals

American Tobaeco

ri:r

Phillp Morrís

Al1ied-Ches ter

A11ied-Hopewel1

Hopewell

l{l11iansburg

James River

Boat llarbor

Nansemond

Army Base

Lamberts Poínt

1282 32L6

217 0

398 328

312 45

00

60 L4

80

268

463
1163 105s

5046 6989

176 s4

189 905

188 2818

102 519

5i 20t7

92L 3201

5642

427

1067

3r2

3

r6

L7

485

3859

16s02

r0347

.306

198

924

710

98

t8400

1379

63

311

36

0

3

4

351

35

15 14

429

I

308

i3

169

10

t7

2314

T2

461

1s6

0

40

I

i40

0

60

322

r60

775

792

279

4s0

385

r44 2170

66
109 351

64 9L

00

17 22

10

52 88

00
47 13

119 2A3

40 120

r 774

2 790

10 269

0 450

253 t32

20



Table 4, Major I^Iastewarer Loadings (1bs/day) for
Seprember 20, 1983 Condfrion

Discharger

Rlchrnond

DuPont

Falling Creek

Proctors Creek

Reynolds Metâls

American Tobacco

ICI

Philip l"Iorris

Al1ied-Chester

Allíed-Hopewe11

Hopewell

Wil-1-iamsburg

James River

Boat Harbor

Nanseuond

Army Base

Lamberts Point

45L2 4927 3916

202 230 38

7t4 336 I 16

2602 208 103

130

60271

31 B 0

368 27 6

2480 42 3

12680 3363 2069

8929 7048 s904

229 15 196

436 22r 878

410 340 2719

770 178 938

413 393 2063

21893 520 3087

t44 2184

22
111 390

2s 1s4

2A

06

10

39 66

63

66 13

20s 1.42

t25 37

187 347

167 700

12 3s0

263 306

332 86

CBOD4' Org.N NH3 NO2+NO3 Toral p Org.p Ortho-p

2332

9

74s

33

2

31

4

267

61

2349

326

65

25

l3

34

11

t7

2328

5

542

179

2

6

I

106

9

80

347

162

534

867

362

569

418

2T
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I986b) \./ere adopted. The expanded model was further tested using the

data fron July and September 1983 although no data in the 1or¿er estuary

was avaílable during these Èwo surveys. In addition, informatfon from a

recent study of BOD wasteload allocations by HydroQual, rnc. (19g6) was

reviewed and lncorporated, as appropriate, for this study. Further,

sediment nutrlent fluxes and oxygen denand rates measured by Cerco

(I985) were also analyzed and ineorporated. Incorporatíng the addi-

tíonal informatíon resulted in sma1l changes ln model coefficients.

Subsequently, the updated set of ¡nodel coeffícients was retested using

Ëhe July I976 data to substantiate rhe model valÍdíty.

The final step of analysis was usíng the calibrated roodel to

quantify the contríbution of various nutríent sources in the upper

estuary to the water quality condítions in the lower estuary. The

ernphasis of the analyses \¡/as quantifying the f aËe and transport of

nutrients in the James River Estuary under present conditíons.

4. Model CalíbratÍon and Sensitivíty Analyses

Calíbration and valídatíon of the expanded JMSRV model of the

entíre James River Estuary r^Ias performed using three data sets (¡uly

1976, July 1983 and SepLenber 1983). Normally, rhe transporË (í.e.,

physical dísplacenent of constituents by advectíon and dispersion) is

flrst calibrated in nodeling analyses. Transport calíbratíon and

validacion involves the determination of appropriate physical character-

istics such as channel dimensÍons and díspersion coefficients such as

channel dinensÍons and dispersion coefficlents so that mass movement can

be accurately deflned over a range of flow conditíons. The next, step is

to ca1íbrate the kínetic model components (i.e., alterations through

chemical or bÍologícal reactions) that affect changes in water quality

23



constituents ln space and time. Callbratlon and validatlon of kfnetfc

coefficíents involve the deterroination of the najor blochernical influ-
ences existing ln the system and the quantificatÍon of the rat,es at

whích they proceed.

The calíbration process uses one set of observed data to define the

varfous nodel coefflcients that lead to calculated water qualiËy pro-

files representatlve of the prototype system. The validation process

uses a second set of observed data, substantially different from the

fírst, to ensure that the coefficients seLected during ealibratÍon are

lndeed capable of representÍng waÈer quality behavior over a range of

environmental conditions. Once a conmon set of model coefficients

capable of providing calcul-ated profiles represenÈative of estuaríne

water quality over a range of flow, temperature or loading conditÍons is
determined the model is judged validated and capable of projecting

receiving l¡Iater qual-ity in response to hypothetical flows or loadíngs.

The environmental conditions assocíated ¡vith these three data sets

chosen for model calibration and validatíon are summ¿¡f2sd as follorvs:

Freshwater Water
Flow (cfs) femperature

Date/Perlod at Ríchmond (oC)

July 1976
July 1983
Septenber 1983

2,300
2,2O0
1 ,100

28
28
26

4,I CalíbratÍon of Mass Transport

Parameters defíning system geouetry, includíng segment voJ-umes,

cross-sectíonal areas and depths, shown in Table I were applied in the

Present study. The value of the tidal dispersion coefficient \{as

determined by reproducing the resulËs of dye test símulations ln the

U.S. Army Corps of Engineers physical model of the James River Estuary,
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using the nathematical model (Hydrosctence, Inc., 1980). As such, the

July L976 mass transport pattern calibrated by Hydroscience, Inc. Lrås

used in this study. Mass Eransport patterns for July and Septenber 1983

have been calibrated by Lung (1986b) and were used in the present study.

4.2 Model Results for July 1976

The freshwater flow near Richnond (including the James Rlver and

Kanawha Canal) used for this analysis was derived from the hydrographs

shown in Fígure I and was equal to 2300 cfs. BOD and nutrient loading

raLes listed ín Table 2 r¿ere incorporated ínto the nodel. Avaílable

líght intensity and water temperature !/ere about 450 Lar.gl.ey/day and

28"C, respectívely (Hydroscience, Inc., 1980). Model- loads fron point

sources are presented in Tabl-e 2, ModeL calibration results are

summarized in Fígure 9 for ultimate Cnón, organic nirrogen, *r;, xO] +

*O;, organic phosphorus, orthophosphate, chlorophyll a, and dlssolved

oxygen. Calculated v¡ater qualÍty profiles are in general agreernent with

observed conditíons ín the prototype system. Phytoplankton bionass

levels were modest ín the system. In regard to demands on the dlssolved

oxygen resources of the river, the nodel provides an accurate

representaÈíon of protoÈype eonditíons.

4.3 ModeL Results for July and Septe¡nber 1983

The recent report by HydroQual-, Inc. (1986) suggested sone slight

changes in several nodel coefficÍents such as saturated aJ-ga1 growth

rat.e and oxygen to chlorophyll a ratio in biomass. These changes were

Íncorporated in the rnodel as part of the recalibration using the July

and September l983 data. In addltlon, adjustment on sedíment oxygen

demand raËes was made accordÍng Èo the information from Cerco (1985).

Cercots measurements on nutríent releases from Ehe sedínent lndicated
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only modest fluxes for ammonia and orthophosphate (HydroQual, rnc.,

1986). Thus, small adjustments were rnade 1n the roodel for thls study to

acconrmodate this ínformation. The updated model produced results

natching the observed data ín the July and September 1983 surveys

(tr'igures I0 and 11, respectively). rn general, the results for the

upPer estuary are very similar to the prevlous model results as shown in

Figure 2. It ís Ëherefore eoncluded that the nodel is adequately

validated for projection purposes.

4.4 Sensitivíty Analyses

It should be pointed out that v¡hile the freshwater flow raÈes were

almost the same between the JuJ-y 1983 and July L976 surveys, algae

achíeved a much hlgher peak biornass 1evel in i983 (over 40 vg/r chloro-

phyll a) than ín 1976 (below 10 ug/f chlorophyll a). A close examina-

cíon of the nodel results as well as the available data indícated thar

the llght extínctÍon coefficíent ín the nater column near the Hopewell

area r{as nnuch higher (up to 4.6/n) Ín July 1976 than that in July I9g3.

Such a ¡esu1t further substantiates the finding reported in the preced-

ing study that light is a doninatíng factor in controlling the algal

growth potentÍal in the upper James Ríver Estuary. As expected, nutri-
ent supplies were sufficient in both the July 1976 and July 1983 surveys

and v¡ere not limiting the algal growth.

A sensitivity run of the ¡rodel l¡as made to beLter demonstrate the

effect of líght on the alga1 grov¡rh by íncorporating the líght
extínction coefflcients from the July i9B3 condltion into the July 1976

nodel run. Figure 12 presents the results of such an analysis. I.lith

lower lfght extincËíon coefficients, the a1gal bionass r¿ould reach a

peak of 44 ug/l near the Hopewell area, a response very sirnílar to that
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of the July i983 condítion (see Fígure l0). rn fact, the calculated

values of oËher htater quality constÍtuents are almost identical to those

associated with the July 1983 condition.

The expanded James Estuary model has now been calíbrated using 3

sets of r^rater quality data (Ju1y 1976, July and september r9s3) wlth
satísfactory results. Table 5 presents the rnodel coefficients from the

calibration.

5. Model Projections

5.1 Contríbutlon of Nutrient Sources in the U er Estuar to the

Lower Estuarv

The rnain goal of this study ís to quantify the fate and Ëransport

of nutrj.ents origínated from the upper estuary. The validated model was

used to quantify the effect of major nutrient sources in the upper

estuary on the nutríent concentrations entering the lower estuary. The

Septenber 1983 condiÈion was chosen as the basis for such an analysis.

Basically, three najor nutríent sources \,rere considered: nutrients
(total nitrogen and total phosphorus) frorn POTWs, indusËríaI facíIities,
and upstream boundary inpuÈ. Other sources such as lateral input from

the watershed and sediment release have been found. insignificant com-

pared wÍth other sources.

rndivídual rnodel runs (under the septenber t 983 condi-tion) r,rere

conducted by removíng these nutrient sources one at a time. Nutríent

concentrations (organic nitrogen, ammonía nítrogen, nitrite/nitrate
nítrogen, organíc phosphorus, and orthophosphaÈe) at the upsËream

boundary of the lower estuary (near the Chíckahominy River) calculated

by the model were recorded from the urodel results. These concenÈrations

were then compared with the concentratíons assocíated rvith the base run

(Septenber 1983 model call-bration results). Fígure l3 summarizes the
37



Tab1e 5.

Kínetics Coefficíents (Base

Oxygen Transfer
Deoxygenation

Nitrification

Hydrolysis - N

-P
Setting - N

-P
- Chl tat

Gror¿th
Respiration
Death

Extinc. Coef.

Hours of Daylight
Benthic Demand

Stoichiometry & Constants

c/cHL Rario
N/CHL Ratio
P/CHL Ratio
O^/C Ratlo

¿

Half. Sat.
. Conc. - N

-P
Sat. Líght
Avaíl. Light

James RÍver Model Parameters
July 1976 CalibraËion

e G 20'C)

f.t lday
I/day
L /day

I/day

L/day

f.t /day
f.t /day
f.t /day
I/day
L /d,ay
I/day

I /meter

3.00
0. 10

r 0.05 (Segnentst 0.15 (Segments

r 0.05 (Segrnentst 0.10 (Segraents

f 0.05 (Segrnents
' 0.10 (Segments

0.25
0.75
0,7 5
2.00
0. I0
0. 10

1.4 (Seguents
2,2 (Segments
2.5 (Segrnents
1.9 (Segnents
2.3 (Segments
3.9 (Segments
4,6 (Segments
3.0 (Segments

L4.s
0.5 (Segrnents

1-30)
3r-62)
1-30)
3r-62)
1-30)
3L-62)

1-10)
1l-21)
22-26)
27 -29)
30-3 1 )
32-34)
3s-42)
43-62)

r-62)
hrs
gm/m2-day

ng/ug
mg/ ue
ng/ue
rf.gl vc

mg/1
tr.e/t

langleys /day
langleys /day

0. 035
0.007
0. 001
2 .67

0.005
0.001

300.
4s0.
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comParisons for the nítrogen sources. Also shol¡n in Fígure 13 are peak

chlorophyll g levels ln the upper estuary associated wlth the sÍmulation

scenarios. The results índlcate that eliminatlng nítrogen from POTI^ls

would lower the peak chlorophyll a leve1 ín the upper estuary from about

44 iu9/L to 30u /f. As expected, concentrations of nitrogen components

entering the lower estuary r,¡ould be lower than the concentrations under

the so ca1led "basett condition. I^lhile the orthophosphate concentration

would íncrease over the level associated with the base conditíon, the

organic phosphorus concentration would decrease due to reduced phyto-

plankton bíomass. The results also inply that out of Èhe 97 vg/r of

organic nitrogen enteríng the lo¡^rer estuary, about 15 Vg/t ís frou the

POTI^I dfscharges. Sl-rnilarly, about f0 Ug/t of arnmonia and 0.375 ng/l of

nítrite/nitrate are from the POTI{s. The other two nitrogen sources were

found to contribute a very small portion of the nutríents entering the

Lower estuary. ?hat is, Èheír irnpaets on the 1or¡er estuary were insíg-

nífícant.

Results descrÍbing the impaets of phosphorus sources are suunaarized

1n Flgure 14. Agaín, pOTWs are the najor sources of phosphorus input in
terms of contríbuting to nutrient trånsport ln the lower estuary. The

peak chlorophyll a level ín the upper estuary could reach only about 12

vg/L íf. the POTI^¡ phosphorus loads were elíminated. Under this scenarlo,

the nitrfte/nitrate leve1 entering the lor*er estuary would lncrease (to

0,72 r'g/\) over the level in september 19g3. conparing Figures 13 and

14 show thaÈ impacts POTW loads are more sígnificant for phosphorus than

nitrogen. Such a findfng is consistent wíth the facr that during suruuer

low fl-ow months, phosphorus loads, while mostly assocfated with point

sources, exert a great.er ínfluence on the v¡ater qualíty than nitrogen
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loads which come primarfly from

1983 q¡ere observed wlth very

records. ]

nonpoint sources. [fhe sunmer mont,hs of

low river flows coropared with hisÈoric

Results from the nodel calibratfon run and the run with POTW

nitrogen loads eliminated are shown 1n Fígure 15. [Results from other

runs with industrial and sedíment reLease loads eliuinated are not

plotted because they were found not as lmportant as the pgTW loads.] In

the upPer estuary' nitrogen concentraËíons would be much lower than

Ëhose associated with the calibratíon run ff POTLI loads r¡ere re¡noved.

Phytopl-ankton biomass would be sl-ightly lower because of the low blonass

levels. Reduced amrnonia concentratÍons in the upper estuary r.rould, al-so

mean hígher dissolved oxygen due to retarded nítrlflcation. Similar

results frour the analysÍs of removing POTW phosphorus loads (see FÍgure

16) indlcate much lower algal bíonass in the upper esruary assocÍated

with reduced cBoD organic nitrogen and organÍc phosphorus levels.

Orthophosphate concentrations would also become much lower ln the upper

estuary. on the other hand, inorganíe nitrogen components would

increase in the upper estuary and, as shor¡n earlier, sqch an increase

l¡ould transport additÍona1 inorganic nitrogen Ínto the lower estuary

(l,ung' 1986b). DÍssolved oxygen concentrations would be lowered because

of increased nitríficatíon and reduced alga1 photosynthesis in the

system.

5.2 Effects of Nutrient Control on the Water lÍt of the Lor¡er

The

I+Ihat is

qualÍty

Es tuary

ealibrated

che effect of

of the lower

¡nodel \,ras

nutrient

estuary?

then used to

control 1n the

ThÍs question

address another question:

upper estuary on the water

was raised ln an earlLer
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study (Lung, 1986b) in 1íght of the model results that inorganíc nítro-
gen levels would increase in the \^¡ater column under various phosphorus

control alternatives. Would the íncrease in inorganic nltrogen íncrease

the potential of algal gronth in the lower estuary? To address this
questíon' a number of phosphorus control scenarios developed ín the

earlÍer study (Lung, 1986b) were evaluared in this study:

o phosphate detergent ban (257 teduction in total phosphorus loads at
POTI,rls )

o phosphate deËergent ban (352 reduction Ín total phosphorus loads atpOTWs)

phosphorus reuoval at porws (effluent Ëota1 phosphorus 1iu¡it at
2 ^e/t)
phosphorus removal at POTWs (effluent total phosphorus 1Ímit at
1 ng/l)

phosphorus removal at pOTWs (effluent
0.5 me/l)

total phosphorus limit at

phosphorus removal at poÏ+rs (effluent total phosphorus lirnit at0.2 l¡.e/L)

The model projectl-on runs were conducted at the 7-day lO-year low flow

condition. The 7-day lO-year low flow in Ríchnond is 680 cfs (Engineer-

ing Science Co., 1974). A v¡ater temperature of 28oC was, assumed in the

analysis. All other urodel parameters and coefficients were kept the

same as those used in the rnodel calíbration analysis.

The results of ¡node1 projections are sunmarized and presented in
Figure 17. only the orthophosphate, chlorophyu e, and ínorganÍc nitro-
gen concentratíons are shown for each simulation scenario. It should be

pointed ouË that the system responses in Èhe upper estuary are identÍcal

to those presented in the earlier study (Lung, l986b). That is, nitro_

gen concentratj.ons would íncrease in the upper estuary due to reduced
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a1gal upËake associated with phosphorus control, particularly the

phosphorus removal alternatfves. However, such an i.ncrease in inorganíc

nítrogen would have practícally no impact on the a1gal biomass levels

when compared r¡ith the base leve1s Ín the lower estuary. Further

examínatíon of the nodel results indicated that while nítrogen concen-

tratíons would increase, reduced phosphorus (orthophosphate) 1eve1s

would resul-t in serious phosphorus limitation in the 1or¡er estuary. In

addition, hígh turbidity levels in the lower estuary (Neilson and Ferry,

i97B) would signlficantly suppress the a1ga1 growth rate. As a result,

l¡hi1e phosphorus conËrols ín the upper estuary would provide additíona1

nÍtrogen input to the lower estuary, they would not affect the algal

gror+th potentíal ín the lov¡er estuary.

6. FaËe _and Transport of Phosphorus in the James River Estuary

One of Èhe key quest.ions ofËen asked is to where nutrients from

r^rasteÌtater discharges r¿ou1d be transported. For example r phosphorus

from r,¡aste\./aters in the upper estuary could be incorporated inÈo the

biomass of phytoplankton in Ëhe water coluurn, deposited into the sedi-

ments' or transPorted to the lor¡er estuary. Perhaps a more meaningful

question is: how much phosphorus in the algal bíomass at a certain

location in the upper estuary is from a partícular source? rn BOD/DO

nodelíng analyses, a sl-ui1ar questíon is: hor¿ nuch dlssolved oxygen

deficit at a given locatlon j-s from the point sources, the sediments, or

other sources? usually, a component analysis is performed to quantify

the contributfon of individual sources to the díssolved oxygen deficit.

A simí1ar component analysís is not appropri-ate for eutrophication

nodeling analysis sinply because of the nonli.near relationshíp of the

phytoplankton growth-nuËrj-ent dynamics in the uode1. That is, results

4t



frou a component analysis would not. be adequate to quantify the percent

cornpositíon ín algal biomass in terms of varlous sources of phosphorus.

rn linnological studÍes , t'ro, is added as a tracer to determÍne4

the fate of phosphorus in the system by measuring the amount of 32p ir,

various components of the system. such a concept of using 32p as a

tracer can be adopted to our study ín a mathematfcal fashion. That is,

a source or sources of phosphorus can be numerically labeled and added

to Ëhe James River Estuary. The James River Estuary can then be used to

quantify the amount of such labeled phosphorus in different components

of the Ì¡ater column: organic phosphorus, orthophosphate, and alga1

blomass. Basically, 
" 

32, tracer analysis will be conducted using the

model

Thusr, the James River EsÈuary rnodel was modified to perform a so

called rrnumerícal tagging" analysís. First, 3 components were added as

system varíables to the model: labeled organic phosphorus, labeled

orthophosphate, and labeled phosphorus in the algal biomass. That fs,

para11e1 calculations of labeled and unlabeled phosphorus were íncorpo-

rated into the nodel. Special care r,¡as needed to treat the nonlinear

relationship betr¡een alga1 grolrth rate and phosphorus concentrations.

KÍnetÍc lnterrelationships betr¡een these labeled system variables are

the same as those unlabeled. rn general, a1ga1 growth rates !/ere

calculated based on the total concentratíon of labeled and unlabel-ed

orthoPhosphate. However, when either labeled or unlabeled orthophos-

phate ís exhausted, algal- growth and assocíated phosphorus r,¡ould be

shifted to the other component to avoíd generatíng negatÍve orthophos-

phate concentrations by the model.

The ¡nodífled model (with 3 addÍtíonal sysreü variables) has been
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thoroughly tested for conservati-on of mass as well as numerfcal accur-

acy. For example, when a single source of phosphorus ís ]abeled, the

nodifíed model would stil1 generate the same total organic phosphorus,

orthophosphate, and a1ga1 biomass leve1s as the original nodel calcu-

lated. Next, 4 categories of phosphorus ínput to the James River

Estuary \{ere labeled one at a time, the total organic phosphorus,

orthophosphate, and algal bíomass were added up and found equal to the

total concentrations of these systeu varíables calculated by Ëhe orígí-

nal model.

Results from the above descríbed analysis are summarized and

presented in Figure l8 using the calibratíon data set of September 19g3.

It ís seen that POTI{s ln the upper estuary contríbuted about 757" of the

total a1ga1 biomass (as chlorophyll a) in the r¡ater eolumn. Upstream

(nonpoint) and dovs-nstream boundary conditions provided another L57" of

the al-ga1 biornass. Industrial r¿astewaters played a very sna11 role in

contríbuting the alga1 bj.omass ín the James Ríver Estuary. The Appornat-

tox River which receíves v/astewater discharges frora the City of peters-

burg contributed an insignificant amounË of phosphorus to the a19a1

biomass ín the mainstrean of the estuary.

It should be stressed that whí1e results from the numerícal tagging

analysís dtd not affect the conclusÍon of this modeling study (i.e.,

POTWs are the uost sÍgnificant phosphorus source contríbutíng to the

euËrophication of the upper Jarnes River Estuary), the signifícance of

POTtrrl phosphorus sources can noh¡ be accurately quantified. Partícularly,

the relative sígnifÍ-cance of various phosphorus sources for the upper

James Ríver Estuary can be derermined as to the contribution to the

algal biomass in the system. Therefore, the overwhelming importance of

the POTI^I phosphorus input in the upper James RÍver Estuary is once again

conflrned. 43
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