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ABSTRACT 

In 1983, after a 7-year study of the Chesapeake Bay, the U.S. Environmental Pro- 

tection Agency (EPA) released a report ind ica~g that the Chesapeake Bay was showing 

the effects of man-made pollution. Among their f~ndings, eutrophication in the Bay and 

its tributaries is one of the most important and serious problems. This condition is caused 

by the excessive inputs of phosphorus and nitrogen to the aquatic system. Moreover, 

results from a recent study of the upper James River indicate that nutrients not utilized by 

the algal can be transported into the lower James Estuary and possibly into the Chesa- 

peake Bay (Lung, 1986). 

The purpose of the study is to determine the importance of phosphorus loadings 

from the James River to the Bay by model simulations. Two mathematical models were 

developed in this research : a hydrodynamic model and a water quality model. The 
- - - - -- 

hydrodynamic model is a steady-state. two-dimensional, tidally -- averaged model, similar - 
to the model developed by Blumberg (1977). The water quality model developed in this 

study is based on the two-dimensional QUICKEST numerical scheme, which is derived 

by Hall and Chapman (1985). 

Mass balance in the hydrodynamic and water quality models is checked in the 

analysis. The phosphorus model is then used in model sensitivity analyses and projection 

of total phosphorus levels in terms of various phosphorus control alternatives. Results 

from model simulations indicate that only an insignificant portion of phosphorus loads 

from the James River is transported into the Bay. 
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1. INTRODUCTION AND PURPOSE 

The Chesapeake Bay is a valuable living resource. It is not only for the Bay's pro- 

ductivity but also for its scenic beauty. During the past 15 years, however, its long term 

health has been deteriorating with'dramatic reduction of fish populations. In 1983, after a 

7-year study of the Bay, the U.S. Environmental Protection Agency (EPA) released a 

report which indicated that the Bay was indeed showing the effects of man-made pollu- 

tion. 

Eutrophication in the Chesapeake Bay and its tributaries is one of the most impor- 

tant and serious problems among their findings. This condition is caused by excessive 

inputs of phosphorus and/or nitrogen to the aquatic system. The result is the productivity 

and abundance of some undesirable aquatic organisms which quickly deplete dissolved 

1 ,  oxygen in the bottom waters. In addition, eutrophication causes much of the turbidity 

that affects the aesthetic appeal of the Bay waters in many areas. For the past two 

decades, eutrophication control for the Chesapeake Bay has focused on the reduction of 

I point source phosphorus loads in the Bay region. Phosphorus removal has been imple- 

I *  mented at many publicly owned treatment works (POTWs). A quantitative analysis of 

I phosphorus loads to the Chesapeake Bay was described in Lung ( 1986b ). 

Lung reported that the point and nonpoint sources in the James River basin in Vir- 

1 ; -  ginia (Figure 1) contribute a significant amount of phosphorus, approximated 24% to 
I / 
I 368 ,  to the Bay (depending on the hydrologic condition in the basin). Results from a 

recent modeling study of point source phosphorus control in the James River basin indi- 

cated that while present nutrient levels in the upper James River Estuary are adequate to 





support algal growth, a reduction of nutrient inputs by removing phosphorus at POTWs 

would lead to a phosphorus limiting condition thereby lowering the phytoplankton 

biomass levels (Lung, 1986a). Further, under the phosphorus removal scenarios, inor- 

ganic nitrogen (NH3, NO2 and NO3) concentrations in the estuary would increase in the 

downstream direction because they would not be utilized by the reduced algal biomass. 

Would phosphorus removal in the upper estuary cause a nitrogen increase and result 

in greater production in the lower estuary and the Chesapeake Bay which may be nitro- 

gen limited? This is an important question in light of the fact that the Virginia Water 

Control Board has adopted an average monthly limit of 2 mg/L of total phosphorus in the 

effluent of about 40 POTWs in the Chesapeake Bay drainage basin. Further, a phosphate 

detergent ban has been in effect in Virginia since January 1, 1988. 

Part of the above question has been addressed in a recent report by Lung (1987) 

who found that increases of inorganic nitrogen in the lower James River Estuary would 

play a minor role in algal growth. Rather, high turbidity levels in the water column tend 

to suppress algal growth in the lower estuary. 

This study attempts to address the second part of the question and to put the 

phytoplankton-nutrient dynamics in the James Estuary and the Chesapeake Bay into per- 

spective by quantifying the fate and transport of phosphorus in the Bay as a result of the 

James River input. 

The investigation of the fate and transport of phosphorus inputs in the study area is 

achieved by numerical simulations. There are two parts of the mathematic modeling 

framework developed in this study : a hydrodynamic model and a water quality model 

for phosphorus based on the mass transport pattern derived from the first model. The 



water quality model also incorporates the effects of phosphorus loading from other tribu- 

taries to the Chesapeake Bay. 



2. THE CHESAPEAKE BAY AND THE JAMES RIVER 

The Chesapeake Bay is a complex estuarine system comprised of the Bay proper 

and its tributaries. The whole Bay region (Figure 2) stretches over 64,000 square miles, 

ranging 200 miles from north t o  south and 4 to 30 miles wide. The depth of the Bay 

varies from as much as 175 feet (off the southern tip of Kent Island), to shallow tidal 

marshes that are exposed at low tides. The average depth of the bay is estimated to be 27 

feet, with a surface area of approximately 76 billion square cubic feet. 

The Bay receives freshwater from more than 150 creeks and 8 major rivers. hinci- 

pal tributaries are the Susquehanna River at the head, the Potomac River at the 

Maryland-Virginia border, the Rappahannock River in Virginia and the James River at 

Hampton Roads, Virginia. The monthly flow at the mouth of Chesapeake Bay ranges 

from 7,800 cfs to 325,000 cfs based on the historical record of estimated streamflow 

entering the Bay from each of the tributaries by the U.S. Geological Survey (USGS). 

The range of tidal stages is greatest at the mouth of Chesapeake Bay which is the junc- 

tion with the Atlantic Ocean, with a range of approximately 2.5 ft, and is about 1 ft at the 

head of the Bay. The effect of winds may be important, which causes tidal heights and 

currents to vary several times about the normal. 

2.1 Waste Loading Inputs - Point And Nonpoint Sources to the Bay 

The Bay is the recipient of the industrial and treated municipal waste effluents, 

combined sewer overflows , groundwater discharges and residuals contained in rainwater 

runoff. These waste loads enter the Bay from major tributaries and the immediate - - 



FIGURE 2. The Chesapeake Bay And the Location of the Principle Point Source 

Inputs 



drainage. Furthermore, the Bay receives nutrient inputs from atmospheric sources via 

direct precipitation on the Bay's water surface. Figure 2 shows the location of the princi- 

pal point source inputs, the municipal and industrial wastewater treatment plants located 

in major urban centers. 

Depending upon the time of the year, these waste inputs can be accumulated in the 

Bay. For example, during the summer months and the other periods of low rainfall, the 

point sources are significant due to the low dilution of effluent. However, the nonpoint 

sources remaining on the ground are not so important due to the non-washoff effect. Dur- 

ing the winter and the early spring months and periods of significant rainfall, the impor- 

tance of point source effluents decreases due to increased dilution and associated non- 

point loads. Figure 3 shows the relative contribution of point and nonpoint sources of 

nutrient during dry, average and wet years (USEPA, 1983). It is seen that point sources of 

phosphorus contributes about 69% of total phosphorus input during a dry year and would 

reduce to approximately 36% of the total load during a wet year. On the other hand, point 

sources contribute 38% of the total nitrogen to the Bay in a dry year and about 19% in a 

wet year. 

2.2 Eutrophication Control for the Bay 

In 1976, Congress directed EPA to conduct a study of the Chesapeake Bay. After a 

7-year study, EPA found that the Bay is indeed showing the man-made pollution. Subse- 

quently, a restoration program for the Bay was developed in 1983. The Chesapeake Bay 

Commission, U.S. EPA, the State of Maryland, the Commonwealths of Virginia and 

Pennsylvania, and the District of Columbia signed a Chesapeake Bay Agreement in 
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FIGURE 3. Annual Point And Nonpoint Loadings to the Chesapeake Bay System 



December 1983. They agreed to establishing a structure to oversee the cooperative and 

comprehensive measures necessary to restore the Bay. 

The restoration program of the Bay includes the formulation of the planning, data 

management, monitoring and modeling. Especially, the monitoring program, begun in 

1984, by the Chesapeake Bay Executive Council, comprises over 160 stations and 

represents combined efforts of numerous states, federal agencies and institutions. For 

example, over twenty physical, chemical and biological characteristics of water quality 

have been monitored for approximately 20 times a year in the Bay proper and major tri- 

butaries. 

It was found that eutrophication in the Bay and its tributaries is one of the most 

important problems. Nutrients reductions have been the major focus of the Bay restora- 

tion program. The Scientific and Technical Advisory Committee (STAC) of the Bay Pro- 

gram has reviewed overall nutrient duction strategies throughout the basin. STAC con- 

cluded that reductions of nitrogen and phosphorus loadings from nonpoint sources and 

phosphorus loadings from point sources should be addressed. Subsequently, water quality 

managers could develop reduction scenarios for eutrophication control. In addition, for 

the past two decades, the reduction of the point source phosphorus loads (primarily from 

POTWs) has been the focus for controlling eutrophication in the Bay and its tributaries. 

Currently, phosphorus removal occurs at many POTWs that discharge to several major 

river basin in the Chesapeake Bay region. 

A new Chesapeake Bay agreement, which was signed in December 1987, commits 

the Bay states and EPA to an ambitious agenda of initiatives, including a pledge to 

reduce nutrient input of the Bay by 40% by the close of the century. One of the strong 



commitments of the new agreement is to develop, calibrate, and validate a three- 

dimensional water quality model of the Bay by 1991. The model will be used to guide 

how the 40% nutrient reduction can be achieved. 

2.3 Phosphorus from the James River Basin 

Assuming that the phosphorus loads from the James River Basin are 100% 

delivered to the Bay, the James River basin would contribute about 15% to 30% of the 

Bay phosphorus input depending upon the hydrologic condition (Lung, 1986a). Figure 1 

shows major phosphorus dischargers in the James River basin. Table 1 presents a sum- 

mary of major wastewater loadings on September 20, 1983 to the James River. One of 

the reasons that the James River basin contributes such a large portion of phosphorus 

loads is none of the POTWs in the basin currently practices phosphorus removal. 

Besides, there was no other form of nutrient control existing in the James River basin 

until this year. A phosphate detergent ban has been in effect in Virginia since January 1, 

1988. Preliminary monitoring data indicates that the ban has reduced about 25% to 35% 

of the phosphorus concentration in the effluent. 



Discharger CBOD40 0rg.N NH3 N02+N03 Total P 0rg.P - - - 
Richmond 4512 4927 3916 2332 2328 144 

DuPont 202 230 38 9 5 2 

Falling Creek 714 336 116 745 502 111 

Proctors Creek 2602 208 103 3 3 179 25 

Reynolds Metals 1 3 d 2 ' 2 2 

American Tobacco 60 27 . 1 3 1 6 0 

ICI 3 1 8 0 4 1 1 

Philip Morris 368 27 6 267 106 3 9 

Allied-Ches ter 2480 42 3 6 1 9 6 

Allied-Hopewell 12680 3363 2069 2349. 80 66 

Hopewell 8929 7048 5904 326 347 205 

James River 436 221 878 25 534 187 

Boat Harbor 410 340 2719 13 867 167 

Nans emond 770 -178 938 34 362 12 

Army Base 413 393 2063 11 569 263 

Lamberts Point 21893 520 3087 17 418 332 

TABLE 1. Major Waste Loading for September 20,1983 Condition 



3. CIRCULATION MODELING OF THE BAY 

3.1 Hydrodynamic Equations And Finite Difference Approximation 

The main purpose of the circulation model is to provide estimates of mass transport 

for use in the water quality analysis. The original framework was developed by Blum- 

berg (1977). The basic equations for the circulation model are the shallow water equa- 

tions. Let the coordinates be horizontal rectangular as well as x and y be increasing east- 

ward and northward respectively. The coordinate system is shown in Figure 4. The 

hydrodynamic equations adopted from Blumberg (1 977) are 

auo + a~ 2~ , ~ U V D  - a 2 2 1R fvD+gD-=f,W-ku(~ +V ) 
at ax ' ay . ax 

In which 

u = the corresponding depth averaged horizontal velocity com- 

ponent. 

v = the corresponding depth averaged lateral velocity component. 

g =the acceleration of gravity. 

f,W = the horizontal wind stress component. 

f y  = the lateral wind stress component. 

k = the bottom friction coefficient. 

f = twice the value of the vertical component of the earth's 



FIGURE 4. Arrangement of Variables on Finite Difference Grids 



rotation. 

q= the free surface elevation. 

H = the depth of water with respect to the mean low water level. 

D = the total water depth. 

The velocity components u, v are defined as 

in which 

u' = the corresponding depth dependent horizontal velocity com- 

ponent. 

v' = the corresponding depth dependent lateral velocity com- 

ponent. 

uD = the corresponding longitudinal volume transports. 

vD = the corresponding lateral volume transports. 

The incompressible and homogeneous flow conditions are assumed in the fonnula- 

tions. And the density variations in the water column is neglected so that constant density 

is assumed in the vemcal direction. The boundary conditions applicable to Eqs. 1,2 and 

3 ~ IE  the specification of the tidal elevation at the open boundaries and the discharges of 

water into 'the system along the other boundaries. In addition, the normal velocity com- 

ponents of the volume transport have to vanish at the coast if there is no inflow. 

Numerical techniques were employed for obtaining the solutions to the coupled 

nonlinear differential equations. Firstly, the variables u, v and D are defined on a grid 



mesh as shown in Figure 4. Since the sum of H and 'q is equal to D, they two are at the 

same location of D. Because a north-south boundary is chosen to coincide with the u 

points and an east-west boundary to coincide with the v points, the boundary condition of 

no normal flow through the coast is easily accomplished. 

To derive the differential scheme of these nonlinear equations, the following opera- 

tors are employed : 

in which F is any function of the discrete variables x,y,t; and dx is the grid spacing. Simi- 

lar operators for variables y and t can be defined. The final difference scheme derived by 

Blumberg (1977) is therefore written as 



in which the superscripts n+l and n-1 indicate the time step. Terms at time step n are 

without a superscript. The frictional term are lagged one time step to avoid numerical 

instability. Eqs. 9, 10 and 11 are rearranged as followed : 

- - - 9' 
(~~u)n+l=(i5~u)n-l-  ~ d r [ ~ ~ ( E ' u ~ i i ~ ) +  ~ , (Eyv~i iy) - f iyv  + 

g ~ X S x q -  .r:+ k(u(u 2+ (V9')2)1R)n-1] (12) 

- - - - 
-x y-x (EY~)n+l=(~Yv)n-l- 2dt[6X(D u Y )+ S y ( ~ y v Y ~ ~ ) + ~ u 9 ' +  

- 
gD '6,~- T,W+ k(v(v2+ (ii9')2)1R)n-1] (13) 

(2u)"+'  ,(DY~)n+land qn+l are calculated by eqs. 12 to 14. Then, un+'and vn+' are 

derived by (Exu)"+'and ( ~ Y v ) n + l ,  respectively. The numerical integrations start with a 

forward time step and then are followed by the leap-frog scheme. That is. at n = 1, the 

factor 2dt in Eqs. 12, 13 and 14 is modified to be dt. By using Eqs. 5.6.7 and 8, the indi- 

vidual term in Eqs. 12.13 and 14 can be expanded as; 

- 
-x X-x 

Sx(D u u )= [((~u)i+Mj+(Dx)i+laj)(iiX)i+l,j- (15) 

((Dxu)i+lnj+ (2u)i- lQ j)ci l") i , j ] l~ 
- X 

6, (Dxv EY)= [((EY~)i+l,j+lR+ (EY )i,j+lR)(TiY)i+l/2,j+l~- (16) 

((EYv)i+l,j-l~+ ( ~ Y v ) i j - l ~ ) ~ Y ) i + l ~ ~ j + 1 ~ 2 ~ ~ 2 d y  

- 9' - - 
Eyv = [(D Yv)i+l, j+ln+ ( D Y ~ ) i , j + l ~ +  ( ~ ~ v ) i + l .  j-112+ (17) 

(~Y~)i,j-l~2114 

v9" [@x)i+lRj+l~+ @ x ) i + l ~ , j - l ~ l ~  (1 8) 
- 
-x y-x 

S,(D u v k [ ( (2u) i+1~,~-1+ (Dxu)i+lnj)@x)i+l~j-~n- (19) 



((Dxu)i-lnj+ (2u)i-IR, j )B) i - ln  j-lR11a 
- 

sY ( D y v y ~ k  [((EY v)i,j+lR+ (~Yv~i , j - l ,~ )Fy~i , j -  

- 
((D Y~)i,j-3n+ ( ~ Y ~ ) i , j - l ~ ) ~ y ) i , j - l  I/W 

- xy 
E'u = [ ( E ' U ) ~ + ~ ~  j-1 + ( 2 ~ ) i - ~ ~  j-l + ( O ' U ) ~ + ~ ~  j+ (21) 

( E ' U ) ~ - ~ ~  jlI4 

ii"= (($)i-l/2,j+lR+ (iiY)i+lllj+lR)n (22) 

Eqs. 15, 16, 17 and 18 are derived with respect to the central point (i+1/2,j). However 

Eqs. 19,20,21 and 22 are with respect to the central point (i, j-ID). The grid points used 

to make the interpolation of each of the u(i+1/2, j), v(i j-1/2) and D(i J) are shown in Fig- 

ure 5 . The notation is implemented in the computer program code by shifting half a step 

forward with respect to i and j for u and v, respectively. Figure 6 shows the notation 

defined in the program coding of the fmite difference equations. 

To avoid stability problems of the finite difference scheme, a simplied method is 

used. Two numerical stability criteria are : 

2. dt< llf (24) 

The right hand side of Eq. 23 is equal to the critical time step dr,, which must be larger 

than the time step employed. 

There are additional boundary conditions required at the open boundary with regard 

to the finite difference scheme. For the abrupt change in width of water body at the open 



FIGURE 5. Grids Points for the 2-D Hydrodynamic Computation Lattice 



HGURE 6. The Notation of Grid Variables in Programming the Models 



boundary, it is assumed that the volume transports are perpendicular to the open boun- 

dary and that there is no momentum flux imported to the interior from the exterior 

region. For example, considering a north-south open boundary, the v component of the 

volume transport is equal to zero because there are no v points coincided with the boun- 

dary. In addition, the U ~ D  " momentum I' just outside of the interior region is much 

smaller than that " momentum " just inside the interior region, therefore, this condition 

eliminates the need to specific u values at the grid points just outside of the interior 

region (a distance dx/2 away from the input forcing function at the open boundary). The 

diagram for this example is shown in Figure 7. In addition, the water depth of the exte- 

rior region is assumed to be the same as that of the adjacent interior grid when calculat- 

ing the velocity components at the boundaries of water discharges. 

3.2 Application to the Chesapeake Bay 

The grid system used for the computation in the Chesapeake Bay and the James 

River hydrodynamic model is presented in Figure 8. The boundaries of the Chesapeake 

Bay are defined to fit on a grid 25 by 48 points and that of the James River 24 by 9 

points. The Chesapeake Bay and the James River are separated to two systems for effi- 

cient use of computer memory. That is, the storage space of a 50 by 50 maaix is more 

than that of 25 by 50 plus 25 by 10 matrices. Therefore, the program has to combine the 

grid point values between the junction of the two systems. For numerical simulations, the 

horizontal grid sizes are dx=9986.67 ft and dy= 20597.5 ft. The mean low water level @I) 

is based upon the bathymetric chart which is estimated by Goldsmith, Sutton and Willi- 

ams at the Virginia Institute of Marine Science (1977). With this grid size, a time step of 

60 sec is needed to satisfy the stability criterion, Eq 23. The other parameters and 



FIGURE 7. The Open Boundary at the Mouth of the Bay 



FIGURE 8. Computational Grid System for the Chesapeake Bay 



discharge inflows obtained from Blumberg (1977) are summarized in Table 2. Freshwa- 

ter inflows from the Susquehahna River, Potomac River and Rappahannock River were 

incorporated in the model although the tributaries were not modeled. 

Along the open boundary of the the Atlantic Ocean, the tidal elevation q, prescribed 

from values of the tidal table given by the National Ocean Survey for a tidal cycle (12.5 1 

hrs) beginning April 10, 1976 at 16.72 hrs after midnight is graphed in Figure 9. The 

input forcing function for the tidal control elevation is divided into 2 parts : 

Q= -1.54 . COS ( x(t -T 1) 
T2 

)+1.34 T l c t c T 2  

in which T1= 5.91 hrs and T2= 6.60 hrs. Therefore there are almost 750 time steps per 

tidal cycle. Besides, the velocity component is zero along the coast (the closed boundary 

condition). Since the model will reach a dynamic steady-state condition following con- 

stant forcing function, the initial values of velocity components and surface elevation (q) 

are set to zero, which make no effect on the results. The data input is presented in Appen- 

dix 1. 

Due to the irregular shape of the simulation domain, a grid search system was esta- 

blished. This function apparently reduces the computer time because the hy&odynamic 

and/or water quality calculation are just executed within the boundaries. Two one- 

dimensional arrays, IP(M) and NP(M), in which M=50 for the Chesapeake bay system 

and M=10 for the James River system, are set . The value of IP(J) is the column index of 

the grid point that is the first one to do the calculation at J row, and NP(9 presents the 



TABLE 2. Summary of Parameters And Boundary Condition in the Circulation Model 

PARAMETER 

k 

f llsec 

2." zu" 

g lbf/sec2 

Q(l) cfs (Susquehanna river) 

Q(2) cfs (Potomac river) 

Q(3) cfs (James river) 

Q(4) cfs (Rappahannock river) 

VALUE 

0.0025 

0.00009 

0 

32.2 

8.21 E4 

3.1 1E4 

2.96E4 

1.64E4 



3 

2.8 - 
2.6 - 
2.4 - 
2.2 - 

2 - 
1.8 - 
1.6 - 
1.4 - 
1.2 - 

1 - 
0.6 - 
0.6 - 
0.4 - 
0.2 - 

0 
\ 

-0.2 I I I I I I // I I I I I I 

0 2 4 6 8 10 12 

Time, t (hr) 

FIGURE 9. Boundary Condition at Atlantic Ocean Junction 



number of grid points after column IP(J) at J row that are within the system. However, 

the variables on the other grids, which are not included in the grid search system, have to 

be calculated separately. IP(M) and NP(M) are shown the input list in Appendix 1. 

Appendix 2 presents the program list for the circulation and the water quality simula- 

tions. 

3.3 Model Results 

The hydrodynamic model was first tested to satisfy the theory of mass balance for 

water. The test method is to put the freshwater input (8.OE6 cfs) at the head (fresh inflow 

of the Susquahanna River) of the Bay and the tidal control (Figure 9) at the open boun- 

dary of Atlantic Ocean. The model was run for 120 time steps (2 hrs). The water volume 

of fresh inflows and tidal input should be the same as the increase of water volume 

within the simulation area at the last time step theoretically. The result appears that there 

is only 0.12 % error for these two quantities (the volume of fresh inflow and the tidal 

input is 48,389.38 1,807 fr3. And the increase of volume within the boundary in the end is 

48,331,336,421 ft3). 

Figure 10, 11 and 12 show the model calculated velocity over one tidal cycle at 2-hr 

intervals of the 13th tidal cycle. It presents the exactly physical phenomonon of tidal con- 

trol. During the 12 hrs ( that is, almost one tidal cycle), the water transport reverses its 

direction after a half tidal cycle roughly. Currents at the lower portion of the Bay show 

the condition of the tidal elevation at the mouth. Figure 13 presents the tidally averaged 

volume transport vectors at the 12th and the 13th tidal cycles. Both of them are shown 

the same current conditions. Thus, the model has reached a dynamic steady-state condi- 



tion after the tidal forcing function is repeated 12 times. 


























































































