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SUBJECT: Transmittal of Contract Report D-75-3 

TO: All Report Recipients 

1. The Contract Report transmitted herewith represents the results of 
one of several research efforts completed as part of Task 1D (Effects of 
Dredging and Disposal on Aquatic Organisms) of the Corps of Engineers' 
Dredged Material Research Program (DMRP). Task 1D is included as part 
of the Environmental Impact and Criteria Development Project of the DMRP, 
which, among other considerations, includes developing techniques for 
evaluating the effects of dredging on the water quality and biological 
productivity of disposal areas. 

2. This research was a part of Work Unit lDO4, Application of Simulated 
Ecosystem Modeling to Dredged Material Research (Phase I), and is in- 
directly related to Work Unit lDO8, Design and Establishment of an 
Estuarine Ecosystem Simulation. Specific objectives were to review 
available water-quality and ecological modeling techniques through lit- 
erature surveys, to observe ongoing research, to further develop appli- 
cable models, and to recommend techniques applicable to various environ- 
mental problems associated with dredging and disposal of dredged 
material. To help complete these objectives, three separate computer 
programs were developed; these programs pertain to calculation of 
(a) temporal variation of net productivity in flowing water (rivers), 
(b) depth-averaged net productivity for a standing water body, and 
(c) the depth distribution of net productivity in standing waters. 

3. This report describes procedures for automated, in situ monitoring 
of biological productivity and the dissolved oxygen budget of aquatic 
systems and indicates how these techniques might be used for detecting 
the biological effects of dredged material disposal. Computer programs 
necessary to implement the methods are presented, and their use is 
discussed. The study was accomplished under contract with the Univer- 
sity of Virginia. The primary objective of the study was to produce 
data analysis techniques to be used in field and laboratory research 
efforts of the DMRP. However, the techniques are applicable to specific 
project studies where dissolved oxygen concentrations are being moni- 
tored, and an analysis of the dissolved oxygen budget and biological 
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productivity is required for- assessing environmental effects of engi- 
neering activities. These methods are particularly well suited for use 
with continuous automatic water-quality data-acquisition systems which 
are receiving increasingly widespread use by field offices. 

4. The techniques developed by this study are considered applicable 
primarily to projects where significant environmental effects are an- 
ticipated and a detailed study is required for environmental impact 
assessment or permit evaluation. The computer programs necessary to 
apply the methods are operational on the WES computer system. The com- 
puter programs and assistance in specifying appropriate data acquisition 
and analysis procedures for specific applications are available upon 
request. 

Colonel, Corps of Engineers 
Director 



Unclassified 
SECURITY CLASSIFICATION OF THIS PAGE men Dsts Wtere‘f, 

REPORTDOCUMENTATIONPAGE READ INSTRUCTIONS 
BEFORE COMPLETING FORM 

1. REPORT NUMBER 2. ;OVT ACCESSION NO. 3. RECIPLENT’S CATALOG NUMBER 

Contract Report D-75-3 
4. TITLE (and Subtiffe) 5. TYPE OF REPORT 6 PERIOD COVERED 

METHODS OF DISSOLVED OXYGEN BUDGET ANALYSIS FOR 
ASSESSING EFFECTS OF DREDGED MATERIAL DISPOSAL Final report 
ON BIOLOGICAL COMMUNITY METABOLISM 6. PERFORMING ORG. REPORT NUMBER 

7. AUTHOR(s) 6. CONTRACT OR GRANT NUMBER(e) 

George M. Hornberger DACW-39-74-C-0030 
Mahlon G. Kelly (DMRP work Unit mo4) 

9. PERFORMING ORGANIZATION NAME AND ADDRESS IO. PROGRAM ELEMENT, PROJECT, TASK 
AREA 8 WORK UNIT NUMBERS 

University of Virginia 
Charlottesville, Va. 22903 

Il. CONTROLLING OFFICE NAME AND ADDRESS 12. REPORT DATE 

U. S. Army Engineer Waterways Experiment Station November 1975 
Environmental Effects Laboratory 13. NUMBER OF PAGES 

P. 0. Box 631, Vicksburg, Miss. 39180 84 
14. MONITORING AGENCY NAME 6 AODRESS(ff different from Conlrolffng Offfce) 15. SECURITY CLASS. (of fhla report) 

Unclassified 
15s. DECLASSIFICATION/DOWNGRADING 

SCHEDULE 

16. DISTRIBUTION STATEMENT (of thfa Report) 

Approved for public release; distribution unlimited. 

17. OlSTRlBUTlON STATEMENT (of the abstract entered in Block 20, if different from Report) 

16. SUPPLEMENTARY NOTE5 

19. KEY WORDS (Continue on rever.w side If necessary and ldsntlfy by block number) 

Aquatic environment Dredged material 
Biochemical oxygen demand Metabolism 
Computer programs Oxygen 

20. ABSTRACT (Continue on IWBTSB aide If necessary and identify by block number) 

Three computer programs for calculating a continuous function (a Fourier 
series) describing net community productivity in aquatic environments using 
measurements of dissolved oxygen concentration, temperature, and salinity 
with a solution to the oxygen mass balance equation were prepared. These 
respectively pertain to calculation of (a) temporal variation of net produc- 
tivity in flowing waters (rivers), (b) depth-averaged net productivity for 

(Continued) 

---.. 
DD , :ly& 1473 EDITION OF 1 NOV 65 I5 OBSOLETE Unclassified 

SECURITY CLASSIFICATION OF TH,s PAGE (When Dale Entered) 

I 



Unclassified 
SECURITY CLASSIFICATION OF THIS 

20. ABSTRACT. 

a standing water body, and (c) the depth distribution of net protlucxtivity in 
standing waters. These methods are particularly well suited to use with 
continuous automatic data recording. Because continuous monitoring of com- 
munity productivity and respiration provides a direct measure of the b-iolog- 
ical effects of water quality change, the methods can be useful 
effects of dredging and disposal on aquatic communities. 

Unclassified 
SECURlTY CLASSlFlCATlON OF THIS PAGEWhen Date Entered) 



PREFACE 

The work described in this report was performed under Contract 

No. DACW-39-74-C-0030, 2 Ott 1973, between the U. S. Army Engineer 

Waterways Experiment Station (WES), Vicksburg, Mississippi, and Univer- 

sity of Virginia. The research was sponsored by the Office, Chief of 

Engineers (DAEN-CWO-M),under the Civil Works Dredged Material Research 

Program. 

This report presents and discusses the use of computer programs 

for calculating net biological productivity in aquatic environments. 

Since community productivity and respiration provide a direct measure 

of the biological effects of water quality change, the methods can 

be useful in assessing effects of dredging and disposal on aquatic 

communities. 

The work was conducted by Dr. George M. Hornberger and 

Dr. Mahlon G. Kelly, Assistant Professors of Environmental Sciences, 

University of Virigina. Ms. Virginia Hendry did much of the computer 

programming. The subroutines DECOMF', SOLVE, and SIGN were taken from 

Compuhh SoLtiun 06 LinQCVr ALgebttdic Sy&&ma by George E. Forsythe 

and Cleve B. Moler, 1967, Prentice-Hall, Inc., Englewood Cliffs, N. J. 

The contract was initiated and managed by Dr. Rex L. Eley, Chief, 

Ecosystem Research and Simulation Division, under the general super- 

vision of Dr. John Harrison, Chief, Environmental Effects Laboratory. 

Drs. John Keeley and Robert Engler were project managers. COL G. H. 

Hilt was the Director,-and Mr. F. R. Brown was Technical Director of the 

WES. 
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METHODS OF DISSOLVED OXYGEN BUDGET ANALYSIS FOR ASSESSING EFFECTS 

OF DREDGED MATERIAL DISPOSAL ON BIOLOGICAL 

COMMUNITY METABOLISM 

PART I: INTRODUCTION 

1. Measurement of the direct and indirect effects of dredging and 

disposal on biological communities is necessary if water-quality problems 

associated with dredged material disposal are to be identified and solu- 

tions found. 1 Open-water disposal occurs in a wide variety of environ- 

ments and thus both the causes of biological changes and the changes 

themselves are diverse. Therefore, methods of measuring effects of 

dredging and disposal must be very versatile if they are to have wide- 

spread applicability. Short-term effects resulting from changes in t-ur- 

bidity, the bottom sediments, and/or oxygen demand as well as long-term 

changes associated with release of either biostimulants or toxins must 

be sensed. 

2. A method for automatically and continuously monitoring commu- 

nity productivity and respiration can provide a direct measure of the 

biological effects of water quality change. Input of inorganic nutrient- 

containing wastes leads to excess photosynthetic production while pollu- 

tion by organic material results in an increase in respiration by the 

heterotrophic members of a community, producing an excess oxygen demand. 

Additionally, toxins may result in a decrease in community productivity, 

respiration, or both. Increased turbidity may result in decrease photo- 

synthesis by decreasing available light and any other direct change in 

the character of the autotrophs and heterotrophs of the community may 

also change net productivity. 

3. Most methods for estimating aquatic productivity have depended 

on incubation measurements of carbon-14 uptake or free oxygen production, 

but errors are caused by containment of the sample, and time resolution 

is limited by the incubation period. 2 Attempts to measure productivity 

without perturbation by incubation have assumed the rate of change of 
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free oxygen and inorganic carbon concentration depends almost entirely 

on community respiration, photosynthesis , physical mixing and transport, 

and exchange with the atmosphere. Thus it is theoretically possible to 

measure net community productivity (photosynthesis minus respiration) 

from the rate ,of change of inorganic carbon or oxygen concentration if 

rates of mixing, transport, and exchange with the atmosphere are known. 

Stated differently, net community productivity can, in theory, be esti- 

mated by using a solution of the partial differential equation for 

oxygen or inorganic carbon mass balance. This avoids errors due to con- 

tainment and incubation. In the past, attempts to use free concentra- 

tion measurements have involved problems in accounting for mixing and 

transport and insolving the mass-balance equation. 394 These attempts 

have also only been used to give measurements at discrete times or daily 

mean values. 

4. The use of a solution to the oxygen mass-balance equation with 

measured oxygen concentrations allows calculation of a continuous func- 

tion (a Fourier series) describing net community productivity. 495 
MAY 

of the problems inherent in previous methods of productivity measurement 

are overcome and a much more detailed analysis of variation of produc- 

tivity is permitted. The method is also well suited to use with auto- 

mated data acquisition. This report describes this method for automati- 

cally monitoring net productivity and indicates how it might be used for 

detecting the biological effects of dredging and disposal. The computer 

programs developed to implement the method are presented and their use 

is discussed. 

5. Dredged material is disposed of on land and in the open ocean, 

bays, estuaries, and inland rivers and lakes. Disposal on land and in 

shallow water may be unconfined or confined in diked areas. The mea- 

surement of productivity is approached in a different fashion in each of 

these environments; solution of the mass balance equation forms the 

basis of the measurements in all cases, but different simplifications of 

the equation apply in the different environments. To this end three 

separate computer programs have been developed; the three corresponding 

equations and their solution are presented on the following pages. These 

4 



respectively pertain to calculation of (a) temporal variation of net 

productivity in flowing water (rivers), (b) depth-averaged net produc- 

tivity for a standing water body, and (c) the depth distribution of net 

productivity in standing waters. 

6. The major assumptions used in the development of a dissolved 

oxygen budget have been stated by Odum and Hoskin 6 as: a constant dif- 

fusion rate for the 24-hr period; nighttime respiration similar to day- 

time respiration; one gram of biomass produced for each gram of oxygen 

released; no turbulent circulation patterns; and similar metabolic his- 

tory of water entering and leaving an area. 

7. Changes induced by dredging and/or disposal in rivers can be 

monitored by directly using the flowing-water method. A significant 

disruption of normal biological activity in a river segment can be de- 

termined by measuring the productivity of the segment. The second and 

third methods of determining net productivity pertain to standing waters. 

When horizontal advection is negligible (e.g., possibly with disposal of 

dredged material in quiescent lakes and/or bays), the productivity can 

be calculated using the theory presented below. In certain other situ- 

ations where advective flows may be important (e.g., a diked disposal 

site), the average net productivity can be calculated by accounting for 

the net inflow and outflow of oxygen. The complex hydrodynamics of 

estuaries makes a meaningful solution of the free-water mass-balance 

equation impractical with regard to productivity measurement. There- 

fore monitoring productivity to observe effects of dredging and dis- 

posal operations in estuarine waters must be accomplished by contain- 

ing a sample. The method for measuring productivity in a containerized 

sample is identical to the technique for obtaining the average produc- 

tivity of standing waters. Containment may be achieved with large plas- 

tic bags, bottles, etc. 

8. If these techniques for measuring productivity can be applied 

in field situations, they can obviously be applied in laboratory studies. 

Thus, the methods described below can be used for measurement in a vari- 

ety of environments and in the three major applications for dredged mate- 

rial research cited by Boyd et al.:1 monitoring programs, field pilot 

studies, and laboratory studies. 

5 



PART II: THEORY 

Flowing Water 

9. The characteristic equations* of the partial differential 

equation for oxygen mass balance in a river may be written as 397 

dx dt= v 

dc -= K(cs - c) + P - R 
dt 

(la) 

(lb) 

where 

x = distance downstream (L) 

t = time (T) 

V = mean velocity (LT-l) 

c = oxygen concentration (ML -3) 

K = reaeration coefficient (T-l) 

C = saturation oxygen concentration (MLB3) 

P- i = net productivity (MLD3T-') 

Equation lb describes the rate of change of dissolved oxygen fol- 

lowing the motion of the water. The problem then is to determine P - R 

as an explicit function for the segment of river and day under consid- 

eration. Since productivity varies with a diurnal period, we may write 

P - R as a Fourier cosine series: 4 

P -R= *0 
2+ c 

An cos nwt 

n=l 

where A are the Fourier coefficients and 
n 

w = 2~/48 . A cosine 

series with a 48-hr period was chosen so that values at the beginning 

(2) 

* For convenience, symbols are listed and defined in Notation (Appen- 
dix D). 
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and end of a day are not constrained to be identical. The second 24-hr 

interval of the cosine expansion is a mirror image of the first 24 hr 

and is neglected. a 

10. The problem now reduces to determining enough (say, N) 

Fourier coefficients to accurately describe P - R for a particular 

day. This may be done by using oxygen concentrations measured at two 

stations on a river throughout the day to select coefficients so that 

the integral of Equation lb accurately predicts the downstream values 

from the upstream values. 

11. If Equation 2 is substituted into Equation lb and integrated, 

we have: 

-K6 1 
'j+l = e 'j + Kt 

e j+l / 
eKt uO cs(t)at+E -K6 

> 

t 
j 

N 

+ 
c 

An 2 + (nw)2 K cos notj+l + nw sin nwtj+l 
> 

n=l 

- e-K6 K cos nwt 
j 

+ nw sin not 
j > 

(3a) 

Time t j+l is the time at which water present at the upstream station 

at time t 
j 

reaches the downstream station, 6 is the residence time 

t 
j+l 

-t 
j ' 'j 

is the upstream concentration at time t. , and c 
J j+l 

is the downstream concentration at time t 
j+l * 

12. The Fourier coefficients must be chosen so that Equation 3a 

accurately predicts measured downstream oxygen concentration from up- 

stream values. If the predicted values are denoted by c (P) and the 
(0) 

j+l 
observed downstream values by c j+l then choice of the An to minimize 

7 
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J= (P) 2 
- 'j+l 1 (3b) 

where M is the number of data points, gives the "best" coefficients 

(in the least squares sense) for estimating P - R . The function J 

depends upon the values of the Fourier coefficients 
( 

(P) is given by 

1 

'j+l 
Equation 3a and minimization may be accomplished by setting the partial 

derivative of J with respect to each An equal to zero. The result- 

ing set of linear algebraic equations may be solved for the "best" val- 

ues of the A n' 
A continuous accurate estimate of net productivity may 

then be obtained by using these coefficients in Equation 2. The net 

daily production is the 24-hr integral of Equation 3A or simply 12AQ . 

13. The computer program which implements this method is de- 

scribed in Appendix A. 

Standing Water 

14. A complete mathematical description of the variation of dis- 

solved oxygen concentrations in three spatial dimensions and time is too 

complex to be used in productivity measurement. In many cases, espe- 

cially when vertical and temporal free oxygen concentration variations 

outweigh horizontal variations, a one-dimensional model is useful. 9 

15. The oxygen mass balance equation for standing water may then 

be derived by applying the principle of conservation of mass to a hori7 

zontal slice of the water body. Flows consist of advective inflow and 

outflow, which are associated with vertical motions, and dispersive flux, 

which is caused by turbulent mixing and by shear associated with the 

existing velocity distributions. A term for net productivity must be 

added to the equation since this is a source or sink of oxygen at any 

depth. The resulting equation may be written 5,9,10 
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where 

c = oxygen concentration (ML -3) 
t = time (T) 

Q = vertical flow (L3T-1) 

A = horizontal area (L2) 

z = vertical distance (L) 

Dv = the vertical dispersion coefficient (L2TB1) 

P-R = net community productivity (MT -1 ) 

A further simplification of Equation 4 is obtained if vertical advection 

is negligible 11 or considered to be accounted for by a dispersion 

term." The mass-balance equation for oxygen then reduces to 

ac -= 
at + P-R (5) 

16. Equation 5 can be depth averaged to give the equation for 

calculating the average column net productivity (productivity on an 

area1 basis) in standing waters. The result is 

(6) 

where d is the total depth (L) and the bar denotes an average over the 

water column. The first term on the right of Equation 6 accounts for 

flux across the surface (reaeration) and any exchange of oxygen with the 

bottom. The surface term can be written as K(C - 

the gas exchange coefficient (LT-l), c 
S 

cl)/d where K is 

S 
is the surface saturation con- 

centration and 
c1 is the actual surface concentration. The exchange 

with the bottom can be included in the term for net column productivity 

and Equation 6 written as 

dc 
dt=d 

K (Cs - Cl) + P-R 

17. P-R can be represented as a Fourier cosine series (Equa- 

tion 2) and c and 
S c1 

can be treated as measured varia-bles. 

9 
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Equation 7 can then be integrated to give 

t j+l 

- - *06 
'j+l = 'j 

+ 

J 

K(c - 
S 

cl) dt + - 2 

t 
j 

N A 
+ c sin nwt j+l - sin nwtj) (8) 

n=l 

In this case c 
j 

and c j+l 
are average concentrations in the one loca- 

tion and are separated in time by 6=t -t j+l j' 
18. The An may again be determined by minimizing where the 

M 
--Co) 

c[ 'j+l 
4P) 2 

- 'j+l 1 
j=l 

predicted values are now given by Equation 8. The computer program 

which implements this method is described in Appendix B. 

19. In some cases calculation of the depth distribution of net 

productivity may be desirable rather than (or in addition to) calcula- 

tion of average column productivity. A time-continuous estimate of net 

productivity at any depth can be obtained by using diurnal oxygen con- 

centrations at that depth, and at depths AZ above and below with a 

solution to Equation 5. 5 Using the subscript i to denote depths at 

which measurements are taken, the dispersion term of Equation 5 can be 

approximated 

+D C 

vi+1/2 vi-1/2 i-l 1 
10 

(9) 



where 

D 
vi+112 

= the dispersion coefficient between depth i and depth 
i+l; D 

vi-112 
is similarly defined. 

20. We can again write P-R as a Fourier consine series 

i a 
Ao . 

(P-R)i = 2 
c 

Ai cos nwt 

n=l 
(10) 

where the superscript i on the Fourier coefficients indicates that the 

expression refers to productivity at a particular depth. 

21. Substituting Equations 9 and 10 into Equation 5 gives the 

following expression for the rate of change of free oxygen at depth i : 

dci 
-=- 
dt 

C i+l 
+D 

vi+1/2 vi+1/2 

+D 
i-l 

I 

A; . 
C 

vi-112 
+ 2 +zAi cos nwt (11) 

solved to give: 

t j+l 
cj+l = .-UAcj + 1 

i i eUtj+l / 
t 

j 

(vc 
ut 

i+l + WC ) e dt i-l 

2 N 
NO +%1-e 

( 
-U6 + 

) c 

A$ 

n=l U2 + (noj2 [ 
U cos nwt j+l 

Equation 11 can be treated as an initial value problem in ci and 

+ nw sin nwt 
j+l - e -yu cos nwt 

j 
+ nw sin nwtj) 1 (12) 
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where 

U= D 
( 

+D 
vi+112 vi-l/2 > 

/(ad2 

V=D 
vi;tl/2 

/(Ad2 

W=D 
vi-l/2 

/(Ad2 

Oxygen exchange at the surface and bottom may be handled in two ways. 

The flux may be specified, in which case a slight modification of Equa- 

tion 12 is required; the dispersion flux is replaced with the appropri- 

ate known flux. Alternatively, of oxygen measurements near the surface 

and bottom are used as boundary conditions, the depth-time distribution 

of P-R may be determined for all but the very top and bottom of the 

column without the need for determining surface reaeration or benthic 

respiration. In either case the A, are again determined by minimizing 

the sum of squared errors. The computer program for this method is 

described in Appendix C. 
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PART III: DATA REQUIREMENTS, INTERPRETATION OF RESULTS, AND USE 

22. Inasmuch as the net productivity is calculated from the 

oxygen mass-balance equation, the primary data required are dissolved 

oxygen measurements taken frequently enough in space and time to accu- 

rately determine the oxygen budget of the system. In rivers this would 

consist of oxygen measurements at two stations. If the residence 

time within a river segment is 30 to 90 min, measurements made every 

15 to 30 min throughout the day at the ends of the segment should 

give satisfactory results. 4 If the river shows transverse variation in 

dissolved oxygen (which is very unlikely except in the very largest 

rivers), several measurements over the cross section should be taken to 

determine a mean value. In containers and standing water a data inter- 

val of 15 to 30 min again seems appropriate. Depth intervals would 

depend upon the degree of stratification in the particular body of 

water; for example, Welch collected data at 0.25-m increments in Lago 

pond and Eley 13 and Wrighlr; collected data at l-m intervals in Keystone 

Reservoir and Canyon Ferry Reservoir, respectively. 

23. In addition to oxygen data, the temperature, salinity, re- 

aeration coefficient, and/or dispersion coefficients may be required, 

depending upon the situation under study. If the average productivity 

of a volume of water is desired where inflow and outflow are appreciable 

(e.g. a diked disposal site), the net advection of oxygen must also be 

measured and the calculated net productivity suitably corrected. 

24. Temperature and salinity are used to calculate the oxygen sat- 

uration concentration. 15 The value of K , the reaeration coefficient, 

may be estimated from stream velocity and depth (e.g., see Truesdale 

et al.15) or by using measured oxygen and radiation values. 16 The dis- 

persion coefficients can be estimated from temperature data. 9714 

25. Provision of oxygen concentrations, temperature, salinity, 

reaeration coefficient, and dispersion coefficients as appropriate in the 

computer programs described in the appendices allows calculation of a 

time-continuous function describing net productivity. Saturation con- 

centrations are calculated internally in the programs using a polynomial 

13 



fit to the data of Truesdale et al. 15 The productivity function in it- 

self can be used in water quality monitoring. For example, the total 

daily respiration (the oxygen demand of the community) can be calculated 

by assuming the mean nighttime respiration to be representative for the 

entire day. P and R can than be calculated separately and the ratio 

of P:R formed. Most "natural" streams and rivers have shown negative 

net daily production or a gross production to respiration ratio (P:R) 

less than one, 17-19 and the communities thus depend on allochthanous 

energy input. Nutrient enrichment modifies this such that P:R is 

greater than one and organic material may be exported downstream. l8 A 

drastic change in P or R may indicate either organic waste or 

toxin-pollution. 

26. If radiation is measured along with the parameters already 

mentioned, another method of detecting water quality changes via bio- 

logical activity is available. Kelly et al. 4 showed that a plot of net 

community productivity for a river versus incident radiation yielded a 

near-perfect straight-line relationship. The slope of this line is pro- 

portional to the production efficiency. This is of course a measure of 

production independent of light and thus it can be used to determine 

changes in oxygen demand and production on a day-to-day basis indepen- 

dent of solar radiation. 

27. The methods described above thus should allow continuous 

monitoring of net community productivity of respiration, and of photo- 

synthesis independent of ambient light availability. As discussed in 

the introduction, these in turn should reflect water quality changes due 

to dredging activities. 

28. Changes in biological community metabolism resulting from 

dredged material disposal in rivers can be monitored by comparing meta- 

bolic characteristics of the perturbed section of the river with meta- 

bolic characteristics of a similar but unperturbed section (Figure 1). 

Data required for this evaluation have already been stated and are sum- 

marized in Figure 1. With this information from three sampling stations, 

comparisons among successive river segments can be made to assess the 

effects of dredging and disposal operations on the biological community. 

14 
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/-SAMPLING STATIONS, 

TREATMENT 

RE REQUIRED INPUT 

REAERATION COEFFICIENT OR X DEPTH AND VELOCITY 
RESIDENCE TIME 
UPSTREAM DO, WATER TEMP, AND TIME OF MEASUREMENTS 
DOWNSTREAM DO, WATER TEMP, AND TIME OF MEASUREMENTS 

Figure 1. Application to a river segment 

Unlike tests which use only indicator organisms or species, the dissolved 

oxygen budget provides information about total community production and 

respiration. This technique also permits the establishment of control 

and treatment areas which are amenable to statistical analysis. 

29. The method is equally applicable to standing water (Figure 2). 

Control and treatment areas can again be established but the minimum 

number of sampling stations is now reduced to two. For example, the 

perturbed area represents the treatment and an adjacent and similar area 

serves as the experimental control. Comparisons among areas can be made 

on an average column basis using the depth-averaged program or on a 

depth distribution basis. This latter comparison may be important in 

stratified waters in determining deoxygenation or increased production 

( i.e. algal blooms) as a function of depth. 

15 



Figure 2. Application to standing water 

30. The ratio of total community production to respiration (P:R) 

is one measure of system functioning. In most natural standing waters, 

this ratio is near 1.0. This ratio can be used to assess the biological 

condition of the ecosystem. A sustained P:R much greater than 1.0 may 

indicate a substantial release of nutrients from the dredged material 

and an associated stimulation of photosynthetic plants. A ratio much 

less than 1.0 may indicate the release of contaminants such as heavy 

metals, toxins, or an increase in turbidity which inhibit photosynthetic 

oxygen production. A return of P:R to near 1.0 may indicate improvement 

of the quality of the. disposal area ecosystem. 

31. All of the methods and programs have been tested using simu- 

lated data, and the flowing water method has been extensively field 

tested. The standing water methods should of course be field tested 

before use for routine monitoring. We particularly recommend that these 

methods be used with careful automated data acquisition. 
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APPENDIX A: FLOWING WATER PROGRAM 

Input 

1. Definitions of the FORTRAN variables are given in Table Al. 

The order in which the cards are read and the proper formats are speci- 

fied in Table A2. The cards are read in the order indicated with sev- 

eral exceptions: (a) card number 1 is not repeated when several days of 

data are processed together; the information for the second day would 

begin with card number 2; (b) the data are read according to the opera- 

tion code (e.g. if KODE is set equal to 3 only upstream data are read 

and cards N+5 through 2N+5 would be omitted); (c) the last card is nec- 

essary only if radiation data are not available (KRAD = 0). 

Listing 

2. A listing of the computer program follows. 

output 

3. Output from the program includes a printout of the input 

oxygen concentrations, the saturation concentrations, radiation, and the 

input parameters such as reaeration coefficient, pressure, residence 

time, etc. The calculated Fourier parameters, the predicted oxygen con- 

centrations, P:R as a function of time and, net daily production, res- 

piration, and gross production are also printed. Line printer graphs 

of the oxygen values, the net productivity, and productivity versus 

radiation are also included in the output. Figure Al shows typical 

output. 
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THIS PROGRAM CALCULATES RATES OF PHOTOSYNYHESIS AND RESPIRATION 
IN A HIVOH C-Y USING A MtfHOD Dt.?VtLflPE D BY MAHLON G KtLLy, 
GEORGE ti, HORNBERGER, AND 8, J. COSBY AT THE DEPARTMENT 0; ENV 

L s IEN ES LlNlV mITY OF VIRGINIA, CHARLOTTESVILLE, 
TEE PhGiAW WA: WRITTEN BY GEORGE t4, HORNBERGER AND 

IA Ktm OF 1HA.I -Nl 7Ht w Df=COI'lP 
SOLVE AND SING NERE COPIED8 WITH SLIGHT MbDIFICATIONSI FROM' COMPUTER 

SOLUIICTR WLINfARIC -MS BY GEORGE E, FORSYTHt AND 
CLEVE 6, YOLER.EPRENTICbHALL, X9671, 

TRt RATt Ot rHANrE OF OXYGFN CONCENT~ATIQN IN A STREAM HAY 
BE REPRESENTED B; THE EQUAiION 

DC/UT = K*(Cs-C? l (P=R) 

WERE C f: COWCEN TRATI ON 
- SA~JRATI~N CONCENTRATION - 

K : REAERATION COEFFICIEN? 
- D [SRQSS PRODldCTION 

titt3Ss rKUDUCTIUN WAY VII BY A FOURIER StRIES 

- a- /2 * SUM FHUM W=l To KO Ok (ANrCOs(N*W*T11 

WHkRk AN : ErFICItNTs 
W L PI/PERIOD OF OBSERVATfON 
T a TtME 

'M CIkrtmlAL tblUAli-Y gE~%VtD FUN omAfl 
COYCENTRATION 

D(J+l) = EXP(-K*DELTA)*u(J) -~ 
'~~+T~/EXP(K,T-(J-~!)(~~N~EGRAL FROM T(J~ To T(J*~) 01 

EK~CS(T)aEKp(KaT)*DT) _.-- -. 
+fAO/Z K) *(I I-XP(-K*LItLTA)) 
*sUM FiCM N&O Kg OF (AN/(K**2+INrW),r2))Q 

IK*COS~N*W*TIJ*~)) + N*w~s~N(N*w*TIJ+~~) 
-(EXP(K~DELTA))~(K~COS~N~~~T(J))+ 
N*W*SfN(N*u"T(J)))) 

-- 

__. - ---- 
'4 t-I#t II = 0 OwNsTHtAM CONCEN TRAYION 

U D UPSTREAM CONCENTRATION 
T :Tnr 

_.-~~ -- 

DELTA i TiJ;l, - TZJ) , RESIDENCE TIME .--- 

sOLIJTION OF TME EQUATE REAM CONCENTRATION 
UA IA TEmlJ 

BE CCMPARED WISH OBSERVED VALUES. 
?a- WH I‘fpr-Tq?iu- 

I 
- - 

A2 



T 

~--co*flx CHA 4CTER'jG ALlrAL2iAL3rAL4tAC5 ~ 

c I1 Ii II 11 'I D , PI I IJ ; II 1 , s , K 
CGI~MJ~l/AL/AL1,AL2,AL3,AL5,KODE 

- CO~*~O~I/P~/PRCD~l~O),UPROD~lOO),DPRQD~lOO~,QPROD~lO~) 
C'lf';4Dr;j/Y/Tti(YS 
DIMENSION Rd(S),PNI5T,PG(5) 
DI'lt!dsICN 'lSAV~~~D),USS~~O~),~S(100),US(j,OO)~SAV(~~O?,Ss~~O~) 
i?i14E:idSIOr\l ?A$(loo) 

-- -~-7rpEi$$pj?-i~ 
DA A Al;A2;X3,A4;AB,A6/14.589,0,3925@3,6;34716E-Q3,1,42~~1~-04, ~ 

--&7$id 6 E - 0 5 ,. 1.6 532cEwi 
P 

READ IN ALPHANUMERIC CHARACTERS FOR LflCATION AND DATE 

IICliK=Q 
~olyo IPRIf J:: - 0 

READ 5ODO,ALl,ALZ,AL3,AL4,AL5 
--??k5~i+'AT(5AlCl) 
m 

-k KtALl 114 DATA '"DDE INFDUMATION 
c, 
c- :Xf)DE=l ALL METHDDQ 
c =2 TWO STATlDN METHOD 
i : 3 SI~IGLE STATION (UPSTREAM) 
c, z 4 SINGLE STATION (DOWNSTREAM) 
", 

: KRAD:O NO RADIATION DATA AVAILADLE 
c ppZ RADIATION MEASURED AT UPSTREAM STATION 
r: =i! RADIATED"' MEASURED AT DOWNSTREAM STATION 
I, 
c 
r 
E; 

THRs=THREsHOLD VALUE OF RADIATION 
.I 

RIA'T 23~YOi)S,KRAD,THRs 
20 F&i*rc2~2,Flo,") 

1 
c 
I; 
C 

c 

READ Ily C-RESIDENCE TIME (HOURS) 
LII UAlA IliTtHVAL tH'JUKY) 

R%S:ATWSPHERIC PRESSURE (MILLIBARS, C~~RRECTFD TO SEA L&E, 
5p v I ro1ms 
CF P;R;METERS 

~ L) 
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Kirk 
KOOESrl 
KSAVrKODF 
DATtD 
DA'f=rLOAT(Y-l)*DT 
W=6,283l,8/(2,O*DAY) 
H~D/!lT+tl" 001 
PRINT 6DOO 

- 

6000 FORMATt~Hl,~0Ho~~ooo~oooo~~o~ooo~~~oo+o0o00o0ooo0o~00~~0~oo~0o~~~ 
C09R+(PRES+0;19)/29,92 
IF(PREs,GT,5o,O) CORR1(PRES-17,0)/1013,2~ 

619 DO 70 Irl,N 
" 

il CO?~VGRT TEMPERATURE~A~$~TION CONCENTRATION OF OXYGEN 
" 
k 

(17 A3 
2f&, ):A,=&, )**2+A4*Ds(I )*03- ASoDS{ )o+4sAb,DS(I ),a5 

(1)**2+A4*Usfl),o3- A5+11~1~)+o4+A6aU~t~~+a~ 

C 
I: 
c 

CORRECT SATURATION FOR ATMOSPHERIC PRESSURE 

US(I)'US(I)*CORR 
DS(I )=DS(I)*cORR 
SAVtI)aDOt!Y 
ss(Ib:nsfI) 
\JsAvtI)+u(I) 
USS( r1mwst IY 
IFfKODE,EQ,i) 00 TO 61 

c 

!&-------- FfND MAXIrUy AND MINIMUM VALUES FOR CONCENTRATION 

IFfUtI),LT,Vb'IN) VMINslJfI) 
1FfU(I)~Gf,VUAX) VMAK'lJfI) 
IF(US(Ib,GT.VMAX) VMAXsUS(I) 
IF(Kr)DE GE*41 

6% CONTIU"; 
GO TO 70 

fF(DS(I),GT,vMAX1 VMAXcDSII) 
70 CONTIrJU~ 

c c 
75-.- 

CitLCWLATCi THE INTEGRAL OF RADIATION OVER THE INTERVAL FROM SUNRISE 
TO SUtJSET,llSTNGrHEm?!ZDiDAL RULE 

I: 
1.. - 

RINTsO,Q 
IF(KRAD,EQ,B) GO TR 750 --- 
IF(HADt$)aBT.tHRS) GO TO 150 
!1.10009 

--mlzl,N 
IF(RAD(l),LE.yMRS) GO TO 730 



_ --.-_ 
m1a;c,r,1, 11 .: I - 1 
Rf~Tr(RAD(I-l)+RADtI~)~Dl~~INT 
r2 CT*-1 
GO TO 740 

730 TF(I.tw,l) Gc rcl 77----- 
IF(RAD(I-l);LE,THRG) GO TO 740 

" '-RTNT,HI~I+(HAD(I 1) RAII(I)I 
-_-- - + OUT 

74U CO!,lT I ;\lIJE 

PrqINT HEACINGS 

SOfJl 

1040 

975 -_. _ 

980 

--94e 

‘PR~~J~--~~~~~A~I~~~AL~~AL~,AL~ 
-- - .-- - 

FORMAT( q ,5A1'3) P 

___- .-. -- _- ._-. 

FO~MATclH0,2X,34HUPSTREA~ DOWNSTR UPSTPi?AM BOWNSTR) 
Tf --uJ- tx--- 

. ..--.--- 

PRINT 9;o 
FRWQffli; i3x,40~,,O~FN- m-7 IMEJ ---~ ~ 
GO TO 949 
PftfpJrn ~-------~ .~-- --. ---__ 

985 FORNAT(lH r3Xe50HOXYGEN OXYGEN SATURAf SATURAT RADIATIQN TIM 
---TF-- 

_ ._- .- .__ .-- 

c 
7: 
c 

949 

_- _ 

--1Tq5 

----uo 
950 

c 
c 
c 

-?fl--f+tKTnrt- iT;-$-r-PmNT l(J/C 
,_“_ -- _. 

1@70 FSRtQTi;Hl,35HNET PRDDUCTIVITY-TWO STATION METHOD) 
IF(Xmfrf?Q,s) PRm-I#?,------------ 

108~ FDRMAT(lYl,4lHNET PRODUCTIVITY~SlNGLE STATION~UPSTREAM)) 

A6 



IF (KOtit,t0.4) PRINT 1090 
1090 FfiRHAT(IH1,43HNET PRODUCTIVITY-SINGLE STAT[GN(DOWNSTBEAM)) 

Pi?Il\lP 
P9 I IiT 

$04@ -~ 
UO~IAL~,AL~~AL~,AL~~AL~ 

yq;;T-Jfl4" ~~__- 
PRINT 1100 

11Ou t'ORMAT(1tiO,ZX,JBHDELTA NO, VALS, DATIDELTA REAER PRFS,) 

AL-L 
T=T!l't(AL-1.0)*~' 
Dii 7OC J’~‘I+,LL 
v=IQ 

Al=1 
A=(DS(I)-UC(I))/D 

mrJ(l csI~I=T'rr-(T,-AraK,cr-s)*AoD 
2Orti Cg:,iTI;,,JE: _~.-- --- 

E SIJ~R()~'TrNF PARAM CALCULATES THE VALUES OF THE FoUR!ER COEFF~C!~NTS 
r 
i 

(PAt.: 'LTkRS) 

A7 



c PRINT VALllES UF PARAMETtRS 
C 

P lb'1 lC20 
if?20 f~R,,AT(l'l3r~7HPARArEfER VALUES-) 

no /LO I KO 
21R PHIliT &$&(I) 

-3.030 FUI~P'ATtl" r12,ZX,E1b.9) 
f'~lhT 1P40 
PkINT lUB0 

1050 FORMAT(I~C,I7H~OWNSTREA~ OXYGEN) 
PRItdT 0 

1060 F~Q~AT:PH0,2X,4HTIMf,4r,9HPREDICTED,11YI~"DQS~RVED) 
c 
C S~~~sO~TINE COC1PAR CALCULATES DOWNSTREAM OXYGEN CONCENTRATIONS FBOK_ 
c Wml!AtA Amts CmS CALClJLATfD AND OQSERVEn VALUts 
C 

CALL COHr- 
c 
c Jrl t-GHA 6 PHOD C 'ION OVER Ht D RK I ERVALS AN11 n1VlDE ST THE 
c LtiGTII iF THE ~N+ERVALS TOTCALC$LATENAEAN RESPIRATION 
C 

~tiEANC:il,o 
IFWAD GT Tt+Ks * I 1 GO TO Zl:, 

C 
c CALCULATE NET AND GROSS PRODUCTION OF OXYGEL! 
I: 

A8 



zl4 IF(KODE,Nt,l) QO TO 40D 
KODEr2 
KODEf*w\ 

4clG IP(Kf?DE$,GE,O.) GO TO 60311 
yonEr~fliflE+l 
IF(KBDE,GT,4) GO TO 6030 
D=DT 
NJ,N+M-1 
)4=2 
N=N-M+l 
GO TO 295 

6030 KODE:KSAV 
N=U+M-!I, 
NlX=N 

- 

IF(t~1X.GT.G) GO To 6031 
XVP3.0 

G 
______ 

CALL SUFJROIJTI~JES TO PLOT OmEN CONCENTRATION AND PRODUCTION 

: : 
DATA qVER TIME AND PRODUCTION AGAINST RADIATION 

IFfKODE,EO,I) QO TO 6010 
PRINT ~~R~,AL~BAL~YAL~,AL~,ALS 

6001 FORMAT(1Hl,TAlO,BOHUPSTff~AM OXYGEN AND SATURATION) 
GALL O~OT(N~I~AV,USS~~~-\~MMNXV!X~ 

6~~0 IFfKODEtEQ,3) 60 TO 6020 
PRINT m2,ALlr-&m3,AL4,ALb 

6002 FORMAT(~H~~SA~~,~ZHDOWNSTREAM OXYGEN AND SATURATION) 
CALL !JXvPLOT(N,SAV,SS,XV,DT,VMIN,VMAX,IXI 

6020 CONTI~~IJE 
IFfKODE,GE,3) GO O b 2 

-. 

PRINT 5D"2,All,AL:rAL~,:L4,AL5 
5002 ~ORhnTtl~i,S~lO,~8~TwO STATION bitTHOD) 

CA1 L PI OT(Y,PROD;IK,XV,DT) 
IF(KRAD,NE,O) CALL RADPLT(N,PROD,HAD,START,D~) 
IFtKf1DE,EP,2) GO TO 8000 
YODE13 
KSAV=-1 

6021 lFfKODE,yE,3) GO TO 6022 
PRINT 5003,ALl,AL2rAL3,AL4,AL5 

9003 FOHMAT(kHl,?AlO 23WSINGLE sTATiON UPSTR 
-.~a1 CALL PLOT(~~,"PR~D,IX,xV,"r) i 

EAM) 

IFtKRAD,Nt,o) CALL RADPn(R,mD-;%%&mT 
IFtKSAV,GE, 
KODE=KODE+I 

0) GO TO 8000 ____~__ 

6022 !F(KaDE,wE,I) Go TO 6023 --- 
1Nr ~DO~,AL~,AL~~AL~~AL~IAL~ 

5004 FORMAT~l~l,SalO,25~SI.NGLE STATION DOWNSTREAM) 
7UE-m rLrdi (rd DFQun fx;xv m) 

!FtKl?AD,NE,b CAL; RADP;t(N,DPROD,RAD,START,DT) _ _ _ ---~-_- ~___ -- 

A9 



7095 
-Gf!99 

0067 



8cll FRlrlT nOh8 
HUbU F QRim(1HG a3AjINGLt STATION~UPSTR~ 

PH!;IT fl07C:A~,Ko~D 
AMI 

PRIPT R07l,Ph(IUF) 
FR! 1:;:. R072,R~(IUP) 
PR‘:IT flO73,PC(IUP) 
IFCKRAP,EQ,Q) GO TO 8012 
~!PIT 1%074,R1NT 
SLOf'E+PG(iUP)*6@,U/RlNT 
PH1li-f hJPIS S OPE 

-- - 

PHINT kp7k:":RODIjJ 
PHIliT 80/7,UPROD(2) 
PHINT 8078,UFROLw 

0012 IF(KoDE,fQ,3) Go To 8099 
PkINT [iOh 

9U6Y FURM~JT(~~R,~~HSING~E STAT1ON,DOVNSTREAY) 
PRINT fi 7 rAKeK ,D 
Ft?T?lT "f&K&-- 
PHI~IT Ho~~,R~Jc:D~) 

,rKUl, PG( lm) 
IF(KRAD,& GQ To $099 
PRI%T RG74,RIN-r 
SLOPE=PG(I~IN~+~O,O/RINT 
PRINT ali'?fiS~OPE 
PRTtdT RC,'6,DPRfJ@(l) 

mE~m~UFROD(2J 
PRINT RF7H,DPRORf3) 
G T R9- 

All 

I 
- 

I 



10 A(I)zCSI(i)+S*U(I) 
no LO LSl,Y 

t: SET UP hlATRICES R AhiD C TO CONTAIN THF LINEAR SYSTEM FOUND FROM 
C BaA=C (WHERE MATRIX A CONTAINS 
c Tilf FAHAMCTeRiI. 

Al2 



CALL sU?~CUTINES TO SOLVE THE SYSTEM OF LINEAR EQUATIONS BY G&USSIAN 
-E~rr'Trvprm--- b A 5 h' GULAK MATRIX IS FOUND, STOP 

- . 
$kECL!TIoN, 

STORmjIMiJM VALUES Fop THE PARAYETERS IN 4, -. 
- 

HtTlJRl: . ..- .~- - 

A13 



I 
- 

bUmRgUr Ifdt CCMPAK 
C 
i-l 
c 

zlJBR[J -INE LUMPAH CALr LA t PKFLJIC ED CONCtNTRATjONS USING HE 
OUAT/I:N FOR DObtNSTREPk! c~N$ENTRATIAN. ERROR IN CAbCULAT!ONTIS 

, tm3Li.l AS I- OF -ERRDRY BETWt . . - EN "ElsERVtD A- 
C CALCULATED DOWNSTREAM CONCENTRATI@NS, 
p, 

CO'IMBY AK 
CC)NMOid M UT 
CO:lMO"l &ART, ZCOS~50,lRF~,ZSIN~50,l~O~,CS!~~O~~ 
rO'4m KU Z 
t&M& &100wi001,G~50~ 
COMMaiN U,N,W,Dl 3 
CONMO~,AI,ALI,A;2:~L3,ALQ,AL5rKODE 

' ), (10U);~pKonrlon,~PROU(lO~, 
DIHENSlON Cl501 
1-timKa 
do 4P2 J.i;!O 

AL~PAL~,AL~,AL~~AL> 

402 C(J,=G(J, 

c chLC!JLATE AND STORE PARTS OF THE EQUATION 
c 

no 90 LZl,'J .- 
LiJ'L+?1-1 

c CALCULATE CONCENTRATION AbID TIME 
c 

60 R=Ftl*R2 

TIYE~T~~START 
C'" ," no 

86 ;F(T?%,GT,24,'J) GO TO 89 .~ b 
c PRI'JT TIME AND CALCULATED AhID OUSERVED VALUES 

T: 

Al4 
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r 
d 
C 

CALCllLArE ANDPRINT SIIM CF' SQUARED ERRORS -. 

90 z~~%+(u~llll(L))'"2 
5 PH!RT 1080,Z 

& FCf>VAT(1HO,22HSUW OF SQUARED ERRORSm,E14;7) 
PH!NT ioyo 

109C' FCR~~A'(~HO,~~TIME,SX,~HP-R) 
F:Q=l\i+M"i 
DO l?O J=l,Nfl 
T=J 
T:(T-l,O)4tD1 
Y-C(;) 

C 
c 
C 

CALC&ATE A-I-~-~~~i?OSSPRbDUCTIO~ 

no iDDTSr2rKO 
-__ 

QI!S-1 
1.00 Y.~-+C(IS)~COS(QrW*T) 

QPRC!'J(J)=Y 
! F ( KmlT7Si- PmD(jTY---------- -.--~ 

IF(kCnE,EQ,3) UPROC(J)nv 
IF($mfxku,4) --UPRm.I)'--- 



Cgwii~!NE DECDRP PERFORMS A TRIANGULAR DECflMPOSITIOM OF MATRIX 

& 
A, DlVI~l1nt.i IT INtO Ah UPPtR AND LOidER TRIANGULAR MATRIX,'fHE SY$TElrl 
AaX=~kY@ENClfITfEV L*UoXsB, WHICH IS SOLVED IN SUBROUTINE 

I: S n L \/ E , 
c 

DlHE!lS!U'i A(50,~~),UL(5a,5o,,SCALESo,lPS(50) 
crJf!hf)i~j/t~/?PS 

tt =+I?4 

r.10 ll lZKS\; 
= 3 (1;) 

SI%~=ARS(UL(IPIK))*SCALES[IP) 
-----rF7sT 1-c IG 

10 PIG=I;IzE 
) 11,11*10 



._. _- -- - -__ 
II0 1 J=I,IVi 
SCIl=SI.I~“rUL(IP,J)“X~J) 

>“t(K u I I -* 0 blk bI PIG< 1Wi’Y) 
C 
t: THIsSllrrRCUTINE PRINTS RIb.0~0 STICS IF A SINGULAR YATRIX IS 
c FOII’IU I ‘i cECOEP 



x=1x - 
pLOT~ptuT x 
xVALt6,QdOT 
vr?6X*-q~, -.--___---~ 
VMIY=lODO - _-.-. --.A- - __ - . _ _ . _ -.- 

CALCWLATL MAXIMUM AND MINIMUM PRODuCTlON VALUES 

DO 5P !=l,MPT,IX 
TF(VmGT,WAX) mAXDvK(mr]-~m--- 
IF(V~L(~).lsT.VMIK) VMINtVAL(I) 

XFACTrU,U 
XVhL~qJ~OT ~- 

~~__~ __.--~ 

c 
c Pmtm-- 
c 

PR1T\r-!-TlJo --'-- .- 

100 FORMAr(lH0,25X,54H~ET PROR~JCTIVITY,GRANS 0X~dfN PER CUBIC METER PE 
+A iiOUKp- 

lcPL=2 
c 

;-.. -..-- SCALE AND PRINT PRODucT;ON AXIS 

IF(VIlAX.LT.A.5,AND.VYIN,GT,-l,0) GO TO 60 
b?11m=2-;(rpp 
v:lAx~J,Q 
pqrrt[rr- 

102 FOW',T& ,15X~4~-2,0,14X,4H-l,Q,~4X,3H~,O,~6~,3~~,o,~7~,3~~,~, 
_- --Tr7Xt;l+iJ VI - 

GO TO 7; 
--- 6f KPL.I-- 

PR!NT 101 





,JHJ=w 
TSkVrcPLPT 
X'IX c p O~fiT~~~~ ~- ..-~ ~.-__~~~--- - - - -- ~~~ - 

XV?L=6,0*CPLoT 
UE'1NS-VMIN 
VMAXS-VMAX 
1 MfNi-Ir\lT TVtjl-K)mm 
Iv/,x= IIVY ( v"IAx+I " 0 ) 
VMIN=IHIY 
UMAX=IMAX 

E SCALE CONCENTRATION AXIS 
c 

DY=tVflAX-VNIh)/5,0 
Y(k)'VMIN 
DO 11 1:2,6 

11 v(I)=Y(I-l)+cY 
XV~LC:n,O )( Ac y= ";a~ --..-..-- 

__ +&!&gLOIr ----. ~~~~~~~ _____-- 

100 FORMAT(1H0,35X,42HOXYGEN CONCfNfRA~ION,GRAMS PER CUBlC METER) 

c" PRINT CONCENTRATION AXlg 
c 

P INT IO1,Y(l),Y12~,x(3),Y(41,Y(5),yL6) 
101 Fs 0 nAf(lex,arrs,i-;m)) 

A20 



60 TG 1 4 
90 X,X-24, il 

GO Tr) 80 
113 PRINT-Y$S,Lm,:E -- --. ~- -- ~~~ ~~~~ -. --- 
114 00 lY5 t,i,a 

-----TCLE mwz!zEm(L) -- 
LINEfICLEANJGLANK 

iI5 CONTINUE ~~~ 
LI~~Etl)tnOT 

$16 GoNq!ftfE-.-- - 
VMllNIvHlNS _- -VMAXmVMhxS . 

CPLOP=TSAV 

A21 



c 
I: CALCULATE HAX!MUM VALUES FOR PRODUcTIPN AND RADIATION 

c 

c 
; PRINT TITLES 

SCALE PHOEUCTfDN AXIS 

A22 
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Table Al 

Definitions of FORTRAN Variables 

FORTRAN Identifier Definitions 

AK 
D 
DO 
DRAD 
DS 
DT 
Fl 
F2 
KO 

KODE 

PRES 

START 
THRS 

Alphanumeric problem identifiers 
(e.g. date) 

Reaeration coefficient 
Residence time 
Downstream oxygen concentrations 
Downstream radiation 
Downstream temperature 
Data sampling interval 
Time of sunrise 
Time of sunset 
Number of Fourier coefficients 
Code for radiation = 0 if no 

data are available, = 1 if 
radiation is measured at the 
upstream station, = 2 if 
radiation is measured at the 
downstream station 

Operation code = 2 for two sta- 
tion method, = 3 for single 
station upstream, = 4 for 
single station downstream, = 1 
for all of the above 

Number of data points 
Number of days of data to 

process 
Atmospheric pressure in millibars 

corrected to sea level 
Starting time 
Threshold value of radiation 

below which radiation is con- 
sidered zero 

Upstream oxygen concentrations 
Upstream radiation 
Upstream temperature 



Table A2 

Cards For Input to Flowing Water Program 

Card Number Variables Format 

1 

2 ALl,AL2&3,AL4,AL5 

3 KODE,KRAD,THRS 

4 D,DT,PRES,N,KO 

5 AK,START 

6 through N+5 US(I) ,U(I),~~(I) 
N+5 through 2~+5 DS(I),DO(I),DRAD(I) 

2~+6 Fl,F2 

12 

5A10 

212,FlO 

3F10,215 

2F10 

Free field 

Free field 

2FlO 

m 
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APPENDIX B: STANDING WATER, DEPTH AVERAGE PROGRAM 

Input 

1. Definitions of the FORTRAN variables are given in Tables Al 

and Bl and the order in which the cards are read and the appropriate 

formats are given in Table B2. The first card (NUMB) is required only 

before the initial day of data and the last card (Fl,F2) is required 

only if radiation data are not available. 

Listing 

2. A listing of the computer program follows. 

output 

3. The output from this program is similar to the output from the 

flowing water program (Appendix A). Figure Bl shows examples of the 

line printer plots. 

4. Subroutines DECOMP, SOLVE, SING and RADPLT are also part of 

this program. Listings of these subroutines are given in Appendix A. 

Bl 



C 
~- 

C THIS PRO~RAH CALCIILATES @TEs OF PHOTOsYNTHESls 
c IN A Rl'&R 

__ .- AMD_~ESPIRATI~N 

GEU'?GE H. 
COMMuNITVm-ING A METHOD OEVELOPED Ey HAHLON G, KELLY, 

c HORNBERGER, AND 8, J, COSBY AT THE DEPARTMENT OF ENV ~~~ 
c IRONMENTAL SCIENCES, UNIVERSITY OF VIRGINIA, CHARLOTTESVILLE, 
c 
c 
d 
C 
c 

-IT 

VIRGINIA, THE PROGRAM WAS WRITTEN BY GEORGE M, HORNBERGER AND 
VIRGIdI4 HENDRY OF THAT DEPARTMENT, THE SUBROUTINES DECOMP, 
s@L'/6 A?Ju SING WERE COPIED, WlTH SLIGHT MODIFICA~ONS~ FROM COMPUTER 
SOLUTIohf-Cf LTF$~T--ALGERRAICSYSTEMS BY GEORGE E, FORSYTHE AND 
CLfVE P, r0LER tPaENTICE-HALL, 1967), 

c 
c MOnIFICATION FOR STANDlNG KATERS'AVERAGE OXYGEN BUDGET. 
C THE MASS SALANCE EQUATION FOR OXYGEN IN STANDING WATER MAY 
C BE~PRESF~~TED RY THEEGUATIONp--- 

- 

-+-- 
I R/DT=K*(Cs-CSURF) * (P-R) 

C 
C 

-~~-~~FiTRT~r,'RAR~=~~~~~~~~ --- -- -- -____--- 
AVERAGE CONCENTRATION (ENTIRE WATER BODY) 

C SATURATION CONCENTRATIO!i (SURFACE) 
C. 
r K : REAERATION COEFFICIENY 

c" 
P-R : NET PRODUCTIVITY 

c T~-PD!CTIV!TY M-BE REPRESENTED By A FOURIER SERIES 

&--.- -. 
P-7;-^-J-ij/y t SUM mN=1 TO KO~N*COs(N*K*T)) 

c 
, kfH'-RE AN = EtFlOIE~ I Ts 

c w p PI/PERIOD OF DBSERVATfON -- - 
c T = TIME 
c 

--THECTTrEREmALEO(lATlON M ( 
d 

AY BE SHAVED USTN4 KNOWN 
S~IRFACE VALUES AND THE PREDICTED VALUES OF CRAR MAY 

C SE COMPARED WITh OBSERVED VALUES, 
c 

B2 

I 
- - 



i3 - 
c 
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(: CAVGcAVERAGE CflNCEh!TRATfON(GRAMS/CURIC METER) 
- -.__ 

c CSURF=SkEFACE CONCENTHATION(GI~AMS/CUt3IC METER) 
-p--7mP.SLJRI. Act c TEMP~ATURE~D~S C~PIARADE) ______- 

&----.--~- RAD=HADIATIQN{LANGLEYS) 

hl?') FnnMAltY) 

c-- --- &CKLCUT;ArTL(E IRT~mAL OF RADIATION OVER THE INTERVAL FROM SUNRISE 
I: TO SY $ISET, ('SING THE TRAPEZDIDAL RULE 
c 

.- 

B4 



r-0 Tr) 740 
730 ;FW?J.l) GC TO 740 

_ . . - ,. . ..r 

Yti UN)) 
GO TO 949 

948 Pti1N.P YB> 
965 FORMAT(kH rllX,4~T~M6,3(2X,13HCONC~~TRATlON)~6X,9HRA~~ATIO~) 

c 
c PRIIJT CoNCENTpATIFN DATA AND TIME 
-- 

949 DO 9YO I=ltN 
rF(mAD r'k Q I'0 TO 9 00 
PRINT *;~S:T~~;I),CAV~(I),CSURFOICS(~) 

ltJO= FW?AT( W 14F1=-4) 
GO ‘\o 9h 

~~b,fIN~Ii,i‘~~~,,~t((),Cs(~),n4D~~) 
1.006 FORMAT(iH ,5F15.4) 

PW IUT ’ o*TJ 
F'RIhT 5001,ALi,AL2rAL3tAL4,ALS 

PSIRIT 1100 

B5 



9~1 YSl'd(I,J, -~Ih(IsWaTIMtJ)) ;l)zi~l-,~. _ -.- - -.--- ----.-----~-- --~ - _-------~ 



I 
- 

1 
i 
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r 
'8005 P~lptT 8066,ALl,ALZrAL3,AL4,AL'5 
5066 t[)-RMAT(lHl,27H****tr SUMMARY 

PRINT 807QrAK,KO 
**b*'@,5X,5Ald,///) 

t)O71! FFWhTZ5T-I imR;9TION-,F!,,Z 3 
PRINT "07&hET‘ 

I XailHPA AME ERS-,I 9 

8071 f-gKFIAT(&YC 25X ,l"IiNET PRfJDL'CTIONg3X,F7,2i3X,36HGRAMS OXYGEN PER tiU 
+PIc METER LER DAY) 

kK1 T 0 f EA 
8072 FDH~AT(~H2:~:X,~2HRESPrRATION-,5X,F7,2,3X,36HGRA~S OXYGEN PER CUBI 

+e: NETER PER CAY) 
PRlE!P eU'3,PGRlrS 

5074 FU'fMATflY 25X 1bHTDTAL RADIATION-,lX,F7(2,3X,UHLANGLEYS~ 
SLDPE.PGRO~a6010/R1NT 
PRINT BP75 SLOPt 

8075 F3PyAT(1YO:25X,6qS~OPE -,6X,F7,3,5X,36H(RAT!O OF GRDST PROD. 70 TQf 
*AL RAP,!) 

PR!hlT 8076,GPROD(l) 
nOTo tORt,AT( H 3'X,F'.Se~X:1'HtFROM REGRESSION)) 

PRI;T 8;77:GPROD(2) 
tjOf' FDRMATf~H ,2bX*hOH!NTERCEPt-,2X,F7,3) 

PRIhT 8978,QPRa (3) 
8036 FL'HM'tT(lH ,25~,12HcO~1 ATION-,F7,3,/////) 

q 
- - 

m - 

!! 

I 



SI~RHCLJTIN~ SATV?AT(CS,T,S) 
c 
c TH:~ SUS~GUT~ALCULATESTHE SATURATION CONCENTRATI~JN OF 
c 0xvGEru FROM TEMPERATURE AND SALINITY DALWS 
c 

15 CS=SX+(SZ-S~)+(S-l4,46)/34,3 
v E T u It IN 
E I\! r, 

I 



*--.- 
-m"m~INs PAPA14 CALCIJLATES THE VALUES OF THE FOUQIER COEFFICIENTS -*. AU 
(PgRAYETEQS), THE COFFFICIENTS MUST--BE CH(jS;N ii iI;IiiiE iH.E 
(:IHULAtlVf ERW FXF'RF?7%fDTST SUM OF S9UARED ERRORS BETWEEN _-- ,. 
?rlSFRVEU hCiD CiLiULbTFij ~Otik!Sl 'REAb' CONCENTRATIOYS, WHEN PAaTIAL 
UEbIVATIVES OF THF EHQDR WITH RESPECT TO EACH COEFFIC1EklT ARE 
FORMED :.Ni: SET EQUAL To ,?!Efii~ SYSTEM OF LINEAR EQ'JATUONS~ 
FC7U!lD, YJpjICH WAY TbcFN RE SOLVEn~-f?PT1MUM VALUES FOR Tiippp-m 

Pl;rll=UfrU 
D 0 f. 0 I i 1 , h,l 

1" B(1 l)=t3(1 %)+TIp(I)/Z,O 
00 i1 K=2;;0 

I, 
r -~t-~~~TO Smvi= TqmTEM m LfNEAR EQmATInYS Hv GAUSSIAN 
r Fl,!k;I~\IA~ICN. IF A SIVGUiAR MATRIX IS FOUND, STOP EXECUTION, 
71 
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.-._-_. 

I: 

c 
c 

t 
I: .--_ _ 
I: 

-__- ~- 
-- -s~Je~CJUTINE COtlPARi?AmTES PREDlcTED CDNcENTRATIorJS-US-iNG THE 
---- ;OUATION FOR DOWNSTREAM CONCENTRATION, ---.--~ ERROR IFJ CALCULATION IS 

XPRtSSEIJ AS -SUMOF ST~UARED ERR~HETWFEII oes~f?vEfi~A%r 
CALCULATED DOhNSTREAM CONCENTRATIONS, _ ._. --.~ 

OOrMQN/AL/AL1,AL2,AL3,ALS 
CD~Mn~i~/AK,CT,KD,r,~,G1;57t,IlEPtH --__----~~__ 

.-- 

COMM~N/B~START,YSl~~50,10a~,UI~lOO~.~PRn~~~O~~ 

C.qxRAC,kn , -22 - ‘~-I- 
‘10 ALJ,AI 7..Al 3.6 

UO 9 IEXIKO 

_~ _~ -. mg-3-fJ --mFJ --- -___-- 
SiJM(,I)=O,O 
no -lmr2,-&n 

IO SU~(.J,~SU~~J)*~G~M)/{(M-~)QW))~YSIN((MI~~~J) _ - .r) o l~~~'a ~-~.- -.-__- 

CPPED(J)=CAVG(~)+U!(J)*(B(~~~T~M(J))*SU~~J) 
c--- 

-- _ 

lj 
PRINT TIME AND EALC~!LATED AND ORSERVEC VALUES 

li P?In/T 1070,TIM(J),CPRED(J),CAYG(J) . 
z-070 FORF;nTm -;rs;m-#ml7TbKIFr4,~-- - 

c--- CAI;CWL.ATt; A%R--p-f?lPlT m Ut -RR-- - --- 
c - 

z-=T,r- - ___ 
DO 15 J:l,'\J 

109 TiME=TIYE-24;O 
GO TQ 108 

110 cO'JT!F!UE 
RETUR& 
E t./p 
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I 
- - 

a - 

I 

YUtlmTIvt INTERPIMATI,N,TXMIKT,DT #MATOt 
C 
c THIS SUBROUTINE CTLCULATES REGULARLY !iiPACffD VALUES OF A 
c QUANTITY FROM ERRATICALLY SPACER INPUT VALUES, 
c 

REAL MATI(N),MATPcKT),TIMcN) 
DO itIll 1'1 Kt 

201 MATW)SO,~ 
NITrKT 
IT=0 
DO 1 J % KT 
rJ.cJ-;,:oT 
IF(TJ LE T #( 7) I 0 2 
IF~TJ:GE:Th4& G: ;D 3 
so TO 

2 HATO(J:gMATI(iI 
IT*IT*l 
GO TCI 1 

a 
NIT*NIT-1 

1 CONTlNUE 
NN .i\l-1 
uu y 181 rw 
IA=(PIM(i )/DT)*lvO 
I8 (TIM{1 
*A *Ed 

l)/DT) 
*A**! 

1 90 

It(1 EU N 1) 1 aNIT 
WA$IA';=;;ATI (1 B 
NATO -ATI I*kl 
IN&-IA ( 
IftINT tO U) 00 TV 9 
DlFFrc~AT~cSe)-MATDctA))/1Nt 
IPmp Nt 0 0) U[T 7(T $3 
DO 12 K:IA;Ii 

iz MATWMAW(IA~ 
GO ‘ra 9 

15 IINT IN-f 1 
DO 8fJ.i'IIINT 
~A'rU(J*IA):J*~*I#ATO(IA) 

8 CO~ITINUE 
Y m\llJh 

DO 2QC I,l,KT 
~ATIO)tMATOtI) 
RETURN 
krdv 

I 
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The remainder of this subroutine is identical with OXYPLOT 

listed in Appendix A. 

SUBRoJTIuE PLOT(~PT,VAL~,XVAL,CPLOT) 
~-~ ___-__ 

c 
C 

______ ____---~-~~ ~- ___ 

I: 
T'{IS sUPRCUTINE PLOTS OXYGEbl PRODUCTION ACiAINsT TIME, 

CU~~~O~~/A/A~,CT,KU,~,N,W,KT,DEPTH 
- 

C@'i~~r~~~8~STAQT,Y~1~~5O,lC~l,UI(i~O!,DPRCDf~O6, 

The remainder of this subroutine is identical with PLOT 

listed in Appendix A. 
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Table Bl 

Definition of FORTRAN Variables 

FORTRAN Identifier 

CAVG 

CSURF 

DEPTH 

RAD 

SAL 

TEMF 

TIM 

Definition 

Average oxygen concentration over 
depth 

Surface oxygen concentration 

Depth 

Radiation 

Salinity 

Surface temperature 

Time at which data are 
collected 

Table B2 

Cards for Input to Standing Water, 

Depth Average Program 

1 NuME 

2 ALl,AL2,AL3,AL4,AL5 

3 KRAD,THRS 

4 SAL,DT,PRES,N,KO 

Card Number 

5 

6 

Variables 

AK,START 

DEPTH 

7 through N+7 TIM(I),CAVG 
TEMP(1) 

(1 ),CSURF(I 

Format 

12 

5A10 

12,FlO 

16,21~0,215 

2FlO 

FlO 

Free field 

N+8 Fl,F2 2FlO 

I 



10
 

AU
GU

ST
 

19
67

 
LO

CA
rIS

h 
1-

l 
SA

YP
LE

 
lN

TE
i?

PO
LA

TE
D 

VA
LU

ES
 

FO
R 

OX
YG

EN
 

AN
O 

SA
TU

RA
Tl

Oh
J 

OX
YG

EN
 

CO
W

EN
TR

AT
IO

N,
GR

AM
S 

PE
R 

CL
'S

IC
 

nE
TE

R 
7,

u 
7,

6 
8.

2 
a.

0 
9;

6 
(0

.8
 

*..
...

...
,‘.

...
...

..*
* 

. 
..I

...
...

 
.*.

.ll
..*

 
. 

. 
. 

. 
. 

. 
. 

. 
. 

. 
. 

. 
. 

. 
. 

. 
...

* 
"'&

" 
,*,

*,*
. 

i..
,;*

..Y
.,.

:..
*'~

 
,a

...
,. 

i. 

0”
 

c1
 

S 
0 

0 
: 

0 
S 

3,
co

 
HR

S 
; 

0 
S 

0 
s 

-. 
0 

S 

0 
S 

0 
S 

__
-. 

6,
OC

 
HR

S 
i 

0 
S 

0 
-- 

- 
a 

i 
@

 
S 

- 
0 

s 

9.
00

 
Ha

s 
i 

0 
0 

E 
0 

5 
0 

S 
OS

 
s 

0 
S 

0 
S 

0 
S 

0 

-a
i 

SS
 

” 
- 

0 
m

 
S 

-F
t- 

15
.0

0 
HR

S 
; 

s 
S 

4~
. 

-. 
s 

0 
S 

0 
._

~~
 

._
__

._
~ 

_.
~ 

S 
0 

S 
0 

lR
,C

O 
HH

S 
i 

S 
0 

s 
B 

S 
0 

s 
0 

-- 
OS

 
0 

S 

21
.0

0 
AQ

S 
b 

0 
S 

0 
S 

__
__

_~
 

0 
S 

0 
S 

-. 
- 

0 
s 

Fi
gu

re
 

Bl
. 

Ex
am

pl
e 

of
 

lin
e 

pr
in

te
r 

pl
ot

s 
fo

r 
st

an
di

ng
 

w
at

er
 

de
pt

h 
av

er
ag

ed
 

pr
og

ra
m

 
(s

he
et

 
1 

of
 

3)
 



-g
, 

p 
: 

P P 
’ 

- 
..~

 
--

 
- 

~_
_ 

6,
OO

 
HR

S 

~.
_ 

__
 

9,
oo

 
HR

S 
.--

__
_.

.- 
- 

- 

; P 
i 

P 
P 

: 
_~

-.-
. 

._
._

. 
- 

._
^. 

P I 
p 

--_
 

P 
P 

P 
P 

P 

m
 

P 
N-

-- 
P 

15
.O

C 
HR

S 
* 

P 
P 

, 
P 

- 
.~

 
- 

I 
P 

P 
P 

la
,0

8 
PR

S 
: 

.-,
F 

p 
--.

 
p 

*-
- 

- 
-. 

p 
: 

- 
- 

21
,O

O 
HR

S 

P P P 
P 

24
,O

O 
HR

S 
P 

b 
__

 
..-

 

Fi
gu

re
 

Bl
. 

(s
he

et
 

2 
of

 
3)

 



NE
T 

PR
OD

UC
TI

J!T
Y 

VE
KS

'IS
 

RA
DI

AT
IO

N 
IN

TE
RP

OL
AT

ED
 

VA
LU

ES
 

FO
R 

RA
DI

AT
IO

N 

W
ET

 
PR

CD
UC

TI
VI

TY
, 

G
RA

M
S 

3 
XY

iE
N 

ER
 

CU
BI

C 
>E

 
E 

H 
PE

R 
HO

UR
 

-0
.3

0 
-0

.1
2 

0,
06

 
0,

?4
0;

42
~~

~-
~~

~~
~~

- 
Il.

60
 

---
- 

~~
 

.-.
- 

~ 
*..

...
,..

,..
...

...
..~

..,
...

...
.;.

,..
...

.~
 

.*.
*,*

..*
..*

.I,
,..

? 
~.

...
...

.,.
..,

,.,
...

P 
..:

.,.
‘..

.;.
..r

...
.* 

,h
-0

66
0 

10
 

06
59

 
B-

07
PO

 
TO

 
07

59
 

0.
09

 
LY

S 
1 

e-
08

80
 

TO
 

08
49

 
A 

B 
B-

09
10

.1
R~

Q9
19

 

0.
18

 
Lf

S 
; 

E-
10

00
 

TO
 

10
59

 
F-

11
00

 
IQ

-1
15

9~
 

N 
6 

G-
12

00
 

TO
 

12
59

 
W

-U
rn

35
9 

0.
27

 
LY

S 
. 

I-1
40

0 
TO

 
14

59
 

M
 

J-
15

09
 

78
.1

55
9 

C 
K-

16
00

 
TO

 
16

59
 

0.
36

 
LY

S 
: 

M
 

LA
70

0 
JO

-1
75

9 
H-

la
00

 
~0

 
18

59
 

t: 
N-

SD
0 

TO
 

19
59

 
0.

45
 

Lt
s 

* 
L 

O-
20

00
 

TO
 

20
59

 
!a

!-c
Ql

wl
Nc

 
P R

lN
ltS

 
D 

0.
65

 
LY

S 
; 

B 
L 

I-"
 

0.
72

 
LY

S 
: 

E 
14

 

0.
90

 
Lt

s 
; 

0.
99

 
LY

S 
i 

1.
08

 
~9

s 
i 

K 
F 

J 
Jl 

G 
IH

 
H G 

Fi
gu

re
 

Bl
. 

(s
he

et
 

3 
of

 
3)

 



APPENDIX C: STANDING WATER, DEPTH DISTRIBUTION PROGRAM 

Input 

1. Definitions of FORTRAN which have not already been given in 

Tables Al and Bl are listed in Table Cl. The order in which the cards 

are read and the appropriate formats are given in Table C2. The first 

card (NUMB) is required only before the initial day of data and the 

last card (Fl,F2) is required only if radiation is not available. 

Listing 

2. A listing of the computer program follows. 

output 

3. The output from this program is similar to the output from the 

programs described in Appendix A and Appendix B except that output for 

each depth in the water body is produced. Example output is shown in 

Figure Cl. 

4. The subroutines DECOMP, SOLVE, SING, OXYPLOT, PLOT, and 

RADPLT, which are part of this program, are identical with the subrou- 

tines of the same name in the program for average productivity in 

standing water (Appendix B). 

Cl 



THIS PROGRAM CALCULATES RATES OF PHOTOSYNTHESIS 
I r4 L KE OMMUNlTY USIN 

AND RESFIRATIB'N 
G A METHOP DEVELOPED RY GFORGE M 

l&13E~CERCAND HAHLDN G, KELLY OF THE DEPARTMENT ;F ENVIliON- 
mmAL SCItNcES UNIVFRS1TY OF V1RG1 

VIHGI'NIA, 
NIA, CHARLOTTFSVILLE, 

THE ~RAGRA~ WAS WRITTEN RY GEORGE HORNRERGER 
AND YIHGIhIA HENDRY OF THAT DEPARTMENT THE SUBROUTINES DECOMP, 
SOLVE, ANC SING WERE COPIED WITH SLIGH: MODIF1cATlONS FROM 
cCMRUT R SOLUTION OF LINEAR ALGEBRAlC SYSTEMS BY GEORGE E. 
FOR& AND CLEVE R, MCLER (RRENT1CE'HALL, 1967), 

'IXYGEN MtASUtMtN 
UY A CONSTANT VE%;$L DISTANCE 

t TAKEN IN A LAKE AT POlNTS SEPARATED 
THE RATE OF CHANGE OF DXYG_EN 

CO'JCENTRATTON AT A DEPTH I MAY &? REPRESENTED By THE 
EQUATION 

kHtRt C(1) 8 CONCtNTRATIDN AT DEP H I 
DVtI) = DISPERSlON COEFFICIE:T AT DEPTH 1 

2 a DISTANCE DtP H 
(P-Rt(!) = NET PRODUC;&TY 4T DEPTH 1 

THE EQUATION FOR THE SURFACE LAYER MAY BE WR1TTEN 

pc(i)/DT i 20DV(1*1/2)~c(2)/21+2 F t2eKcDV(l+1/2) 
/(UV $1 
,D”f:,):: 

$1, CS - (2 UV l~~/Z)/z*'Z)r(l-(K~z) 
(1; + W&ij 

K : REAERATION COEFFICIENT 
CS = SA'PURATION CONCtNTRATION 

ITY Al AN?-DEPTH MAY RE REPRE!?tYTtD BY A POURER 
SERIES 

P-R = AD/2 * SUM FROM N=l TO KO OF (AN~cos(N~W*T)) 

wHERE AN = COEFFICIENTS 
w IUD Ut UmATlON 

T D T'TME 

THESE EQUATIONS MAY RE INTEGRATED EXACTLY AND SOLVED; 
USIN WBS KV nNC NIH TIO!$S OR TW OURIER COEFFICIENTS 
SO TEAT s"Co~?I~UOU~ FUkCTION'FLR NET~P!~ODUCT~V~TY MAY 
Ht CALCU A C A 

Ir;rEF tX(‘HANGE WI H BUT OM tUItff% CANNOT Rf DFFINt-II 
:O PRODUdTIV1TY E:TIHAT:S A;E MADE%? THE eOTToi LAYEi, 

c2 



I 

I: READ IN NUMBER OF DAYs TO RUN 
r: 

READ i9;vUMB 
19 FORMAT(I2I 

YCYKaO 
c 
c READ IY ALPHANUMERIC CHARACTERS FOR LOCATfoh! ANII DATE -- -. ___~ 
C 

9000 READ SOBO,ALl,AL2,AL3,AL4,AL5 _ 
5000 FORt'lAT~!iAIO) 

c 
C REAII IN OATA MODE INFORMATION 
c 
C KRAD:O N~IATI~N DATA AVAILAQLE 
c *l RADIATION MEASURED -__- 
c 
c THRS'THRESHOLD VALUE FOR RADIATION 
c 

REID BOiKRAQ,THRS 
s FORMAT(I2,F$q,4) 

C 
C READ I'v LrTmmESS OF LAYERS 
c DT=I)AI'A INTERVAL 

E 
PHES=ATMoSPHERIC PRESSURE 

K~NUF"RER OF DATA POINTS 
C~amw? ni PA?tAwm 
c LX_SNUQER OF DEPTHS ___________- -~ 
C 

READ S,~,DT,PRES~N~KD,I~ 
5 FORHAT~~F10,0,3!5) 

IXS~IX 
c----- 
C READ IN RKEREAERATION COEFFICIENT - -- 
c STARTaSTARTING TIE 

__- 

C -_ - 
E 9 lOiRKaS?ART 

10 Fo~MAT(~F~o.u) ~...._ - -r--- -- 

c3 



I 

F --’ 
.-.- ---- 

Do 220 Kal,Ixs 
CS(K)=bT5--- 
DV(K)=O,O 
06 2n J=leN 

-_---- ~__.~ ---.. - -. 

220 DOrJ;K):O,o ._. Ta 221 Js1,t.J .-- .-. 

721 RAl)(J)=B,R 
c 

_- -. 

c 
c 

READ IN DI$'E~sION COEFFICIENT FOLE~CH DEPTH (MEIE_R_s.sQUARED PF2 EFaLLB --- __ ) 

IXrIX-1 .-__. 
00 6Ki -Ix 

~. 

601 ~V(II=(UV(I)+DV(l+a)r/2,o 
i: 

- - _ _ . 

c HPAD Iii' TE~PERATIJIE f!?ECREES CENTIGRADE) 
c 

-~ 
QAfiIAfm IF t%~~~~(LA\GCFYS) 

c 
6100 FOm\IT-.. -- 

__-.~- __--_ - .~.~ --- __~~~. 

no 602 I=l,N 
TF(mmo; 0) WAD 6100 rsf 1 - - .- -_ 

692 IFfKHAD,GT.0) READ 6100:dStI;,RA"fI) 
-c 

.___-- ___-. - __ ___--- 

c HEAT) IN O)rYREN CONCENTRATIONS lGRAHs PER CuRIC METER) 
1: 

- .-~-__ A- ____ ---.----~--- 

c IF h10 RADIATION DATA TS AVAILABLE, READ IN TIME OF SLINRISE AND SUNSET 
c -__-___- 

__--__ -____ ~.____ 

c4 
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C 
c CONVERT TEMPERATURE TO SAllJfiTION CONCENTRATION OF OXYGEN ___- 
C COHRbCT SATURATION FOR ATMOSPHERIC PRESSURE 
C 

CORRfPRhS/i013.25 
619 II0 7R l~l,u 

CS(I A), )' -A~*CS(I)+A~PCS(!)**~+A~*CS(I)**~- AS4CStl)4*4*A6rCS(l).r5 
70 OS(I)=CS(I)*COHR 

c 
e CALCULATE Tt'E' IbiTEGR L OF RADlflION OVER THE INTERVAL FROM SUNRISE 
I TO SU'JSET, mcT!DAL RULE 
c 

RINTTO,O 
IF(KRAD,EQ,Qj GO TO 750 
IF(RAD(%).GT.TWRS) GO TO 750 

*naog DO ab I=lnN 
IF(RAD(I),LE:THRS) GO TO 73U - 
IF(I1,GT,I) IlrI-1 
RINT=RINT+(RAD(I-~)+RAD(~)),DT 
12=1+1 
GO TO 740 

730 !F(I,EO,l) GC To 740 
IF(RAD(I-l),LE*THRS) GO To 740 
RINTt!RAJ(I-P)+RAD(lT)raT*RINT 

741! CONTINUE 
!F(II,EQ,O) 11'1 
RINT*H!MT*40;0/2.0 
IF(RbJT,EQ,g) KRAU.0 

750 CONTINUE 
00 555 II.l,,IX 

c 
C PRINT HEADIhGs 
C 

PH!NT ha00 
4000 F~R~AT(1H~,50H0o~oooo~oo~o~~o0*ff~oo~~~~~O~oo~~o~~~o~oooo~~0~4o40~ 

PRINT 1040 
104U FOR~AT(lH0,50H+o~~~~~o~~ff~~~~~~~~~~~~~~~~o~~~~~~o~o~~o~oo~~~~~~~~ 

1070 ;%!:T;$!" ::lHNET FRODUCTI~ITY=DEPTH,I3,//) ‘8 
PRINT 

$ 
040 

P411\1? onl,ALl,AL2rAL3,AL4,AL5 
5001 Fi)e~ATflIi ,5Al0) 

PRINT 1040 - 
r 

AK:2,0~V(l)/i?4*2 
AuaAKatl,-RKaZ/DVl) 
IF(II,GT,I) AK'(DVIII)+DV(II-l))/Zaw2 

= " * ) 
c 
c SmIW F*AM C LCUlAl :, IH V LL! S O 

!PARA;q&:~R$Y A ' E E A E F 
T 

C 
HE FOUFIER C"EFF!CI E NTS 

c5 



a - 

I 

i.JKeIl 
CALL PARAMfJK? 

c 
c PRINT VALUES OF PARAMETERS 

PRINT 1820 
1020 FoRMAT(~H0,~7HPARAHETER VALUES-) 

1030 t'UHMAT(lH ~212X~El5.8) 
PRINT 1840' 
PRINT 1850 

1050 FORMkT~1HO,2OllOXYGEN CClNCEkTRATION) 

,QWPRE!JlCTED,1lX,4HOI3SERVED) 
IFCII EO ) PRINT 0 

1061 FORMA;(~~~,~~XI~~HSA~~P~T~ON~ 
I; 
c 

c 
C 

SUBRO~JTINE COMPAR CALCULATES DOWNSTREAM OXYGEN CONCENTRATIONS FROM 
URSmtAY CATA AND COMPARES CALCULATED AND OBSERVED VALUES 

CALLK) 
c 
c 

LEI:GTH 67F THE :~:ERVALS TO'CALC~?LATE HEAN RESPIRATION 
INmA E PHDD f ION OVER HE D RK INTERVALS ANn DIVIDE ST THE 

C 
FI 
b 

RMEANaO,O 
IF(R-fiDt% GT THRS 
QR.Il+N-ii ' ) 

GO TO 21' 

lt(QRetU10) CR31 

/lZ HMEAm41+PRDDiI I‘r 
RHEANIRMEAN-(PROD(;,~~)*~RGD~~~,!~)+PROD~~2,~~)~PRGD~N,~~)),2,~ 

0 /'JR 
C 

Alt Ntl AelI Gw U F mGE" 
C 

217 PYt DAT&GII) 
PGi$.PWET-RMEAN 
IF(KNAnrGt,%) GO TC 9 

C 
G rKiNT ~~UCULT~ON, ~~ATICIN AND RADIA TITAN DATA 
C 

??iii TV mtAiY m 
8 FORM:T(;H&NET hRODUhON :,F7,2,3X,~2HRESPIRATION~,F7,2r3X,~7HG 

AUlArlmTA AVAILAkILt) 

60 TO 214 
YPafmt;c?JIl 

213 Fo~flAT&,~5t&T PR~DUCTI~N~,F7,2,3X,l2kiRESPIRATION~,F7~2,3X~l7~G 

c6 



CALCULAT6 MAXIMI'M AND MINIMUM VALUES FOQ CONCENTRATION 
C 

'/ti!Nr~000 t 0 
YdAX =-1000,O 
DO 510 J=1,N 
If(DO(J*II),LT,VMIN) YYIN=00tJ,II) 

510 IF(~!~(J;II).GT.VMAX) 
c 

VMAX=@O!J,II) 

t CALL SU2@'UTINE TO PL@T OXYGEN CONCENTRATION 
c 

PRlNT 6001,ALlrALZ~AL3rA~4,AL~,II 
6001 FOR~hT(lHl,5~10,5 AND SATURATION AT DEPTH,I3) 

fJ0 570 K=lrN 
59[) I~~MMY(K~=D'I(KIII) 

CALL O%YPLOT(NIDU~MY,CS,~.O,~T,VMI~~,VM X NIX JK) p-AL--L---- -~- 
.c 
c CALL SW@UTINF TD PLOT OXYGEN PRODUCTIDN 
c 

PRIldT 6QOZrALl~A~-ZrAL3,PL4,AL~, II 
6Orl2 FOR~AT(~~a,5410,23WNET FRODUCTION AT DEPtH,I3) 

00 591 K=lrN 
591 DUMMY(K)=PROf[k,II) 

rALL PLOT(?I,cUMMY,NIK,3,@,DT) --~1l!--------~ ~~~~ ~~~~- -.-- - 
I: 
c CALL SUHRCUTINE TO PLOT RADIATION AGAINST PRODUCTION 
c 

IF(KRAD.'JE,Q) CALL RADPLT(N,DUMMY,RAD,sTART,DT~ 
c 

L’woo5 110 5h0 1=1r2 
RR!rlT R966,ALI,AL~,AL3,AL4,AL5 

8066 FORhAT(11~1,27h~os~r SUMMARY a+ooo,5X;5AlD,///) 
TRmTWT, II 

- 

8067 FOENAT(lH0,5HDEPTH,I3) 
PPIrjTAT 

~-___ 

8071 FORMAT(1Y0,25X,14kNET PRflDUCTlON,3X,F7,2,3X,36HGRAMS OXYGEM PER CU -. -...-~ -.~ 
*RI': vETGR PER DAY) 

PP:NT 8072,RvEAk 
Tm2 FflQM~mR-~~~SPI~~TI~Um-,TiX,~;P,~,~~RAMS o%'fGE~PER EuhT 

+C ,,E:EQ PER CAY) 

C7 



PRI/\T-~~U73,PGRD~ 
8073 Fr)PVAT(lH ,25X$HGROSS PRODUCTION-,F7,2,3X,36HGRAYS OXYGEF4 PER CU 

+RIC rlETEHrERBAY)-~ ~~~~~- 
--.. __- 

IF[KRADI~O,Q) GO TP 560 
PRJ!tiT n0'4,RIhJT 

-._-~ - --~___ 

9074 FORMAT (1H ,25%1l~HT0fAL PADIATION-,lX,F7,2,3X,&?HLANGLfYS) _ 
-cLliPE-PCHO$a6@,O/RINT 

. . _ .- . ..~ 

PRJiiT 8075,S~OpE 
-dofl FC)RMAT(~I~?,~~X,~HS~~~~~XX~F-~~~~~(~~O~SJ PFoD, Tom 

+AL RAP,)) 
JF(IWEXXT,I) ~0 TO 560 

___... -.- 

PYINT eb76,DUMMY(l) 
15076 p!!qMAT( H ~~~~F~,~,TX,IIH(FROH REGRESSION)) 

-. -. ..- 

PRIIJT 8;7&&MHY f 2) 
8077 FOQllhi(lH ,25X,loHIN~E~F~~~-~~7,3) 

PR!EiT 8078,DI~pyY(3) 
9~76 coR1~AT-(-~~;-~5~HCORFLATION-,F7,3r/;/Ti) 

560 COPIT I b4l.l 6 
555 cV'TINUc- --- 

._ - -- 

NCHKeNCHK+l 
IF (NCKR;G-E;AL!IH ) 

-___ 
STOP 

G@ TO 9pflO 
FVD 



I 
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nn~m--DnWh TH~UA-~~~~W-~~~~~STREAC~ _-__ 
C~?!PO'IE'<T PARTS A, Rl ACID GAM 

CONCENTRATION !NTO ITS 

___.- _ . -.- 

1:SlNtISiL)) 
2C CAt'?-E, IS) -,iI3~J2 

~.-- .-.- 

1 

Cl0 



II 
- - 

P - 

1 - 

PfJ tin L=l.,‘l 
80 C(~)*C(I)+~O(L+l,I)-A(L) 

L, 
TT- ~ crlLL:-~~r~~ipCu~I~Es ~0 SnTLVE THE SYSTEM bf-.t!~E~~ EQIIATIONS RY C;nussrm 
I: f;LIYI'JATIPiI c \. IF A SIYGULAH MATRIX IS POUND, STOP EXECUTIOY, 
c 

Cl1 
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Cl2 
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Cl3 



Table Cl 

Definitions of FORTRAN Variables 

FORTRAN Identifier 

DO(I,J) 
DV 

IX 

MR 

RK 

Z 

Definition 

Dissolved oxygen at time I and depth J 

Dispersion coefficient 

Number of depths at which data are 
collected 

Number of depths for which a line printer 
graph is desired 

Reaeration coefficient 

Depth interval 

Table C2 

Cards for Input to Standing Water, 

Depth Distribution Program 

Card Number Variables Format 

6 through 1x+6 

1x+7 through 
N+IX+7 

N+IX+7 through 
2~+1x+7 

2~+1x+8 

2N+IX+9 

NUMB 

ALl,AL2,AL3,ALb,AL5 

KRAD,THRS 

Z,DT,PRES,N,KO,IX 

RK,START 

DV(I) 

CS(I),RAD(I) Free field 

DO(I,J),J=l through 

m 

Fl,F2 

IX Free field 

13 

2FlO 

12 

5AlO 

12,FlO 

3F10,315 

2FlO 

FlO 
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APPENDIX D: NOTATION 

A 

A 
n 
C 

c 
s 
a 

Dv 
K 

P 

Q 

R 

t 

V 

x 

Z 

6 

K 

w 

Area 

Fourier coefficient 

Dissolved oxygen concentration 

Saturation concentration of dissolved oxygen 

Total depth for standing water 

Vertical dispersion coefficient 

Reaeration coefficient 

Gross productivity 

Vertical flow 

Respiration 

Time 

Velocity 

Horizontal distance 

Vertical distance 

Residence time 

Gas exchange coefficient 

2~rl.48 
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In accordance with w 70-2-3, paragraph 6&)(b), 
dated 15 February 1973, a facsimile catalog card 
in Library of Congress format is reproduced below. 

Virginia. University. 
Methods of dissolved oxygen budget analysis for assess- 

ing effects of dredged material disposal on biological 
community metabolism, by George M. Hornberger ,andJ Mahlon 
C. Kelly. Vicksburg, U. S. Army Engineer Waterways Ex- 
periment Station, 1975. 

1 v. (various pagings) illus. 27 cm. (U. s. Water- 
ways Experiment Statjon. Contract report D-75-3) 

Prepared for Environmental Effects Laboratory, U. S. 
Army Engineer Waterways Experiment Station, under Contract 
No. DACW-39-74-C-0030, (DMRP Work Unit lDO4) 

Includes bibliography. 

1. Aquatic environment. 2. Biochemical oxygen demand. 
3. Computer programs. 4. Dredged material. 5. Metabolism. 
6. oxygen. I. Hornberger, George M. II. Kelly, Mahlon 
G joint author. 
Siition, Vicksburg, 

(Series: U. S. Waterways Experiment 
Miss. Contract report D-75-3) 
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