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ABSTRACT 

O'"» 
Buffalo Bayou suffers from low dissolved oxygen/ levels and so cannot 

support a wide variety or large population of fish and aquatic vegetation. The 

low oxygen concentrations are largely due to the in-stream degradation of sewage 

discharged into the Bayou. This study seeks to assess the current water quality of 

the Bayou, and to determine the impact of point discharges, non-point discharges, 

and other factors on stream quality. From data on the stream's water quality and 

its response to various factors, computer models have been calibrated, verified, 

and used to predict future and hypothetical stream quality. Consideration is 

given to the effect of increased sewage discharges, varied levels of in-plant 

treatment, and alternative options of direct treatment of the stream through 

flow augmentation and stream aeration. Conclusions are drawn as to the 

effectiveness of the various schemes for protecting the Bayou's water. 



U 

ACKNOWLEDGEMENTS 

This work would have been impossible without a great deal of help. I would 

like to thank those who have been especially helpful. I am grateful to my 

advisors, Dr.P.B. Bedient, Dr.C.H.Ward, Dr.J.A.S.Adams, and James B. Blackburn 

for their encouragement and criticism. Also, I appreciate the work done by David 

Krentz of the City of Houston, Public Health Engineering, by Jim Fisher of the 

United States Geologic Survey, and by Bruce Hatton of the Texas Department of 

Water Resources in collecting the data that this thesis is based on. Finally, I 

would like to thank Terry Hershey for her financial support of this project. 

Thanks to all for your patience and humor. 



m 

TABLE OF CONTENTS 

1.0 INTRODUCTION 1 

2.0 STATEMENT OF THESIS 8 

3.0 LITERATURE REVIEW 9 

3.1 Stream DO Fluctuation 9 

3.2 Streeter-Phelps 10 

3.3 Improved Streeter-Phelps 10 

3.4 Deoxygenation (K(l)) 11 

3.5 Reaeration (K(2)) 12 

3.6 Benthos (K(4)) 13 

3.7 Nitrification (NOD) 14 

3.8 Photosynthesis/Respiration 15 

3.9 Temperature Effects 16 

3.10 QUAL-H(TX) Streeter-Phelps 17 

4.0 METHODS 18 

4.1 Historical Analysis 19 

4.1.1 stream 19 

4.1.2 effluent 19 

4.1.3 population 20 

4.1.4 rainfall 20 

4.2 Sampling and Laboratory Analysis 20 

4.3 Computer Applications 21 

5.0 HISTORICAL AND CURRENT DATA 22 

5.1 Historical Trends 23 

5.1.1 stream 23 

5.1.2 do/bod 27 



iv 

5.1.3 effluent (permitted) 30 

5.1.4 effluent (self-reported) 31 

5.1.5 effluent (monitored) 31 

5.1.6 population 34 

5.2 Seasonal Variation 36 

5.3 Current Stream Quality 36 

5.3.1 effluent 39 

5.3.2 stream (average) 39 

5.3.3 stream (low flow/high temp.) 43 

5.3.4 stream (extreme high flow) 46 

5.3.5 stream (diurnal variation) 48 

5.3.6 stream (dry weather non-point) 51 

6.0 APPLICATION OF METHODS 52 

6.1 Delineation of Segment 52 

6.2 Hydraulic Relationships 54 

6.3 BOD Rate (K(l)) 54 

6.4 BOD20/BOD5 56 

6.5 TBOD/NOD/CBOD 56 

6.6 BOD Settling 58 

6.7 Benthal BOD 59 

6.8 Reaeration Rate (K(2)) 59 

6.9 Verification 61 

6.10 Sensitivity 66 

6.10.1 K(l) changes 66 

6.10.2 K(2) changes 66 

6.10.3 benthos and settling changes 68 

7.0 RESULTS 68 



. V 

7.1 Predictions 68 

7.1.1 low Q, high T 70 

7.1.2 low Q, high T, 1.5 X 1983 waste Q 71 

7.1.3 low Q, high T, 35 BOD(5) waste 71 

7.1.4 low Q, high T, 20 BOD(5) waste 71 

7.1.5 low Q, high T, 10 BOD(5) waste 71 

7.1.6 low Q, high T, 5 BOD(5) waste 73 

7.1.7 low Q, high T, 10,20,36 BOD(5) base 73 

7.1.8 low Q, high T, 15 DO waste 75 

7.1.9 low Q, high T, 0,2,4,6 DO waste 75 

7.1.10 low Q, high T, + flow 75 

7.1.11 low Q, high T, + flow, + air 78 

7.2 Economic Analysis of Alternatives 79 

8.0 CONCLUSIONS 82 

8.1 Watershed Development 82 

8.2 Waste Load Increases 82 

8.3 Stream Indicator Changes 82 

8.4 Current Waste Load 83 

8.5 Current Stream Condition 83 

8.6 Critical Stream Condition 83 

8.7 Effluent DO 83 

8.8 Effluent BOD 84 

8.9 Flow Augmentation 84 

8.10 Stream Aeration 85 

8.11 Institutional Measures 85 

9.0 RECOMMENDATIONS 86 

10.0 REFERENCES 88 



vi 

FIGURES 

1. Buffalo Bayou Watershed 2 

2. Buffalo Bayou Study Segment 5 

3. Buffalo Bayou Study Segment: Discharges 6 

4. Buffalo Bayou Intensive Study Segment 7 

5. Historical Average Stream DOSAT 24 

6. Historical Low Flow Stream DOSAT at Dairy Ashford 24 

7. Historical Stream DO Frequency 25 

8. Historical Average Stream BOD 26 

9. Historical Low Flow Stream BOD at Shepherd 26 

10. Historical Average Stream TSS 28 

11. Historical Average Stream NH4 29 

12. Historical Average Stream P04 29 

13. Historical Total Effluent Flow 32 

14. Historical Total Effluent BOD 32 

15. Historical Total Effluent TSS 33 

16. Historical Total Number of Effluent Permits 33 

17. Historical and Projected Developed/Total Land 35 

18. Historical and Projected Population 35 

19.Seasonal Stream DO Variation 37 

20.Seasonal Stream Temperature Variation 37 

21.Seasonal Stream Flow Variation 38 

22.Seasonal Watershed Rainfall Variation 38 

23. Current Average Stream DO Profile 41 

24. Current Average Stream BOD Profile 41 

25. Current Low Q, High T Stream DO Profile 42 



vii 

26. Current Low Q, High T Stream BOD Profile 42 

27. Current Low Q/High T Stream DO Profile 44 

28. Current Low Q/High T Stream BOD Profile 44 

29. Current Storm Stream Flow and BOD 45 

30. Current Storm Aftermath Stream DO 45 

31. Current Diurnal Stream DO Fluctuation 47 

32. Current Diurnal Stream BOD Fluctuation 47 

33. Current Diurnal Effluent Flow and BOD Fluctuation 49 

34. Current Intensive Study Segment Stream DO Profile 50 

35. Current Intensive Study Segment Stream BOD Profile 50 

36.Stream Hydraulics: Stream Cross-Sections 55 

37. Highway 6 BOD Sample: CBOD,NBOD/TBOD 57 

38. Chimney Rock BOD Sample: CBOD,NBOD,TBOD 57 

39. Verification: DO 30/6/83 10 AM 64 

40. Verification: DO 30/6/83 6 AM 64 

41. Verification: BOD 30/6/83 10 AM 65 

42. Verification: BOD 30/6/83 6 AM 65 

43.Sensitivity: Variations of K(l) 67 

44.Sensitivity: Variations of K(2) 67 

45.Sensitivity: Variations of Benthos and Settling 69 

46. Prediction: 1.5 X 1983 Effluent Flows 72 

47. Prediction: Variation of Effluent BOD 72 

48. Prediction: Variation of Headwater BOD 74 

49. Prediction: Variation of Effluent DO 74 

50. Prediction: Flow Augmentation and Stream Aeration 76 



TABLES 

vm 

1. Waste Discharges 3,4 

2. Model Schematic 53 

3. Model Coefficients 60 

4. Calibration Data 62,63 



1.0 INTRODUCTION 

The degradation of the upper reaches of Buffalo Bayou is due to the rapid 

growth of west Houston and the lax control of the increased waste discharges 

from that area. The population of the area of Houston which falls within the 

Bayou's watershed has grown by 86% during the period 1970-1980, and the sewage 

discharges to the Bayou have increased in terms of pounds of BOD by 71%. 

Responsibility for controlling the discharges and for protecting the Bayou would 

generally fall to the state agency which allocates a stream's assimilative capacity 

and grants discharge permits, in this case, the Texas Department of Water 

Resources. However, the segment of Buffalo Bayou which extends above the Ship 

Channel Turning Basin was never designated as a water quality limiting stream 

and its assimilative ability never determined(58). Discharge permits were 

assigned without evident concern for their impact on the quality of the receiving 

stream, Buffalo Bayou(12). After permitting, the performance of treatment 

plants was inadequately monitored; no more than six TDWR personnel were 

responsible for testing over 200 Houston area treatment plants: plants were 

typically sampled only once a year(6). Furthermore, the performance of many of 

the plants was of concern: the numerous package plants were inadequately 

maimed and the several larger plants were increasingly overloaded(31,38). As a 

result of the combination of increased population and inadequate control of 

discharges, the Bayou's water quality has fallen. During the period 1970 to 1980, 

under low flow conditions, BOD measured at Shepherd increased by 300% and DO 

sampled at Dairy Ashford decreased by 35%. The degradation of the Bayou and 

the prospect of continued and worsening pollution of the stream is a reason for 

concern and is the motivation for this study. (See Figures 1-4,6,14,18 and Table 

1) 
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TABLE 1 

MAP PLANT NAME PERMIT NO. BOD (#/D) TSS (#/D) Q (MGD) 

1 ADDICKS 11696-01 7.9 15.2 0.076 

2 BISHOP 11945-01 2.0 0.2 0.011 

3 CAMERON 00357-01 — 4.9 0.123 

4 CAMERON 01402 i 0.2 0.5 ~    i 
5 CAPEAU 11827 0.6 0.9 0.021 

6 CASTLEWOOD 11883-01 20.3 60.1 0.121 

7 CELOTEX 00660 — — — 

8 FT.BEND34 12298-01 — — — 

9 FT.BEND 37 12370-01 2.6 15.9 0.027 

10 FRY RD. 11989-01 5.8 11.0 0.130 

11 BEAR CREEK 10932-01 0.04 0.5 0.002 

12 HARRIS 61 11598-01 10.4 20.9 0.513 

13 HARRIS 70 11486-01 5.2 8.0 0.067 

14 HARRIS 71 11917-01 3.3 9.0 0.095 

15 HARRIS 102 11523-01 10.6 21.9 0.331 

16 HARRIS 105 11792-01 4.0 3.6 0.060 

17 HARRIS 107 11619-01 80.9 98.1 0.228 

18 HARRIS 144 11802-01 0.8 1.8 0.036 

19 HARRIS 149 11836-01 23.9 45.9 0.277 

20 HARRIS 157 11906-01 13.1 117.3 0.091 

21 HORSEPEN 12128-01 1.4 2.8 0.042 

22 HOUSTON (SO) 10495-86 37.8 65.1 0.523 

23 HOUSTON (TC) 10495-85 24.6 34.1 0.746 

24 HOUSTON (WD) 10495-30 1174.4 1221.1 20.49 
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TABLE 1 
25 HCjU.NAT.GAS 

• 
01743 — 5.4 

 j 

0.054 

26 JACXRABBIT 11290-01 51.6 165.1 1.718 

27 KATY,cmr 10706 26.5 24.2 0.031 

28 KATYISD 12110 1.7 16.8 0.069 

29 LANGHAM 11682-41 42.9 68.4 0.648 

30 MAYBE 11969-01 30.9 121.6 0.204 

31 MEMORIAL 11893-01 9.2 22.1 0.397 

32 MEM. VILLAGES 10584-01 346.0 118.2 1.369 

33 MORTON 12034-01 15.6 16.3 0.109 

34 NL INDUSTRIES 11758-01 1.5 2.4 0.023 

35 NW HARRIS 16 11935-01 11.7 47.1 0.063 

36 PAJNC. 02104 — 5.0 0.014 

37 PARK TEN 11455-01 47.0 63.8 0.345 

38 REALTY 11414-01 0.9 1.0 0.009 

39 SPENCER 11472-01 31.9 48.7 0.703 

40 TEXAS PIPE 12354-01 0.4 1.0 0.003 

41 WESTLAKE 11284-01 12.3 21.4 0.305 

42 W MEMORIAL 11152-01 283.4 698.0 1.375 

43 WESTON 11632-01 1.9 4.5 0.039 

TOTAL 2345.24 3212.2 32.741 
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2.0 STATEMENT OF THESIS 

The thesis of the study is that Buffalo Bayou can support increasing effluent 

flows if measures are taken to adequately treat the wastes and the stream itself. 

The central problem is the limited supply of oxygen dissolved in the stream that 

is available for degrading waste and supporting aquatic life. Currently, 10 to 15 

kilometer stretches of the Bayou contain less than 4 mg/1 dissolved oxygen (DO) 

under low flow/ high temperature conditions (See Figure 25). Such low oxygen 

levels threaten the ability of the stream to assimilate waste and provide 

conditions adequate for fish and aquatic plants. For example, 1 mg/1 DO is 

required to support aerobic bacteria capable of degrading waste, 2 mg A DO is 

required for very tolerant fish (alligator gar), 4 mg/1 DO is necessary for tolerant 

fish (catfish), and 5 mg/1 DO is demanded by less tolerant fish (small and large¬ 

mouthed bass)(19). In order that the stream can continue to transport and break 

down waste and at the same time support aquatic life, the waste must be limited 

or the oxygen in the stream must be augmented. A number of solutions have been 

suggested for reducing the waste loads and/or increasing the stream's oxygen 

content: in-stream aeration (with blowers or agitators), tertiary waste 

treatment, effluent aeration, flow augmentation, seasonal permits, and a 

moratorium on new development and new discharges(45). To consider the 

effectiveness of these different solutions, a computer model describing the Bayou 

and its response to different conditions has been constructed. With the help of 

the model, an appropriate solution can be chosen and used to maintain both the 

health and the uses of the Bayou. 
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3.0 LITERATURE REVIEW 

Aquatic life depends on dissolved oxygen for supporting respiration and so 

providing energy for driving life processes. Oxygen dissolves in water in 

accordance with Henry's law 

C = a p 
equil gas 

where C(equilibrium) is the concentration of the gas dissolved in the liquid at 

equilibrium, a is the Henry's law constant for the gas at the given temperature, 

and p(gas) is the partial pressure of the gas above the liquid. In the case of 

oxygen, the constant, a, is 43.8 mg/l-atm at 20C ; the atmospheric concentration 

is 21%, and by Dalton's law, the partial pressure is 0.21 times the total 

atmospheric pressure or 0.21 atm at 20C. According to Henry's law, the 

concentration of oxygen dissolved in pure water at sea level and 20C will be 9.2 

mg/l.(36) 

3._1 Stream DO Fluctuation 

The saturated concentration of dissolved oxygen in a stream will vary a 

great deal in response to other factors. Krenkel (1980) identified a number of 

major factors and grouped them under five headings: hydrologic parameters, 

hydraulic parameters, temperature effects, oxygen sources and oxygen sinks. The 

major hydrologic parameter is flow. Typically, 7-day, 2-year and 7-day, 10-year 

low flow values are of the most interest in modeling efforts. Hydraulic 

parameters include the velocity of streamflow and the depth, width, and bottom 

roughness of the watercourse. The hydraulic characteristics of a stretch affect 
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the detention times for a reach and control the reaction rates for the processes in 

the reach(19). Temperature affects the rates of many of the processes of oxygen 

transfer. For example, temperature rises lower the solubility of oxygen and 

quicken microbiological metabolism, while temperature decreases raise oxygen 

saturation potential and slow microbiological activity(15). Oxygen sources 

include reaeration due to physical reaction of air and water, photosynthesis, and 

addition from tributary streams or effluent discharges. Oxygen sinks are caused 

by degradation of organic matter suspended in the water and deposited on the 

streambed, and by respiration of fish and other aquatic life in the stream(19). 

3.2 Streeter-Phelps Equation 

The variation in a stream’s oxygen content can be described by the Streeter- 

Phelps equation which incorporates the effects of many of the factors mentioned 

above. The Streeter-Phelps' equation sets up a stream oxygen balance in which 

deoxygenation of the water caused by bacterial degradation of carbonaceous 

organic matter offsets reaeration caused by turbulence and oxygen deficit. The 

equation can be expressed as: 

where D is the difference between saturated and actual DO, K(l) is the 

deoxygenation coefficient, L is the BOD load, and K(2) is the reaeration 

dD 
   K L - K D 
dt 1 2 

coefficient(42) 

3.3 Improved Streeter-Phelps Equation 
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Further work has shown that the Streeter-Phelps equation fails to consider 

certain factors which are important to the oxygen balance. For example, the 

original equation ignores benthal oxygen demand, algal respiration oxygen 

demand, photosynthetic oxygen production, and the effects of nitrification. 

These factors can be very important to the fluctuations in DO observed in many 

streams. In order to include these factors, the Streeter-Phelps equation has been 

modified. In its current form, the formula can be stated as: 

K 
dD 4 
— =KL-KD+aBN + a B N + — - (a P - a r)A 
dt 1 2 511 6 2 2 A 4 3 

x 

where a(3), a(4), a(5), and a(6) are oxygen production and uptake rates, B(l) and 

B(2) are nitrification rates, N(l) and N(2) are ammonia-N and nitrate-N 

concentrations, K(4) is the benthal oxygen demand coefficient, A(x) is the 

stream's cross-sectional area, and P, r, and A are the respiration rate, growth 

rate and biomass concentration of algae(5). 

While there seems to be agreement on the parameters in the modified 

equation there is disagreement on the values that should be used for the equation 

variables. Discussion and disagreement have focused on the correct values for 

K(l), K(2), K(4), B(l), B(2), a(4), and a(5). 

3.4 Deoxygenation 

K(l), the stream deoxygenation rate, is generally assumed to be 0.23/day 

(base e).(32) 0.23/day is the value found for the decay of BOD under lab 

conditions. The lab value does not reflect the effects of light and dark, high and 

low stream temperatures, mixing and sedimentation. Standard Methods (1980) 
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warns that "the (lab BOD) test is of limited value in measuring the actual oxygen 

demand of surface waters and the extrapolation of test results of actual stream 

oxygen demands is highly questionable, since the laboratory environment does not 

reproduce stream conditions." Schroedfer (I960) reported values for K(l) which 

varied widely with the type and age of the waste: from 0.04 /day for streamwater 

to 2.0 /day for raw wastewater (base e). 

3.5 Reaeration 

K(2), the reaeration rate, is subject to many factors, varies widely and has a 

strong impact on stream DO levels. Phelps (1944) wrote that the reaeration rate 

was subject to the law of solution and the law of hydrodiffusion. Under the law 

of solution, reaeration will be a function of oxygen deficit, atmospheric pressure 

and temperature. According to the law of diffusion, reaeration will be the result 

of transfer by diffusion, accelerated by turbulence, and so will be affected by 

velocity of flow and depth and slope of channel(55). Some typical and widely used 

K(2) equations include O'Connor and Dobbins' (1958) empirical formula: 

1/2 1/2 -3/2 
K (20C) = 127 D V H 
2 m 

(where D(m) is oxygen molecular diffusivity (m^ /s), V is mean stream velocity 

(m/s), and H is mean stream depth (m)) and Thackston and Krenkel's (1969) 

conceptual formula: 

1/2 
( gHS ) 

0.5 e 
K (20C) - 0.000287 ( 1 + F ) 

2 H 
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in which F is the Froude number (V/(gH)^ ) (dimensionless), g is gravitational 
y 

acceleration (m/s6 ), S(e) is the energy slope (m/m), and H is the channel depth 

(m). Thomann (1972) reported the K(2) values determined by a number of 

different methods for a variety of streams. The values ranged from 0.05/day to 

12.2/day(47). Langbein and Durum's (1967) formula, which was used to express 

the reaeration rate in Buffalo Bayou, reads: 

5.13 V 
K    
2 1.33 

H 

where V is average stream velocity (m/s) and H is average stream depth (m). This 

expression of K(2) gives values that have the most consistently low error 

(standard and percent) when compared with actual field values(59). 

3.6 Benthos 

In many heavily polluted, slow-flowing streams, benthal oxygen demand may 

be an important oxygen sink. In such streams, the channel bottom may become 

covered with sludges formed by settled wastes, with attached bacteria ( 

Sphaerotilus ) supported by soluble organics, and with organic matter remaining 

after the death of floating and rooted aquatic plants. In studies by Baity (1938), 

Fair, et al. (1941), and Oldaker (1966) the reported values ranged from 0.05 g 

/m /day oxygen to 10.0 g/m /day oxygen. The oxygen demand of these bottom 

deposits is limited by a number of factors: the age, type and concentration of the 

organic portion of the deposits and the exposure of that organic portion to the 

stream's dissolved oxygen. Typically, benthos is dominated by waste sludges with 

low benthal values being found for thin deposits far from the sewage outfall and 

high values found for thick deposits in the immediate vicinity of the discharge. 
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Benthic oxygen demand can be measured directly in the stream or with samples in 

the lab by sealing bottom sediments and streamwater in a bell jar and measuring 

the reduction in dissolved oxygen. Krenkel (1980) gives an equation for 

estimating K(4): 

.25 
S L 

e 
K = v  
4 .75 

H 

where K(4) is benthal load (gm/m^ day oxygen), S(e) is the slope of the stream 

(ft/1000 ft), L is ambient BOD load (mg/1), H is depth of channel (ft), and v is a 

coefficient. 

3.7 Nitrification 

The oxygen demand created by nitrification and expressed by B(l) and B(2) 

must also be considered. The stoichiometry of nitrification is described by the 

following equations(36): 

+ - + 

NH + 3/2 0 > NO + 2 H + H O 
4 2 2 2 

- + 

NO + 1/2 0  > NO + 2 H + H 0 
2 2 3 2 

According to these equations, oxidation of ammonia to nitrite and from nitrite to 

nitrate requires 3.43 and 1.14 mg oxygen / mg nitrogen, respectively. While the 

stoichiometry of the reaction can be defined, the rate and rate controlling 

factors are more difficult to identify. A number of workers have published 
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articles discussing the nitrification process and rate; some of the more important 

articles are: Wezernak and Gannon (1968), Wild, et al. (1971), Tuffey, et al. 

(1974), Huang and Hopson (1974), and Lopez-Bernal (1976). Each article suggests 

a different reaction‘to describe the nitrification rate: zero order, first order, 

second order and autocatalytic. Despite this disagreement, most of the authors 

agree that nitrification rates are influenced by the initial concentration of 

nitrifying bacteria, the presence and type of waste, the turbulence level, the pH, 

DO and temperature. Thomann (1972) reports that B(l) and B(2) together should 

sum to a total of between 0.1 and 0.6 /day. This estimate might help in 

considering the factors and equation to use for calculating B(l) and B(2). 

However, in many cases nitrogenous oxygen demand is insignificant. There 

are three major reasons for this: first, nitrification is caused by specific bacteria 

( Nitrosomonas , which causes the oxidation of ammonia to nitrite and 

Nitrobacter , which is responsible for the oxidation of nitrite to nitrate) whose 

populations are generally small in surface waters; second, the rate at which 

nitrogen is oxidized is much slower than the rate at which carbonaceous matter is 

consumed; and last, the oxidation of ammonia to nitrate converts oxygen to a 

form still available to aquatic life(57). 

3.8 Photosynthesis and Respiration 

The values used for a(3) and a(4), the oxygen production and uptake rates for 

algae, are also in dispute. The fundamental reactions of photosynthesis and 

respiration are described by the equations(33,47): 

6 CO + 6 H 0 
2 2 

> C H 0 +60 
6 12 6 2 
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+ + 

CHON + H + 50  > 5 CO + NH + 2H0 
5 7 2 2 2 4 2 

Work concerning algal photosynthesis and respiration and its effect on dissolved 

oxygen levels has been done by Odum, et al. (1958), Owens (1964), and Roesner, 

et al. (1973). Reported production rates run from 0.7 to 4.5 gm oxygen per hour 

per gm Chloropyll "a". Respiration rates are reported as gm/m^ /day, but the 

range of 0.5 to 10.0 in those units might give an idea of the wide variance of 

respiration per unit Chlorophyll that can be expected. Roesner, et al. (1973) 

suggests that average production rates will fall between 1.4 and 1.8 mg oxygen 

per mg algae and that average uptake rates will be between 1.6 and 2.3 mg 

oxygen per mg algae. The wide range of values, even for average values, is 

probably because of the many different factors that affect photosynthesis and 

respiration. Thomann (1972) lists four factors that influence the variation in 

rates: l)radiant energy received at specific depths in the river, 2)nutrient levels 

(especially nitrogen and phosphorus), 3)dissolved oxygen levels, and 4)water 

temperature. Photosynthesis and respiration appear to be insignificant in Buffalo 

Bayou; diurnal variation in stream dissolved oxygen was relatively small (see 

Figure 27) and could be attributed to variation in the strength and quantity of 

sewage inflows. In the case of Buffalo Bayou, turbidity is high enough to limit 

radiant energy and so prevent large populations of algae in the stream from 

surviving and affecting the dissolved oxygen in the stream. 

3.9 Temperature Effects 

As a last note on Streeter-Phelps variables, it should be pointed out that all 

of the values used are subject to the effect of temperature. Typically, the rate 

values are calculated or given assuming water temperature of 20C. To convert 
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the 20C values to ones that would be valid at other temperatures, Krenkel (1980) 

suggests using the Arrhenius equation 

(T - 20) 
K - K C 

T 20 

where c is the "thermal factor" specific to the different rates. The accepted 

thermal factor for K(l) is 1.047, for K(2) is 1.029, for B(l) and B(2) is 1.106, for 

K(4) is 1.065, and for a(3) and a(4) is 1.08(19,60). Temperature also has an effect 

on the saturation DO level; the effect can be calculated by using the 

relationship( 10): 

2 3 
C = 14.652 - 0.41022T + 0.007991T - 0.000077774T 

0 

3.10 QUAL-II(TX) Streeter-Phelps Equation 

Despite the disputed variables, the modified Streeter-Phelps equation is 

widely accepted and used for calculating the fluctuations of DO in streams and 

canals. In fact, the Streeter-Phelps equation has been incorporated into 

computer programs used to determine stream DO profiles. In QUAL-II(TX), a 

water quality computer model, the Streeter-Phelps formula is used in conjunction 

with an advection-dispersion formula to make these DO calculations. The entire 

equation reads: 

c 
(A D —) (A uc) 

C X L X X 

(A dx)   dx   dx 
X t X X 
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+ (Adx)[ KL-KO+aBN + a B N 
1 2 511 622 

K 
4 

A 
(a P - a r)A ] 
4 3 

+ s 

where c is DO concentration, x is distance, t is time, A(x) is Cross-sectional area, 

D(L) is a dispersion coefficient, and u is stream velocity. The first line of the 

equation describes the advective and dispersive motion of a plug of water 

travelling down a stream. The first term of the first line expresses dispersion, 

while the second term expresses advection. The second line of the equation 

describes physical, chemical and biological changes and reactions that occur 

within that plug of water as it is moving along. These reactions are expressed by 

the Streeter-Phelps equation. The last line of the entire equation is included to 

express sources and sinks, oxygen additions and subtractions to the plug from 

outside the stream(35). 

4.0 METHODS 

The stream study had four stages: first, the data collected by the state and 

federal authorities concerning stream quality and wasteload were assembled. The 

second step of the study involved gathering data concerning the present condition 

of the stream and discharges to the stream. From an understanding of the past 

and present condition, various computer models were then used to predict the 

hypothetical response of the stream to different loadings and hydrologic 
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situations. The last part of the study was to evaluate this response of the stream 

to different conditions, comparing the cost and feasibility of the various 

alternatives for control. 

4.1^ Methods for Historical Analysis 

4.1.1^ stream 

Files containing stream flow and quality data are kept and published by the 

United States Geologic Survey (USGS). Data concerning Buffalo Bayou exist for 

five points along the stream, points separated by no more than fourteen km. 

Samples were taken throughout the year, averaging about seven times per year 

per collection point. The information reported includes stage records and water 

quality parameters such as dissolved oxygen (DO), biochemical oxygen demand 

(BOD), nitrogen as ammonia (NH4), nitrogen as nitrate (N03), nitrogen as nitrite 

(N02), total Kjehldahl nitrogen (TKN), total suspended solids (TSS), conductivity, 

fecal coliform, temperature and a number of other useful values(54). 

4.1..2 effluent 

Records regarding the discharges to the Bayou within this segment are kept 

by the Texas Department of Water Resources (TDWR) and by the City of 

Houston's Department of Public Health Engineering. The discharge data files 

that are maintained by the TDWR come from three separate sources. The first 

and most complete are the self-reported data filed monthly by the dischargers 

themselves and including average discharge, BOD, TSS, and chlorine values. The 

second source is the permit record, the discharge values deemed acceptable for 

the stream as a whole and for the near future. The third source and presumably 

the most impartial and accurate is found in the reports from TDWR monitoring of 
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dischargers. Unfortunately, the monitoring data are much more sketchy than the 

self-reported or the permit data; dischargers are sampled, on the average, once 

every two years(44). 

Information collected by the Public Health Engineering Department is more 

specific than that held by TDWR. The City's data were used for background on 

the city plants and for calibration of the 1982 and 1983 stream models. Their 

information was not used in the general historical studies. Clearly, this prevents 

correlating and crosschecking the effluent data but it seems best to rely on one 

source of data for reasons of consistency. 

4.1..3 population 

Data for population and areal development trends in the Buffalo Bayou basin 

were based on U.S. Census reports for 1970 and 1980. Projections through the 

year 2000 were extrapolated from the 1970 data alone and based on calculations 

made and published by the Rice Center in 1978 (51,52). 

4.L4 rainfall 

Information for rainfall in the Buffalo Bayou watershed was drawn from 

files stored at the National Weather Service (NWS) station at Alvin, Texas. These 

files hold reports from the six official NWS, USGS and U.S. Army Corps Engineers 

rainfall stations which are located within the stream basin. These official reports 

are organized and published as the Record of River and Climatological 

Observations. The official data are augmented by data received by the NWS from 

seven area fire stations and two private individuals. 

4.2 Methods for Sampling and Laboratory Analysis 
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Stream samples were taken at eleven points along the 35 km length of the 

major study segment. These samples included dissolved oxygen (DO), biochemical t V 

oxygen demand at^five days (BOD(5)), nitrogen as ammonia (NH4), nitrogen as 

nitrite (N02), nitrogen as nitrate (N03), orthosphosphate (P04), total suspended 

solids (TSS), conductivity (COND), temperature (TEMP). Samples were collected 

from the major bridge crossings (see Figure 5); DO and temperature were 

measured in the field, the other parameters were measured in the laboratories at 

Rice University and the City of Houston's Department of Public Health 

Engineering. Water was also collected at fourteen points within a 3.2 kilometer 

intensive study segment; these samples were taken by boat and again DO and 

temperature were analyzed immediately while the other paramters were 

measured in the lab after preservation in keeping with standard methods and 

HACH procedures.(16,17) Effluent samples were taken from the settling basin 

overflow wiers and from the plant outflow structures. The four dischargers 

located within the study reach (see Figure 3) were sampled and analyzed for BOD, 

DO, TSS, NH4 and chlorine. Effluent sampling focused on the major discharger 

among the four, the West District plant; for example, during the 26 hour stream 

and discharge survey, only that one plant was sampled. 

Sampling was generally done under low flow, high temperature conditions 

when the stream was approaching critical DO values. However, sampling was 

also undertaken at high flow, during and after the passage of Hurricane Alicia. In 

addition, the stream and discharges were tested at day and night and during 

summer and winter. 

4.3 Methods for Computer Applications 

The historical data were analyzed using "SAS", statistical analysis system, a 
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computer program developed by the SAS Institute, and maintained for use on Rice 

University's AS9000. Using the system, means and errors could be calculated, 

regression and frequency analyses made, and results plotted and presented for the 

many variables assembled from government records. 

The more current stream and effuent data, and, in particular, the 

information from five runs on the Bayou taken in June of 1982 and 1983, were 

used to calibrate and verify a number of stream quality models. The models 

applied to the Bayou data included a small DO/BOD program written for the 

HP-86 microcomputer, a simple CSMP program written for use on the Rice 

University mainframe computer. In addition, two larger, more accurate and 

flexible programs, DOSAG-I and QUAL-II(TX) . were used on the mainframe 

computer. All four models compute DO and BOD variation in a stream using the 

Streeter-Phelps equation, executing a mass balance at the start and end of each 

of the reaches that make up the Bayou. Work focused on the QUAL-II(TX) model, 

as it is the most powerful of the four, able to consider benthal BOD, BOD 

settling, effects of dispersion, and the impact of algal photosynthesis and 

respiration. QUAL-II(TX) is also used extensively by TDWR for waste load 

allocation studies (45). 

5.0 HISTORICAL AND CURRENT DATA 

The analyses and models mentioned above are based on historical and 

current data concerning Buffalo Bayou water quality. The historical data extend 

back to 1972 and were collected and published by the United States Geologic 
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Service, National Weather Service and the Texas Department of Water Resources. 

The more recent data were collected by the City of Houston Department of 

Public Health Engineering together with Rice University between the summer of 

1982 and the fall of 1983. The historical data were used to determine trends in 

stream quality and effluent loads over the period 1972 to 1982. These analyses 

were largely done using the Statistical Analysis System (SAS) computer program. 

The current data were used to assess the present status of the stream's water 

quality and were applied in calibration and verification of the DOSAG-I and 

QUAL-II(TX) stream models. 

5.1^ Historical Trends 

The historical data are in five types: first, the USGS stream quality data, 

second, the TDWR discharge permit records, third, the TDWR discharge 

monitoring samples, fourth, the treatment plants' self-reporting discharge data, 

and last, the National Weather Service's rainfall reports. 

5.1.1 stream 

The USGS stream data were plotted for the 1972, 1974, 1977, 1979, and 

1982 values of dissolved oxygen (represented as percent saturation (DOSAT), 

dissolved oxygen (represented as concentration (DO)), BOD(5), TSS, NH4, P04, 

COND, TURB, and fecal coliform count (FECCOL) (Figures 5,7,8,10,11,12). The 

values plotted in the Figures are averaged from samples taken throughout the 

year at as many as five stations under all flow and temperature conditions : Katy, 

Addicks, West Belt, Piney Point, and Shepherd Drive. All parameters showed 

increases except for turbidity, which indicated a 50% decrease. The increases 

registered from 1972 to 1982 for the other parameters in most cases were quite 
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high: TSS, up 47%, NH4, up 417%, POX, up 475%, COND, up 56% and FECCOL 

up 67%. 

5.1.2 DO and BOD 

Dissolved oxygen is considered the critical indicator of a stream's health. 

Biochemical oxygen demand is the single parameter which best expresses stress 

on a stream's DO. For these two reasons, it is important to focus on the trends in 

DO and BOD in the Bayou. The trends indicated are conflicting, while BOD at all 

stations, under all hydrologic conditions, has increased by 39% over the period 

1972-1982. DO, measured in absolute terms (mg/1), has increased by 4% and DO, 

measured as percent of saturation, has risen by 7%. Similarly, the frequency of 

critically low DO values has fallen: DO values under 2.0 mg/1 have fallen at a 

rate of 35%/year, observations of DO under 3.0 have decreased by 2.9%/year, the 

number of DO values less than 4.0 has dropped by 1.9%/year, and the frequency 

of DO values found at less than 5.0 has fallen by 3.1%/year (see Figure 7). 

However, these results may be misleading: the average values for DO do not 

reflect conditions under critical low flow and high temperature. The frequency 

trends show only slow changes, and the trends themselves are based on only 154 

observations over the five years represented. 

A better indication of historical trends in DO and BOD might be seen by 

considering DO and BOD under low flow conditions at individual stations. This 

technique shows marked and alarming trends: at Dairy Ashford, DO (as percent 

saturation) fell 35% from 1972 to 1982; at Shepherd, BOD(5) rose 270% from 1969 

to 1982 (see Figures 6 and 9). Again, however, increases in BOD greatly outpace 

damage to DO levels. This might be explained by two reasons: first, while BOD 

concentrations have been rising, the total BOD load has not yet reached levels 

close to the assimilative capacity of the stream; secondly, the assimilative 
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capacity of the stream may be increased by the high DO concentrations 

(commonly from 6 to 7 mg/1) of the effluent discharged from the waste treatment 

plants located along the Bayou. 

5.1.3 effluent (permitted) 

The TDWR permit data show that waste discharges to the Bayou increased 

significantly over the period 1972-1982. Discharges were controlled in terms of 

BOD(5) mg/1, BOD(5) lb/d, TSS mg/1, TSS Ib/d, and flow in MGD. Effluent was 

also restricted to chlorine content, and in some cases, chemical oxygen demand 

and fecal streptococci count. However, these values are not as widely quoted in 

permits, do not give a good basis for comparison, and so are not used. The first 

mentioned parameters tell us more: for instance, BOD5 and TSS permit limits, in 

terms of mg/1, have been held constant at 10/15 for composite samples and 35/60 

for grab samples over the five year period. The large discrepancy between 

composite and grab requirements is based on the inevitable variation in effluent 

quality as a result of storm flow and infiltration. The size of the difference in 

requirements seems somewhat questionable, considering the infrequency of 

sampling and the unlikelihood that a plant would be sampled on a day when its 

effluent were poor. The fact that the permissible concentrations for both grab 

and composite samples have not changed over the course of the past ten years, 

despite increasing flows, is another point to question. Over that time, the flow 

from each plant and the total number of plants have both increased. If the limits 

were based on the amount of waste that the stream could assimilate, it would 

seem best that the mg/1 requirements be lowered as waste flows increased, in 

order to at least not raise the total waste entering the stream. However, as it 

happened, total waste loads were allowed to increase; from 1972-1982, permitted 

flow increased from 55 MGD to 77.5 MGD, BOD(5) in lb/d rose by 10% from 4000 
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to 4400, and TSS in lb/d increased by 23% from 4400 to 5400 (see Figures 

13,14,15). 

5.1.4 effluent (self-reported) 

Data reported by the sewage treatment plants themselves, support the 

trends produced by the TDWR permit data analysis. BOD(5), calculated as pounds 

per day, increased by 71% from 1972 to 1982, rising from 2333 lb/d to 4000 lb/d. 

TSS, in terms of pounds per day, escalated from 5000 lb/d in 1972 to 30,000 lb/d 

in 1982, or at a rate of 500% over the 10 year period. Flow, reported as million 

gallons per day, rose from 11.7 MGD in 1972 to 32.7 MGD in 1982, or a change of 

190% from 1972 to 1982 (see Figures 13,14,15). During the same time, average 

effluent concentrations of BOD and TSS were also increasing. A least squares 

curve fit (very poorly, R =0.002) to the BOD(5) mg/1 data indicated a mean value 

of 10.8 mg/1 rising at a rate of 19.9% over the ten year period. Regression 

analysis of the TSS data gave a best fit curve with a similarly poor fit; 

nevertheless, the curve showed a mean TSS value of 32.5 mg/1 increasing at a 

rate of 14.9% from 1972-1982. 

5.1..5 effluent (monitored) 

The data resulting from TDWR's monitoring program gives a different 

picture than that given by the permit and self-reported data. According to the 

monitoring reports, effluent has been reduced in flow and improved in terms of 

BOD and NH4 over the period 1975 to 1983. TSS values, however, were still 

found to be high and rising. The average flows from the watershed area STPs 

came to 2.17 MGD, decreasing at a rate of 9.5% per year (this suggests that an 

increasing majority of the discharging plants in the Bayou's watershed are smaller 

plants, so-called 'package plants'). BOD(5) mean was calculated as 29.7 mg/1, 
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falling at a rate of 17.8% per year. TSS mean came to 31.2 mg/1, rising along a 

best-fit curve slope of 44.6% mg/1 yr. The average ammonia discharge 

concentration over the ten year period was 11.0 mg/1, well over the 3 mg/1 level 

believed to be toxic to fish. The ammonia best fit-curve had a negative slope of 

1.2 mg/1 yr. As in the case of the TDWR permit data, the statistical analysis 

produced least square curves with poor fits to the data. values ranged from 

0.002 for NH4 to 0.11 for flow. 

5.1.6 population 

Reason for the increases in wasteload entering Buffalo Bayou can be found 

in the rapid development of the watershed. Data from the U.S. Census for the 

years 1970 and 1980 show that developed land, as a part of total land in the 

Bayou’s watershed, has increased from 45% to 75%, a growth rate of 66% over 

the ten year period (see Figure 17). The increase in developed land is reflected in 

the rise in population. In 1970, the Bayou’s watershed had a population of 

350,000; by 1980, its population had grown 86% to 650,000. According to 

projections made by the Rice Center, developed area will reach 80% of total land 

area and population will grow to 900,000 by the year 2000 (see Figure 18). The 

growth in the number of people living in the area has caused the wasteload 

reaching the Bayou to also grow. One measure of the increase in total wasteload 

is the number of waste treatment plants discharging into the stream. In 1972, 

there were 9 such plants; in 1983, there were 43, an increase of over 375% (see 

Figure 16). This increase in the number of waste plants in tbe watershed is 

expected to continue. In November of 1983 there were 26 waste treatment plants 

which had been granted permits to discharge a total of 19.7 MGD into Buffalo 

Bayou but which had not yet begun discharging.(44) In addition, as of June 1983, 

there were 5 plants in the watershed which had permits for start-up or expansion 
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under review.(3) 

5.2 Seasonal Variation 

In addition to analysis for historical trends, information on stream water 

quality and waste characteristics was collected and compared for the years 1972, 

1974, 1977, 1979, and 1982 to determine seasonal variation. There has been some 

discussion over the possibility of instating seasonal permits which would limit 

dischargers to lower effluent loads during the summer when the Bayou is under 

critical low flow and high temperature conditions. Comparison of stream and 

effluent data on a monthly basis should serve to show if critical stream quality 

levels were reached during particular months and if such seasonal permits would 

be useful. 

From analysis of this monthly data, it seems that Buffalo Bayou has its 

periods of poorest stream quality during the summer. For example, DOSAT is 

lowest in June (65%) and August (60%), DO is lowest in June and July (both at 5.0 

mg/1), BOD(5) highest in August (9 mg/1), TSS highest in June (250 mg/1), 

conductivity highest in July (580 umhos), ammonia high in January (3.2 mg/1) and 

June (2.1 mg/1), phosphorus highest in August (2.7mg/l) and fecal coliform count 

highest in September and August (3900/100 ml). These critical values are 

probably due to the combination of high water temperatures (highest in July and 

August at 29C) and low stream flow (lowest in July at 100 cfs (measured at West 

Belt)) that occurs during the summer months. The high temperatures are on 

account of the longer hours and higher intensity of sunlight during the summer; 

the lower flows are a result of the low rainfall received (lowest in June at an 

average watershed value of 1.75" over the entire month).(Figures 19-22) 

5.3 Current Stream Quality 
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The previous section described stream quality over the past ten to fifteen 

years and attempted to show the overall trends in stream quality and contributing 

factors during that period. From the description of these trends, it is apparent 

that loads to the Bayou have been increasing, as have concentrations of stream 

indicators of that load. It is not surprising nor necessarily bad that the Bayou's 

waste load and ambient waste levels have increased over time. It is 

understandable considering the rapid growth in the Bayou's watershed. However, 

there is evidence that the stream has not only been become increasingly polluted, 

but has been sufficiently degraded to reach critical levels. This section describes 

the current status of Buffalo Bayou and seeks to identify the factors that result 

in critical stream conditions. 

5.3.1 effluent 

Today, the upper reaches of Buffalo Bayou, the sections above Shepherd 

Drive, are stressed by 43 waste treatment plants. Under low flow conditions, the 

stream base flow is 6.6 cfs (at Highway 6) , while waste flows entering the stream 

typically amount to 49 cfs. Not only are waste flows greatly exceeding the total 

natural stream flow, but also, through their BOD load, are preventing the stream 

from successfully assimilating and recovering from these discharges. This 

situation is particularly severe in the segments of the Bayou above the dams. 

There, the number of waste treatment plants is high (36); the waste effluent 

quality is subject to the defects in design and the negligence in supervision 

characteristic of package plants; and the receiving stream is even smaller than at 

downstream sections of the Bayou such as West Belt. 

5.3.2 stream (average conditions) 

This stress on the Bayou's water quality is evident from data that has been 
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collected over the last two years. Our stream sampling program has operated 

from two sets of sampling points: one on a large scale, extending from Highway 6 

to Sabine Street, the second on a smaller, more intensive scale, reaching from 

Chimney Rock to Wood way. The first group of sampling points has 11 sampling 

locations stretched over a 36.8 kilometer segment of the stream. Samples were 

taken at the major bridges crossing the Bayou, including Highway 6, Memorial, 

Dairy Ashford, Wicrest, Fondren, Gessner, Piney Point, Voss, Woodway, Pine Hill, 

Shepherd, and Sabine. The locations of these sample points is shown in Figure 2. 

In addition to sampling the stream, we sampled the waste treatment plants 

discharging directly into the segment between Highway 6 and Sabine. The 

effluent from Briar Hill STP, Turkey Creek STP, West District STP and Memorial 

Villages treatment plant was tested; the location of these discharges, together 

with that of the overflows from the River Oaks pump stations is shown in Figure 

3. We also collected samples from a shorter segment of the stream, a segment 

considered similar in all respects to the longer segment, but having no point 

discharges entering within its limits. This shorter segment was located near the 

middle of the longer stream segment, falling between Chimney Rock and 

Woodway. In this 3.2 kilometer section, we moved by boat, collecting 14 samples 

at regular intervals (Figure 4). 

From analysis of samples taken during eight runs made in the summers of 

1982 and 1983 along the entire segment, from Highway 6 down to Sabine, we 

produced a profile showing average BOD and DO values varying with stream, 

distance (Figure 24,23). From inspecting the BOD profile, it is apparent that 

BOD peaks at the dams (corresponding to upstream discharges), at Fondren (due 

to West District STP's discharge), and at Pine Hill (probably associated with the 

River Oaks pump stations' outfalls). BOD ranges from 4.0 to 20.0 mg/1; the 

higher values in this range indicate high pollutant loads. According to the 
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average DO profile, it is evident that DO peaks at the dams (result of passive 

aeration, turbulence from passing down the outflow structure), and at West Belt 

(effect of active aeration, pumping air into the waste treatment basins). Average 

DO values range from 3.5 to 6.5 mg/1; the lower end of these values falls below 

the 4.0 level, which is commonly assumed as the lowest DO concentration capable 

of supporting most forms of aquatic life. 

5.3.3 stream (low flow and high temperature) 

Average DO and BOD values do not reflect the worst-case condition of the 

stream, which is, after all, the situation of concern. Worst case conditions for 

dissolved oxygen in a stream generally occur under low flow and high water 

temperature, when waste BOD dilution is less and metabolic and oxygen 

consumption rates are high. For these purposes, low flow and high temperature 

can be assumed to be those values that are undercut and exceeded, respectively, 

less than 50% of the time. In other words, those would be the flow values less 

than average flow and the temperature readings higher than average temperature. 

In the case of the Bayou, low flow is less than 190 cfs measured at West Belt and 

high temperature is any value greater than 25 C. Under these conditions, BOD 

does rise over average values, by a margin of about 20%. Conversely, low flow / 

high temperature DO values fall from average values by about 25% (see Figures 

26 and 25). 

Flow is certainly a significant factor behind fluctuations in stream DO and 

BOD. For example, in measurements taken within a week of one another, at 

identical temperatures, but at different flow values, the BOD and DO readings 

were very different from one another. As can be seen in Figures 27 and 28, at 

high flow (1350 cfs at Piney Point), DO and BOD had a very narrow range: 

between 5.8 and 6.5 mg/1 DO and within 5 and 6 mg/1 BOD. On the other hand, at 
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FIGURE 28 
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low flow (60 cfs at Piney Point), DO and BOD varied widely; between 2.5 and 7.0 

mg/1 DO and between 3.0 and 11.5 mg/1 BOD. 

Temperature is undoubtedly a strong contributing factor to variation in the 

Bayou's DO and BOD. Unfortunately, during January and February, the months 

when the Bayou's water is coldest (15 C), the Bayou’s flow never dropped below 

median values. Without low flow conditions, it was not possible to isolate the 

effect of low temperatures on stream DO and BOD. It is evident from historical 

records that DO and BOD(5) are generally high (9.0 mg/1 and 12 mg/1, 

respectively) during the cold weather months of January and February. 

5.3.4 stream (extreme high flow) 

Returning to the issue of flow and its effect on DO and BOD, it is 

interesting to note that high flows do not always improve and stabilize DO and 

BOD values. Especially with the extremely high flows associated with severe 

storms, the water quality can drop and drop very low. The passage of Hurricane 

Alicia and the intense 5" rainfall received in the watershed from the storm 

provided a good example of the impact of high surface runoff and streamflow. 

During the peak flows of runoff from the storm (approximately 3500 cfs as 

measured at Piney Point), enormous BOD loads were moving through the stream. 

These BOD loads were associated with surface runoff which flushed the streets 

and with sewer infiltration which flushed the waste treatment plants. The high 

waste loads can also be at least partly attributed to the four days that many of 

the waste treatment plants were without electricity to power their aeration basin 

blowers. Without aeration, microbial degradation of the waste entering the 

plants was immediately slowed and, in the long rim, the populations of microbes 

drastically reduced. Without bacteria consuming the incoming wastes, the 

outgoing effluent from the plants could not help but suffer. The effect of high 
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BOD loads entering the stream can be seen in the ambient stream BOD 

concentrations measured during the hurricane. At peak flow, 800 grams of BOD 

per second, or 152,000 pounds per day, or the equivalent waste load from over 40 

days of average discharge from all treatment plants in the watershed, was passing 

through the stream. This was on August 18, 1983; when flows had subsidèd to 200 

cfs (measured at Piney Point) some two weeks later, DO had fallen to values in 

the range of 1.0 to 3.5 mg/1. Apparently, these low DO values were due to sludge 

banks that had formed on the streambed from waste that had settled out from the 

storm's runoff. In this way, high surface runoff and high stream flows can cause 

serious water quality problems (see Figures 29 and 30). 

5.3.5 stream (diurnal variation) 

DO and BOD fluctuate not only with stream conditions such as flow and 

temperature, but also vary with the amount and quality of the effluent discharged 

to the stream. Samples collected over 26 consecutive hours from the major 

discharger, West District STP, and from two points in the stream, Voss and 

Fondren, demonstrate the parallels between stream and effluent quality (see 

Figures 31,32, and 33). Waste flows reaching the Bayou were not constant 

throughout the day: they peaked at 12 noon and hit a minimum value at 8 AM. 

The flow from West District varied during the 26 hour period from a high of 22 

MGD to a low of 8 MGD. The quality of the effluent, as measured in terms of 

BOD, also varied through the course of the day. The lowest BOD reading was 4 

mg/1, taken at 4 PM; the high BOD value was in excess of 70 mg/1, sampled at 12 

noon. This variation in effluent flow and quality is reflected in stream BOD 

measurements: during the same 26 hour period, BOD ranged from a low of 6.5 

mg/1 (at 4 and 6 PM) to a high of 15.5 mg/1 (at 6 AM), a fluctuation of + 49%. 

Just as BOD varied, so did DO. Dissolved oxygen varied by a spread of + 17%, 
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ranging from 3.5 mg/1 (at 4 and 6 PM) to a high of 5.0 mg/1 (at 6 AM). The 

diurnal changes in waste discharges and stream quality are presented on charts in 

Figures 31,32, and 33. While this diurnal fluctuation in DO is not as great or 

significant as that measured on Brays Bayou, what variation there is indicates 

two things. First, algae and the associated oxygen sink and source of respiration 

and photosynthesis is not a significant problem in Buffalo Bayou. Second, the 

variation in sewage flows and quality levels is a significant cause of DO 

fluctuations on a diurnal basis. 

5.3.6 stream (dry weather non-point) 

The importance of point discharges to Buffalo Bayou’s water quality is 

especially evident from data that was collected in an intensive survey of a 3.2 km 

stretch of the Bayou between Chimney Rock and Woodway (see Figures 2 and 4). 

This segment of the Bayou has no waste treatment plants located within its 

length. Apparently, there are no point discharges of waste within the segment. 

Considering that, it is interesting to note that there are no large variations in 

BOD or DO within the segment. In fact, BOD varied by less than 15 % and DO 

fluctuated by less than 7 % through the length of the stream (see Figures 34 and 

35). Also, both BOD and DO decreased at a relatively constant rate from the top 

to the bottom of the stream segment, as would be expected for a stream 

unaffected by additions of DO sources and sinks. This suggests that nonpoint 

discharges, under low flow conditions, are not a significant factor in Buffalo 

Bayou, that to whatever extent they do exist they are greatly outweighed by 

point discharges. 
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6.0 APPLICATION OF METHODS TO BUFFALO BAYOU 

6.1 Delineation of Segment 

The initial step in modeling Buffalo Bayou was to describe the boundaries of 

the stream segment (see Figures 1 and 2, Table 2). The outflow structures at 

Addicks and Barker dams were chosen as the upper limits of the stream. While 

there is reason for concern over the proliferation of waste treatment plants and 

evident degradation of the Bayou above the dams, this segment of the stream was 

ignored. This upstream segment was passed over for two reasons: at low flow, 

the 'segment' is actually many segments, many tributaries of Buffalo Bayou which 

would require a great deal more study to describe and simulate in a model. 

Secondly, under high flow conditions, the stream becomes a lake, as outflow 

through the dams is restricted and water is stored. The dynamics of lakes are 

complex and difficult to simulate; certainly, the Addicks and Barker lakes could 

not be described in the QUAL-II(TX) model. 

The lower boundary of the system was designated as the crossing at 

Shepherd Drive. Buffalo Bayou appears to be largely unaffected by tidal 

backwater above Shepherd (though, even at Shepherd, there is some correlation 

between stage variation and tidal flow). Tidal backwater can disrupt advective 

flow in the stream, to a varying degree depending on the ebb and flow pattern. 

This regular variation in the stream's flow regime violates the steady state 

assumptions that QUAL-II(TX) is based on. 

Within the stream segment, the program allows the user to designate 

reaches; in turn, each reach can be broken down into computational elements. 

The reaches can be assigned distinct locations and hydraulic and biochemical 
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characteristics. The elements can be defined in terms of their location. In the 

case of the Bayou, the segment has been broken down into 15 reaches, 0.9 km to 

5.9 km in length. The segments are designated to correspond with major sewage 

outfalls or convenient sampling points (typically bridges). The computational 

elements are 33 in number, and are defined to be approximately 1.5 km in length 

and to divide evenly into their corresponding reaches. Table 2 shows a diagram 

representing the Bayou as it has been broken down into reaches and elements. 

6.2 Hydraulic Relationships 

For each of the reaches, it was important to provide information which 

would describe the relationships between flow and depth and between flow and 

velocity (see Figure 36). With these ratios described, mass balances and retention 

times for flow from reach to reach could be calculated. The ratios are expressed 

in the following equations: 

d 
H = c Q or logH = c(logQ) + d 

b 
V = a Q or logV = a(logQ) + b 

Using data collected by the USGS over the period July 1981 through October 1983 

(the period covered by the last two sets of rating curves) at Dairy Ashford, West 

Belt, Piney Point, and Shepherd, values for the coefficients and exponents were 

calculated. From best-fit curves based on this data, a was estimated to fall 

between 0.11 and 0.17, b between 0.40 and 0.53, c between 0.10 and 0.19, and d 

between 0.47 and 0.60, depending on location. Table 3 shows the values for a, b, 

c, and d that were calculated for the various reaches. 

6.3 Deoxygenation Rate (K(_l)) 
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Following calculation of the hydraulic parameters, values describing BOD 

removal rates were found. The first number is a value for K(l), the coefficient 

describing decomposition of organics by bacterial action. K(l) was calculated by 

fitting a least-squares curve to the natural logartithms of BOD values measured * 

over a span of 20 days on two samples, one taken at the beginning of the stream 

segment (Highway 6) and another taken at the middle (Chimney Rock). The slope 

of the least-squares curve is K(l). In the case of the Highway 6 sample, K(l) was 

calculated as 0.092; in the case of the Chimney Rock sample, K(l) was found to 

be 0.094. Both values were measured at 20C and reported in base e (see Figures 

37 and 38). 

6.4 BQD(20) / BOD(5) 

The BOD(20) test described above also provided information about the 

relationship between BOD(5) and BOD(20 or ultimate), and about the role of 

nitrification in the stream. For example, it was found that BOD(20) ranged from 

3.3 times greater than BOD(5) (Highway 6 sample) to as high as 5.4 times BOD(5) 

(Chimney Rock sample) (see Figures 37 and 38). These ratios are a good deal 

higher than the 1.5 value commonly reported in the literature; they are even 

higher than the 2.3 value used by TDWR in its simulation of the Houston Ship 

Channel. TDWR's value of 2.3 was chosen for use in this model also because 

TDWR's data base is much larger than the two sample reports offered here, and 

because TDWR's data draw on samples taken from Texas streams, in many ways 

similar to Buffalo Bayou. 

6.5 TBOD / NOD / CBOD 

From each of the original Highway 6 and Chimney Rock samples, two 

BOD(20) samples were actually run: one with nitrification inhibition, one 
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without. It is interesting to note in Figures 37 and 38 that there is evidence of 

nitrification (the difference between the total BOO values and the carbonaceous 

BOD values) early and to a significant degree. Nitrification appears first as early 

as two days. At the close of the test the discrepancy between total BOD (TBOD) 

and carbonaceous BOD (CBOD) had grown large: for the Highway 6 sample 

TBOD/CBOD=55/27, and for the Chimney Rock sample TBOD/CBOD=57/33 (see 

Figures 37 and 38). The possible significance of nitrification as a form of oxygen 

demand in the Bayou might be supported by the high concentrations of nitrogen: 

for example, ammonia nitrogen values during 1982 averaged 2.7 mg/1. 

However, nitrification within the study segment does not appear to be an 

important oxygen sink. Even if nitrification began after only two days, the 

stream water would have almost passed completely out of the study segment 

(travel time at low flow is 2.8 days). Nitrification may form a significant oxygen 

demand in the lower reaches of the Bayou, for instance in the Ship Channel, but it 

is doubtful that it is important in the reach between Highway 6 and Shepherd. 

Nitrogenous BOD was not considered in this study's model simulations. 

6.6 BOD Settling 

Another mechanism for removal of BOD in the stream is settling. Settling 

appears to be significant in some parts of Buffalo Bayou. Dinring the June 30, 

1983 run, TSS values were found to fall sharply from 150 to 30 mg/1, while BOD 

values fell from 36 to 20 mg/1 - and the values fell in less than one day of travel. 

A crude estimate of the settling rate in the upper part of the Bayou, between 

Highway 6 and Wilcrest (where the flow velocity drops fastest and settling seems 

most significant) was made in the following way. Assuming that there is 36% 

BOD removal (from 36 to 23 mg/1 (discounting for BOD decay)) in 0.86 days of 

travel (15.0 km at approximately 0.8 feet per second), a typical particle would 
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drop 36% of the full depth of the stream (1.04 ft.) during that 0.86 days, dropping 

at a rate of 0.36(1.04 ft.)/ 0.86 day. This BOD removal rate translates to 0.44 

feet per day. BOD settling values as high as 0.35 feet per day were used in the 

stream model. 

6.7 Benthal BOD 

The organics that settle do remove BOD from the water column, but only by 

converting a large portion of that ambient BOD to benthal BOD. Krenkel (1980) 

gives a formula described above for determining the benthal oxygen demand 

based on the assumption that it is a function of the BOD in suspension, the bed 

slope, and the depth of water. Applying this equation to the calibration stream 

BOD values, benthal loads of between 1.7 and 5.0 gms. BOD/sq.m, were 

calculated for the Buffalo Bayou model. 

6.8 Reaeration Rate (K(2)) 

In addition to the deoxygenation coefficients calculated for the stream, a 

reaeration rate was determined. Langbein and Durum's (1967) equation: 

3.3 V 
K    
2 1.35 

D 

was used to calculate K(2). Entering depth and velocity data from Dairy Ashford 

(averaged over many observations over the last 2 1/2 years) and Chimney Rock 

(averaged over four separate sections), the equation produced a value of 1.0/day 

for K(2). 1.0/day was used as the K(2) value through the entire length of the 

stream, since similar K(2) values were found for the stream at Dairy Ashford and 

Chimney Rock, for cross-sections at the head and the middle of the stream's 

length. 



60 

MODEL COEFFICIENTS 

TABLE 3 

REACH KM K(l> K(2) BENTHOS SETTLING V:A V:B H:C H:D 

HIGHWAY 6 37.0 .09 1.0 5.0 .12 .11 .53 .19 .47 

BRIAR HILL STP 36.7 .09 1.0 5.0 .12 .11 .53 .19 .47 

TURKEY CREEK STP 33*6 .09 1.0 j '4.1 ‘ : 0.0 .11 
! 

.53 .19 .47 

DAIRY ASHFORD 30.6 .09 1.0 3.2 0.0 .11 .53 .19 .47 

WILCREST 26.4 .09 
1 

1.0 
! 
2.9 0.0 .n .50 .19 .50 

W. DISTRICT STP 21.9 .09 1.0 2.7 .35 .11 .47 .19 .53 

WEST BELT 21.8 .09 1.0 2.7 .35 .17 .41 .18 .57 

GESSNER 19.5 .09 1.0 1.9 0.0 .17 .40 .15 .60 

FONDREN 17.6 .09 1.0 1.9 0.0 .17 .40 .13 .60 

MEMORIAL STP 15.2 .09 1.0 3.6 0.0 .17 •40 .13 .60 

VOSS 13.3 .09 1.0 3.5 0.0 .17 .40 .10 .60 

WOODWAY 7.4 .09 1.0 3.4 0.0 .17 .40 .10 .60 

PINE HILL 2.6 .09 1.0 3.4 0.0 .17 •40 .10 .60 

RIVER OAKS 1.0 .09 1.0 3.2 0.0 .17 .40 .10 .60 

SHEPHERD 0.0 .09 1.0 3.2 0.0 .17 .40 .10 .60 
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6.9 Verification 

After the values for deoxygenation and reaeration had been calculated, an 

attempt was made to see if the coefficients to be used in the model were 

realistic. Using the integrated form of the Streeter-Phelps equation, and data 

from the survey of the reach between Chimney Rock and Woodway, the 

coefficient values were tested. The integrated form reads 

K L -K t -K t -K t 
112 2 

D = (e - e ) + D e 
K - K o 

2 1 

Assuming that K(l)=0.09, K(2)=1.0, t=0.14 day, L at the start of the reach = 26.5 

mg/1 BOD(U), and D (o) at the start of the reach = 4.9 mg/1 (where saturation = 

8.5 mg/1), DO at the end of the reach is calculated to be 3.93 mg/1. The 

predicted DO value corresponds well with the observed DO value of 4.0 mg/1 (see 

Figures 34 and 35, Table 3). It seems that the K(l) and K(2) coefficients 

calculated above give reasonable results and can be used in the QUAL-II(TX) 

simulation. 

The QUAL-II(TX) verification runs are shown, with simulated values 

alongside observed values, in Figures 39 and 40. Simulated DO values are 

relatively close to those observed in the stream samples (see Table 4). Predicted 

DO concentrations were both low and high, exceeding observed concentrations by 

as much as 20% at 18 km, 14% at 22 km, and 13% at 5 km and 35 km. The 

differences between predicted and observed DO values might be caused by the 

large diurnal swings in effluent flow and quality. Ambient stream BOD values 

were typically projected much higher than those actually measured in the stream, 

often 50% higher than the observed values (see Figures 41 and 42). The poor fit 



CALIBRATION DATA (6/30/93, 6AM) 

TABLE 4 

LOCATION STREAM KM DO BOD(U) FLOW 

BRIAR HILL 36.7 KM 7.5 MG/L(1) 75.0 MG/Ld) 0.3 CFS 

TURKEY CREEK 33.6 KM 7.2 MG/L 34.5 MG/L 0.7 CFS 

WEST DISTRICT 21*9 KM 6.2 MG/L { 2S.S MG/L 10.5 CFS 

MEM* VILLAGES 15.2 KM 6.4 MG/L 27.0 MG/L(2) 0.5 CFS 

RIVER OAKS 1*0 KM 1 MG/U3) 150 MG/U3) 0.5 CFS(3) 

HIGHWAY 6 37.0 KM 6.2 MG/L 35 MG/L 20.0 CFS 

DAIRY ASHFORD 30.6 KM 4.4 MG/L 13 MG/L 13.0 CFS 

WILCREST 26.4 KM 3*7 MG/L 13*5 MG/L — 

WEST BELT 21.8 KM 4.7 MG/L 21 MG/L 56 CFS 

GESSNER 19.5 KM 4.3 MG/L 22.5 MG/L — 

FONDREN 17.6 KM 4.5 MG/L 23 MG/L — 

VOSS 13*3 KM 3.8 MG/L 22*5 MG/L — 

WOODWAY 7.4 KM 3.6 MG/L 27.5 MG/L — 

PINE HILL 2.6 KM 3*5 MG/L 20.0 MG/L — 

SHEPHERD 0*0 KM 2.9 MG/L 22.5 MG/L — 
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CALEB RATION DATA (6/30/83. 10AM) 

TABLE 4 

LOCATION STREAM KM 

. 

DO BOD(U) FLOW 

BRIAR HILL 36.7 KM 7.5 MG/L 75 MG/L 0.3 CFS 

TURKEY CREEK 33.6 KM 7.0 MG/L 24.0 MG/L 1.6 CFS 

WEST DISTRICT 21.9 KM 7.S MG/L 22.5 MC/L 33.3 CFS 

MEM. VILLAGES 15.2 KM 6.4 MG/L 27.0 MG/L 0.8 CFS 

RIVER OAKS 1.0 KM 1 MG/U3) ISO MG/L(3) 1.5 CFS(3) 

HIGHWAY 6 37.0 KM 7.4 MG/L 36 MG/L 20.0 CFS 

DAIRY ASHFORD 30.6 KM 4.0 MG/L 23 MG/L 18.0 CFS 

WILCREST 26.4 KM 3.5 MG/L 21 MG/L _ 

WEST BELT 21.8 KM 4.7 MG/L 19.5 MG/L 65 CFS 

GESSNER 19.5 KM 3.5 MG/L 13 MG/L — 

FONDREN 17.6 KM 3.6 MG/L 14 MG/L — 

VOSS 13.3 KM 3.5 MG/L 26 MG/L  ; 

WOODWAY 7.4 KM 3.7 MG/L 22.5 MG/L — 

PINE HILL 2.6 KM 4.1 MG/L 24 MG/L — 

SHEPHERD 0.0 KM 3.6 MG/L 23 MG/L — 

(1) PLANT COULD NOT BE SAMPLED, 6AM EFFLUENT QUALITY 
ASSUMED TO BE SAME AS AT 10AM. 

(2) SAMPLE LOST AT PUBLIC HEALTH ENGINEERING 
LABORATORY. 

(3) PUMP STATION OVERFLOW NOT SAMPLED, WATER QUALITY 
ASSUMED TO BE THAT OF RAW SEWAGE. FLOW RATE 
ESTIMATED BY PUBLIC WORKS. 
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FIGURE 39 
STREAM DO PROFILE 
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FIGURE 41 
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of simulated to observed BOD values might be attributed to inaccuracies in the 

BOD test or to errors in the estimated BOD settling rate. 

6.10 Sensitivity 

A number of computer runs were made with QUAL-II(TX) to demonstrate 

the effect of varying several key coefficients used in the model. Deoxygenation 

rates, reaearation rates, benthos and BOD settling rates were increased and 

decreased by 50% from calibration values in order to see the sensitivity of 

simulation output to these parameters. 
s 

6.10.1 deoxygenation rate changes 

Figure 39 shows the result of varying deoxygenation (K(l)) rates. Stream 

DO decreases in response to increased K(l) values and increases with decreased 

K(l) values; 50% changes in K(l) result in 10 to 65% changes (the range is 

probably due to the wide variation in stream BOD load: 15 to 36 mg/1) in stream 

DO within the study reach. The 50% changes in K(l) cause increases and 

decreases in stream DO roughly similar to one another (see Figure 43). 

6.10.2 reaeration rate changes 

Raising or lowering reaeration rates (K(2)) produce quite different results. 

As can be seen in Figure 44, stream DO drops by different margins to similar 

minimum values with identical decreases in the K(2) rate. This indicates that, 

under low DO conditions, the DO deficit term in the Streeter-Phelps equation 

dominates the K(2) term, creating a maximum DO deficit that cannot be 

exceeded. The 50% decreases in K(2) caused stream DO to fall by up to 50%; the 

50% increases in the reaeration rate cause DO to rise by up to 40% (see Figure 

44). 



D
O
 (

m
g

/I
) 

67 

FIGURE 43 
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6.10.3 benthos and BOD5 settling rate changes 

Raising and reducing benthal BOD5 values and BOD5 settling rates has a 

much smaller effect on stream OO than changing K(l) and K(2) values. The small 

effect is probably due to the relatively small benthal rate and load values that 

are used. The rate is the same as that for ambient BOD (0.09/day), but as the 

total benthal load is much smaller than the ambient load (299 kgs vs. 1245 kgs 

oxygen demand per day), proportional changes in the benthal load have less 

effect. Variations in the settling values would also have little effect on the 

simulated DO values because settling rates are only included for 4 of the 15 

stream reaches, and in these reaches never exceed 0.35 feet/day (see Figure 4C). 

7.0 RESULTS 

This section presents the computer simulations of stream DO response to 

various stream and effluent treatment strategies. The effects of effluent 

aeration, oxygenation, and BOD limitation are shown. Direct treatment of the 

stream is also considered: the potential result of flow augmentation and 

artificial stream aeration are given. The computer predictions are followed by an 

analysis of the costs of the various alternatives. The study concludes with some 

recommendations for cost-effective protection of Buffalo Bayou's water quality. 

7.1 Predictions 

Most of the predictions for improving and maintaining Buffalo Bayou's water 
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FIGURE 45 
STREAM DO PROFILE 
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quality are based on the QUAL-n(TX) program. The exceptions are the 

evaluation of the effect of flow augmentation, which was done using both 

DOSAG-I and QUAL-II(TX) (identical results), and the analysis of the effect of 

artificial stream aeration, which was made using a program written by the author 

for use on the HP-86 microcomputer. In all cases, for predictions made with 

QUAL-II(TX), DOSAG-I, and the HP-86 program, original calibration was made to 

data collected on 30 June 1983 from 10-12AM. 

Projections made with the model use as a starting point and base of 

comparison the worst case situation of low stream flow and high stream water 

temperature. In this case, 'low' and 'high' were considered to be those values 

occuring less than 1% of the time, in other words, those values which would occur 

7 days of every two years. In many waste load allocations, the 7-day, 2-year 

frequency is not used; the 7-day, 10-year frequency is used in its place. While 

using the 7-day, 10-year event as the standard for evaluating the effect of 

various treatment options gives a wider margin of safety, the 7-day, 10-year flow 

value is unrealistic in this case.(39) Because of the contribution of the basin’s 

waste flows, Buffalo Bayou’s stream flow simply cannot reach such extremely low 

values. 

2*1*1 l°w flow and high temperature 

The 7-day, 2-year low flow and high temperature values were calculated by 

applying the Log Pearson Type m technique to USGS stream data collected 

between 1972 and 1982. Low flow was found to be 6.6 cfs at Highway 6; high 

temperature was calculated to be 29.2 C. Assuming these stream conditions and 

1983 wasteloads, a stream DO profile of the 7-day, 2-year event was produced. 

In this simulation, DO was at a minimum of 1 mg/1 at 34 km, remained below 2 

mg/1 from 35 km to 22 km, and was below 4 mg/1 between 35.5 km and 22 km and 
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from 2 to 0 km (used as a base of comparison in Figures 46-50). 

7.1.2 low flow, high temperature, L5 X 1983 waste flows 

Assuming identical stream and effluent conditions, but assuming that 

effluent flows increased 50%, stream DO responded in the following way: 

concentrations fell below 2 mg/1 from 34.5 km to 22 km, and remained below 4 

mg/1 from 35.5 km to 22 km (see Figure 46). If wasteflows continued to grow at 

their present rate (20%/yr), this simulation would represent the condition of the 

stream in 25 months. It is interesting to note that the additional waste flows, due 

to their high DO (all above 6 mg/1), improve rather than degrade stream quality. 

7.1.3 low flow, high temperature, 35 BOD(5) effluent 

Supposing that stream and effluent conditions were held the same, but that 

all dischargers within the study segment increased the BOD content of their 

effluent to 35 mg/1, stream DO would be affected in the following way: values 

would be below 2 mg/1 from 35 to 22 km, and would be under 4 mg/1 from 35.5 to 

22 km and 17.5 to 0 km (see Figure 47). 35 mg/1 BOD is the legal grab sample 

value according to TDWR permits issued for all dischargers in the watershed. 

7.L4 low flow, high temperature, 20 BOD(5) effluent 

If stream and effluent values are not changed, but effluent BOD 

concentrations are set to 20 mg/1, stream DO falls below 2 mg/1 from 34.5 to 33 

km, and stays below 4 mg/1 from 35.5 to 22 km. 

7.1.5 low flow, high temperature, 10 BOD(5) effluent 

Again assuming that all stream and effluent values are maintained and only 

effluent BOD concentration is changed, a value of 10 mg/1 BOD for the 
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FIGURE 46 
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dischargers produces the stream DO profile shown in Figure 47. 10 mg/1 is of 

interest because it is the TDWR composite sample limit for the BOD of effluent 

reaching the Bayou. In this figure, one can see that DO is under 2 mg/1 between 

34 and 33 km and under 4 mg/1 in the segment between 35.5 and 22 km.‘ 

7.L6 low flow, high temperature, 5 BOD(5) effluent 

If stream and effluent values remain the same, but effluent BOD is lowered 

to 5 mg/1 BOD, stream DO is beneath 2 mg/1 from 34 to 33.5 km and under 4 mg/1 

from 35.5 to 22 km (see Figure 47). It is interesting that only very slight 

improvement in stream DO was achieved through improvement of effluent from 

20 to 10 to 5 mg/1 BOD. 

2*1*2 l°w flow, high temperature, 10,20,36 BOD(5) headwater 

Changing the BOD content of the effluent from the dischargers within the 

study segment is ineffective because of the high BOD of the headwater source. 

The water coming from Addicks and Barker reservoirs regularly had BOD(5) 

values of over 30 mg/1 during sampling runs taken in 1982 and 1983. If these 

concentrations could be reduced, the DO of the stream below the dams would be 

greatly improved. Assuming that the BOD of the waste discharged from 

upstream dischargers could be adequately decreased and/or water could be stored 

long enough to allow settling of the BOD behind the dams, the DO of the Bayou 

downstream of Addicks and Barker could be raised significantly. In Figure 48, the 

effect of lowering the headwater BOD(5) from 36 to 20 to 10 mg/1 is shown. 

Even under the low flow and high temperature conditions represented in the 

figure, lowering BOD(5) headwater values to 20 mg/1 would result in a 75% 

increase in DO from stream km 36 to 22, while lowering the concentration to 10 

mg/1 would cause a 150% increase in stream DO in that critical segment. 
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7.L8 low flow, high temperature, 15 DO effluent 

A much greater effect on stream DO is achieved through oxygenation of the 

Bayou's waste discharges. Assuming that pure oxygen were injected in the plants' 

effluent values of DO 15 mg/1 and higher could be achieved in the effluent. In 

the simulation shown in Figure 49, waste DO of 15 mg/1 was assumed; all other 

stream and point discharge values remained fixed. The oxygenation of the 

discharges caused DO to remain above saturation (7.7 mg/1) from stream 

kilometer 22 to 11; DO fell below 2 mg/1 only between 34.5 and 33 km and below 

4 mg/1 between 35.5 and 31.5 and from 29.5 to 22 km. While oxygenation would 

certainly improve the stream's DO, it seems questionable that super-saturated 

values could be supported for so much of the stream. 

7.1.9 low flow, high temperature, 0,2,4,6 DO effluent 

It should be pointed out that the waste treatment plants within the study 

segment were discharging effluent with high DO during our sampling runs. In 

fact, the effluent DO ranged from a low of 6.4 (Memorial Villages) to a high of 

7.5 (West District) on the sampling run used for calibration (see Table 4). These 

high DO values support DO throughout the length of the segment and if reduced, 

would allow the stream DO to reach critical values. Figure 49 shows the effect 

of lowering the DO of the waste coming from these four plants. Reducing the 

dissolved oxygen of West District's effluent has the greatest effect on stream 

DO; as the figure shows, decreasing West District's waste DO to 6.0 mg/1 causes 

stream DO to drop below 4 mg/1 in the 21 kilometers of the stream downstream 

of the plant. 

7.1.10 low flow, high temperature, flow augmentation 

Flow augmentation can be an effective method for improving stream water 
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FIGURE 50 
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quality under critical conditions. The increased flows from the headwater source 

can dilute incoming wastes, and can increase stream velocity sufficiently to raise 

reaeration rates (reaearation varies with turbulence which increases with 

velocity). Flow augmentation is available for Buffalo Bayou from water stored in 

the Addicks and Barker flood control reservoirs. It should be noted at the outset 

that these reservoirs are not designed nor authorized to be used to store and 

supply water. They are detention structures, not retention structures. The 

reservoirs are only intended to reduce peak flood flows in the downstream section 

of the Bayou. However, if it were possible to strengthen the earthen 

embankments and rebuild the outflow structures and if authorization and funding 

were received from Congress, then flow augmentation would be an option for 

protecting downstream water quality. 

The QUAL-II(TX) program was set to calculate the headwater flow that 

would be necessary to sustain target DO levels of 3 mg/1 and 4 mg/1 throughoùt 

the stream. The model predicted that 985 cfs would be required to meet the 4 

mg/1 target; 87 cfs would be needed to support 3 mg/1 throughout the stream. 

Reservoir inflow records kept by the Army Corps of Engineers and spanning the 

years 1964 to 1981 indicate that these flows could be maintained for significant 

periods of time, provided that inflows were stored and not allowed to pass 

directly through the reservoirs as they are now. Combined capacity of the 

reservoirs, 195,000 acre-feet, is more than sufficient to store the required and 

available amounts of water. Total average inflows to the two reservoirs during 

the months of critical stream quality were: during June, 16,579 acre-feet (8359 

cfs-day), during July, 13,146 acre-feet (6626 cfs-day) and, during August, 7133 

acre-feet (3595 cfs-day). Assuming that these inflows were retained for only one 

month in order to preserve flood storage, then flow augmentation of 985 cfs could 

be sustained for 8.5 days during June, for 6.7 days during July, and for 3.7 days in 
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August. If flow augmentation of 87 cfs were desired, flows could be maintained 

at the required rate for 96.1 days in June, 76.1 days in July, and 41.3 days during 

August. Assuming that the average inflows were maintained, flows of 87 cfs, and 

target DO of 3 mg/1, could be' sustained during these months and beyond. The 

effect of flow augmentation on the Bayou's DO profile is shown in Figure 50. 

7.1.11 low flow, high temperature, flow augmentation and stream aeration 

Direct aeration of the stream is another alternative which should be 

considered. Artificial stream aearation is a technique of maintaining stream DO 

in stressed stream reaches that has been widely and successfully used. Articles 

report its use in the Ruhr River of Germany and the Thames River in England. 

Stream aeration has the advantage of great flexibility and , hence, economy, 

when compared with effluent limitation. Aerators can be operated during only 

those critical times and at those stream locations that require it. The solution 

can exactly match the problem, without waste. 

The effects of stream aeration were simulated with a program written by 

the author for use on a HP-86 microcomputer (see Figure 50). The initial 

condition was 7-day, 2-year low flow and high temperature (6.6 cfs at the 

headwater and 29.2 C throughout the stream), 1983 wasteloads, and flow 

augmentation sufficient to meet the 3 mg/1 target DO (flow of 87 cfs in addition 

to the original 6.6 cfs). The maintenance of 3 mg/1 improves the efficiency of 

the aerators; oxygen transfer below 3 mg/1 drops to 1 lb oxygen per horsepower- 

hour, while above 3 mg/1 can reach rates of 4 lb oxygen per horsepower-hour. 33 

potential sites for aerators were designated throughout the stream, one at the 

head of each reach. 4 mg/1 was chosen as the target DO and the required aerator 

horsepower was chosen using the formula(43): 



79 

(T—20) 
O (9.17 (1.024) ) 

HP    
1.5 D 

where HP is horsepower, O is oxygen requL ad (lbs/hr), D is the target DO minus 

observed DO (mg/1), and T is temperature (C). 

For the 4 mg/1 target, the model predicted that six aerators of between 16 and 30 

horsepower operating at 6 psig would be enough to meet the required DO 

concentration. 

7.2 Economic Analysis of Alternatives 

The feasibility of the various options for treating effluent and/or 

streamwater is often determined by the cost of those options. Two options have 

been priced. One alternative is to pursue further treatment of effluent 

discharged to Buffalo Bayou, treatment to a permit level of 5 mg/1 BOD5 / 10 

mg/1 TSS / 7 mg/1 NH4. This effluent quality would be met for seven months of 

the year, April through October, those months when the Bayou typically has the 

poorest stream quality. These permit values would replace, during those seven 

months, the current discharge levels of 10 mg/1 BOD5 / 15 mg/1 TSS for the city 

plants operating within the watershed. The new and stricter effluent quality 

would require treatment plants to install filters and operate them on a seven 

month basis; the effluent treatment costs were calculated with this process in 

mind. A method for treating the stream itself was also priced. In this process, 

flow augmentation would be used to maintain 3 mg/1 DO in the stream while 

artificial aeration would be used to bring DO up to 4 mg/1. This system would be 

operated on a day-by-day basis, triggered by low stream DO values. 
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Working from cost estimates made by M.T. Garrett, some figures for the 

expense of constructing and operating and maintaining filtration equipment were 

calculated. Assuming that 32.7 mgd (total 1983 Buffalo Bayou wasteflow) were 

to be treated, capital costs would be $10.5 million, operating costs would be $0.7 

million/year and maintenance and miscellaneous expenses would be $1.0 

million/year. The breakdown of these costs follows. Capital costs of installing 

filters are estimated at $0.32 million/mgd, which comes to $10,464 million for 

filtering 32.7 mgd. Annual operating costs include power at $75/mgd-day for 214 

days/year, or $525,000/year, and chlorination at $15/mgd-day for 214 days/year, 

or $105,000/year. Sludge disposal of 5 ppm TSS requires handling 40 pounds/mgd 

at $300/ton for 214 days of the year, for a total disposal cost of $40,000/year. 

Yearly maintenance expenses for the filters themselves are calculated to be 

$32,000/mgd-year with a 20% discount for 7 month/year operation and come to a 

total of $840,000/year. The cost of maintaining the blowers and other treatment 

equipment is estimated at 25% of the power cost, or $130,000/year. 

The cost of providing flow augmentation and stream aeration was also 

considered. Pricing the improvements necessary for providing flow augmentation 

has been difficult; some help was found in an Army Corps of Engineers 1981 

study on the safety of the dams at Addicks and Barker reservoirs. In that study, 

concern was raised over the possible leakage and failure of the dams in the event 

of a Standard Design Flood (SDF). The SDF is an extreme event with a frequency 

of "considerably more than a thousand years". SDF involves the runoff from a 

43-inch/72-hour storm reaching the reservoirs within 5 days of a SPF (Standard 

Project Flood, or 21-inch/ 72-hour) having filled the reservoirs. Although the 

Corps' concern with an event of this magnitude may not currently extend to 

regularly storing 20,000 acre-feet in the two reservoirs together, such long term 

storage may, with time, cause the same problems as a single great flood. The 
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Corps has already undertaken some work to protect against failure of the dams, 

and has planned for more work. The initial repairs to the dams involved 

constructing a bentonite slurry trench running vertically through the dams, 

earthen stability berms along the downstream side of the dams, and clay 

blanketing along the bottom of the reservoirs immediately upstream of the dams. 

This work was completed in 1979 at a cost of $12 million. Plans for additional 

work involve raising, extending and concreting the dams and do not seem to 

enhance the seal of the dams so much as the extent and capacity of the dams. 

The work already completed in 1979 appears to be sufficient to maintain 

adequate storage for downstream flow augmentation purposes. The study 

concludes "the dams now have the capability of storing the rainfall runoff for an 

extended period of time without threat of failure" (50). 

The expense of artificial stream aeration was calculated according to 

estimates made in Susag's (1966) article (with updates on prices made by 

following the historical cost indices of Dodge (1973, 1983)) The amount of 

reaeration that is required to meet the target DO (4 mg/1 is the target for 

aeration; the figures shown below assume that flow augmentation is maintaining 

minimum DO of 3 mg/1 throughout the stream segment) is calculated in the 

HP-86 program to require a total of 138 horsepower. At a cost of $5300/hp, the 

initial capital cost of diffusion aerators would be $730,000. 1 horsepower is 

assumed to require 0.746 kilowatt-hour, which in turn costs $0.04/kwhr (41). 

Operation of the aerators would cost $4.10/hour, and if operated 24 hours a day 

for 30 days each year would cost $3000/year for the electricity to power them. 

Upkeep on the aeration system would cost $7200/year (assuming 1 1/2 % total 

cost) (43). 
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8.0 CONCLUSIONS 

From the data collected for this study and from the computer model 

application, the following conclusions can be drawn: 

8.1^ Watershed Development 

Rapid development of the Buffalo Bayou watershed and the increase in 

domestic wastewater discharged to the Bayou have contributed to the degradation 

of the stream. The population of the basin has increased at the rate of 8% 

annually for the past ten years and the number of wastewater discharge permits 

has grown at the rate of 38%/year over that period. 

8.2 Waste Load Increases 

Waste loads to the Bayou have steadily increased over the past decade, and 

can be expected to continue to rise. Waste flows are increasing at the rate of 

20%/year, while loads are increasing at a rate of 4%/year. 

8.3 Stream Indicator Changes 

Indicators of stream pollution such as ambient BOD, ammonia nitrogen, 

orthophosphate, total suspended solids, and conductivity have all shown recent 

marked increases. Corresponding decreases in dissolved oxygen have been found 

at some points in the stream. 



83 

8.4 Current Waste Loads 

Waste flows currently dominate stream base flows by a factor of 7.4:1. 

Waste loads entering the Bayou from area dischargers total over 4400 pounds of 

BOE(5) per day. Diurnal fluctuations in stream quality can be largely attributed to 

variations in point discharge quantity and quality. 

8.5 Current Stream Conditions 

Degradable material reaching the strain presently exceeds the ability of the 

stream to assimilate the waste and support a large and varied population of 

aquatic life. Under low flow and high temperature conditions, the stream fails to 

meet a 4 mg/1 DO level for 15 km of the total 37 km length of the study segment. 

8.6 Critical Stream Conditions 

Critical DO levels are found in the upper portion of the study segment, from 

Highway 6 to West Belt. This is due to the high stream BOD concentrations, 

regularly exceeding 35 mg/1, measured at the Highway 6 crossing. These high 

readings suggest that the 36 dischargers in the watershed above Addicks and 

Barker reservoirs are exceeding the ability of the stream to dilute and partially 

degrade their effluents. Many of these plants are small 'package plants'. It is 

likely that their performance could benefit from the economies of scale and 

improved supervision that come with regionalization. 

8.7 Effluent DO 

Stream DO below West Belt maintains a level above 4 mg/1 under low flow 
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and high temperature conditions. This is due to the high DO (typically over 7 

mg/1) of the effluent discharged from the West District plant. Sustaining high DO 

levels in waste discharges is an effective way of supporting high stream DO in 

Buffalo Bayou. 

8.8 Effluent BOD 

Simulations of the response of the Bayou to lower effluent BOD 

concentrations show little effect. Considering the cost of improving BOD 

concentrations from the current 10 mg/1 composite permit level, reducing 

effluent BOD does not seem to be a viable alternative for maintaining stream 

quality. However, care should be taken that effluent BOD does not reach the 

levels reached during and after Hurricane Alicia. Such high BOD loads cause 

immediate problems with stream DO and can cause lingering problems due to the 

formation of sludge banks. Increasing the treatment and wet well capacity and 

installing backup power generators at the plants should be pursued. 

8.9 Flow Augmentation 

Flow augmentation during the critical low flow periods could help support 

higher stream DO. Using the QUAL-II(TX) model, flows of 87 cfs were calculated 

as adequate to support a minimum of 3 mg/1 DO throughout the stream. 

Adequate inflows and capacity exist behind the Addicks and Barker dams to 

sustain flows which could maintain the 3 mg/1 level. Designation of the 

reservoirs as suitable for water storage and supply should be encouraged. As the 

dams are existing and are already maintained for flood control purposes, their use 

for water quality improvement would be a low cost option. 
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8.10 Stream Aeration 

Direct aeration of the stream with diffused air aerators could be used in 

conjunction with flow augmentation. If flow augmentation succeeded in 

maintaining 3 mg/1 DO, in-stream aerators could then boost stream DO to 4 mg/1. 

Stream aerators would have the advantage of being located at the sites of critical 

stream DO, and would only have to be run at those times of low DO. Used 

together with flow augmentation, direct stream aeration is the best, most cost- 

effective means of protecting Buffalo Bayou's water quality. 

8.11 Institutional Measures 

Protection of the stream will rely on the technical measures mentioned 

above, but these improvements would be impossible without the support of the 

community. A number of policy decisions will be needed to implement the 

technical improvements. Buffalo Bayou, above the Ship Channel, must be 

designated as a 'water quality limiting stream segment' with a stream DO 

standard of 4 mg/1. The Texas Department of Water Resources should develop a 

stream model for the Bayou, and produce a waste load allocation for the 

dischargers using the Bayou. TDWR must encourage through permitting 

activities, and the City of Houston together with private developers must 

finance, the construction of large, regional sewage treatment plants. Approval of 

the use of the Addicks and Barker reservoirs for flow augmentation must be 

secured. Financing for the stream aeration program needs to be arranged, 

presumably depending on the major dischargers for support. Monitoring of the 

dischargers and of the stream itself should be continued. 
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9.0 RECOMMENDATIONS 

Several technical and institutional changes could help maintain the Bayou’s 

water quality. The technical improvements would certainly involve the waste 

treatment plants discharging to the Bayou. Regionalization of sewage treatment 

plants (40 of 43 plants in the basin discharge less than 1 mgd) would be helpful; 

not only would such a program take advantage of great economies of scale(40) but 

it would also enable improved supervision and performance of the centralized 

plants. Protection of sewage treatment plants from chronic and storm flow 

bypasses is another important goal: currently, the major discharger to Buffalo 

Bayou, West District plant, reports bypasses three days per month on average. 

Bypasses could be reduced if illegal storm drain hook-ups were eliminated, and if 

plant wet well and treatment capacity were increased. Bypasses at the 

treatment plants are a serious but sporadic problem; the overflows at the River 

Oaks pump stations are perhaps more critical because they occur continually. 

Public Works should try to tie in the River Oaks system with a treatment plant in 

order to stop these discharges of raw sewage to the Bayou. 

Considering the extreme cost, long delays and marginal benefits of higher 

treatment of the effluent entering the Bayou (5/5/2), it seems best to rely on the 

methods of treating the Bayou itself. Flow augmentation and direct stream 

aeration cost less money (especially if the costs of the 1979 dam repairs were 

attributed to flood control purposes) and provide higher levels of stream DO than 

the alternative of further effluent treatment. A program of maintaining a 3 mg/1 

stream DO minimum through flow augmentation in conjunction with artificial 

stream aeration to a 4 mg/1 DO target seems to be the most effective option for 

protecting Buffalo Bayou's water quality. 
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The Bayou’s water quality could also be enhanced through a number of 

institutional changes. Four policy changes would be helpful. The first action 

should be designation of the upper reach of Buffalo Bayou as "water quality 

limiting". This initial step would make the upper stretches of the Bayou eligible 

for a wasteload allocation and a stream quality standard. The second step should 

be the authorization of use of the Addicks and Barker reservoirs for water 

storage and supply. This would enable the reservoirs to be used for flow 

augmentation in the downstream reach of the Bayou. The third suggestion is for 

the sanction and funding by the City of Houston of joint city/developer 

construction of sewage treatment plants. Coupled public and private construction 

of waste plants would make available sufficient funds for a regionalization 

program. The expansion of Turkey Creek Plant is an example of such a 

partnership. The last task is to encourage continued sampling and study of the 

Bayou in the hopes of better understanding and protecting the stream. 
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