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3  METHODOLOGY

3.1  Streeter–Phelps model for DO

The well-known Streeter–Phelps equation for DO concentrations, C [mg/L], is generally 
written as:
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where cs is the DO concentration at saturation, C0 the initial DO concentration, ka the 
reaeration constant, kd the rate of oxidation of the carbonaceous material, ks the BOD settling 
rate, kr = kd + ks (decomposition and settling), L0 the initial BOD concentration, U the water 
velocity, and x is the downstream distance. Meanwhile, the reaeration and the rate of oxida-
tion are dependent on water temperature. For instance, oxygen reaeration rates established 
for water at 20oC can be extrapolated using:
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where ka,20 indicates the reaeration rate at 20oC, ka T,  is the reaeration rate at a water 
temperature, T, and �  is the temperature-correction coefficient for reaeration that is approxi-
mated as 1.024 [15]. The rate of oxidation is adjusted similarly based on water temperature 

Figure 1: Jordan River in Salt Lake City, UT. (a) Jordan River 
with tributary inflows, WWTP inflows, and diversion; 
(b) Jordan River location in the United States.

(b)
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as those for reaeration (e.g. eqn. (4)) but with a temperature-correction coefficient for oxida-
tion of 1.047 based on the oxidation rate at 20oC approximated as 0.2 per day [16]. For this 
exercise, the reaeration rate at 20oC, ka,20, under units per day is approximated by the 
O’Connor–Dobbins Model that is a function of the water velocity U (in metres per second) 
and the water depth H (in meters) as follows.
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At the same time, the DO concentration at saturation, cs, is computed as a function of water 
temperature, T, using:
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Meanwhile, the water temperature T, initial DO concentration C0, and the initial BOD 
concentration L0 are computed based on elemental mass balance per segment, incorporating 
headwater (upstream boundary), point source inflow, and any tributary/nonpoint source 
inflows. The following relationship is applied for an elemental mass balance for computing 
Y0, which can be water temperature, initial DO concentration C0, or the initial BOD concen-
tration L0, based on headwater, point source, and tributary/nonpoint source.
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where QH and YH represent the discharge and parameter (water temperature, initial BOD 
concentration, or initial DO concentration) from the headwater/upstream boundary, respec-
tively; QP and YP indicate the discharge and parameter from the point source, consecutively; 
and QT and YT is the discharge and parameter from tributary/nonpoint source, correspond-
ingly. For the headwater/upstream boundary BOD and DO (indicated as parameter YH in 
eqn  (7)), a segment that exhibits a point source and/or tributary/nonpoint source inflow 
applies the BOD concentration L and implements the Streeter–Phelps model (eqn (3)) for the 
headwater DO concentration at directly upstream of the segment toward employing such 
elemental mass balance for re-calculating L0 and C0 (eqn (7)). Such adjustment for BOD is 
applied by calculating the BOD concentration L as exhibiting a first-order oxidation rate kd 
as a function of distance x by the following relationship:

	 L L e k xd= −
0 . � (8)

3.2  WQT framework as a spreadsheet model

For this exercise, a spreadsheet model has been developed for the WQT framework, incorpo-
rating wastewater discharges, the major tributaries, etc. The spreadsheet model applies the 
Streeter–Phelps DO Model (eqn (3)) and then the first-order decay model for BOD (eqn (8)) 
based on no levels of removal applied followed by the DO model with user-defined removal 
levels on point source + tributary flow and BOD. The percent difference E is calculated 
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among the concentration without removal and the concentration with user-defined removal 
through the following relationship:
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where CNR and CR indicate the concentration of DO or BOD without and with user-defined 
levels of removal of BOD or flow, respectively. In this exercise, the spreadsheet model applies 
a trapezoidal cross-section, yielding the following relationship for discharge into segment Q.

	

Q
C

n

b y m m y

b y m y m

f=
+ +( )( )( )

+ + ( ) + + ( )














0 5

1 1

1 2

5

3

1
2

2
2

2

3

.













S , � (10)

where Cf is the coefficient for the Manning’s Equation and is dependent on system of units 
(e.g. Cf = 1 under SI units); n is the Manning’s roughness coefficient; y indicates the water 
depth of channel; b is the bottom width of channel; m1 and m2 represent the channel side 
slopes as the number of horizontal units against 1 vertical unit; and S is the channel bottom 
slope that is approximated as parallel to the slope of the energy grade line (EGL). For this 
exercise, since the water depth y from eqn (10) needs to be computed as the segment inflow 
Q serves as an input, eqn (10) is calculated iteratively by applying an initial guess yi followed 
by re-calculated yi+1 through the following manipulated form of eqn (10):
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The spreadsheet model applies an initial guess of the water depth of 0.001 m, computes the 
subsequent value for the water depth by eqn (11), and then repeats eqn (11) using the subse-
quent value for re-calculating the water depth. In this exercise, 150 iterations of eqn (11) have 
been implemented for numerically computing the water depth, which the value at the 150th 
iteration is employed for calculating the reaeration rate at 20oC (e.g. eqn (5) with H as the 
channel water depth).

3.3  Data sources for the case study on the Jordan River

For this exercise, the spreadsheet model allows the user to input headwater inflow quantity and 
quality (e.g. upstream boundary conditions for the system), point source quantity and quality, 
tributary/nonpoint source quantity and quality, and flow diverted from the system. At the same 
time, the spreadsheet model allows the user to specify levels of removal upon inflow quantity 
and BOD concentration for point sources (e.g. WWTPs) and tributaries/nonpoint sources. 
Table 2 provides the references employed for retrieving DO, BOD, water temperature, and 
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inflow quantity data for populating the headwater, point source, tributaries, and diversions for 
the Jordan River.

4  RESULTS AND DISCUSSION

4.1  DO and BOD concentrations on a selected case study time period

The spreadsheet model has been applied toward the Jordan River, selecting a time period 
during the summer/fall for which higher temperatures and lower inflows are observed. For 
this exercise, the spreadsheet model employs the headwater, point source, tributary, and 
diversion data for August 22, 2012. Meanwhile, for evaluating the effects of user-defined 
removal upon the DO concentration of the system, a removal of 80% is implemented upon 
the point source inflow quality for BOD while a 50% is applied toward tributary/nonpoint 
source inflow for BOD. Figure 2 displays the BOD and DO concentrations along the Jordan 
River without and with user-defined (80% upon WWTP BOD; 50% upon tributary/nonpoint 
source BOD) removal.

Meanwhile, Figure 3 display the percent differences in BOD and DO concentrations along 
the Jordan River for August 22, 2012 when applying 80% point source BOD and 50% tribu-
tary/nonpoint source BOD removal relative to the BOD and DO concentrations with no 
removal applied.

Table 2: Inflow quantity and quality (BOD, DO, water temperature) data 
reference for headwater, point sources, tributary/nonpoint sources, and 

diversions for the Jordan River.

Inflow headwater, 
point source, 
tributary, diversion

Data employed (site no, 
DMR, etc.) Agency for data reference

Upstream boundary 4994790 (Jordan R at Utah L 
Outlet U121 Xing)

Utah Division of Water Quality

Jordan Basin WWTP Discharge monthly report Utah Division of Water Quality

South Valley WWTP Discharge monthly report Utah Division of Water Quality

Little Cottonwood 
Creek

4993580 (Little Cottonwood 
Ck 4900 S 600 W SLC)

Utah Division of Water Quality

Big Cottonwood Creek 4992970 (Big Cottonwood 
Ck ab Jordan R at 500 W 
4200 S)

Utah Division of Water Quality

Central Valley WWTP Discharge monthly report Utah Division of Water Quality

Millcreek 4992480 (Mill Creek above 
Confl/Jordan River)

Utah Division of Water Quality

Surplus Canal 10170500 (Surplus Canal at 
Salt Lake City, UT)

United States Geological Survey 
(USGS)

South Davis South 
WWTP

Discharge Monthly Report Utah Division of Water Quality
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Figure 2: BOD and DO Concentrations along the Jordan River 
for August 22, 2012 without and with user-defined 
removal at 80% WWTP BOD removal and 50% 
tributary/nonpoint source BOD removal.

(a)
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4.2  Effects of user-defined removal upon DO/BOD concentration in framework model

Since the user-defined removal is applied upon BOD, such user-defined removal levels 
directly affect the BOD concentration along the reach, yielding the rate of decrease in BOD 
concentration that seems to increase as a function of distance downstream along the Jordan 
River. On the other hand, applying such removal upon WWTP and tributary BOD appears to 
increase the DO concentration, which the improvement in DO concentration seems to 
increase as the reach distance downstream increases. For instance, for this exercise that 
employs the Jordan River on August 22, 2012 as a case study, applying an 80% removal upon 
BOD for all WWTPs (Jordan Basin, South Valley, Central Valley, South Davis South) with a 
50% removal upon tributary/creek (Little Cottonwood, Big Cottonwood, Millcreek) BOD 
seems to yield a maximum increase in DO concentration by approximately 2.19%, with the 
maximum increase from approximately 7.72 mg/L to 7.89 mg/L, while exhibiting a maxi-
mum decrease in BOD by approximately 31.3%, with the maximum decrease from 
approximately 3.95 mg/L to 2.72 mg/L.

Meanwhile, such assessments can be further extended toward applying user-defined 
removal upon point source and tributary inflows (e.g. water quantity). However, such imple-
mentations of flow reductions appear to not be recommended and may require significant 
collaborations with the point sources (e.g. WWTPs) and stakeholders involved with the tribu-
taries. For instance, flow reductions upon tributary inflows suggest the need for implementing 
stormwater best management practices (BMPs), along with structural BMPs through Low-
Impact Development (LID), for flood control/flow retention (e.g. detention ponds, rain 
gardens, etc.).

(b)

Figure 3: Percent difference in concentration for 80% point source BOD and 50% 
tributary/nonpoint source BOD removal relative to no removal along 
the Jordan River on August 22, 2012. (a) Percent difference in DO 
concentration; (b) Percent difference in BOD concentration.
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4.3  Implications on BOD/DO WQT

For this exercise, such removal levels are applied upon the WWTPs and tributaries for 
implementing a trading scenario among the point (WWTPs) and nonpoint (tributaries) 
sources. For instance, if levels of removal are applied only to WWTP BOD (e.g. maintain-
ing the tributary BOD inflow), applying high levels of WWTP BOD removal seem to not 
be as effective as implementing trading between WWTP and tributary based on desired 
levels of BOD removal. For instance, for this exercise along the Jordan River on August 
22, 2012 as a case study, applying nearly 100% removal (e.g. 99.999%) upon all point 
source BOD (e.g. all WWTPs) and no removal upon tributary BOD yields a maximum 
increase in DO concentration of approximately 1.89%, with a maximum decrease in BOD 
concentration of approximately 27.2%. In other words, incorporating the removal of tribu-
tary BOD while decreasing the levels of removal of point source BOD (e.g. approximately 
100% WWTP BOD removal vs. 80% WWTP BOD removal) seems to yield greater ben-
efits upon the DO concentrations along the Jordan River as compared to implementing 
only point source BOD removal, hence suggesting the need for WQT and source loading 
allocations. Furthermore, these characteristics suggest the need for applying additional 
removal upon tributary BOD, which such applications implicate the need for implement-
ing stormwater nutrient removal. There are many opportunities for stormwater pollutant 
removal of biochemical oxygen demand using structural BMPs. On the other hand, 
uncertainties in BMP performance need to be incorporated and often lead to significant 
trading ratios.

5  CONCLUSIONS
WQT has been shown to be a viable solution to improving surface water quality. While 
implementation of TMDL remediation plans in the United States may result in expanded 
WQT markets, these will likely be limited if the focus is solely on addressing improve-
ments of impaired waterways. Policies that value water quality conditions above the 
minimum are needed to encourage more trading and improve aquatic conditions to more 
river reaches.

This framework is still conceptual and will require considerably more input from regula-
tors, stakeholders, ecologists, economists, legal experts and time to implement adaptive 
management strategies. As part of the process, the development of a more detailed process-
based water quality model would greatly improve our ability to assess trading and water 
quality improvements particularly with respect to nutrient impacts on DO. Furthermore, 
additional work on cold weather BMP performance is needed to better quantify trading 
between point and non-point treatment remedies.
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