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Background and Objectives

Jordan Lake is located in the Piedmont region of North Carolina, and provides important water supply, recreation, flood control, downstream flow augmentation, and aquatic and wildlife habitat benefits for a large region.  The lake is considered to be one of the most eutrophic lakes in the State of North Carolina, as evidenced by elevated levels of nutrients and chlorophyll a.  Additionally, projected growth and development within the lake’s 1,690 square mile watershed could result in increased eutrophication and associated water quality degradation within the lake.

In a previous project completed in 2002, seven local governments within the Jordan Lake Watershed, acting through Triangle J Council of Governments (TJCOG), contracted for the development of a nutrient response model for Jordan Lake (Tetra Tech, 2002).  This model was intended to provide much of the technical basis for establishing nutrient discharge limits applicable to point source wastewater treatment facilities within the watershed.
    In order to assess each point source facility’s relative contribution to the total nutrient load to the lake, and therefore the water quality response, the Project Partners also contracted for the development of a complementary nutrient loading and delivery model to assess point source nutrient loads transported by the major tributaries within the lake’s watershed (RTI, 2002).  The foundation of the methodology used for the analysis presented herein was developed as part of this project.  Key steps in developing the model included: setting up the stream network and routing system; predicting daily stream flow and channel hydraulics for each stream reach; creating input files of historical and projected wastewater treatment plant (WWTP) effluent characteristics; and modeling the instream attenuation of nitrogen and phosphorus (Table 1).  The delivery model development process involved deriving daily wastewater and instream flow and nutrient concentration and time-of-travel estimates based on effluent data, runoff records, and estimates of travel distances and stream channel characteristics.  The principal technical challenge was to create an integrated data management and modeling application that: managed the large and previously unrelated data; defined mathematical relationships describing the delivery of nutrients; and managed model output.

For this project, the previously developed application was modified and used to calculate nitrogen and phosphorus delivery from the outlet of small watersheds (14-digit hydrologic units, or HUs) within the basin discharging upstream of the lake.  The delivery values were developed to provide input to a watershed modeling study being completed by Tetra Tech.  The delivery values identified are important and representative in relative terms only.  In other words, the percentage of the nitrogen and phosphorus entering the system from each small watershed is the key output being sought, and no attempt was specifically made to model actual sources or absolute quantities.
Table 1: Primary Model Specifications

	Model Component
	Approach

	Spatial domain
	1‑dimensional advective stream model

Downstream boundary at stream/lake interface 

	Temporal domain
	Daily time step

Steady state for each day

	State variables
	Stream flow

Total phosphorus (TP) and total nitrogen (TN) upstream of lake

	Stream flow
	Calculated daily for each reach based on analysis completed as part of the Cape Fear River Basin Model, gaged data, and drainage area calculated for each stream reach 

	Hydraulics
	Assume stable channel, channelized flow  

Include stream width, depth, sinuosity, slope, velocity, time-of-travel

	Instream kinetics
	First order decay, variable by stream flow, based on analyses by USGS

	Sources
	Daily waste flow, total nitrogen, total phosphorus based on discharger monitoring data for Project Partners and several other facilities 

	Computational element
	Stream reach as defined by USEPA Reach File Version 3


The steps performed to modify the application from the original study (RTI, 2002) to achieve this objective are listed below:

1) All point source discharger inputs were removed from the model.

2)  Reaches associated with the downstream extent of each HU were identified as “outlet reaches” (Table 1).  These reaches were used as the points of reference for routing nutrients through the stream network.  No attempt was made to model delivery from headwater and tributary reaches within each HU.

3) Unit loadings were input to these outlet reaches.  Unit loadings were defined based on daily streamflows derived from the Cape Fear Hydrology Model and the median instream total nitrogen (mg/l) and total phosphorus (mg/l) concentration obtained from instream monitoring (Table 2).  These concentrations values were multiplied by streamflows to calculate daily loading values for each reach in the network.  Daily values were averaged annually and by season (spring: March 1- May 31; summer: June 1-August 31; fall: September 1 – November 30; winter: December 1- February 28).

4) Node-to-node sequencing was determined for the HUs to allow for tracking the delivery from the source reach to the lake, through each node.  Where more than one HU was tributary to a downstream HU, it was assumed that the instream loss from the upstream nodes to the downstream node was proportionally allocated to each upstream node.  This introduces a small bias into situations where upstream tributary HUs have very different flow lengths to the downstream node.  Visual inspection indicates that this bias is likely very minimal.

5) The model code and input and output data structure were modified to perform the necessary calculations.

As with the original study, the model was applied using streamflow inputs from 1996-1998.  Additionally, the same assumptions for instream hydraulics and decay processes were employed.  Percent delivery was calculated as the difference between the input load for each HU and the downstream reach located at the lake interface, as defined in the original application
.  Delivery was calculated for 44 of the 56 HUs in the entire watershed. All but two of these HUs discharge into the Haw River, with one HU representing the University Lake watershed on Morgan Creek, and one  HU located on upper New Hope Creek.  The remaining 12 HUs discharge directly into Jordan Lake (or define the lake proper), and were therefore not included in the analysis.
  Complete (100%) delivery was assumed from the outlet of these 12 HUs for the purpose of map generation.

Table 2: Hydrologic Unit Attributes
	HU Code
	Level
	Downstream HU
	RF3 Outlet Reach
	Arm

	03030002010010
	8
	03030002010040
	3030002 24 0.00
	Haw

	03030002010020
	8
	03030002010040
	3030002 25 0.00
	Haw

	03030002010030
	8
	03030002010040
	3030002 73 0.00
	Haw

	03030002010040
	7
	03030002010050
	3030002 23 7.68
	Haw

	03030002010050
	6
	03030002030010
	3030002 23 0.00
	Haw

	03030002020010
	9
	03030002020020
	3030002 33 0.11
	Haw

	03030002020020
	8
	03030002020030
	3030002 29 9.65
	Haw

	03030002020030
	7
	03030002020070
	3030002 29 0.00
	Haw

	03030002020040
	8
	03030002020060
	3030002 38 0.00
	Haw

	03030002020050
	8
	03030002020060
	3030002 39 0.00
	Haw

	03030002020060
	7
	03030002020070
	3030002 37 0.00
	Haw

	03030002020070
	6
	03030002030010
	3030002 28 0.00
	Haw

	03030002030010
	5
	03030002030050
	3030002 22 0.00
	Haw

	03030002030020
	5
	03030002030050
	3030002 19 0.00
	Haw

	03030002030030
	6
	03030002030040
	3030002 21 0.34
	Haw

	03030002030040
	6
	03030002030050
	3030002 20 0.00
	Haw

	03030002030050
	4
	03030002030080
	3030002 18 2.70
	Haw

	03030002030060
	4
	03030002030080
	3030002 83 0.00
	Haw

	03030002030070
	4
	03030002030080
	3030002 17 5.42
	Haw

	03030002030080
	3
	03030002050010
	3030002 16 0.00
	Haw

	03030002040010
	5
	03030002040030
	3030002 45 0.80
	Haw

	03030002040020
	6
	03030002040010
	3030002 46 0.00
	Haw

	03030002040030
	4
	03030002040100
	3030002 43 0.00
	Haw

	03030002040040
	5
	03030002040030
	3030002 893 0.00
	Haw

	03030002040050
	5
	03030002040030
	3030002 44 0.00
	Haw

	03030002040060
	5
	03030002040030
	3030002 68 0.00
	Haw

	03030002040070
	4
	03030002040100
	3030002 50 0.00
	Haw

	03030002040080
	5
	03030002040070
	3030002 52 0.00
	Haw

	03030002040090
	5
	03030002040070
	3030002 86 0.00
	Haw

	03030002040100
	3
	03030002050010
	3030002 40 0.00
	Haw

	03030002040110
	4
	03030002040100
	3030002 41 0.00
	Haw

	03030002050010
	2
	03030002050020
	3030002 13 4.92
	Haw

	03030002050020
	2
	03030002050050
	3030002 74 0.00
	Haw

	03030002050030
	2
	03030002050040
	3030002 12 3.31
	Haw

	03030002050040
	1
	03030002050050
	3030002 11 1.21
	Haw

	03030002050050
	1
	03030002050070
	3030002 53 0.00
	Haw

	03030002050060
	1
	03030002050080
	3030002 62 0.00
	Haw

	03030002050070
	1
	03030002050090
	3030002 54 0.00
	Haw

	03030002050080
	1
	03030002050100
	3030002 90 0.00
	Haw

	03030002050090
	1
	03030002060010
	3030002 66 0.00
	Haw

	03030002050100
	1
	03030002060010
	3030002 97 0.00
	Haw

	03030002060010
	1
	03030002060020
	3030002 81 0.00
	Haw

	03030002060020
	0
	03030002060060
	3030002 9 4.07
	Haw

	03030002060030
	0
	03030002060060
	3030002 85 0.00
	Haw

	03030002060040
	0
	03030002060060
	3030002 9 4.77
	Haw

	03030002060050
	0
	03030002060060
	3030002 89 0.00
	Haw

	03030002060070
	1
	03030002060080
	3030002 812.01
	Morgan

	03030002060080
	0
	03030002060060
	3030002 8 2.55
	Morgan

	03030002060090
	0
	03030002060060
	Multiple
	Multiple

	03030002060100
	0
	03030002060060
	30300021446 0.00
	Little Creek

	03030002060110
	1
	03030002060130
	3030002 7 7.72
	New Hope Creek

	03030002060120
	0
	03030002060060
	3030002 91 0.00
	Third Fork

	03030002060130
	0
	03030002060060
	3030002 7 4.36
	New Hope Creek

	03030002060140
	0
	03030002060060
	30300021617 1.21
	Northeast

	03030002060150
	0
	03030002060060
	30300021674 0.00
	White Oak

	03030002060160
	0
	03030002060060
	3030002 3 2.34
	Beaver


Table 2 (cont): Hydrologic Unit Attributes
Results and Discussion

The model runs indicate that  67% of the nitrogen and 78 % of the phosphorus discharged from HUC outlets in the watershed is predicted to reach the lake, on average (Tables 3 and 4 and Figures 1 and 2).  Annual delivery rates from HU outlets to the lake boundary ranged from 27% to 91%, with lower delivery rates generally observed during summer and fall lower flow seasons and from HUs located upstream in the Haw River watershed.

One important factor that was not explicitly addressed herein was the effect of impoundments on nutrient delivery.  A number of impoundments exist in the watershed (Table 5) that serve as water supply sources for municipalities.  These impoundments serve to reduce instream nutrient loads through physical, chemical, and biological processes that facilitate loss from surface waters to sediments and the atmosphere.  All of these reservoirs except one are in headwater HUs that have their outlet reach below the impoundment.  As it was beyond the scope of this study to model within HU processes, the modeling of impoundment attenuation was not pursued.  

A similar issue should be noted regarding the wildlife subimpoundments, riparian characreristics, and braided channeling in the tributary segments upstream of the northern extent of the New Hope Creek arm of Jordan Lake.  These tributary features likely impact (reduce) nutrient delivery to the lake.  In this study, no specific attempt was made to account for the unique features of these systems.  Therefore, delivery estimates from the two watersheds upstream of the lake in the Morgan Creek and New Hope Creek drainages may reflect this bias.

Table 3: Total Nitrogen %Delivery from HUs

	Location
	Annual
	Spring
	Summer
	Fall
	Winter

	03030002010010
	31
	39
	24
	22
	40

	03030002010020
	34
	42
	27
	24
	43

	03030002010030
	34
	42
	27
	24
	43

	03030002010040
	38
	46
	31
	28
	47

	03030002010050
	43
	51
	36
	32
	52

	03030002020010
	NA
	NA 
	NA 
	NA 
	NA 

	03030002020020
	29
	36
	22
	19
	37

	03030002020030
	29
	41
	28
	8
	37

	03030002020040
	27
	34
	20
	18
	35

	03030002020050
	27
	34
	20
	18
	35

	03030002020060
	36
	44
	29
	27
	44

	03030002020070
	43
	51
	36
	32
	52

	03030002030010
	50
	58
	44
	40
	58

	03030002030020
	50
	58
	44
	40
	58

	03030002030030
	38
	45
	31
	28
	46

	03030002030040
	35
	43
	28
	26
	43

	03030002030050
	54
	62
	49
	45
	62

	03030002030060
	53
	60
	46
	44
	61

	03030002030070
	53
	60
	46
	44
	61

	03030002030080
	66
	75
	58
	57
	75

	03030002040010
	52
	62
	40
	41
	62

	03030002040020
	48
	58
	35
	37
	59

	03030002040030
	64
	72
	54
	54
	73

	03030002040040
	51
	60
	39
	41
	60

	03030002040050
	51
	60
	39
	41
	60

	03030002040060
	51
	60
	39
	41
	60

	03030002040070
	65
	74
	55
	55
	74

	03030002040080
	52
	62
	40
	41
	62

	03030002040090
	51
	60
	39
	41
	60

	03030002040100
	67
	75
	57
	58
	75

	03030002040110
	64
	72
	54
	54
	73

	03030002050010
	72
	79
	64
	64
	79

	03030002050020
	76
	84
	67
	68
	84

	03030002050030
	76
	84
	67
	68
	84

	03030002050040
	76
	82
	69
	68
	82

	03030002050050
	76
	82
	69
	68
	82

	03030002050060
	76
	82
	69
	68
	82

	03030002050070
	76
	82
	69
	68
	82

	03030002050080
	76
	82
	69
	68
	82

	03030002050090
	76
	82
	69
	68
	82

	03030002050100
	76
	82
	69
	68
	82

	03030002060010
	76
	82
	69
	68
	82

	03030002060070
	82
	86
	79
	77
	84

	03030002060110
	88
	91
	87
	85
	90


Table 4: Total Phosphorus %Delivery from HUs
	Location
	Annual
	Spring
	Summer
	Fall
	Winter

	03030002010010
	45
	54
	37
	35
	54

	03030002010020
	48
	58
	40
	38
	58

	03030002010030
	48
	58
	40
	38
	58

	03030002010040
	53
	62
	45
	43
	63

	03030002010050
	58
	67
	50
	48
	67

	03030002020010
	NA
	NA
	NA
	NA
	NA

	03030002020020
	40
	53
	38
	21
	48

	03030002020030
	44
	58
	42
	23
	53

	03030002020040
	40
	49
	32
	31
	49

	03030002020050
	40
	49
	32
	31
	49

	03030002020060
	51
	59
	42
	42
	59

	03030002020070
	58
	67
	50
	48
	67

	03030002030010
	66
	74
	58
	57
	74

	03030002030020
	66
	74
	58
	57
	74

	03030002030030
	53
	62
	44
	43
	62

	03030002030040
	50
	59
	41
	41
	59

	03030002030050
	70
	78
	63
	62
	78

	03030002030060
	70
	77
	62
	62
	77

	03030002030070
	70
	77
	62
	62
	77

	03030002030080
	73
	80
	66
	65
	80

	03030002040010
	61
	69
	50
	51
	70

	03030002040020
	57
	66
	46
	47
	67

	03030002040030
	71
	78
	63
	63
	78

	03030002040040
	59
	67
	49
	50
	67

	03030002040050
	59
	67
	49
	50
	67

	03030002040060
	59
	67
	49
	50
	67

	03030002040070
	72
	79
	64
	64
	79

	03030002040080
	61
	70
	51
	51
	70

	03030002040090
	59
	67
	49
	50
	67

	03030002040100
	74
	80
	66
	66
	80

	03030002040110
	71
	78
	63
	63
	78

	03030002050010
	78
	84
	71
	71
	84

	03030002050020
	81
	87
	74
	74
	87

	03030002050030
	81
	87
	74
	74
	87

	03030002050040
	81
	86
	75
	75
	86

	03030002050050
	81
	86
	75
	75
	86

	03030002050060
	81
	86
	75
	75
	86

	03030002050070
	81
	86
	75
	75
	86

	03030002050080
	81
	86
	75
	75
	86

	03030002050090
	81
	86
	75
	75
	86

	03030002050100
	81
	86
	75
	75
	86

	03030002060010
	81
	86
	75
	75
	86

	03030002060070
	86
	89
	84
	83
	88

	03030002060110
	91
	93
	90
	89
	92
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Table 5: Larger Impoundments in the Jordan Lake Watershed

	Impoundment
	HU

	Lake Brandt
	03030002020010

	Lake Townsend
	03030002020020

	Richland Lake
	03030002020020

	Lake Burlington
	03030002030030

	Graham-Mebane Reservoir
	03030002030070

	Lake Macintosh
	03030002040030

	Cane Creek Reservoir
	03030002050030

	University Lake
	03030002060070
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� The “Project Partners” funding this modeling project were:  Burlington; Graham; Greensboro; Mebane; Orange Water and Sewer Authority; Pittsboro; and Reidsville.


� A study has recently been completed (McMahon and Roessler, 2002) using the SPARROW methodology for estimating nutrient movement in surface waters based on data from 3 North Carolina river basins.  Consideration was given to incorporating instream loss terms based on the results of this study, but has not been pursued due to time and resource constraints.


� QA is currently being performed on the model.  One issue that has not been resolved is the inability of the model to calculate output for one HU (the Lake Brandt watershed).  Any updates/corrections will be provided as soon as available.
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