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Assessment of Nutrient Load Estimation Approaches for
Small Urban Streams in Durham, North Carolina

By Stephen L. Harden, Celeste A. Journey, and Alexandra B. Etheridge

Abstract

This cooperative study between the City of Durham
Public Works Department, Stormwater Division and U.S.
Geological Survey evaluated whether alternate monitor-
ing strategies that incorporated samples collected across an
increased range of streamflows would improve nutrient load
estimates for Ellerbe and Sandy Creeks, two small, highly
urbanized streams in the City of Durham, North Carolina.
Water-quality and streamflow data collected between
January 2009 and December 2020 were used to develop
instream nutrient-load models using the U.S. Geological
Survey R-LOADEST program. This study compared model
results from two sampling scenarios: routine monthly (fixed
frequency) sampling combined with targeted high-streamflow
sampling (scenario A), and fixed frequency sampling only
(scenario B).

Calibration diagnostic results were used to select the
final, or most optimal, models. Most final models included
seasonality terms to compensate for intra-annual variability
in the data. Storm-runoff samples provided better definition
at higher streamflows and improved the overall concentra-
tion versus flow relations for all constituents, except nitrate +
nitrite. Uncertainties in the nutrient load estimates were lower
and less variable for the scenario A tests compared to the
scenario B tests.

Five time steps representing 12-, 9-, 7-, 6-, and 5-year
subsets of the overall dataset were used to examine the effect
of prediction period length on the computed loads and uncer-
tainties. In focusing on the scenario A results, nutrient loads
tended to be higher for the shorter time steps. These shorter
time steps also produced higher errors, or uncertainty, in the
load estimates compared to longer time steps. Evaluations of
annual nutrient loads during 201620 indicated that the most
consistent load estimates and tightest confidence intervals
were obtained for longer 12- and 9-year time steps. Estimated
loads were more variable and uncertain when based on the
shorter 6- and 5-year time steps. The degree of uncertainty
(standard error of prediction) in the nutrient load estimation
results was influenced by sampling approach, calibration time
step, and hydrologic characteristics during the model period of
interest.

Introduction

The City of Durham is part of the Triangle area of North
Carolina that also includes the cities of Raleigh, Cary, and
Chapel Hill; Research Triangle Park; and the surrounding
communities. Ongoing growth in the Triangle area continues
to increase the demand for local water supplies. The popu-
lation of Durham grew by 19.5 percent to nearly 283,500
people between 2010 and 2020 (U.S. Census Bureau, 2020).
Increased urbanization associated with population growth
brings landscape changes that are likely to alter area hydrol-
ogy and inputs of nutrients, sediment, and other water-quality
constituents to lakes and rivers used as sources of drink-
ing water.

The City of Durham lies within the watersheds of Falls
Lake and Jordan Lake, which are located in the upper Neuse
and upper Cape Fear River Basins, respectively, and in the
Piedmont physiographic province (fig. 1). Both lakes serve as
public water supplies and are classified as “impaired” because
of high levels of chlorophyll-a, indicative of nutrient over-
enrichment (North Carolina Department of Environmental
Quality, 2020). Nutrient sensitive water management strate-
gies have been implemented for the Falls Lake watershed
(North Carolina Department of Environmental Quality, 2011)
and Jordan Lake watershed (North Carolina Department
of Environmental Quality, 2009), which are designed to
reduce nitrogen (N) and phosphorus (P) contributions from
point sources (such as municipal and industrial wastewater
discharges) and nonpoint sources (such as urban runoff and
agriculture).

As part of the City of Durham Public Works Department,
the Stormwater Division (hereafter abbreviated “DSS” for
Durham Stormwater Services) is responsible for operat-
ing the city’s water-quality monitoring program as part
of their National Pollutant Discharge Elimination System
(NPDES) permit requirements (City of Durham Public Works
Department, 2019) and long-term stormwater management
plan (City of Durham Public Works Department, 2023). One
main goal of the monitoring program is to help detect and
eliminate the illicit discharge, or disposal, of any substances
other than stormwater into the stormwater system that ulti-
mately are conveyed to nearby streams. Another goal is to
evaluate the effectiveness of best management practices



2

Assessment of Nutrient Load Estimation Approaches for Small Urban Streams in Durham, North Carolina

36°10'

36°00'

35°50'

Figure 1.

79°00° 78°50' 78°40"
/1 Ji [ l W
Piedmont "““\.
501 |
l GRANVILLE é
I
{DURHAM !
&j )
ORANGE / ~ 2, _ - ~
/ Falls
15 Lake
501 ol I
e~ AT WL Durham p
] *e
/ 147 4 Neuse River /
k B Basin
16 J
See/fig. 2 .
forslyte Iocgtlons / g, §
Chapel u
HiFI / 70 147)
/
. /R)gdsearch
501 o gl L"_g Triangle Park
15 Y
/\(\\/\ (_." Raleigh
CHATHAM Cary
N Jordan ! E WAKE \\
Lake /
) 1
64
/ - :
Cape Fear River
, Basin : —\
€]V,

Base modified from MRLC (2019); hillshade from USGS (2021b); roads
modified from NCDOT (2023a); city and county boundaries from
NCDOT (2023b and 2023c, respectively); water bodies obtained from
NCCGIA (2002a); hydrography modified from NCCGIA (2002b)

North Carolina State Plane Coordinate System

North American Datum of 1983

5 10 MILES
|

[ l
5 10 KILOMETERS

EXPLANATION

e ¢ o emmm River basin boundary

Fear River Basins, North Carolina.

Durham study area and associated physiographic provinces in the upper Neuse and upper Cape



(BMPs) implemented by the city to reduce nutrient inputs
from stormwater runoff in the Falls Lake and Jordan Lake
watersheds. To track progress toward reducing nutrient inputs,
DSS has collected routine monthly grab samples for nutrient
analyses at urban stream sites throughout Durham since 2004.
Resulting data are used to compute annual loads of ammonia
plus (+) organic nitrogen (also referred to as “total Kjeldahl
nitrogen” [TKN]), nitrate + nitrite, total N, and total P. Fixed-
interval sampling is used in many monitoring programs to
document the concentrations of water-quality constituents in
streams, but, over shorter time periods, these data may not rep-
resent the full range of environmental conditions necessary for
determining reliable constituent loads (Robertson and Roerish,
1999; Guo and others, 2002; Robertson, 2003; Ullrich and
\Volk, 2010; Stenback and others, 2011).

The current water-quality monitoring and load computa-
tion approaches used by DSS produce large ranges in upper
and lower 95-percent confidence levels for the estimated N
and P loads, resulting in high levels of uncertainty and making
it difficult to assess potential changes in annual nutrient loads
for monitored streams in Durham (City of Durham Public
Works Department, 2019). Computation of more accurate
nutrient loads is a critical need for DSS, as well as other water-
resource agencies, for assessing the effectiveness of BMPs
used to reduce nutrient loads and improve water-quality condi-
tions in the Falls Lake and Jordan Lake watersheds. Therefore,
an evaluation of potential changes in current water-quality
monitoring strategies and load computation model selection
methods to reduce uncertainty of the computed nutrient loads
could help support the DSS assessment needs. In 2016, DSS
and the U.S. Geological Survey (USGS) initiated a collabora-
tive study to evaluate whether alternate monitoring strategies
that incorporate samples collected across an increased range of
environmental conditions will allow DSS to compute nutrient
loads and track progress toward nutrient-management goals
with greater confidence than previously possible.

Purpose and Scope

This report presents a summary and analysis of rating
curve model estimation approaches to determine instream
nutrient loads in Ellerbe and Sandy Creeks, two small urban
streams in Durham, North Carolina. The scope of work
included a compilation and characterization of existing DSS
nutrient concentration data and USGS streamflow data for the
period of January 2009-December 2020 for the two streams.
From October 2016 to January 2018, the USGS also collected
24 samples at each site that targeted stormwater runoff events
to supplement the DSS water-quality dataset. After character-
izing temporal and streamflow-related patterns in nutrient
conditions, nutrient and streamflow data were used to develop
models to estimate annual nutrient loads for the period 2009
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through 2020. Two sampling scenarios and several differ-

ent time steps using subsets of the available water-quality

and streamflow data were evaluated to determine which
approach(es) minimized bias and uncertainty associated with
the computed nutrient loads at each study location. Results
presented in this report improve current understanding on how
different sampling strategies and load-estimation approaches
may best be utilized to improve nutrient load estimates in
small urban-dominated streams.

Study Sites

Ellerbe Creek and Sandy Creek are urban streams located
in the City of Durham, in Durham County, North Carolina
(fig. 2). Ellerbe Creek drains into Falls Lake in the Neuse
River Basin, and Sandy Creek drains into Jordan Lake in the
Cape Fear River Basin (figs. 1 and 2). Watershed boundar-
ies and contributing drainage areas for the study sites were
determined with the USGS StreamStats application developed
for North Carolina (https://streamstats.usgs.gov/ss/; Weaver
and others, 2012). These features were calculated by using a
30- by 30-foot (ft) light detection and ranging (lidar)-derived
digital elevation model. The lidar-derived watershed drainage
areas for the Ellerbe and Sandy Creek water-quality study sites
are 5.05 and 4.76 square miles (mi2), respectively (table 1).

In January 2018, the City of Durham switched from sampling
Ellerbe Creek at upstream site EL7.9EC (USGS station num-
ber 0208675010) to sampling at downstream site EL7.1EC
(USGS station number 0208675010) to collocate DSS water-
quality data with the USGS streamgage location (table 1).
The new Ellerbe Creek location includes the former station’s
watershed drainage area plus an additional 0.7 mi2; both have
similar land uses. Therefore, for the 12-year study period
(2009-20) for Ellerbe Creek, the water-quality data collected
at station EL7.9EC during 2009-17 and station EL7.1EC dur-
ing 2018-20 were combined.

Land-cover data for the site watersheds were compiled
by using the StreamStats application. Land-cover information
was derived from the 2011 National Land Cover Database,
which in turn was based primarily on circa 2011 Landsat
satellite data and included a 16-class land-cover classification
scheme (Homer and others, 2015). For this report, detailed
land-cover classes were aggregated into three generalized
categories—developed, forested, and agricultural/other, which
included water and wetlands (table 1). The Ellerbe Creek
and Sandy Creek watersheds are highly urbanized, having
85.7 and 80.0 percent developed land, respectively. Forested
land accounts for most of the remaining land cover. Of the
developed land coverage, impervious area composed 23.1 and
24 percent at Ellerbe and Sandy Creeks, respectively.
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Table 1. Water quality and streamflow monitoring stations and associated watershed characteristics for the Ellerbe Creek and Sandy Creek study sites in Durham, North Carolina.

[Latitude and longitude referenced to the North American Datum of 1983. USGS, U.S. Geological Survey; DSS, City of Durham Public Works Department, Stormwater Division; mi?, square mile; NC, North Carolina; NLCD, National

Land Cover Database]
2011 land-cover class
USGS . Latitude Longitude Drainage e b
. USGS DSS station name Type of data . . percentages within watershed?
station . i i (decimal (decimal area®
station name and location collection ’ Agricultural/ Impervious
number degrees) degrees) (mi2) Developed  Forested
other area
Ellerbe Creek
0208675009 Ellerbe Creek at West Murray EL7.9EC—Ellerbe Creek at Water quality 36.02881 —78.90226 5.05 85.5 12.5 2.0 238
Avenue at Durham, NC Murray Avenue
0208675010 Ellerbe Creek at Club EL7.1EC—Ellerbe Creek at Water quality and 36.01939 —78.89478 5.75 85.7 12.3 2.0 231
Boulevard at Durham, NC West Club Boulevard and streamflow
Acadia Street
Sandy Creek
0209722970 Sandy Creek at Cornwallis NH3.3SC—Sandy Creek at Water quality and 35.98336 —78.95703 4.76 80.0 195 0.5 24.0
Road near Durham, NC Cornwallis Road (just east streamflow

of U.S. Route 15/501)

a\Weaver and others (2012).
82011 NLCD classes were aggregated as follows: developed = classes 21, 22, 23, and 24; forested = classes 41, 42, and 43; agricultural/other = classes 11, 31, 52, 71, 81, 82, 90, and 95. NLCD class defini-

tions are from Homer and others (2015).
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Methods

For each stream, nutrient concentration data and stream-
flow data were used as input to compute instream loads of
TKN, nitrate, total N, and total P for each calendar year from
2009 through 2020. This section presents the approach and
methods used to compile the nutrient and streamflow data
needed to compute stream nutrient loads with the USGS Load
Estimator (LOADEST,; Runkel and others, 2004; Runkel,
2013) statistical software program. Methods used by the
USGS for collecting water samples for laboratory analysis as
part of this study also are presented. The supporting data for
this report are available in Harden and others (2024).

Water-Quality Data

The water-quality datasets compiled for Ellerbe and
Sandy Creeks were based on stream samples collected from
January 2009 through December 2020. Available data for
physical properties (dissolved oxygen, pH, specific conduc-
tance, temperature, and turbidity) and nutrients (ammonia +
organic N, nitrate + nitrite, total N, and total P) were compiled
from the City of Durham and USGS databases.

Most of the nutrient concentration data were obtained
from DSS monitoring stations collocated with USGS moni-
toring stations. For Ellerbe Creek, as mentioned previously,
water-quality data were available for two locations and
combined for this study: DSS station EL7.9EC, collocated
with USGS station 0208675009; and DSS station EL7.1EC,
collocated with USGS station 0208675010 (fig. 2 and table 1).
For Sandy Creek, water-quality data were obtained from DSS
station NH3.3SC, collocated with USGS station 0209722970.
Characteristics of the water-quality data from the City of
Durham and USGS are described in the following sections.

City of Durham

Water-quality data for the DSS monitoring stations on
Ellerbe Creek and Sandy Creek were obtained through the
City of Durham’s Water Quality Data Web Portal (City of
Durham, 2024). Only results for samples collected by DSS
during January 2009-December 2020 as part of their ambi-
ent monitoring program and analyzed by the South Durham
Water Reclamation Facility (SDWRF) laboratory were
considered for use in this study (City of Durham Public
Works Department, 2019). The SDWREF is listed as labora-
tory number 176 under the North Carolina Department of
Environmental Quality-certified municipal and industrial
laboratories (North Carolina Department of Environmental
Quality, 2023) certified to run analytical methods to meet
NPDES permit requirements (U.S. Environmental Protection
Agency [EPA], 2021). DSS manually collects samples on a
fixed monthly basis and occasionally rotates monitoring sites.

Ellerbe Creek was not sampled during 2014; therefore, no
water-quality data were available for that year. Water-quality
data were available for Sandy Creek for the entire period.

DSS water-quality data included remark codes (RCs)
associated with analytical results, such as “less than” (<) for
values censored at the laboratory reporting level (LRL) and
“estimated” (E) for values that fall between the LRL and
method detection level. Constituents with estimated concentra-
tions were used as reported for the load analyses in this study.
Laboratory analyses were performed on unfiltered samples
and included concentrations for unfiltered phosphorus by
EPA method 365.1, unfiltered ammonia + organic N by EPA
method 351.2, and unfiltered nitrate + nitrite by EPA method
353.2 (table 2; EPA, 19933, b, c, respectively). Hereafter, fil-
tered constituents will be referred to as “dissolved,” and unfil-
tered constituents will be referred to as “total.” Total ammonia
+ organic N also will be referred to as “TKN.”

USGS

Water-quality data for the USGS monitoring stations on
Ellerbe Creek and Sandy Creek included historical data and
new data collected during this study. At Sandy Creek, nutrient
concentration data for dissolved nitrate + nitrite, total N, and
total P were available for 10 surface-water samples collected
weekly from April 8 to June 12, 2014, as part of a regional
USGS study (Van Metre and Journey, 2014; Journey and
others, 2015). Results for only 3 of these 10 USGS samples
collected at higher streamflows (April 8 and 30, 2014; and
May 28, 2014) than the DSS monthly samples during that
time period were included in the calibration files for the load
estimation analyses. Water-quality datasets also included the
nutrient results for surface-water samples collected during
2018-20 by the USGS for this study to supplement the fixed-
interval data collected through the DSS ambient monitoring
program. The EPA-updated approved laboratory methods for
NPDES monitoring include the USGS and DSS methods for
nutrients used in this study (table 2), indicating a degree of
compatibility in the results from these methods (EPA, 2021).

The objective of the USGS sampling effort was to collect
nutrient data across a wider range of streamflow conditions
than previously attempted and at times of the diel cycle that
previously had been underrepresented by the DSS’s monitor-
ing program. At the beginning of the study, the USGS installed
ISCO automated samplers to collect surface-water samples
at the Ellerbe Creek and Sandy Creek study sites. The USGS
has existing continuous streamgages at the selected sites that
provide streamflow data from August 1, 2008, to the pres-
ent day. Streamflow at these small, urban stream sites was
described as being highly flashy, having a rapid, short-lived
response to stormwater runoff events. Peak streamflows from
heavy rainfall, especially late-day convective thunderstorms,
commonly occurred at times outside of a normal work week,
such as during nights and weekends. The automated samplers
were equipped with two-way cellular telemetry, which allowed



Table 2. Description of laboratory analytical methods used to measure nutrient concentrations in surface-water samples from Ellerbe and Sandy Creeks in North Carolina by
the City of Durham Public Works Department, Stormwater Division (DSS) and U.S. Geological Survey (USGS), January 2009-December 2020.

[CAS, Chemical Abstract Services registry; NWIS, USGS National Water Information System; mg/L, milligram per liter; NEMI, National Environmental Method Index; N, nitrogen; NA, not applicable; EPA,
U.S. Environmental Protection Agency; P, phosphorus; ASF, automated segmented flow; DA, (automated) discrete analyzer]

Chemical constituent Analyzin CAS NWIS Laboratory
. yzing parameter Analytical method reporting level NEMI method Method reference
(unit) entity number
code (mg/L)
Ammonia + organic nitro- DSS 7727-37-9 NA Colorimetry, semi-automated, 0.12,0.17, EPA 351.2 EPA (1993a)
gen, unfiltered, (mg/L digestion, acidified 0.19, 0.3,
as N) 0.7,0.9
Nitrate + nitrite, unfiltered, DSS 14797-65-0; NA Colorimetry, automated, enzymat- 0.008, 0.02, EPA 353.2 EPA (1993b)
(mg/L as N) 14797-55-8 ic reduction-diazotization 0.04,0.1
Phosphorus, unfiltered, DSS 7723-14-0 NA Colorimetry, automated, alkaline-  0.02, 0.03, EPA 365.1 EPA (1993c)
(mg/L as P) persulfate digestion 0.08, 0.09,
0.1
Ammonia + organic nitro- USGS 7727-37-9 00625 Colorimetry, ASF, micro-Kjeldahl 0.07 USGS 1-4515-91 Patton and Truitt (2000)
gen, unfiltered, (mg/L digestion, acidified
as N)
Nitrate + nitrite, filtered, USGS 14797-65-0; 00631 Colorimetry, DA, enzymatic 0.01 USGS [1-2548-11 Patton and Kryskalla
(mg/L as N) 14797-55-8 reduction-diazotization, low (2011)
level
Phosphorus, unfiltered, USGS 7723-14-0 00665 Colorimetry, ASF, alkaline- 0.004 EPA 365.1 EPA (1993c)

(mg/L as P)

persulfate digestion, low level

Spoyis Nl
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them to be queried and controlled remotely and provided
flexibility in water-quality sample collection during periods
of high streamflows, regardless of the time of day or day of
the week.

A total of 24 high-flow samples were collected at each
site by the USGS, mainly during stormwater runoff events by
using automated samplers, from October 2016 to January 2018
for laboratory analysis of nutrients (table 2). During storm-
flow, the USGS high-flow sample collections targeted different
parts of the stormflow hydrograph to evaluate water chemistry
changes during rising limb, peak, and falling limb. The sam-
plers were programmed following manufacturer’s instructions
to automatically collect an individual sample once a predeter-
mined stream stage condition was met during a stormwater
runoff event. The stream sample was collected for about 1
minute and deposited into a 1-liter collection bottle stored
within the automated sampler. Samples were retrieved as
soon as possible following collection for subsequent process-
ing at the USGS office laboratory in Raleigh, North Carolina,
typically within 12-16 hours of collection, which met the
28-hour hold time for unprocessed nutrient samples (EPA,
2009). The samples were collected and processed using tech-
niques described in the USGS “National Field Manual for the
Collection of Water-Quality Data” (U.S. Geological Survey,
variously dated). Specific conductance and turbidity were
measured in the office laboratory. Processed samples were
shipped on ice overnight within 1-2 days of collection and
were received by USGS National Water Quality Laboratory
(NWQL) in Denver, Colorado, for TKN, dissolved nitrate +
nitrite, and total P analyses. The NWQL analytical methods for
nutrients remained consistent for all USGS samples analyzed
during the study (table 2). All USGS data compiled in the
water-quality datasets were retrieved from the USGS National
Water Information System (NWIS) database (U.S. Geological
Survey, 2021a).

Quality Assurance and Quality Control

The City of Durham data were quality-assured by DSS
prior to being downloaded from their Water Quality Data Web
Portal. The USGS also worked in consultation with DSS staff
to further review the City of Durham nutrient data to identify
any potential issues or questionable results prior to finalizing
the dataset for use in computing nutrient loads. Results for
quality assurance samples were retrieved and used to evaluate
the environmental sample results. During the review, it was
noted that the City of Durham nutrient data from the SDWRF
had fluctuating LRLs, producing multiple censoring levels
(table 2). Beginning around October 2012, the SDWREF started
reporting TKN and nitrate + nitrite concentration values with a
higher precision than before, to two decimal places rather than
one. The LRLs for the City of Durham nutrient data ranged
from 0.12 to 0.9 mg/L for TKN, from 0.008 to 0.1 mg/L for
nitrate + nitrite, and from 0.02 to 0.1 mg/L for total P con-
centrations. Sixteen of 17 samples collected during a limited
span from January 2009 to May 2010 at Sandy Creek had total

P concentrations reported below the LRL of 0.03 mg/L. The
total P detection rate of 5.9 percent during that period was
considerably lower than the 88-percent detection rate observed
over the entire study period at this site. Conversely, only 3

of 17 samples collected during the same period at Ellerbe
Creek had total P concentrations <0.03 mg/L. Because there
was no hasis to determine whether the lack of detectable total
P concentrations at Sandy Creek during January 2009—May
2010 was reflective of true site conditions or some type of
laboratory issue that may have occurred during sample analy-
sis, these data were retained in the final dataset used for the
January 2009-December 2020 period.

The USGS collected quality-control samples, includ-
ing field blanks and replicate samples, in association with the
surface-water samples to document potential bias and vari-
ability in data that may result during the collection, process-
ing, shipping, and handling of environmental samples (U.S.
Geological Survey, variously dated). Field blanks were col-
lected and processed using inorganic-free blank water with the
same equipment used for the environmental samples, includ-
ing the automated sampler, bottles, filters, and preservatives.
Field blanks help identify potential contamination resulting
from improperly cleaned equipment, field sampling activities
and exposure, and laboratory practices. Replicate samples help
document the variability in data results associated with sample
collection, processing, and laboratory analysis. Analytical
results of the quality-assurance samples collected by USGS
during this study are summarized in table 3.

Four field equipment blanks were collected and analyzed
for specific conductance, TKN, dissolved nitrate + nitrite,
and total P (table 3). None of the nutrient constituents were
detected above LRLs in the field blanks; thus, there was no
indication of systematic positive bias that would affect the
environmental data.

Eight paired environmental and replicate sample sets
were collected during the study (table 3). The two environ-
mental replicate sample sets collected on June 26, 2017, were
used to test for potential temperature effects on surface-water
samples following collection and storage in the automated
samplers. The “temperature hold test” helped to evaluate
whether nutrient constituents in samples experienced any
degradation effects during the time they were held in the auto-
mated samplers, under ambient conditions, and subsequently
retrieved for processing and submittal to the NWQL. For this
test, streamwater was collected through the automated sampler
into a churn. The composited water was split into two sample
collection bottles, one for the regular environmental sample
and one for the replicate sample. The environmental sample
was processed soon after collection, whereas the replicate
sample was placed back in the automated sampler for over-
night storage; air temperatures were in the 70- to 80-degree
Fahrenheit range during the test. The replicate sample was
retrieved for processing the next day, about 18 hours follow-
ing collection, which was above the average retrieval and
processing time for the environmental samples. Overall, the
temperature hold test results indicated very good agreement,



Table 3. Summary of physical properties and constituent concentrations for quality-assurance samples collected by U.S. Geological Survey at the Ellerbe Creek and Sandy
Creek study sites, Durham, North Carolina, 2017-18.

[Dates shown as month, day, year. Times shown in 24-hour format. pS/cm, microsiemens per centimeter; °C, degree Celsius; NTRU, nephelometric turbidity ratio units; TKN, total Kjeldahl nitrogen; N, nitro-
gen; P, phosphorus; mg/L, milligram per liter; enviro-rep, environmental and replicate; <, less than; --, no data]

- - Ammonia + . L
Study site Sa:‘mtple S';l_mple Sample type coigzg::::ce Tu::tlgllty' org(;;;li: N, t/(;-tal Nlt:;:;:hl:::te’ Ph(;sphltl)-rus,;;)lal
ate ime (pS/cm at 25°C) (NTRU) as'l:r)g (mg/L as N) my/L. as
Field blank sample results
Ellerbe Creek 05/03/17 1450 Field blank 2 -- <0.07 <0.01 <0.004
Ellerbe Creek 11/06/17 1230 Field blank <1 - <0.07 <0.01 <0.004
Sandy Creek 05/03/17 1345 Field blank 2 -- <0.07 <0.01 <0.004
Sandy Creek 11/06/17 1330 Field blank <1 -- <0.07 <0.01 <0.004
Temperature hold test sample results
Ellerbe Creek 06/26/17 1445 Enviro-rep pair 156 7.0 0.55 0.21 0.092
Ellerbe Creek 06/26/17 1450 Replicate 157 7.4 0.56 0.21 0.090
Sandy Creek 06/26/17 1410 Enviro-rep pair 156 11 0.57 0.19 0.084
Sandy Creek 06/26/17 1415 Replicate 160 11 0.51 0.19 0.079
Environmental and paired replicate sample results

Ellerbe Creek 01/23/17 0730 Enviro-rep pair 249 170 1.4 0.25 0.371
Ellerbe Creek 01/23/17 0735 Replicate - -- 14 0.26 0.373
Ellerbe Creek 06/20/17 0231 Enviro-rep pair 40 120 11 0.20 0.263
Ellerbe Creek 06/20/17 0236 Replicate 41 130 1.1 0.21 0.258
Ellerbe Creek 10/23/17 2225 Enviro-rep pair 37 360 2.1 0.19 0.554
Ellerbe Creek 10/23/17 2230 Replicate 37 360 2.0 0.19 0.531
Sandy Creek 01/23/17 0630 Enviro-rep pair 196 220 13 0.24 0.361
Sandy Creek 01/23/17 0635 Replicate -- -- 1.3 0.23 0.364
Sandy Creek 03/14/17 0240 Enviro-rep pair 180 76 0.76 0.33 0.160
Sandy Creek 03/14/17 0241 Replicate -- 77 0.81 0.33 0.175
Sandy Creek 01/12/18 2211 Enviro-rep pair 363 200 14 0.54 0.400
Sandy Creek 01/12/18 2215 Replicate 364 200 1.4 0.54 0.414

Spoyis Nl
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with minimal to no differences between the nutrient constitu-
ent concentrations for the paired replicate samples (table 3).
These results indicate nutrient concentrations in collected
surface-water samples were not negatively affected when held
for periods of up to 18 hours before retrieval from the auto-
mated samplers and subsequent processing. Each of the other
six paired environmental-replicate sample sets were split from
a single collection bottle and processed as soon as possible fol-
lowing collection and retrieval from the automated samplers.
The overall variability of sampling and analysis was
assessed by examining the relative percent differences
(RPDs)—calculated as the absolute difference multiplied by
100 and divided by the average—between the constituent
concentrations in all eight replicate sample sets. A statisti-
cal summary of the RPDs determined for each analyte for
all paired environmental and replicate samples is provided
in table 4. The RPDs in constituent concentrations exceeded
10 percent in only one instance. The mean and median RPDs
were less than 5 percent between the environmental and rep-
licate samples, which indicated very good reproducibility for
the measured water-quality constituents. No quality-assurance
problems were identified for the USGS environmental dataset
on the basis of the replicate samples.

Water-Quality Datasets for Load Estimation

The following discussion describes the differences in the
nutrient concentration data obtained from both data sources
(City of Durham and USGS) and the steps taken to prepare
the final water-quality datasets for subsequent use in develop-
ing the nutrient data calibration files for the R-LOADEST
program. Both agencies reported concentrations of the various
nitrogen fractions in milligrams per liter as N and concentra-
tions of total P in milligrams per liter as P.

The nutrient data retrieved from the City of Durham
included concentrations for TKN, total nitrate + nitrite, and
total P. Because of nitrate’s and nitrite’s high solubility in

Assessment of Nutrient Load Estimation Approaches for Small Urban Streams in Durham, North Carolina

water, concentrations reported by City of Durham for total
nitrate + nitrite were assumed to be equivalent to concentra-
tions of dissolved nitrate + nitrite reported by USGS. Values
of total N for the City of Durham data were computed by
summing the reported concentrations for TKN and total nitrate
+ nitrite. The USGS data for this study included laboratory
results for TKN, dissolved nitrate + nitrite, and total P; results
for 2014 USGS regional study data included laboratory results
of total N but not TKN (Journey and others, 2015). Values of
total N for USGS samples collected during this study were
computed using the measured concentrations for TKN and
dissolved nitrate + nitrite. The approach used in this study for
calculating total N concentrations when a constituent concen-
tration was below the LRL is discussed in Harden and oth-

ers (2020).

The handling of estimated concentrations reported for
TKN and (or) nitrate + nitrite when computing values of total
N concentrations is described as follows. If both TKN and
nitrate + nitrite had estimated concentrations, then an “E” RC
also was assigned to the total N concentration. If only one of
the underlying constituents was estimated and that concentra-
tion represented 25 percent or more of the computed total N
value, then an “E” RC was assigned to the total N concentra-
tion; an “E” was not assigned if the concentration was less
than 25 percent.

For each study site, the sampling frequency of compiled
data was reviewed. On five occasions, analytical results for
samples collected by both the City of Durham and USGS were
available on the same date. In these cases, only the sample
associated with the highest instantaneous streamflow at the
time of collection was retained for use in this study. The final
water-quality datasets compiled for the Ellerbe Creek and
Sandy Creek study sites are presented in Harden and oth-
ers (2024).

Table 4. Summary of relative percent differences in constituent results for the surface-water
environmental and replicate sample sets collected at the Ellerbe Creek and Sandy Creek study sites,

Durham, North Carolina, 2017-18.

[RPD, relative percent difference; %, percent]

Number Statistical measure
Constituent ofpaired  Minimum  Maximum Mean Median
replicate RPD RPD RPD RPD
samples (%) (%) (%) (%)
Specific conductance 5 0.0 2.5 1.2 0.6
Turbidity 6 0.0 8.0 25 0.7
Ammonia + organic nitrogen, total 8 0.0 111 3.0 0.9
Nitrate + nitrite, dissolved 8 0.0 49 1.6 0.0
Phosphorus, total 8 0.5 9.0 35 2.8




Streamflow Data

Continuous streamflow record (computed as unit val-
ues for a fixed time interval) was determined using methods
described in Rantz and others (1982). Unit-value streamflow
was computed at the study sites using a continuous record of
water stage at predetermined intervals calibrated to periodic
streamflow measurements. Streamflow at the time of sample
collection (instantaneous) was obtained from the computed
continuous unit-value streamflow records from the USGS
streamflow gaging stations.

Required streamflow data for computing nutrient loads
included daily mean (the mean of all unit-value streamflows
for a given day) and instantaneous streamflow (unit-value
streamflow at the time of sampling) during the 2009-20 study
period when water-quality samples were collected (table 1).
Unit-value (instantaneous) and daily-value (daily mean of
all unit values) streamflow data computed at the continuous
streamflow gaging stations at each site were obtained from the
USGS NWIS database (U.S. Geological Survey, 2021a). For
the Ellerbe Creek study site (table 1), the collocated USGS
and DSS water-quality monitoring stations (0208675009 and
EL7.9EC, respectively) are located upstream from the USGS
streamflow monitoring station (0208675010). For the DSS
and USGS samples collected prior to January 2018, stream-
flow values for the upstream water-quality stations were
determined by adjusting the streamflow data from the down-
stream USGS streamgage by the drainage area ratio of the two
sites (5.05 mi?/5.75 mi2 = 0.878). This same adjustment was
applied for the USGS sample collected on January 12, 2018.
Water-quality and streamflow data were collected at the same
location for Sandy Creek (table 1), so no flow adjustment
was needed.

Daily mean streamflows for Ellerbe Creek were missing
for January 8-10, 2017. Therefore, daily mean flows for these
three days were interpolated from data for January 7 and 11,
2017. There were no missing daily mean streamflows for the
2009-20 study period at Sandy Creek. In compiling the instan-
taneous streamflow values for use with the water-quality data,
there was one sample for Ellerbe Creek and seven samples
for Sandy Creek when instantaneous streamflows were not
available for the dates and (or) times that the samples were
collected. In these cases, instantaneous streamflow values
assigned to these samples were either estimated from available
data or set equivalent to the daily mean value; these values
were qualified with an “E” RC.

Load Estimation

Many methods are available for estimating stream con-
stituent loads, and the most suitable approach for a particular
study can depend on various factors, such as the constituents
of interest, length of record for available data, frequency of
data collection, sampled range of conditions, and watershed
size (Appling and others, 2015; Aulenbach and others, 2016;
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Lee and others, 2016; Lee and others, 2019). Initially for this
study, the USGS explored the loadflex package (Appling and
others, 2015) for potential use in computing nutrient loads at
the Ellerbe Creek and Sandy Creek study sites. The loadflex
package allows users to apply and compare four common
load estimation approaches, including the interpolation model
(Robertson and Roerish, 1999), the period-weighted inter-
polation approach (Aulenbach and others, 2016), the custom
regression model (rating curve) through interfacing with
USGS R-LOADEST program (Runkel, 2013), and composite
methods (Aulenbach, 2013). Based on preliminary testing, the
custom regression method that employed the R-LOADEST
program (version 0.4.5; Lorenz and others, 2017) was deemed
best suited for providing the least amount of bias and uncer-
tainty in estimated loads given study scope and the nutrient
and streamflow data compiled for this study. Additionally, the
R-LOADEST program was better equipped to handle censored
nutrient data.

R-LOADEST Models for Estimating Constituent
Loads

The R-LOADEST program (Runkel and others, 2004;
Runkel, 2013; Lorenz and others, 2017) was used for estimat-
ing annual stream loads of TKN, nitrate + nitrite, total N,
and total P at Ellerbe Creek and Sandy Creek. The selected R
version of the LOADEST program (Lorenz and others, 2017)
used for this study also was consistent with the Microsoft
Windows based version of the LOADEST software package
(Runkel and others, 2004; Runkel, 2013) used by DSS for
computing nutrient loads as part of their stream ambient water-
quality monitoring program. Instantaneous streamflow values,
in cubic feet per second, were used with the sample nutri-
ent concentrations in the calibration input files. The nitrate
concentrations in the calibration files actually represented the
reported concentrations of nitrate + nitrite, but because nitrite
typically represented a small fraction of the total concentra-
tion, the concentrations and subsequent loads computed with
the R-LOADEST program will be presented and discussed
as nitrate. Daily mean streamflow values, in cubic feet per
second, were used in the streamflow prediction files that were
combined with the calibrated models in R-LOADEST for
estimating nutrient loads.

R-LOADEST runs nine predefined regression models
that use up to seven explanatory variables to estimate stream
loads of each constituent (table 5; Runkel and others, 2004).
Within R-LOADEST, streamflow and constituent concentra-
tions were transformed to natural logarithms prior to regres-
sion analysis to improve the fit of the regression model. The
simplest predefined models include only streamflow variables
(models 1 and 2). These simple models often work well with
estimation of particulate-dominant constituents like sus-
pended sediment (Crawford, 1991). Models 3 and 5 account
for streamflow variability and long-term temporal changes in
streamflow or concentrations (Helsel and others, 2020). The
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models that account for streamflow and seasonality only (4
and 6) or streamflow, time trends, and seasonality (7, 8, and
9) often perform well for nutrient load estimation (Helsel and
others, 2020). The R-LOADEST package allows the user to
manually select any of the nine regression models on the basis
of multiple diagnostic measures of bias or to use an automated
option that selects the best model on the basis of one diagnos-
tic measure.

Initially, the automated option was used to select the best
regression model for each constituent at each site (Runkel,
2013). The calibration and estimation procedures used
with the selected regression models within R-LOADEST
were based on the adjusted maximum likelihood estimation
(AMLE) statistical estimation method (Cohn and others, 1989;
Cohn, 2005). The AMLE method is appropriate when the
model calibration errors are normally distributed and is the
method of choice when the calibration datasets contain cen-
sored data; most calibration data compiled for the study sites
typically contain censored data at multiple levels (between
8.5 and 15.7 percent of values censored). The ESTIMATOR
routine within LOADEST assigns a “censoring threshold” for
a constituent, even where there are multiple censoring levels
prior to the AMLE routine. Runkel (2013) reported that the
AMLE method is relatively insensitive to the precise value of
the censoring threshold, even when the associated observation
is uncensored. When LOADEST is executed, the first cen-
sored observation is used to assign an initial value to compute
the censoring threshold until another censored observation is
encountered.

Model evaluation criteria presented with the automated
option include statistical values for both the Akaike informa-
tion criterion (AIC) and the Schwarz posterior probability
criterion (SPPC) that are computed and ranked for each of the
calibrated models (Judge and others, 1988; Runkel and others,
2004). The best-fit model is selected on the basis of its lowest
ranking of the AIC statistic, indicating relative goodness of

Table 5.

fit between observations and predictions. The SPPC, which is
also known as the Bayesian information criterion, is not used
directly as part of the automated model selection process;
however, it is included with the model output for comparative
purposes. The SPPC has a higher penalty than does AIC for
additional parameters in the model and will generally favor a
simpler model with fewer terms (Runkel, 2013).

Subsequent to using the automated option to select the
best-fit model, additional predefined models that are standard
in the LOADEST package were considered to develop 1-3
candidate models on the basis of a review of their rankings
for the AIC and SPPC statistics. As candidate models were
developed for each scenario and time step, other diagnos-
tics, including regression statistics, load bias statistics, and
residuals analysis plots published in the R-LOADEST update
(Runkel, 2013; Lorenz and others, 2017), were utilized to
select the final model for that scenario and time step to be
included in the analysis of nutrient loads at the study sites.

The probability plot correlation coefficient (PPCC) values
included with the regression statistics and the residual analy-
sis plots provided a check on the assumption that the model
residuals were normally distributed. A PPCC value of 1.00
represents a perfect linear relationship. If the reported p-value
for the PPCC test was <0.05, then the assumption that the
data were normally distributed can be rejected; thus, p-values
greater than (>) 0.05 were preferred.

The load bias statistics, including the load bias in percent
(Bp) and the Nash-Sutcliffe Efficiency Index (NSE), were
based on a comparison of observed and estimated loads for the
dates and times in the model calibration data (Runkel, 2013).
Values of Bp are equal to the sum of estimated loads minus
the sum of observed loads, divided by the sum of observed
loads, and expressed as a percentage (Runkel, 2013); positive
values indicate overestimation of loads, and negative values
indicate underestimation of loads. Values of NSE can theoreti-
cally range from negative infinity to 1.0, with a value of 1.0

Predefined regression models in the computer program R-LOADEST for estimating loads in

rivers and streams (adapted from Runkel and others, 2004).

[In, natural logarithm function; L, estimated load; B, estimated coefficients of the regression model; Q, centered
streamflow; T, fraction of the year in decimal years; T*, centered time in decimal years; sin, sine; cos, cosine; 7, pi; €,

model error term]

Model number

Model description

1 InL=p,+p,InQ +e

InL=,+B,InQ + B, T*+e

© 00 N o OB~ W DN

InL = B, + B,InQ + B,InQ2 + &

InL = B, + B,InQ + B,sin(2nT) + Bacos(2nT) + e

InL =B, + B,InQ + B,Q%2 + B, T* +e

InL =B, + B,InQ + B,InQ? + Bysin(2nT) + B,cos(2nT) + €

InL = B, + B,InQ + B,sin(2nT) + Bcos(2nT) + B,T* + e

InL =B, + B,InQ + B,InQ? + Bysin(2xnT) + B,cos(2aT) + PsT* + e

InL = B, + B,InQ + B,INQ2 + Bsin(2xT) + B,cos(2aT) + PsT* + B T*2 + e




indicating a perfect fit between observed and estimated loads,
and a value of 0.0 indicating that the load estimates are only as
accurate as the mean (Runkel, 2013). Runkel (2013) indicates
that calibrated models having an absolute value of Bp exceed-
ing 25 percent or a negative NSE value should not be used for
load estimation.

The R-LOADEST program output generated for each
constituent and year were compiled in Harden and oth-
ers (2024). Results included the regression model used, the
number of days in the year, the annual mean daily load (in
kilograms per day), the standard error of prediction (SEP)
of the load, and the lower and upper 95-percent confidence
intervals (L95s and U95s) of the load (Runkel and others,
2004). Although not discussed in this report, the cumulative
constituent load for a given year, in kilograms per year, can be
determined by multiplying the mean daily load by the num-
ber of days in the year. The SEP represented the uncertainty
associated with each estimate of daily load (Gilroy and others,
1990; Cohn and others, 1992) and incorporated both variabil-
ity attributed to the model calibration (parameter uncertainty)
and unexplained variability about the model (random error).
The SEP indicated how closely estimated loads correspond to
actual loads and was used within R-LOADEST to develop the
95-percent confidence intervals for each daily load estimate.

Load Testing Scenarios

Lee and others (2016) evaluated the relative performance
of different methods for estimating constituent loads across a
broad range of water-quality constituents, stream types, and
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sampling regimes. The tested sampling strategies included

the “scenario B” monitoring approach in this study; that is,

the collection of fixed monthly samples. One of the main
findings in Lee and others (2016) and Robertson and Roerish
(1999) was that sampling strategies that incorporate high-flow
samples produced more accurate estimates of constituent loads
with lower error levels than those that did not include high
flow samples, regardless of the load estimation method.

For this study, subsets of the water-quality data compiled
for Ellerbe and Sandy Creeks were used to test different load-
estimation scenarios with R-LOADEST. The test scenarios
included different combinations of the DSS and USGS nutrient
data for the study period of January 2009—December 2020
for calibrating models and predicting annual nutrient loads
for five select time periods during 200920 (table 6). Tests 1,
2, 3,4, and 5 represented decreasing time steps of 12, 9, 7, 6,
and 5 years, respectively. Additionally, two scenarios for each
time-step test were run, where “scenario A” represented load
estimations based on both DSS (fixed-monthly sampling) and
USGS (targeted high-flow sampling) calibration data, and
“scenario B” represented load estimations based on the DSS
data only (table 6). The tests were designed to examine how
uncertainties associated with the load predictions may be influ-
enced by the length of record analyzed and the inclusion or
exclusion of high-flow samples. The individual nutrient cali-
bration files and streamflow prediction files used for the differ-
ent test scenarios are provided in Harden and others (2024).



Table 6. Summary of load test scenarios used for evaluating annual nutrient loads at the Ellerbe Creek and Sandy Creek study sites, Durham, North Carolina, 2009-20.

[EC, Ellerbe Creek; SC, Sandy Creek; DSS, City of Durham Public Works Department, Stormwater Division; USGS, U.S. Geological Survey; --, not available or not used for test]

Load Load Time Stud Source and year of data used in test scenario

test prediction step i tev \ X

scenario period (years) 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

1A 2009-20 12 EC, SC DSS DSS DSS DSS DSS DSS, USGS DSS  DSS, DSS, DSS, DSS DSS
USGS USGS USGS

1B 2009-20 12 EC, SC DSS DSS DSS DSS DSS DSS DSS  DSS DSS DSS DSS  DSS

2A 2012-20 9 EC, SC -- -- -- DSS DSS DSS, USGS DSS DSS, DSS, DSS, DSS DSS
USGS USGS USGS

2B 2012-20 EC, SC -- -- -- DSS DSS DSS DSS DSS DSS DSS DSS DSS

3A 2014-20 SC - - - -- - DSS, USGS DSS  DSS, DSS, DSS, DSS  DSS
USGS USGS USGS

3B 2014-20 SC - -- - - -- DSS DSS  DSS DSS DSS DSS  DSS

4A 2015-20 EC, SC -- -- -- -- -- -- DSS DSS, DSS, DSS, DSS DSS
USGS USGS USGS

4B 2015-20 6 EC, SC -- -- -- -- -- -- DSS DSS DSS DSS DSS DSS

5A 2016-20 5 EC, SC - -- - - - - - DSS, DSS, DSS, DSS DSS
USGS USGS USGS

5B 2016-20 5 EC, SC - - - - - - - DSS DSS DSS DSS DSS

aData are only available for Sandy Creek during 2014; samples were not collected at Ellerbe Creek.

bUSGS samples only collected in January 2018.
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Characterization of Hydrologic and
Water-Quality Conditions

General hydrologic conditions at Ellerbe and Sandy
Creeks from 2009 through 2020 are summarized below on the
basis of streamflow records from the two USGS continuous
streamgages. Relations between nutrient concentrations and
streamflow conditions also are summarized.

Hydrologic Conditions During Sampling

The overall mass of nutrients transported by the stream
study sites is largely dependent on streamflow amounts within
each watershed. Streamflow is influenced by many physical
and anthropogenic variables, including basin size and slope,
geology, evapotranspiration, groundwater interactions, land
cover, and water-supply uses, withdrawals, and discharges.
Streamflow amounts are primarily determined by the amount
of precipitation that occurs throughout each watershed and
reaches the stream through several pathways, including direct
runoff and delayed base flow (Konrad, 2022).

Ideally, samples collected for estimating instream con-
stituent loads would be uniformly distributed throughout the
period of interest and balanced across the range of streamflow
percentiles for the sites. This can be difficult to achieve when
there are multiple goals for ambient water-quality monitoring
programs. A primary goal of the City of Durham’s monitor-
ing program is to detect and eliminate illicit discharges of
hazardous substances (such as wastewater, paint, fuel, oil, and
grease) into the stormwater system and local streams (City
of Durham Public Works Department, 2019, 2023). To meet

this objective, it is important to sample during periods of low
streamflow when pollutant concentrations are less diluted than
during stormflows, thereby making unpermitted discharges
easier to detect.

The water-quality monitoring data also are used to evalu-
ate the effectiveness of BMPs for reducing stream nutrient
loadings to the Jordan and Falls Lake water-supply reservoirs.
This objective necessitates collecting samples throughout
the full range of streamflow conditions (low, intermediate,
and high) to provide the robust water-quality datasets needed
to estimate and evaluate instream nutrient loads. Sampling
strategies developed for this purpose can be logistically chal-
lenging because of rapid and short-lived stream stage response
in small urban streams, like Ellerbe and Sandy Creeks, to
rainfall-runoff events, allowing little lead time for sampling.

Annual streamflows at Ellerbe and Sandy Creeks dur-
ing 2009-20 are shown in figure 3. Mean annual daily mean
streamflows (fig. 3) were similar at both sites, ranging from
3.39 to 14.74 cubic feet per second (ft3/s) at Ellerbe Creek and
from 3.63 to 14.67 ft3/s at Sandy Creek. Total annual mean
daily streamflows (fig. 3) ranged from 1,241 to 5,381 ft®/s
at Ellerbe Creek and 1,325 to 5,370 ft3/s at Sandy Creek.
Streamflows reflecting drier climatic conditions were lowest in
2011 and 2012. By comparison, streamflows reflecting wetter
climatic conditions were around three to four times higher dur-
ing 2018-20 at the end of the study period.

Daily mean streamflows at sample collection dates were
examined in combination with the daily mean streamflows for
the entire study period to compare how the water-quality data-
sets used for computing stream nutrient loads related to the
overall range in streamflow conditions observed at the sites.
Cumulative daily mean streamflow percentiles for the study
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Figure 3. Mean annual daily mean streamflows and total annual daily mean streamflows for the
2009-20 study period at Ellerbe and Sandy Creeks, Durham, North Carolina.
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period along with the individual daily mean and instantaneous  period. For a given sample at a stream site, instantaneous

streamflows for each sample collection date and time, respec- streamflow (streamflow when the sample was collected) may
tively, are illustrated in figure 4 for Ellerbe Creek and figure 5 be similar to or quite different than the daily mean streamflow
for Sandy Creek. (mean streamflow for the entire day) (figs. 4B and 5B) for
Streamflow at the time of sampling appeared to be that particular day depending on whether the streamflow was
relatively representative of the overall distribution of stream- stable throughout a day with little or no rainfall or runoff or
flow conditions observed at Ellerbe Creek (fig. 4A) and Sandy  fluctuated considerably because of a rainfall-runoff event. In
Creek (fig. SA). Daily mean streamflows ranged from less some cases, the instantaneous streamflow may have been an

than 0.1 ft%/s at both sites to a maximum of about 781 ft3/s at order of magnitude lower (pre-event) or higher (during or after
Ellerbe Creek and 809 ft3/s at Sandy Creek during the study
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Figure 4. Cumulative percentiles of daily mean streamflows for the study period and the distribution
of A, daily mean streamflows, and B, instantaneous streamflows during water-quality sample
collections at Ellerbe Creek, Durham, North Carolina.
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an event) than the daily mean values depending on the rainfall  of the 4,383 total days composing the 2009-20 study period.

(before, during, or after) and stream-stage (stable, rising, peak- ~ With the exception of the uppermost 10 percent of flows

ing, or falling) conditions when samples were collected. (90-100th percentiles), the percentage of total days sampled
For computed stream nutrient loads to be accurate, was relatively well distributed across the streamflow percentile

water-quality samples need to be collected across the range of  ranges, ranging from 4.6 to 13.7 percent for Ellerbe Creek and

flow conditions (Lee and others, 2016). The number of days from 6.6 to 12.0 percent for Sandy Creek (table 7).

sampled by DSS and USGS for given ranges in the streamflow Inclusion of targeted higher streamflow sampling with
percentiles and daily mean streamflows at each site are sum- fixed frequency sampling improved representation of the
marized in table 7. Samples were collected during a total of streamflow conditions during the study period in each stream.

153 days for Ellerbe Creek and 167 days for Sandy Creek out  All sampled daily mean streamflows lower than the normal
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Figure 5. Cumulative percentiles of daily mean streamflows for the study period and the distribution
of A, daily mean streamflows and B, instantaneous streamflows during water-quality sample
collections at Sandy Creek, Durham, North Carolina.



Table 7. Summary of streamflow percentiles, daily mean streamflows, and the number of sample collection days at Ellerbe Creek and Sandy Creek, Durham, North Carolina, by
the City of Durham Public Works Department, Stormwater Division (DSS) and U.S. Geological Survey (USGS) from 2009 to 2020.

[ft3/s, cubic foot per second; POR, period of record; no., number]

8l

Streamfl_ow d:;;!ﬁ‘:zn Number  Percentage Sum of daily Percentage No. of No. of Pe;;:::;alge Percentage Percentage
percentile streamflows of flow of total POR mean flows oftotal POR  DSS days USGS days samplod of DSS total  of USGS total
range (#¥/s) days days? (f63/s) flow® sampled sampled dayse sampled days sampled days
Ellerbe Creek
Lower than normal streamflow
0.00-10.00 0.018-0.237 465 10.6 69 0.2 21 0 13.7 13.7 0
10.01-20.00 0.240-0.378 434 9.9 135 0.4 14 0 9.2 9.2 0
20.01-30.00 0.380-0.553 426 9.7 197 0.6 7 0 4.6 4.6 0
Normal streamflow
30.01-40.00 0.560-0.808 434 9.9 294 0.9 8 0 5.2 5.2 0
40.01-50.00 0.810-1.177 442 10.1 435 1.3 13 1 9.2 85 0.7
50.01-60.00 1.180-1.686 433 9.9 611 1.8 18 1 12.4 11.8 0.7
60.01-70.00 1.695-2.680 438 10.0 927 2.7 17 0 111 111 0
Higher than normal streamflow
70.01-80.00 2.688-4.699 439 10.0 1,564 4.6 7 2 5.9 4.6 1.3
80.01-90.00 4.700-14.053 438 10.0 3,481 10.3 12 5 11.1 7.8 33
90.01-100.00 14.141-781.0 434 9.9 26,182 77.2 12 15 17.6 7.8 9.8
Sandy Creek
Lower than normal streamflow
0.00-10.00 0.02-0.350 452 10.3 93 0.3 15 0 9.0 9.0 0.0
10.01-20.00 0.360-0.630 433 9.9 220 0.6 14 0 8.4 8.4 0.0
20.01-30.00 0.640-0.870 434 9.9 325 0.9 12 0 7.2 7.2 0.0
Normal streamflow
30.01-40.00 0.88-1.20 447 10.2 462 1.3 14 1 9.0 8.4 0.6
40.01-50.00 1.21-1.57 435 9.9 599 1.7 14 0 8.4 8.4 0.0
50.01-60.00 1.58-2.10 436 9.9 790 2.3 11 0 6.6 6.6 0.0
60.01-70.00 2.11-3.33 435 9.9 1,139 3.3 18 2 12.0 10.8 1.2
Higher than normal streamflow
70.01-80.00 3.35-6.05 438 10.0 1,978 5.7 14 0 8.4 8.4 0.0
80.01-90.00 6.08-16.30 439 10.0 4,311 12.4 13 7 12.0 7.8 4.2
90.01-100.00 16.40-809.00 434 9.9 24,809 714 15 17 19.2 9.0 10.2

aThe total number of days for the POR (2009-20) was 4,383 for each site.
®The summed total of daily mean streamflows throughout the POR (2009-20) was 33,894 ft3/s for Ellerbe Creek and 34,727 ft3/s for Sandy Creek.

¢The total number of days sampled by DSS and USGS (scenario A) throughout the POR (2009-20) was 153 for Ellerbe Creek and 167 for Sandy Creek.
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streamflow range (represented by streamflows in the 0-30th
percentiles for this study) accounted for 1.2 and 1.8 percent

of the total study period streamflows for Ellerbe and Sandy
Creeks, respectively. However, a much higher percentage of
days (27.5 for Ellerbe Creek and 24.6 for Sandy Creek) was
sampled during below-normal streamflow conditions, with all
days sampled as fixed frequency by DSS (table 7). Conversely,
above normal daily mean streamflows (represented by the
70—-100th percentile flows for this study) accounted for 92.1
and 89.5 percent of the total study period flows for Ellerbe and
Sandy Creeks, respectively. Yet only 34.6 and 39.6 percent of
the days sampled at Ellerbe and Sandy Creeks were during
above-normal streamflow conditions, with DSS samples that
incorporated fixed-frequency sampling representing only

20.3 and 25.1 percent of those samples (table 7), respectively.
Therefore, inclusion of the USGS targeted high flow samples
with the DSS fixed frequency sampling appeared to improve
representation of the above-normal flow conditions by about
14 percent of sampled days.

Improvement was also observed in the highest flow
conditions for the study period. Most of the total flow dur-
ing the study period—77.2 percent for Ellerbe Creek and
71.4 percent for Sandy Creek—uwas contributed solely from
the uppermost 10 percent (90-100th percentiles) of daily mean
streamflows. The higher percentage of days sampled, 17.6 and
19.2 for Ellerbe and Sandy Creeks, respectively, was skewed
for the highest 10 percent of streamflows because of the USGS
targeted high-flow sampling. Without the USGS samples, the
percentage of days sampled for the highest 10 percent of flows
would be 7.8 for Ellerbe Creek and 9.0 for Sandy Creek.

The higher-than-normal sampled daily mean streamflows,
mostly during 2017, also were reflected by the instantaneous
streamflows at the time of sample collection at Ellerbe and
Sandy Creeks (fig. 6). The distribution of instantaneous
streamflows for the DSS and USGS samples was comparable
between Ellerbe Creek and Sandy Creek, with the exception
of the 2014 gap year for Ellerbe Creek when no samples were
collected. At Ellerbe Creek, instantaneous streamflows ranged
from 0.04 to 188 ft3/s for DSS samples and 1.05 to 786 ft3/s
for USGS samples (fig. 6A). At Sandy Creek, instantaneous
streamflows ranged from 0.03 to 480 ft3/s for DSS samples
and 1.2 to 865 ft3/s for USGS samples (fig. 6B). The aver-
age streamflow values for DSS samples collected as part of
the fixed monthly monitoring program were 6.0 and 7.8 t%/s
for Ellerbe Creek and Sandy Creek, respectively. The USGS
samples collected mostly during stormwater runoff conditions
had higher average values of 181 and 175 ft3/s for Ellerbe
Creek and Sandy Creek, respectively.

Relation Between Water Quality and
Streamflow

Nutrient loads reflect variations in both the nutrient
concentrations and streamflows used to compute the loads.
Nutrient concentrations in North Carolina streams vary in

response to changes in many integrated environmental factors,
such as wastewater discharges, watershed land cover and use,
streamflow, and geochemical processes (Harden and others,
2013; Harden, 2015). The variability in nutrient concentrations
also can reflect changes in analytical precision and reporting
levels during laboratory analysis.

Variations in measurements of physical properties (spe-
cific conductance and turbidity) and nutrient concentrations
(TKN, nitrate + nitrite, total N, and total P) across the study
period were examined for Ellerbe Creek (fig. 7) and Sandy
Creek (fig. 8). The USGS samples collected at Ellerbe and
Sandy Creeks, mostly in 2017, tend to have lower specific
conductance and higher turbidity, TKN, total N, and total P
relative to the DSS samples (figs. 7 and 8), which reflects
the influence of overall higher flows sampled by the USGS
(fig. 6). Nitrate + nitrite concentrations for the USGS samples
were within the range observed for the DSS samples (figs. 7D
and 8D).

For DSS samples, variations in specific conductance and
turbidity values tended to be uniformly distributed for the
period of record at both sites. Some temporal differences were
observed in the DSS nutrient concentration data during the
early part of the study period (figs. 7C—F and 8C-F). In late
2012, concentrations for TKN (figs. 7C and 8C) and nitrate +
nitrite (figs. 7D and 8D) started to be reported with better pre-
cision, from one to two decimal places, and with lower LRLsS;
this is also reflected in the total N concentrations (figs. 7E and
8E). As previously discussed, Sandy Creek samples in 2009
and 2010 had an unusually high incidence of total P concen-
trations less than the LRL of 0.03 mg/L (fig. 8F). Similarly,
multiple samples at Ellerbe Creek from late 2010 to early 2011
also had total P concentrations less than the LRL (fig. 7F).

Stream water-quality properties and constituent concen-
trations are typically related to streamflow. In this study, the
strength of relations between streamflow and specific conduc-
tance, turbidity, and nutrient concentrations (TKN, nitrate +
nitrite, total N, and total P) varied depending on which data-
sets were used. Constituents with less-than “<” values were
used as reported for this examination. Best-fit power trendlines
for the DSS sample results and the combined DSS and USGS
sample results for Ellerbe Creek (fig. 9A-F) and Sandy Creek
(fig. 10A-F) illustrate general relations between constituents
and streamflows and the influence of higher flow samples on
these relations.

Overall, a negative power relation was noted at the
sites for specific conductance, where increases in streamflow
corresponded to decreases in specific conductance, likely
because of dilution (figs. 9A and 10A). In contrast, positive
power relations were noted for turbidity, TKN, total N, and
total P. Relative to lower streamflows, higher streamflows
generally carry more particulate material, such as suspended
sediment and organic matter, which tends to increase the
turbidity of water. Turbidity had the strongest positive rela-
tion to streamflow of all the constituents (figs. 9B and 10B).
Among the nutrient fractions, TKN (figs. 9C and 10C), total
N (figs. 9E and 10E), and total P (figs. 9F and 10F) had the
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strongest relations. Concentrations of total N at both study
sites were composed predominantly of the TKN fraction
relative to the nitrate + nitrite fraction, which was reflected

by the similar concentration versus flow relations for total

N and TKN. Although slightly positive, poor relations were
noted between nitrate + nitrite and streamflow (figs. 9D and
10D). Aulenbach and others (2016) also observed weak nitrate
concentration-discharge relations in another study of similarly
sized watersheds.

Comparisons between the DSS-only data and the com-
bined DSS and USGS data at both sites (figs. 9 and 10) illus-
trate that targeted storm-runoff sampling improved the overall
concentration versus flow relations for all nutrient constituents
except nitrate + nitrite. These data illustrate the importance of
collecting samples during higher streamflows to characterize
flow-related water-quality differences. Inclusion of the higher
flow samples had no substantial influence on the concentration
versus flow relation for nitrate + nitrite. Nitrate concentrations

typically do not correlate well with streamflow because of
hysteresis effects (Sharifi and others, 2017). Concentrations
are usually higher during the first flush on the rising limb of a
storm hydrograph but are lower through dilution on the falling
side of the hydrograph. Although nutrient concentrations may
vary with streamflow, the overall mass of nutrients transported
tends to be higher during periods of higher flows, because sub-
stantially larger volumes of water are being flushed through
the watershed than during other periods. Another reason for
the poor relation may be explained by Ledford and others
(2017), whose study indicated that seasonal biotic uptake and
transformation of nitrate was equally important as stream-
flow in influencing nitrate concentrations in urban streams.
Specifically, biotic uptake and transformations in urban head-
water streams, like the ones in this study, produced low nitrate
concentrations from spring through fall, especially if the
stream had limited canopy cover and high algal mat density.
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Figure 9. A, Specific conductance, B, turbidity, C, total Kjeldahl nitrogen, D, nitrate + nitrite, E, total nitrogen, and F, total phosphorus
versus instantaneous streamflow during 2009-20 at Ellerbe Creek, North Carolina.
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Figure 10. A, Specific conductance, B, turbidity, C, total Kjeldahl nitrogen, D, nitrate + nitrite, E, total nitrogen, and F, total phosphorus
versus instantaneous streamflow during 2009-20 at Sandy Creek, North Carolina.
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Optimization of Nutrient Load
Estimation Approaches

Model output data were evaluated to optimize
R-LOADEST model options for estimating stream nutrient
loads in Ellerbe and Sandy Creeks for the City of Durham.
Several model options were run, and the resulting model
calibration diagnostics were used to select the most optimized
R-LOADEST models to predict nutrient loads at the Ellerbe
Creek and Sandy Creek study sites. Relations in nutrient load
uncertainties between the two test scenarios (including both
DSS and USGS data and DSS data only) with varying time
steps also were examined.

Evaluation of Model Calibration Performance

Two to four models were developed and diagnostics
analyzed for a given nutrient constituent and data test scenario.
Specifically, calibration diagnostic results from those models,
including model “goodness of fit” evaluation criteria (AIC and
SPPC), normality test of residuals (PPCC), and bias diagnos-
tics (Bp and NSE), for all examined LOADEST regression
models were used to select the final, or most optimized, model
for each constituent, sampling regime, and load prediction
period at Ellerbe and Sandy Creeks (table 6). An iterative pro-
cess was used during the model selection process, whereby the
automated option was first used to identify the best-fit model,
on the basis of its AIC ranking, for each nutrient and data test
scenario. After reviewing the calibration criteria for the best-fit
model automatically selected by LOADEST, additional can-
didate models were manually chosen (on the basis of multiple
diagnostics along with AIC or SPPC output) to improve the
overall fit and reduce bias.

Ideally, calibration models having normally distributed
residuals (PPCC, p-values >0.05) and low bias (Bp <25 per-
cent and E values closer to 1) are preferred for use in load
estimation. The models had to be run individually to obtain
the PPCC, Bp, and NSE statistics. In all, 68 potential models
(32 automated best fit and 36 manually chosen) for Ellerbe

Creek and 99 potential models (40 automated best fit and

59 manually chosen) for Sandy Creek were examined further
to select the final models used for nutrient load estimation and
analysis. All of the regression models and associated calibra-
tion diagnostic results examined for each nutrient constituent
(TKN, nitrate, total N, and total P) and data test scenario at
Ellerbe and Sandy Creeks are provided in Harden and oth-
ers (2024).

The load bias diagnostic results (Bp and NSE) provide
an overall indication of how the modeled data compare to the
observed data in the calibration dataset. Calibration models
having high absolute values of Bp (>25 percent) or negative
values for NSE are indicative of high bias and poor model fit
and should not be used (Runkel, 2013). When based solely on
the automated model selection option, 25 percent (8 of 32) of
the best-fit models for Ellerbe Creek and about 32 percent (13
of 40) of the best-fit models for Sandy Creek had Bp values
greater than the 25-percent threshold.

An example of the iterative process for selecting a final
model is described next, and the model diagnostics are listed
in table 8. Three regression models for total N for test scenario
2B that comprise DSS samples only for the 2012—20 time step
at Ellerbe Creek were compared. LOADEST automatically
selected regression model number 7 because it had the lowest
AIC ranking; however, it had an unacceptable Bp value greater
than 25 percent. Model 4, with the lowest SPPC, was then
manually selected for consideration. Although some diagnostic
results for model 4 were slightly better than those for model 7,
model 4 also had a Bp value greater than 25 percent. Model 8
was also manually selected, having an AIC rank of 2, an SPPC
rank of 4, and acceptable Bp (13.47) and NSE (0.96). All
three models had normally distributed residuals (with PPCC
p-values >0.05). Therefore, model 8 was chosen as the final
model for total N load predictions for test 2B at Ellerbe Creek
on the basis of its better calibration criteria results relative to
those of the other models.

In general, models selected for load estimation had the
lowest percent load bias; displayed reasonably normal distrib-
uted residuals relative to time, streamflow, and observed val-
ues; and had a NSE closest to 1. When candidate models for a

Table 8. Example summary of calibration diagnostics from load test scenario 2B regression models
evaluated for total nitrogen in Ellerbe Creek, Durham, North Carolina, for the load prediction period of

2012-20.

[AIC, Akaike information criterion; SPPC, Schwarz posterior probability criterion; PPCC, probability plot correlation
coefficient; Bp, load bias in percent; NSE, Nash-Sutcliffe Efficiency Index; N, nitrogen]

Regression

model Regression AIC SPPC PPCC Bp NSE
. model number? (rank) (rank) p-value
selection
Automated best fit 7 92.0 (1) 107.1(2) 0.3212 3309 075
Manually selected 4 92.58 (3) 105.1 (1) 0.3828 29.06 0.81
Manually selected 8 92.24 (2) 109.8 (4) 0.3087 1347 096

aFor more information on regression models, see table 5.



given calibrated dataset had comparable regression statistics,
residual plots, and load bias diagnostics, then the model with
the fewest terms was typically selected. The final calibrated
models selected for evaluation with the load test scenarios for
Ellerbe and Sandy Creeks are summarized in table 9.

In some cases, none of the analyzed models (neither
automated best fit nor manually selected) for a given constitu-
ent and test scenario were deemed appropriate for estimating
loads because of poor fits with unacceptable diagnostic results
(Runkel, 2013). This was most pronounced for Sandy Creek,
where no final models were selected for three of the nitrate
tests (1A, 1B, and 2B) and six of the total P tests (1A, 1B, 2A,
3A, 4A, and 5A).

With one exception, all selected final models had Bp
values less than 25 percent. In the case of nitrate test 1B
at Ellerbe Creek, final model number 6 had a high E value
of 0.88 and a Bp value slightly above 25 percent. Most of
the final models have the potential for overestimating loads
because of positive Bp values. Sandy Creek had several
models for TKN, total N, and total P with negative Bp values,
indicating the potential for underestimating loads (table 9).

The PPCC tests for normality of the model residuals
indicated that Ellerbe Creek had better overall model residuals
than Sandy Creek (table 9). About 65 percent (20 of 31) of the
final models for Ellerbe Creek and 22 percent (7 of 31) of the
final models for Sandy Creek had model residuals normally
distributed (PPCC p-value >0.05). Runkel and others (2004)
indicated that the AMLE method for censored data may not
yield optimal load estimates for model residuals that fail the
normality assumption and that the least absolute deviation
(LAD) method within LOADEST could be considered for load
estimation because it does not require a normality assump-
tion. As part of a water-quality study for Gwinnett County,
Georgia, Aulenbach and others (2017) utilized the AMLE
approach in LOADEST to estimate stream loads for multiple
constituents, including nutrients, for 13 watersheds. They
noted that the regression models developed for the constitu-
ent loads often did not have normally distributed residuals,
as was also observed for this study. Furthermore, Aulenbach
and others (2017) indicated that the LAD approach in LOAD-
EST does not allow for the use of censored data. They were
unable to consider this alternate estimation method, because
the model with non-normally distributed residuals typically
contained censored data. Similarly for this study, 89 percent of
the calibration datasets (55 of 62) for the final models and test
scenarios for Ellerbe and Sandy Creeks contained censored
data; therefore, the LAD estimation method was not consid-
ered further. The final models yielding residuals that did not
follow a normal distribution (PPCC p-value <0.05) (table 9)
were assumed to be valid for the data evaluations in this study;
however, their estimated loads may be less accurate than oth-
erwise reflected by their confidence intervals (Hirsch, 2014;
Lee and others, 2016, 2019; Aulenbach and others, 2017).

With the exception of the repeatedly selected model 4
for total P at Ellerbe Creek, the optimal models generally
varied by time step and scenario for both sites (table 9). A
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few patterns were observed. Most of the selected models had
explanatory seasonality terms, indicating the need to compen-
sate for intra-annual variability in the data. However, selected
models for nitrate and total P at Sandy Creek did not, suggest-
ing that flow alone explained the model variability. Selected
nitrate and total N models for scenario A and B at Ellerbe
Creek tended to add an explanatory time variable when
decreasing the time step from 9 or 12 years to just 5 or 6 years.
Selected models for scenario A for TKN and total N at Sandy
Creek tended to lose a time variable when decreasing the time
step from 9 or 12 years to just 5 or 6 years.

Results of the model selection process indicate that no
single model was optimal for changing time steps, sampling
scenarios (fixed frequency versus inclusion of targeted high-
flow samples), and stream sites. Because nitrate concentrations
in streams can be controlled by biological uptake, microbial
processes including denitrification, and preferential flow rout-
ing (soil and groundwater discharge versus runoff contribu-
tions), these natural processes can introduce seasonality and
poor fit of the concentration and flow relation into the model
(Alexander and others, 2007; Ullrich and Volk, 2010; Sudduth
and others, 2013; Aulenbach and others, 2016; Lee and others,
2016). In fact, nitrate sources in Ellerbe Creek were assessed
previously and determined to be from both direct runoff
(related to impervious surfaces) of atmospherically derived
rainwater and soil water discharge (McSwain and others,
2014). Better fit of models existed for the often particulate-
dominated total N and TKN than for the other nutrients, prob-
ably explained by stronger concentration relations to stream-
flow. The inclusion or absence of explanatory time variables
for constituents with decreasing time step may be attributed to
the incorporation or omission of certain hydrologic flow con-
ditions. For example, load tests 1 (2009-20) and 2 (2012-20)
included high and low flow periods more representative of
climatic variability, whereas load tests 4 (2015-20) and 5
(2016-20) started with semi-lowest flow periods and ended
with highest flow period (fig. 3 and table 6), possibly produc-
ing a greater high-flow influence and short-term increasing
trend in flow over time. Also as mentioned earlier, instanta-
neous flow at the time of sampling (fig. 4B) could be as much
as an order of magnitude different than mean daily flow,
increasing variability between constituent and flow relations.

Although nutrient sources were not determined as part of
this investigation, groundwater and unregulated point-source
discharges of nutrients are factors that could possibly influ-
ence the concentration and flow relation. These discharges
would have greatest influence in streamwater nutrient con-
centrations during lower flow conditions compared to runoff
during high flow conditions (Robertson and Roerish, 1999;
Harden and others, 2013). Some possible influence by these
sources could be implied by nitrate + nitrite data displaying
more pronounced heteroscedasticity than observed for other
nitrogen species in Ellerbe and Sandy Creeks at low- to mid-
range streamflows of 0.1-1.0 ft3/s (figs. 9C-E and figs. 10C-E,
respectively). Total P data also displayed similar heterosce-
dasticity at low- to mid-range streamflows in Ellerbe Creek
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Table 9. Summary of the selected load estimation models and associated diagnostics for nutrients in Ellerbe and Sandy Creeks,

Durham, North Carolina, 2009-20.

[TKN, total Kjeldahl nitrogen; N, nitrogen; P, phosphorus; PPCC, probability plot correlation coefficient; Bp, bias percent; NSE, Nash-Sutcliffe Efficiency
Index; na, not applicable because no final model selected because of unacceptable calibration diagnostics; nd, not determined because no samples were collected

at Ellerbe Creek during 2014 for the start of the prediction period]

Load TKN Nitrate
Load test prediction Number Final model ~ PPCC Final model  PPCC
soenario® period of years number®  p-value Bp NSE number®  p-value Bp NSE
Ellerbe Creek
1A 2009-20 12 1 0.5706 8.24 0.85 6¢ 0.0104 20.11 0.84
1B 2009-20 12 4e 0.0471 8.76 0.97 6¢ 0.0106 25.07 0.88
2A 2012-20 9 4e 0.4110 12.31 0.82 6¢ 0.0163 18.56 0.80
2B 2012-20 9 4e 0.2647 9.25 0.94 na na na na
3A 2014-20 7 nd nd nd nd nd nd nd nd
3B 2014-20 7 nd nd nd nd nd nd nd nd
4A 2015-20 6 4e 0.3715 13.90 0.79 ge 0.4122 7.45 0.87
4B 2015-20 6 1 0.5868 17.02 0.67 ge 0.3704 9.08 0.85
5A 2016-20 5 4e 0.2545 10.43 0.82 ge 0.3905 7.44 0.90
5B 2016-20 5 1 0.3491 14.38 0.77 ge 0.5685 11.49 0.87
Sandy Creek

1A 2009-20 12 7e 0.0018 0.24 0.85 na na na na
1B 2009-20 12 7e 0.0041 10.32 0.77 na na na na
2A 2012-20 9 4e 0.0025 1.83 0.84 2 0.0001 18.75 0.83
2B 2012-20 9 8¢ 0.0101 0.26 0.92 na na na na
3A 2014-20 7 ge 0.0751 9.81 0.80 2 0.0056 11.51 0.86
3B 2014-20 7 gc 0.1307 1.18 0.93 1 0.0115 16.28 0.86
4A 2015-20 6 ge 0.1047 7.40 0.82 2 0.0087 16.53 0.87
4B 2015-20 6 4e 0.0478 -10.51 0.88 1 0.0171 5.86 0.90
5A 2016-20 5 4e 0.0052 1.33 0.84 2 0.0090 15.91 0.87
5B 2016-20 5 4e 0.0168 -11.79 0.89 1 0.0139 10.93 0.89

aFor more information on load test scenarios, see table 6.
bFor more information on regression models, see table 5.

Final model that includes a seasonality term.

(figs. 9F), but not at Sandy Creek (figs. 10F). Longer-term
sample coverage of the higher streamflows that would provide
a better representation of the true variance at higher flows may
aid in reducing this heteroscedasticity.

Evaluation of Nutrient Load Uncertainties

The SEPs of the mean daily loads estimated with the
final regression models were used to evaluate uncertainties in
the annual loads for nitrate, TKN, total N, and total P. Results
of the load testing scenarios were used to evaluate the influ-
ence of monitoring approach and prediction time step on the
computed nutrient loads and uncertainties, and for determin-
ing which approach(es) were best suited for reducing overall
uncertainty in load predictions at each site.

The load tests covered different time steps during the
2009-20 period of study. Each time step had a different begin-
ning year but the same ending year of 2020 (table 6). Test 1
estimated annual loads for the full 12-year period of 2009-20,
including the period from 2009 to 2011 with questionable total
P results, as previously discussed. Test 2 estimated loads for
the 9-year period from 2012 to 2020. Tests 3, 4, and 5 pre-
dicted loads for shorter 7-year (2014-20), 6-year (2015-20),
and 5-year (2016-20) time steps, respectively. Test 3 was only
run for Sandy Creek because no data were available during
2014 for Ellerbe Creek.

For comparison purposes, nonparametric Wilcoxon-
Mann-Whitney two-sample tests were applied to ranked
mean annual load and SEP data (tables 10 and 11; Harden and
others, 2024). The comparison tests were used to determine
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Table 9. Summary of the selected load estimation models and associated diagnostics for nutrients in Ellerbe and Sandy Creeks,

Durham, North Carolina, 2009—-20.—Continued]

[TKN, total Kjeldahl nitrogen; N, nitrogen; P, phosphorus; PPCC, probability plot correlation coefficient; Bp, bias percent; NSE, Nash-Sutcliffe Efficiency
Index; na, not applicable because no final model selected because of unacceptable calibration diagnostics; nd, not determined because no samples were collected

at Ellerbe Creek during 2014 for the start of the prediction period]

Load Total N Total P
Load test prediction Number Finalmodel  PPCC Finalmodel ~ PPCC
soenario® period of years number®  p-value Bp NSE | humber p-value Bp NSE
Ellerbe Creek
1A 2009-20 12 6¢ 0.0172 6.93 0.92 4e 0.0009 11.04 0.67
1B 2009-20 12 ge 0.0098 8.84 0.96 4e 0.0056 1.17 0.63
2A 2012-20 9 6° 0.5176 6.73 0.92 4e 0.0024 14.28 0.57
2B 2012-20 9 8e 0.3087 13.47 0.96 4 0.0128 —-13.39 0.78
3A 2014-20 7 nd nd nd nd nd nd nd nd
3B 2014-20 7 nd nd nd nd nd nd nd nd
4A 2015-20 6 8 0.1496 3.19 0.93 4e 0.1203 13.78 0.55
4B 2015-20 6 8e 0.0462 12.71 0.90 4e 0.3204 9.72 0.34
5A 2016-20 5 9c 0.2601 5.02 0.90 4e 0.2911 14.52 0.58
5B 2016-20 5 ge 0.0744 17.47 0.86 7e 0.5501 23.16 0.24
Sandy Creek

1A 2009-20 12 7e 0.0022 7.04 0.90 na na na na
1B 2009-20 12 7e 0.0129 17.77 0.66 na na na na
2A 2012-20 9 7c 0.0737 6.61 0.90 na na na na
2B 2012-20 9 7e 0.3958 -3.62 0.95 2 0.0147 0.82 0.45
3A 2014-20 7 4e 0.0176 3.45 0.90 na na na na
3B 2014-20 7 Qgc 0.1205 2.23 0.98 2 0.0232 -3.10 0.45
4A 2015-20 6 4 0.0358 4.20 0.90 na na na na
4B 2015-20 6 1 0.0198 —6.90 0.95 2 0.0276 —4.80 0.47
5A 2016-20 5 1 0.0108 2.04 0.89 na na na na
5B 2016-20 5 1 0.0434 —6.49 0.95 6¢ 0.9705 -11.29 0.65

aFor more information on load test scenarios, see table 6.
bFor more information on regression models, see table 5.

Final model that includes a seasonality term.

if differences existed between scenarios A (USGS high-flow
and DSS samples) and B (DSS samples only) for all time steps
(5-12 years) at each site by nutrient constituent (Helsel and
others, 2020). Additionally, a comparison was made of ranked
mean annual load and SEP data to determine if differences
existed between sites for each scenario by nutrient constituents
(table 11).

Influence of High-Streamflow Samples

Comparison of the test scenario results illustrated the
influence of high-flow samples on the load estimates and
uncertainties. For all tests having paired scenario A and
scenario B results, A tests produced lower mean annual SEPs

relative to their paired B tests at Ellerbe and Sandy Creeks
(table 10). In other words, the inclusion of high-flow samples
with fixed frequency samples decreased the load uncertainties
for all nutrient fractions at both Ellerbe Creek (fig. 11) and
Sandy Creek (fig. 12). Overall, SEPs increased with higher
nutrient loads among the time steps for scenario A at Ellerbe
Creek and but were slightly more uniform at Sandy Creek.
Additionally, ranges in SEPs for scenario A at Ellerbe Creek
and Sandy Creek were more consistent among time steps com-
pared to the SEPs for scenario B. Even when the mean annual
load for a constituent at a given time step in scenario A was
similar to or higher than that for scenario B (with exception
of estimated nitrate loads at Sandy Creek), the corresponding
SEPs for scenario B were higher, with some constituents up to
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Table 10. Summary of mean annual load and standard error of prediction for total Kjeldahl nitrogen, nitrate, total nitrogen, and total
phosphorus by load test scenario at Ellerbe and Sandy Creeks, Durham, North Carolina, 2009-20.

[TKN, total Kjeldahl nitrogen; kg/d, kilogram per day; SEP, standard error of prediction; N, nitrogen; P, phosphorus, na, not applicable because no final model
selected because of unacceptable calibration diagnostics; nd, not determined because no samples were collected at Ellerbe Creek during 2014 for the start of the

prediction period]

. Nitrate Total N Total P
Load test Time- Mean Mean Mean Mean Mean Mean Mean Mean
scenario? (years) annual load annual SEP | annual load annual SEP | annual load annual SEP | annual load annual SEP
(kg/d) (kg/d) (kg/d) (kg/d) (kg/d) (kg/d) (kg/d) (kg/d)
Ellerbe Creek

1A 12 19.291 2.214 6.114 1.110 24.306 2.354 4.696 0.866
1B 12 19.125 2.936 7.102 2.303 25.746 4.677 3.763 0.881
2A 9 21.393 2.437 6.900 1.268 27.250 2.633 5.618 1.049
2B 9 21.742 3.730 na na 27.772 5.740 4777 1.277

3A 7 nd nd nd nd nd nd nd nd

3B 7 nd nd nd nd nd nd nd nd
4A 6 24.737 2.932 7.378 1.455 29.421 2.939 6.484 1.166
4B 6 24.337 5.140 5.121 2.306 27.065 7.263 5.029 1.452
5A 5 25.740 3.140 7.848 1.671 30.794 3.626 6.975 1.227
5B 5 22.494 5.851 5.567 3.332 26.199 10.100 5.218 1.794

Sandy Creek

1A 12 20.819 2.791 na na 27.614 3.203 na na

1B 12 17.882 2.942 na na 26.191 3.942 na na

2A 9 22.504 2.531 8.088 1.402 29.882 3.054 na na
2B 9 24.697 6.356 na na 29.375 4.318 7.332 3.342

3A 7 23.466 3.247 7.915 1.092 32.645 3.031 na na
3B 7 26.470 7.852 10.838 2.782 36.473 8.937 8.071 4.052

1A 6 24.794 3.460 7.907 1.132 34.592 3.353 na na
4B 6 23.424 4.527 10.968 3.041 33.147 5.543 7.957 4.432

5A 5 28.642 3.161 8.455 1.286 37.121 3.557 na na
5B 5 24.541 4,771 12.430 4.106 35.641 6.432 7.730 3.339

2For more information on load test scenarios, see table 6.

2.0 to 2.8 times higher than scenario A at Ellerbe Creek (total
N; table 10 and fig. 11C) and up to 2.5 to 3.2 times higher than
scenario A at Sandy Creek (nitrate; table 10 and fig. 12B).

At Ellerbe Creek and Sandy Creek, the mean annual con-
stituent loads were not significantly different among time steps
between scenarios A and B, except for nitrate at Sandy Creek,
which was statistically lower for the A tests relative to the B
tests (table 11). The corresponding SEPs for TKN, nitrate, and
total N at both sites were all statistically lower for scenario A
compared to scenario B (figs. 11 and 12).

A comparison of scenario A results between Ellerbe and
Sandy Creeks indicated that mean annual loads and SEPs
were not significantly different for TKN, nitrate, or total
N (table 11). However, comparison of scenario B results
between the two study sites indicated that the mean annual

load for nitrate and both the mean annual load and SEP for
total P were statistically higher for Sandy Creek compared to
Ellerbe Creek.

The influence of the USGS high-flow samples on the
model calibration datasets was reflected by the mean instanta-
neous streamflows for samples included for each test scenario
(table 12). The mean sample streamflow for Ellerbe Creek
was about 5.6 times higher for test 1A than for test 1B and
increased to about 16.6 times higher for test 5A relative to test
5B. The mean sample streamflow for Sandy Creek was about
4.4 times higher for test 1A than for test 1B and increased to
about 10.9 times higher for test 5A relative to test 5B.

As previously indicated, 77.2 percent and 71.4 percent
of the study period streamflows for Ellerbe Creek and Sandy
Creek, respectively, were contributed from the uppermost
10 percent (90—-100th percentiles) of daily mean streamflows



Table 11.
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Summary results of the nonparametric Wilcoxon-Mann-Whitney two-sample tests

that compared ranked load and standard error of prediction (SEP) data between scenario A (U.S.
Geological Survey high-flow and City of Durham Public Works Department, Stormwater Division
[DSS] samples) and scenario B (DSS samples only) at each site for all nutrient constituents and time
steps; and ranked load and SEP data for each scenario between sites for all nutrient constituents

and time steps.

[TKN, total Kjeldahl nitrogen; nitrate, nitrate + nitrite; N, nitrogen; P, phosphorus; --, no significant difference at o =

0.05; <, less than; >, greater than; na, not applicable (see footnote)]

Constituent Parameter Z-Score p-value Result
Scenario A versus B grouping for Ellerbe Creek?
TKN Load —-0.235 0.814 -
TKN SEP 2.933 0.003v A<B
Nitrate Load -0.776 0.438 -
Nitrate SEP 4.087 <0.0001P A<B
Total N Load 0.060 0.952 -
Total N SEP 4.438 <0.0001P A<B
Total P Load —1.605 0.109 --
Total P SEP 1.229 0.219 -
Scenario A versus B grouping for Sandy Creek?
TKN Load —0.340 0.734 -
TKN SEP 2.900 0.0040 A<B
Nitrate Load 2.213 0.027> A<B
Nitrate SEP 4.600 <0.0001P A<B
Total N Load —-0.380 0.704 -
Total N SEP 3.278 0.001P A<B
Total P Load nac nac nac
Total P SEP nac nac nac
Sandy Creek versus Ellerbe Creek grouping for scenario A2
TKN Load —0.260 0.795 -
TKN SEP -1.081 0.280 -
Nitrate Load —-0.129 0.209 --
Nitrate SEP -0.479 0.632 --
Total N Load -0.722 0.470 -
Total N SEP -1.092 0.275 -
Total P Load nac nac nac
Total P SEP nac nac nac
Sandy Creek versus Ellerbe Creek grouping for scenario B2

TKN Load —-0.024 0.813 -
TKN SEP —1.000 0.318 -
Nitrate Load 3.455 0.0006° Sandy > Ellerbe
Nitrate SEP 1.064 0.287 -
Total N Load —-0.526 0.599 -
Total N SEP 1.254 0.210 -
Total P Load 3.051 0.00230 Sandy > Ellerbe
Total P SEP 4.542 <0.0001° Sandy > Ellerbe

aFor more information on load test scenarios, see table 6.

bStatistically significant difference (p <0.05).

cSee table 9; no model was selected for total phosphorus for scenario A at Sandy Creek.
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Figure 11.

Mean annual load against the mean annual standard error of prediction for A, total Kjeldahl nitrogen, B, nitrate, C,

total nitrogen, and D, total phosphorus at Ellerbe Creek in Durham, North Carolina, 2009-20.

(table 7). The percentage of days sampled by both DSS and
USGS during the highest 10 percent of flows was 17.6 percent
for Ellerbe Creek and 19.2 percent for Sandy Creek. These
percentages were reduced by more than half when the USGS
high-flow samples were not included.

Exclusion of the USGS high-flow samples from the
model calibration datasets typically resulted in significantly
higher uncertainties in the load estimates. Although individual
nutrient loads were relatively similar between calibration
files (with or without higher flow samples), the calibration
data with higher flow samples were more representative
of the observed flows in prediction files, which resulted in
lower uncertainties in predicted loads. The calibrated regres-
sion models based primarily on lower flow sample data had
a higher degree of uncertainty in the estimated loads when
extrapolated to the higher flow days in the streamflow predic-
tion files.

Because most instream nutrient transport occurs dur-
ing periods of higher streamflows, it is important that water-
quality samples collected for computing stream nutrient
loads are representative of all streamflow conditions at a site,
especially for the upper flow regime (Lee and others, 2016;

Aulenbach and others, 2017; Lee and others, 2019). The load
testing scenario evaluations in this study are in agreement with
Lee and others (2016) in that sampling programs that incorpo-
rated high-flow samples yielded better estimates of constituent
loads having lower uncertainties than sampling programs that
did not include high-flow samples.

Influence of Load Prediction Time Step

The test scenario results also were used to examine
the influence of prediction time step on the load uncertain-
ties by evaluating changes in mean annual loads and SEPs
or 95-percent confidence intervals (developed from SEPs;
Runkel, 2013) across time steps. The five prediction time steps
reflected different subsets of the overall dataset and included
test 1 (all 12 years), test 2 (9 years), test 3 (7 years), test 4
(6 years), and test 5 (5 years).

Thus far, the test evaluations have been based on mean
annual loads and SEPs, which represented all the years in
the prediction period for an individual test scenario or time
step (table 6). Each test scenario represented a different
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Figure 12. Mean annual load against the mean annual standard error of prediction for A, total Kjeldahl nitrogen, B, nitrate, C,
total nitrogen, and D, total phosphorus at Sandy Creek in Durham, North Carolina, 2009-20.

snapshot of the study where, for example, test 1 covered the
entire study period of 2009-20 and test 5 covered the last 5
years of the study, 2016-20. The mean annual load and SEP
results between the five tests were not expected to be the
same because scenarios having smaller time steps contained
less record with fewer calibration data points than those
with longer time steps and did not adequately represent the
annual variability in streamflows throughout the study period.
Therefore, smaller time steps can produce increased uncer-
tainty in the load estimation compared to larger, more data-
rich time steps.

The following discussion focuses on the year-to-year
results for each test scenario (based on different time steps)
that were computed for the same 5-year period (2016-20)
when all five test scenarios were available (table 6). To better
understand the influence of time step used for model calibra-
tion and prediction, load estimates and uncertainties for the
different time steps were compared for the same year(s).

The annual mean loads and their lower and upper 95-percent
confidence intervals (L95s and U95s) for each nutrient from
2016 through 2020 are shown by test scenario and time step in

figure 13A-D for Ellerbe Creek and figure 14A-D for Sandy
Creek. There were no test 3 constituent results for Ellerbe
Creek and no scenario A results for total P at Sandy Creek.
Examination of the test results for each site indicates
that the confidence intervals of the annual mean nutrient
loads overlapped across scenarios A and B for a given year.
There was notably higher variability among the loads and
wider confidence intervals within a given year for the B
tests relative to the A tests at both sites (figs. 13 and 14). For
example, at Ellerbe Creek, TKN test 2A for 2018 (fig. 13A)
had a mean load of 40.84 kg/d, with an L95 of 31.18 kg/d
and U95 of 52.55 kg/d (spread = 21.37). The TKN result for
test 2B for 2018 had a mean load of 40.98 kg/d, with an L95
0f 27.20 kg/d and U95 of 59.34 kg/d (spread = 32.14). In
other cases, large differences were noted for both the mean
daily load and confidence intervals between the paired test
scenarios. At Sandy Creek for example, nitrate test 3A for
2020 (fig. 14B) had a mean load of 13.02 kg/d, with an L95 of
9.90 kg/d and U95 of 16.83 kg/d (spread = 6.93). The nitrate
result for test 3B for 2020 had a mean load of 18.90 kg/d with
an L95 of 11.01 kg/d and U95 of 30.35 kg/d (spread = 19.34).
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Table 12. Summary of mean instantaneous and annual daily streamflows by load test scenario and time step for Ellerbe and Sandy

Creeks in Durham, North Carolina, 2009-20.

[ft3/s, cubic foot per second; nd, no data available; na, not applicable]

Ellerbe Creek Sandy Creek
Annual load Time- i - i
Load test et Mean instanta Mean annual daily Mean instantaneous _Mean annual
- A prediction step neous streamflow streamflow for daily streamflow for
scenario iod L . streamflow for samples L .
perio (years) for samples prediction period (#¥/s) prediction period
(ft3/s) (ft3/s) (ft3/s)
1A 2009-20 12 33.44 7.73 34.85 7.92
1B 2009-20 12 5.99 7.73 7.83 7.92
2A 2012-20 9 41.55 8.46 40.21 8.20
2B 2012-20 9 5.57 8.46 5.23 8.20
3A 2014-20 7 ndP na 48.55 9.06
3B 2014-20 7 ndd na 5.90 9.06
4A 2015-20 6 49.79 9.61 55.06 9.38
4B 2015-20 6 417 9.61 5.48 9.38
5A 2016-20 5 56.00 10.12 62.70 9.79
5B 2016-20 5 3.38 10.12 5.77 9.79

aFor more information on load test scenarios, see table 6.

bSee table 6; sample data are only available for Sandy Creek during 2014; samples were not collected at Ellerbe Creek.

Annual nutrient loads also reflected the variability in
mean annual daily mean streamflow (fig. 3, table 13). For
the 5-year period of 2016-20, annual daily mean stream-
flows at Ellerbe and Sandy Creeks were lowest in 2016 and
2017, intermediate in 2019, and highest in 2018 and 2020.
Correspondingly, loads of all nutrient fractions were low-
est during 2016 and 2017, intermediate in 2019, and highest
during 2018 and 2020. Similarly, the confidence intervals
were smaller during lower flow years and larger during higher
flow years.

Given the higher variability and uncertainties for the sce-
nario B results relative to the scenario A results, only the sce-
nario A results were used to explore potential relations among
year-to-year loads for individual nutrients and the length of
record, or time step, analyzed. The TKN loads and confidence
intervals for both Ellerbe Creek (fig. 13A) and Sandy Creek
(fig. 14A) are mostly consistent among the time steps for each
year with the exception of 2020 for Sandy Creek.

At Ellerbe Creek, nitrate load and confidence intervals
generally increased with decreasing time steps during 2016
and 2020 and decreased with decreasing time steps during
2018 and 2019 (fig. 13B). Although there are no nitrate load
results for test 1A at Sandy Creek (fig. 14B), there is a consis-
tent pattern of greater nitrate loads and confidence intervals at
the 9-year time step (test 2A) relative to the 7-, 6-, and 5-year
time steps (tests 3A to SA), which could be influenced by the
changed LRLs in 2012 (fig. 7D).

The year-to-year total N loads for Ellerbe Creek
(fig. 13C) had a similar distribution as described above for
nitrate, where for each year the total N loads and confidence

intervals tended to be more similar between the 12- and 9-year
time steps relative to the 6- and 5-year time steps. For Sandy
Creek, the yearly total N loads (fig. 14C) generally followed
the consistent pattern noted for TKN (fig. 14A), being rela-
tively uniform among the time steps for years 2016-19 and
more variable in 2020. Scenario A data for total P are only
available for Ellerbe Creek (fig. 13D), which shows that the
annual loads and confidence intervals are mostly consistent
across time steps for each year. The total P load confidence
intervals are substantially largest during 2018, which had the
highest mean annual streamflow (table 13).

The evaluations of the year-to-year test scenario results
during 2016-20 indicated how the nutrient load estimates
and confidence intervals at Ellerbe and Sandy Creeks varied
depending on the time step used for the load model calibra-
tions and predictions. In general, prediction errors for most
nutrient fractions tended to be higher for shorter time steps,
especially when targeted high-flow samples were not included.
Although not a definitive pattern, the longer 12-year and
9-year time steps tended to provide more consistent annual
load estimates and lower confidence intervals than the shorter
6- and 5-year time steps. This finding emphasizes the impor-
tance of analyzing a study period that adequately represents
longer-term variations in streamflow to better understand the
temporal variability among annual nutrient loads and uncer-
tainties at the study sites.
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Figure 13. Estimated annual mean load with associated lower and upper 95-percent confidence intervals grouped by

year for A, total Kjeldahl nitrogen, B, nitrate, C, total nitrogen, and D, total phosphorus plotted by scenario (A, B) and
test (1-5 representing decreasing time step from 12 years to 5 years, respectively) at Ellerbe Creek in Durham, North
Carolina, 2016-20.
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Table 13. Summary of annual daily mean streamflows for Ellerbe
and Sandy Creeks, Durham, North Carolina, 2009-20.

[ft3/s, cubic foot per second]

Annual daily mean streamflow

Year (ft3/s)
Ellerbe Creek Sandy Creek

2009 7.06 9.98
2010 5.87 7.64
2011 3.69 3.63
2012 3.39 3.66
2013 7.91 6.74
2014 7.20 7.17
2015 7.07 7.32
2016 7.18 6.39
2017 4.84 5.28
2018 14.74 12.50
2019 10.10 10.10
2020 13.75 14.67

Summary and Conclusions

In 2016, the City of Durham Public Works Department,
Stormwater Division (DSS) in North Carolina and U.S.
Geological Survey (USGS) initiated a collaborative study to
evaluate whether alternate monitoring strategies that incorpo-
rated samples collected across a broader range of hydrologic
conditions will allow DSS to compute more accurate nutri-
ent loads and track progress toward nutrient-management
goals with less uncertainty. To achieve those goals, this study
evaluated optimal instream nutrient load models for the
period of January 2009 to December 2020, computed using
the DSS-adopted rating curve estimation approach for Ellerbe
and Sandy Creeks, two small, highly urbanized streams in
Durham, North Carolina. Nutrient fractions modeled included
total Kjeldahl nitrogen (TKN), nitrate, total nitrogen (N),
and total phosphorus (P). The study compared two sampling
scenarios: DSS routine monthly (fixed frequency) data com-
bined with USGS targeted high-streamflow data (scenario A);
and DSS fixed frequency data only (scenario B). Inclusion of
targeted higher streamflow in scenario A improved representa-
tion of the above normal flow conditions by about 14 percent
as compared to scenario B. Additionally, instream load models
were evaluated across decreasing time steps (12-, 9-, 7-, 6-,
and 5-year ranges) for each scenario to identify changes in
uncertainty of the load estimates.

The load estimation process used the R-LOADEST
program. Optimal models were selected on the basis of model
diagnostics that minimized bias and uncertainty associated
with the estimated nutrient loads at each study location.

This study expanded model evaluation criteria beyond the
automated option in R-LOADEST (best-fit option) that used
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ranked statistical values for both the Akaike information crite-
rion and the Schwarz posterior probability criterion, to include
further evaluation of regression statistics, load bias statis-

tics, and residual analysis plots. Specifically, the calibration
diagnostic results, including model “goodness of fit” evalua-
tion criteria (Akaike information criterion, Schwarz posterior
probability criterion), normality test of residuals (probability
plot correlation coefficient), and bias diagnostics (load bias

in percent and the Nash-Sutcliffe Efficiency Index), for all
assessed LOADEST regression models were used to select the
final, or most optimal, models included in the analysis of nutri-
ent loads for the data test scenarios. Also, the standard error of
prediction (SEP) and its associated lower 95-percent and upper
95-percent confidence intervals of the estimated nutrient load
from each model were used to assess variability attributed to
the model calibration (parameter uncertainty) and unexplained
variability about the model (random error).

In some cases, none of the analyzed models (neither auto-
mated best fit nor manually selected) for a given constituent
and test scenario were deemed appropriate for estimating loads
because of poor fits with unacceptable diagnostic results. This
was most pronounced for Sandy Creek, where no final models
were selected for three of the nitrate tests and six of the total
P tests. Most of the final models had positive load bias in per-
cent values, because sums of estimated loads were greater than
observed loads, indicating a potential for overestimating loads.

Most of the selected models had explanatory seasonal-
ity terms, indicating the need to compensate for intra-annual
variability in the data. However, selected models for nitrate
and total P at Sandy Creek did not, suggesting that flow
alone explained the model variability. Models for the often
particulate-dominated total N and TKN exhibited a good fit
that can be explained by stronger concentration relations to
streamflow. The model selection process revealed that no
single model was optimal for changing time steps, scenarios
(fixed frequency versus inclusion of targeted high-flow
samples), and streams.

At Ellerbe and Sandy Creeks, inclusion of the USGS
targeted storm-runoff samples with the DSS fixed frequency
samples provided nutrient data for higher flows. These data
strengthened concentration versus flow relations for all
constituents except nitrate + nitrite. Overall, the uncertainty
associated with the nutrient load estimates was lower and less
variable for the scenario A tests on the basis of model calibra-
tion data that included the high-streamflow samples as com-
pared to scenario B tests, even though estimated nutrient loads
generally were similar between scenarios A and B.

The five analyzed time steps reflected different subsets
of the overall dataset and included test 1 (all 12 years), test 2
(9 years), test 3 (7 years), test 4 (6 years), and test 5 (5 years).
At Ellerbe Creek, both the mean annual loads and SEPs for
TKN, nitrate, total N, and total P tended to increase with
decreasing time-step length for scenario A tests. Similarly at
Sandy Creek, the mean annual loads for TKN and total N also
increased with decreasing time-step length for the scenario A
tests. Concerning the scenario A results, the estimated nutrient
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loads tended to be higher for the shorter time steps, suggesting
overestimation caused by the greater influence of relatively
higher streamflows of the three wettest years (2018-20), and
tended to have higher errors, or uncertainties. Therefore,
smaller time steps appeared to produce increased uncertainty
in the load estimation compared to larger, more data-rich

time steps.

Evaluations of the year-to-year estimated nutrient loads
for each scenario during 2016-20 indicated the longer 12- and
9-year time steps tended to provide the most consistent annual
load estimates and lowest confidence intervals. Conversely,
variability in the estimated loads and their associated confi-
dence intervals increased when based on the shorter 6- and
5-year time steps. Inter-annual hydrologic conditions also
influenced the load confidence intervals. Confidence intervals
were narrower for low streamflow years (2016 and 2017) and
larger for high streamflow years (2018 and 2020). Overall,
the degree of uncertainty in annual nutrient load estimates
improved when targeted high-flow samples were incorpo-
rated and longer time steps were used in the loading models.
Furthermore, uncertainty tended to be greatest during years
with higher streamflows, regardless of the model selected.
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