/

; o

s 5

o @

: =

nad | g
: : : - ®» >
W ‘ o o
- >
> ,. 23
(ds 2
B) =) ( tS
S 53
= E =
[ mmu

U ©

r © S
S =
- D O
lm S”S“
\ E o

s e e FER S S T




CONTRIBUTING U.S. GEOLOGICAL SURVEY STAFF

Technical Support

C.A. Edmonds,
R.G. Garrett

W.E. Hazell

B.M. Heissenberger
K.L. Rodrigue
K.M. Sarver

B.C. Steiner

Technical Reviewers

C.J.O. Childress
D.A. Harned
G.F. Koltun

Publications Unit Support

J.L. Corbett
R.J. Deckard
K.E. Hedrick



Relation of Land Use to Streamflow and
Water Quality at Selected Sites in the
City of Charlotte and Mecklenburg
County, North Carolina, 1993-98

By Jerad D. Bales, J. Curtis Weaver, and Jerald B. Robinson

U.S. GEOLOGICAL SURVEY

Water-Resources Investigations Report 99-4180

Prepared in cooperation with the

City of Charlotte and Mecklenburg County, North Carolina

Raleigh, North Carolina
1999




U.S. DEPARTMENT OF THE INTERIOR
BRUCE BABBITT, Secretary

U.S. GEOLOGICAL SURVEY
Charles G. Groat, Director

The use of firm, trade, and brand names in this report is for identification purposes
only and does not constitute endorsement by the U.S. Geological Survey.

For additional information write to: Copies of this report can be purchased
from:

District Chief U.S. Geological Survey

U.S. Geological Survey Information Services

3916 Sunset Ridge Road Box 25286, Federal Center

Raleigh, NC 27607 Denver, CO 80225



CONTENTS

AADSEIIACT ...eeveiieeet ettt ettt ettt r e b ek b e b bt h s bbbt bbbt b ke b bbb 1
IREFOAUCHION ...ttt bbbt b s b e s et eb e s b e s bbb e b et e st em b s bt eaessneb e s st s b ssebe sheae 2
PUIPOSE Q1A SCOPE ...erveiiciiiiiiiecet ettt et et bbb bbb s s eb bRt ekt st n e sa b e 5
ACKNOWIBAGIMENLS ..ottt ettt r e sr bbb bbb em e saerssbernsraas 5
Description of study area and data-COIECHON SIEES ..........ccoueerimioiiiiiiieiicii ettt er e enes 5
SEUUNG ANA CHIMALE ...ttt et ettt st et e st et e sttt b et e st entestebesaeeb e b e aeseeabenbeneentastebesueenasbaabesaens 6
Data-COLECHON SILES ......coviviiiitiieriiitiie ettt b bbb a bbbt a e b e s see s b b ean s e sbenesnanentanen 7
Methods of data collection and 10adings COMPULALION .......c.coveveeveriierrireieiireetereerreeteere ettt ettt se ettt ssea e be e ebeseeen 14
Streamflow monitoring and water-quality SAMPIINE ......c.coiiiireriiriiniiriee et sr e b 15
Atmospheric wet-deposition SAMPIING ..........oocciviviiiiiiiiiieiiiere et st a et sttt bt srens 16
Computation of water-qUality J0AAS ......cccoveviuiiriiiiiciecete ettt bbb 16
FIUVIAL TOAAS ..ttt ettt ettt a e bbb e e et et s et e at e bt sae b e st e sesaeneenne 16
Atmospheric Wet-depoSition LOAAS ........c.ooeeiciirriiiiir ettt ettt et en e snene 19
Streamflow, water-quality, and atmospheric wet-deposition CharaCteriStics ..........oouveeeeviriririeieeererereeree e eeas 20
StreamMIlOW CRATACLETISIICS c..euvetereieiriteiiiieie ettt ettt et et ettt s aa e st e st eu b et et est ke s ae s e s esseasanseseesaaseesensensansassansensans 20
Water-qUAlity ChATACIETISTICS. .....everetinteiieiiet ettt et ettt ettt st et e et es e b sbe e st e st ea e be e st eatebesae e eabesbent et eneeneebeeneabesbensans 23
TEIMPEIALULE ..ottt bbb bbb bbbt bbb bbbt st rene b e 23

SPECIHIC COMAUCLANCE ... oottt ettt etk sb e bt baat et e s s ebeabebaassteseetasassansebasaesassesessas 26

SuSPENAed SEAIMENL .........couveieiriiiicce e e 28

INUEEIEIIES 1.oceetiaiaeet et ettt ettt ess ettt es s s e b st £ e s et e bt R s b sesn s s bebsnae s e s s s s beb s ensnssesaenssans 29

BACIETIA . c..civeitiierere et et ettt b e btttk eb bt sae b r e 31

IMIELALS ...ttt eb et stk etk e b R b et R kRt b bbb bbb et e h ket erenenes 33

Organic COMPOUNAS .......o.coiiiiiiiiiiiii ettt en e s n et enenesen 39
Atmospheric wet-depoSition ChATACIETISIICS .......c..c.irrruerierireriieriecrtei ettt ertrteb et beb ettt esasbesesbe st sbesessesosesbeseesensases 44

PH ettt et h et et et s b bt e etk e s e bt e e e bt e s e bt sa e ke e et e naees b e et e tenanebeenbaans 44

INTELOZBIL - vttt ettt ettt b ettt ee e e b e st s et e s e b as e e se b e bbb esan e s st asen s e s et ebe st es e s e s et eresbensebassesesaesnes 46

PROSPRIOTUS. ...ttt sttt e b et e st s b et e et es e bt be s et sbese e te st ess e b et enranee 46

IMIBLALS ...ttt bbbk £ ek e b bttt e a ekt b bt en e b es e s s b et e s enentenen 47
WALEE-QUALILY TOAAS ... ettt ettt b ettt b e ettt e s e bt s e s et e s aesesessesa s esessesessesessessesassebessebenseneasas 47
FIUVIALLOAAS .ottt ettt ettt h et bt e best e b e st s e b esses e b essasese st eseasensesenaasin 48
SUSPENAEA SEAIMENE ...ttt ettt st ae et e s st e e ebe st abessesesseseseetessesesseteseessaseseesennas 48

TOLAL MIETOZEN ...ttt ettt sk e bR b s et st e bbb et s e b et et sa et are s ebnes 54

TOtA] PROSPIOTUS ...ttt sttt s st bbb et b et e st be e ba b abe e ss e 56

Total organic carbon/biochemical 0xygen demand ...............ccoouiieiiiiiiiiicccceecee e 57

IMIBLALS ...ttt bbb e bbb RS etk et s ek er e sk ae bt tese b ne 60
AtmOoSpheric Wet-depOSIION LOAAS ..........cccovriririirieiece ettt ettt tsae et et es s st eseas s et eteasenns 66
INTEFOZEIN ...ttt ettt ettt et s ettt e s ae et b ete st e se st e b aasesea b e s easebeates e s b eseasebestesebensesessere s arsnensene 67

PROSPROTUS ...ttt ettt s e bbbt s e bbb e e bt esese et s eteas bt esese st esesessnesernnis 67

IMIBLALS ...ttt ettt et b bbbt R e et b b b e st Re bt en bbb te b esserenens 67

SUIMIMATY ...ttt ettt ettt e b et st s e et e e b e st st et e s e ek assebanseta st et aseebasseseseebersesensebesseressebensebessaresbosseresessenseressas 68
SEIECLEA TEFEIENCES ....eveveieiiiciciiie ettt ettt bbbtttk ettt e e st b b et e s et s et eseees bt etensesssetanseneserennaeas 71

Contents 1}



FIGURES
1-3. Maps showing:

1. The Catawba River Basin in North and South Carolina...........ccccceeeeviiieeiiinieinin et 3
2. The City of Charlotte and Mecklenburg County data-collection network, 1993-98. ...........cccoceiveninnnn. 4
3. Rainfall distribution in (A) Charlotte for the storm of August 26-28, 1995, and
(B) Charlotte and Mecklenburg County for the storm of July 22-24, 1997. .......cccevrvnininrcnienieieieneneeie s 6
4-12. Maps showing land use in the:
4. Mixed 1and-use Dasin, SIEE 33 ........cooiiiiiiieiiiee et et eetr e e e ettt eeertbe e e s te e e e nreeeebaaeeatbeeernreeeentraeas 10
5. Mixed 1and-use basin, SIt€ 34 ........cccooiiiiiieeiiie et ee et e eetre e e et e e e tee e e tra e e e b e e e saaeeeesaeeeenrreeeernaeeearnaaeaas 10
6. Light industrial land-use basin, SIt€ 37 ...........ccciiiiiiiiiiiiiiiieicicecree et 11
7. Heavy industrial land-use basin, SIt€ 39 ........ccooouiriiriiiii e e 11
8. Medium-density residential land-use basin, Sit€ 40..........cocuvruirierrerenierereniese ettt eeesaeteseesrenre e 12
9. Medium-density residential/industrial land-use basin, Sit€ 41 ..........cccooiiiiiiieriieieniie e 12
10. High-density residential/institutional land-use basin, Sit€ 42 ............cccerrierererieninire e neas 13
11. Developing land-use basin, SI€ 43 ...........c.ccoiviiiiiirineeiiiiicei et e 13
12, Mixed 1and-UsSe DASIN, SItE€ A4 ......coeuveviiieeeirieeeeieeeetteteeeeestereeeesesesarteesssssanteaeseesssssasseeesssssassrreessssnrsareseesas 14

13-20. Graphs showing: .
13. Relations between discharge and suspended-sediment concentration and between discharge and
suspended-sediment discharge at site 41 (medium-density residential/industrial),

December 1993—JUne 1997 ......cooiiiiiieitecet ettt ettt e s bbbt 17
14. Ranges in discharges at time of sampling for suspended sediment, and continuous discharges

observed at Study SItes, 1993—07 .......coiiiriiieicieririet ettt ettt st ettt e e et b e s b s b et e e e s et e st enbenbens 18
15. Ratio of streamflow to rainfall for selected periods at five study SItES ........ccevivirerireeriniecieneniieeens 22
16. Monthly ratio of streamflow to rainfall at (A) site 39, heavy industrial basin, (B) site 41,

medium-density residential/industrial basin, and (C) site 43, developing basin...........cccocceeeceneriencrenenne 23
17. Monthly instantaneous peak flow yields from selected land uses, July 1997-June 1998 ..........ccccoecennee. 24
18. Monthly mean water temperatures at sites 34, 37, and 42, June 1995-May 1997 ........cccccevvvvnviininccnn. 25
19. (A) Streamflow hydrograph for site 41 (medium-density residential/industrial) and (B) water

temperature fluctuations at sites 34 (mixed), 41, and 43 (developing) for August 22-31, 1995............... 25
20. Instantaneous discharge and specific conductance at site 41, medium-density residential/industrial

basin, (A) December 1995-February 1996 and (B) June—August 1996..........ccccccevevinininnnnceccceee 27

21-23. Box plots showing the distribution of:
21. Suspended-sediment concentrations by Site, 1994—97 .........cccoirrnniriineteee et 28
22. Total nitrogen concentrations by sit€, 1994—97 ..........ceiiriirirminiiie e 29
23. Total phosphorus concentrations by site, 1994—97 ..........ccccorririiriiriniiiniiircircete e 31
24. Scatterplot of fecal coliform concentration and discharge at site 39 (heavy industrial land-use basin) ................ 32
25-28. Box plots showing the distribution of:

25. Chromium concentrations by site, 199497 ..........cccoiiiiii e 35
26. Copper concentrations by site, 199407 ... 36
27. Lead concentrations by Site, 199407 ........cccooiriririiiiriiieee e e 37
28. Zinc concentrations by Site, 1994—97 .........cccveiiiinieiieiessss ettt 38

29-32. Graphs showing:
29. Relation between copper and suspended-sediment concentrations at (A) site 40, medium-density
residential basin and (B) site 43, developing basin .......c..coeoereineneineriei e 39
30. Summary of organic compound analyses at stormwater sites showing (A) number of compounds
detected at least once and more than once at each site, (B) number of sites at which selected
compounds were detected, and (C) percentage of samples with detectable levels of selected

COMPOUNGS.....cciviitieiereetccit ittt a s b e e e R ee st e R s e b et e b et es e e s eaese st esa e s beneneas 40
31. Weekly average (A) pH, (B) ammonia, and (C) nitrate concentrations in atmospheric deposition

SAIMIPIES ...ttt et e R e bR b bbbt b s 45
32. Cumulative suspended-sediment load and daily mean discharge at site 41 (medium-density residential/

industrial land-use basin), December 1993-JUne 1997 .........coiviieieiiriirieeeteeteneese e 49

v Contents



33-35.

36.

37-43.

TABLES

1.

P w

P NAW

10.
11.

Estimated average annual yield at selected streamflow sites in Charlotte and Mecklenburg County,
1993-97, for:

33, SUSPENAEd SEAIMENL.......ceiieeeiitistereeeet e ret et ee e e e st et et eseese s et etesseasetassesaseeneesenbestensaneeseebenbesbebensensenses 53
34, TOUAL MILTOZEN .ottt et ettt ettt et e e e st shes s e e st e bt e bt e b ae s e s s em s et e st ebeeb et e see s et e sentestebenbesaeaseabes 55
35, TOLAl PROSPROTUS ...ttt sttt ettt sttt s s r b et b et e aesn et e e e bt benneseneeas 56
Scatterplot of measured suspended-sediment and total phosphorus concentrations at site 43
(developing 1and-UsSE DASIN) .........ccorieririiiiiiiiieieetet et sttt et sb e b e e sa ettt et s he b e e e 57

Estimated average annual yield at selected streamflow sites in Charlotte and Mecklenburg County,
1993-97, for:

37, Total OTZANIC CATDOM....c.ciuiititenieieiiicet ettt et s e se e b et bt e sttt be e se b et e e e bt s s enesreebere s 58
38. Biochemical 0XYZENn demMand...........c.cccoveiriiiininicrinecnieireeeree ettt sttt s 59
39, CRIOMIUIM .ttt ettt etttk st r ekt s bbbt e e s bk et a b ebe bt e s e bk eb et e enenestaesssaebnetsens 61
B0, COPPET c.evereeeieeieterteitetertes ettt ee et et astestatasesseseeseeseasesbessas s e st asse st et e ses s et es £ estetseR e s e te b e st eatarsestantes e sesheserenree 62
A1, LA ..ttt et bbb bbbttt bRt e bt re e 63
A2 NICKE .ttt ettt bbbttt n e e b 64
B3, ZNC oottt ettt b etk b etk E R bbbttt eh st a ekt b ettt tes 65
Selected site attributes and periods of record of data collected at streamflow and water-quality sites,
December 1993-June 1997, Charlotte, N.C. .....cc.coouriiriieeceiei ettt eevt st e e s ete v e e erseeaeeeveeesaeeassastseanneennes 8
Detailed 1990 land-use information for study Dasins ...........cccceeriririenieerinieiriiieee e 9
Characteristics of stormwater sample analyses at study sites, 1994-97 ..........cccoovvvinniiinniice 15
Substitute concentration values for missing atmospheric concentration samples at the three atmospheric
deposition sites in Charlotte, N.C. .......c.ocoriirriicii ettt ettt b e n b tnn 20
Selected streamflow statistics at study sites for period of reCOrd ..........covivreeriiiiiereceer e 21
Median specific conductance values at study sites, 199497 ... 26
Summary statistics of bacteria samples by Site, 199497 .......c.ccviiiimieerriieneeeeeeee ettt 33
Criteria maximum concentrations of selected metals, established by the U.S. Environmental Protection
Agency and North Carolina ambient water-quality standards for Class C Waters ............ceoevvereeerinieneneniesennens 33
Percentage of total number of chromium, copper, lead, and zinc samples that had concentrations greater than
or equal to U.S. Environmental Protection Agency criteria maximum CONCENtratioNS ......c..c..ecceereecrerrenrenenuens 35
Characteristics of selected pesticides detected in Charlotte SEOrMWALET .......cccecueieerirenereniiieieeeene e 41

Criteria maximum concentrations established by the U.S. Environmental Protection agency and North Carolina
ambient water-quality standards for Class C waters for selected organic compounds, and sites at which criteria
Maximum CONCentrations Were €XCEEARM .........oovuiiuiiiiiii ittt et e et eesee st ebesnnens 42

12. Summary statistics of weekly average pH measurements, in standard units, at three study sites

in Charlotte and at a National Atmospheric Deposition Program site in Rowan County, N.C.,

for March 1997-March 1998 ...........coooiiii et e r e 46
13. Summary statistics of weekly average ammonia and nitrate concentrations at three study sites in Charlotte

and at a National Atmospheric Deposition Program site in Rowan County, N.C. .......oococoeriiiiniiiciee 47
14. Summary of concentrations of selected metals in atmospheric wet deposition at three study sites..................... 48
15. Stream loads of selected constituents at stormwater sites in Charlotte and Mecklenburg County, 1993-97 ........ 51
16. Estimated annual loads at the three atmospheric deposition sites in Charlotte, N.C.,

March 1997=March 1998 ..ottt et et ne 66
17. Summary of selected concentrations and loads reported for other locations in North Carolina

AN the UNTEEA SEAES ......viieviiiiieicct ettt bbbttt b eesesn et e nees 75

Contents v



CONVERSION FACTORS, TEMPERATURE, VERTICAL DATUM, AND
ABBREVIATED WATER-QUALITY UNITS, AND ACRONYMS

Multiply By To obtain
Length
inch (in.) 2.540 centimeter
foot (ft) 0.3048 meter

mile (mi) 1.609 kilometer

Area
acre 4,047 square meter
acre 0.4047 hectare
square mile (mi?) 2.590 square kilometer
. Volume
gallon (gal) 0.2642 liter
Mass
ounce (0z) 28.25 gram
pound (1b) 0.4536 kilogram
Flow
inch per year (in/yr) 254 millimeter per year
ton per day (ton/d) 0.9072 metric ton per day
gallon per minute (gal/min) 0.06309 liter per second
million gallons per day (Mgal/d) 0.04381 cubic meter per second
cubic foot per second (ft3/s) 0.02832 cubic meter per second
cubic foot per second per square mile cubic meter per second per square
([ft3/s)/mi?) 0.01093 kilometer

Temperature can be converted to degrees Fahrenheit (°F) or degrees Celsius (°C) by using the
following equations:

°F=(°Cx1.8)+32
°C=(°F-32)/1.8

Sea level: In this report, “sea level” refers to the National Geodetic Vertical Datum of 1929 (NGVD
of 1929)—a geodetic datum derived from a general adjustment of the first-order level nets of both
the United States and Canada, formerly called Sea level Datum of 1929.

Abbreviated water-quality units: In this report, chemical concentrations are given in metric units.
Chemical concentration is given in milligrams per liter (mg/L) for sediment and nutrient constituents
and in micrograms per liter (ug/L) for metal constituents. Milligrams per liter is a unit expressing
the concentration of chemical constituents in solution as weight (milligrams) of solute per unit vol-
ume (liter) of water. One thousand micrograms per liter is equivalent to one milligram per liter. Load
yields are reported in tons per square mile (tons/mi?) for sediment and nutrient constituents and in
pounds per square mile (Ib/mi?) for metal constituents.

Acronyms:
BCF Bias correction factor
BOD Biochemical oxygen demand
CCC Criteria continuous concentration
CMC Criteria maximum concentration
CRN Charlotte rainfall network
CSw Charlotte stormwater (network)
DOC Dissolved organic carbon
NADP National Atmospheric Deposition Program
NAWQA National Water-Quality Assessment Program
POC Particulate organic carbon
TOC Total organic carbon
USEPA U.S. Environmental Protection Agency
USGS U.S. Geological Survey
VOC Volatile organic compound
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Relation of Land Use to Streamflow and Water-Quality
at Selected Sites in the City of Charlotte and
Mecklenburg County, North Carolina, 1993-98

By Jerad D. Bales, J. Curtis Weaver, and Jerald B. Robinson

ABSTRACT

Streamflow and water-quality data were
collected at nine sites in the city of Charlotte and
Mecklenburg County, North Carolina, during
1993-97. Six of the basins drained areas having
relatively homogeneous land use and were less
than 0.3 square mile in size; the other three basins
had mixed land use. Atmospheric wet-deposition
data were collected in three of the basins during
1997-98.

Streamflow yield varied by a factor of six
among the sites, despite the fact that sites were in
close proximity to one another. The lowest yield
occurred in a residential basin having no curbs and
gutters. The variability in mean flow from these
small, relatively homogeneous basins is much
greater than is found in streams draining basins
that are 10 square miles in size or larger. The ratio
of runoff to rainfall in the developing basin

appears to have increased during the study period.

Low-flow suspended-sediment
concentrations in the study basins were about the
same magnitude as median stormflow
concentrations in Piedmont agricultural basins.
Sediment concentrations were higher in the mixed
land-use basins and in the developing basin.
Median suspended-sediment concentrations in
these basins generally were an order of magnitude
greater than median concentrations in the other
five basins, which had stable land use.

Some of the highest total nitrogen
concentrations occurred in residential basins. Total

nitrogen concentrations detected in this study were
about twice as high as concentrations in small
Piedmont streams affected by agriculture and
urbanization. Most of the total nitrogen consisted
of organic nitrogen at all of the sites except in two
residential land-use basins. The high ammonia
content of lawn fertilizer may explain the higher
ammonia concentration in stormflow from
residential basins.

The two basins with the highest median
suspended-sediment concentrations also had the
highest total phosphorus concentrations. Median
total phosphorus concentrations measured in this
study were several times greater than median
concentrations in small Piedmont streams but
almost an order of magnitude less than total
phosphorus concentrations in Charlotte streams
during the late 1970’s.

Bacteria concentrations are not correlated to
streamflow. The highest bacteria levels were found
in “first-flush” samples. Higher fecal coliform
concentrations were associated with residential
land use.

Chromium, copper, lead, and zinc occurred
at all sites in concentrations that exceeded the
North Carolina ambient water-quality standards.
The median chromium concentration in the
developing basin was more than double the
median concentration at any other site. As with
chromium, the maximum copper concentration in
the developing basin was almost an order of
magnitude greater than maximum concentrations
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at other sites. The highest zinc concentration also
occurred in the developing basin.

Samples were analyzed for 121 organic
compounds and 57 volatile organic compounds.
Forty-five organic compounds and seven volatile
organic compounds were detected. At least five
compounds were detected at all sites, and 15 or
more compounds were detected at all sites except
two mixed land-use basins. Atrazine, carbaryl, and
metolachlor were detected at eight sites, and 90
percent of all samples had measurable amounts of
atrazine. About 60 percent of the samples had
detectable levels of carbaryl and metolachlor.
Diazinon and malathion were measured in
samples from seven sites, and methyl parathion,
chlorpyrifos, alachlor, and 2, 4-D were detected at
four or more sites. The fewest compounds were
detected in the larger, mixed land-use basins.
Residential basins and the developing basin had
the greatest number of detections of organic
compounds.

The pH of wet atmospheric deposition in
three Charlotte basins was more variable than the
pH measured at a National Atmospheric
Deposition Program (NADP) site in Rowan
County. Summer pH values were significantly
lower than pH measured during the remainder of
the year, probably as a result of poorer air quality
and different weather patterns during the summer.

Concentrations of ammonia and nitrate at
the Charlotte sites generally were lower than those
measured at the NADP site. Summer
concentrations of ammonia and nitrate at both the
Charlotte and the NADP sites were significantly
greater than concentrations measured during the
remainder of the year, again probably reflecting
poorer summertime air-quality conditions.

Sediment yields at the nine sites ranged
from 77 tons per square mile per year in a
residential basin to 4,700 tons per square mile per
year at the developing basin. Residential areas that
have been built-out for several years and industrial
areas appear, in general, to have the lowest
sediment yields for the Charlotte study sites.

Average annual yields of total nitrogen
loads ranged from about 1.7 tons per square mile
to 6.6 tons per square mile. Average annual total

phosphorus yields for all sites except the
developing basin were less than 1.4 tons per square
mile. Phosphorus yield at the developing basin
was 13.4 tons per square mile per year.

Biochemical oxygen demand loading in
1993 from all of the permitted wastewater-
treatment facilities in Charlotte and Mecklenburg
County was about 1.5 tons per day or 548 tons per
year. Converting this point-source loading to an
annual yield for the 528 square-mile area of
Mecklenburg County is equivalent to 1.03 tons per
square mile per year, or a yield much lower than
any of the yields measured at the nine study sites.
In other words, biochemical oxygen demand
loading from nonpoint sources in Mecklenburg
County probably exceeds loading from all point
sources by a large amount.

Loads and average annual yields were
computed for five metals—chromium, copper,
lead, nickel, and zinc. The highest annual average
yields for all five of these metals were in the
developing basin, which also had the highest
annual average suspended-sediment yield of all
the sites. Estimated wet-deposition watershed
loadings suggest that atmospheric deposition may
be an important source of some metals, including
chromium, copper, lead, and zinc, in Charlotte
stormwater.

Stormwater from residential land-use basins
has higher concentrations of total nitrogen, fecal
coliform bacteria, and organic compounds than do
other land-use types. Reductions in suspended-
sediment concentrations should generally result in
reduced export of phosphorus and metals. Stable
land uses, such as industrial areas and built-out
residential basins, have lower sediment
concentrations in stormwater than do mixed land-
use and developing basins. Finally, atmospheric
deposition may be an important source of nitrogen
and some metals in Charlotte stormwater.

INTRODUCTION

The Catawba River Basin (fig. 1) has one of the
highest population densities of any river basin in North
Carolina (North Carolina Department of Environment,
Health, and Natural Resources, 1995). Population in
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Figure 1. The Catawba River Basin in North and South Carolina.

Mecklenburg County, most of which is in the Catawba
River Basin, was 610,000 in 1997 (Steve Patterson,
City of Charlotte Planning Office, oral commun.,
1997). The city of Charlotte occupies 234 square miles
(mi?), or about 44 percent of Mecklenburg County, and
has a population density of almost 2,200 persons per
square mile.

Most of the streams in Charlotte and
Mecklenburg County (fig. 2) either partially support or
do not support their designated uses (North Carolina
Department of Environment, Health, and Natural
Resources, 1995). For example, all of Little Sugar
Creek and McMullen Creek were classified as "not
supporting" by the North Carolina Division of
Environmental Management. Most of the use
impairment is caused by nonpoint-source runoff from
developed urban areas or from construction sites within
developing urban areas (North Carolina Department of
Environment, Health, and Natural Resources, 1995).

During 1993-98, the U.S. Geological Survey
(USGS), in cooperation with the City of Charlotte and
Mecklenburg County, collected and interpreted data
from several small urban basins in the city and county.
The purpose of this investigation was to characterize
urban stormwater quantity and quality from selected
land uses and to provide information on nonpoint-

source loadings of selected constituents to the Catawba
River. As part of the investigation, two reports were
published that presented data from the study sites,
including the rainfall, streamflow, and water-quality
data used in this report (Robinson, Hazell, and Garrett,
1996, 1998). Atmospheric deposition data were
published in a later report (Sarver and others, 1999).

In addition to the Charlotte-Mecklenburg urban
stormwater study, the USGS has conducted several
other water-quality investigations in the Catawba River
Basin. During 1992-94, the USGS, in cooperation with
the Western Piedmont Council of Governments,
conducted an investigation of water quality in the upper
Catawba River Basin, primarily in Rhodhiss Lake and
Lake Hickory (Jaynes, 1994; Giorgino and Bales,
1997, and Bales and Giorgino, 1998). Water-quality
data were collected, and an unsteady water-quality
transport model was developed and applied to each
IeServoir.

Water-quality data were collected in Mountain
Island Lake during 1994-97, in a study conducted in
cooperation with the Charlotte-Mecklenburg Utility
Department (Sarver and Steiner, 1998), and a water-
quality model for the reservoir is under development.
An unsteady water-quality model of the Catawba River
between Wylie Dam and the headwaters of Fishing

Introduction 3
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Creek Reservoir in South Carolina also is under
development as part of a study conducted in
cooperation with Lancaster County Water and Sewer
Authority. Finally, the Catawba River Basin is part of
the USGS National Water-Quality Assessment
Program's Santee River Basin Study Unit (fig. 1). Data
were collected both synoptically and at fixed sites in
the Catawba River Basin as part of the NAWQA study,
which began in 1994 (Hughes, 1994; Maluk and
Kelley, 1998; Maluk and others, 1998). Together, these
studies provide consistent, high-quality methods for
data collection, interpretation, predictive techniques,
and management information related to the Catawba
River Basin. Moreover, stormwater-quality data
collected from small urban basins in Charlotte can be
added to the national data base to provide a broader
understanding of the effects of population growth and
development on water resources.

Purpose and Scope

The purpose of this report is to describe
streamflow characteristics and water-quality conditions
in streams draining small basins in Charlotte and
Mecklenburg County, six of which have relatively
distinct and homogeneous land uses; to relate water-
quality conditions to land-use characteristics in these
basins; and to compare these results to information
from three mixed land-use basins in Mecklenburg
County and to information from similar studies
nationally. Drainage areas of the six small basins range
from 0.022 mi? to 0.266 mi2. Land-use types in the six
small basins include light industrial, heavy industrial,
medium-density residential, medium-density
residential and industrial, high-density residential and
institutional, and a basin undergoing commercial and
residential development.

Streamflow data collected during 1993-97 were
used to describe the relation of streamflow character-
istics, including the ratio of runoff to rainfall and peak
flow rates, to basin land use. Stream water-quality data
collected during 1993-97 were used to characterize
water temperature, specific conductance, suspended
sediment, nutrients, bacteria, selected metals, and
organic compounds in each of the streams and to
distinguish the relation of basin land use to water-
quality characteristics.

Export (loads) of suspended sediment, total
nitrogen, total phosphorus, total organic carbon (TOC),
biochemical oxygen demand (BOD; 5-day),

chromium, copper, lead, nickel, and zinc were
computed for each of the nine study basins for the
1994-97 study period. Total load and annual average
load for the study period, and annual average yield
(amount of export per drainage basin area) were
determined.

Atmospheric wet-deposition data were collected
near three of the stream sites during March 1997-
March 1998. Constituent loads derived from wet
deposition were computed for total nitrogen, total
phosphorus, chromium, copper, lead, nickel, and zinc.
No dry deposition data were collected.
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DESCRIPTION OF STUDY AREA AND
DATA-COLLECTION SITES

The study area is located entirely in
Mecklenburg County, which is in south-central North
Carolina in the southern Piedmont Province, and
encompasses an area of 528 miZ. The county is
bounded on the west by the Catawba River and its
reservoirs—Lake Norman, Mountain Island Lake, and
Lake Wylie (fig. 2). The Catawba River drains
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approximately 75 percent of the county. The remaining
25 percent of the county is drained by the Rocky River
and its tributaries in the Yadkin-Pee Dee River Basin.
Lake Norman is the major water-supply reservoir for
several municipalities in northern Mecklenburg
County. Mountain Island Lake supplies Charlotte and
several other municipalities in Mecklenburg and
surrounding counties.

Charlotte is the principal municipality in
Mecklenburg County and the largest city in North
Carolina. The 1997 population in the metropolitan area
was 513,000—an increase of approximately 55,000
people since 1994. An additional 97,000 people live in
Mecklenburg County outside the city limits of
Charlotte (Steve Patterson, City of Charlotte Planning
Office, oral commun., 1997). Recent annexation has
increased the city area from 213 mi” in 1996 to 234 mi?
in 1999, so that the city now accounts for approxi-
mately 44 percent of the county. Most of the urban area
is drained by four large creeks—Irwin, Little Sugar,
Briar, and McAlpine (fig. 2). Irwin, Little Sugar, and
McAlpine Creeks receive effluent from Charlotte
wastewater-treatment plants, as well as effluent from
smaller dischargers.

Setting and Climate

The topography of Mecklenburg County is
characterized by broad, gently rolling interstream areas
and by steep slopes along the drainage ways. The
elevation of the study area ranges from 520 feet (ft)
above mean sea level at the State line south of Pineville,
N.C., to about 830 ft in the extreme northern portion of
the county (McCachren, 1980). The area is
predominately underlain by granite with some slate in
the southeast (LeGrand and Mundorff, 1952). The soils
in the study area are described as well-drained sandy
loams with a clayey subsoil.

The climate of the study area is characterized by
hot, humid summers and moderate but short winters.
The monthly mean temperature ranges from about
40 °F in January to about 79 °F in July (National
Oceanic and Atmospheric Administration, 1996).
Precipitation in Mecklenburg County averages about
43 inches per year (in/yr).

Two storms producing significant rainfall
amounts during a 24-hour period occurred during the
study (fig. 3). On August 26-28, 1995, rainfall amounts
ranging from 3.87 to 9.37 inches (in.) fell across much
of Mecklenburg County resulting in widespread
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Figure 3. Rainfall distribution in (A) Charlotte for the storm
of August 26-28, 1995, and (B) Charlotte and Mecklenburg
County for the storm of July 22-24, 1997.
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flooding throughout the study area (Robinson, Hazell,
and Young, 1998). And, during July 22-24, 1997,
widespread flooding again affected many areas of the
county as a result of a storm having rainfall amounts
ranging from 4.01 to 13.11 in. In each of these storms,
24-hour rainfall amounts exceeded 100-year
recurrence intervals (Hershfield, 1961). The largest
daily constituent loads at many of the stream sites
during the study occurred during these two storms.

Data-Collection Sites

Streamflow and water-quality records from nine
sites were used for the analyses presented in this report.
Sites generally were selected to represent a fairly
homogenous land-use type, with a few exceptions.
Drainage areas of the nine sites range from 0.02 to
26.3 miZ, and eight of the sites have drainage areas less
than 3 mi? (table 1). The small, homogeneous land-use
sites—sites 37, 39, 40, 41, 42, and 43—drain into one
of the four major streams that carry runoff from the
metropolitan area; the mixed land-use sites—sites 33,
34, and 44—drain directly into the Mountain Island
Lake water-supply reservoir (fig. 2).

The primary site numbers used in this report
(33, 34, 37, 39, 40-44) have been retained from the
previous reports (Robinson, Hazell, and Garrett, 1996,
1998). In previous reports, these sites also were
assigned CSW (streamflow and water-quality) site
numbers. The CSW numbers are included in table 1 for
reference.

Land-use information presented in this report
(figs. 4-12; table 2) was obtained from the City of
Charlotte and is based on data classified from 1990
aerial photographs and reconnaissance conducted by
USGS personnel. The 1990 land use appears to
represent conditions in the basins during the study
period, except at basins upstream from sites 33, 34, and
43. Some low-density residential and light commercial
development has occurred upstream from sites 33 and
34 since 1990, and significant residential and
commercial development occurred upstream from site
43 during this study. There are no permitted point-
source discharges in any of the basins upstream from
the data-collection sites, nor are there any active or
closed landfills in the basins. There is no regular street
sweeping in any of the basins.

Fifty-nine percent of Mecklenburg County is
underlain by Cecil or Cecil-Urban soils, which are well

drained and have a sandy loam surface layer and a clay
or clay loam subsoil. Cecil soils occur in the basins
upstream from sites 34, 39, 40, 41, 42, and 44 (table 1).
Enon-Helena-Vance soils occur upstream from site 33.
This soil occurs in 6 percent of Mecklenburg County
and is well to moderately well drained. Iredell-
Mecklenburg soils occur in the basin upstream from
site 37. These soils are moderately to well drained,
occur in 11 percent of the county, and have a fine sandy
loam surface layer and a clay and clay loam subsoil.
Wilkes-Enon soils occur in 13 percent of the county,
including upstream from site 43. These soils are well
drained and have a predominantly clayey subsoil
(McCachren, 1980).

Water quality in Gar Creek (site 33) and
McDowell Creek (sites 34 and 44) have been rated fair
to good (Mecklenburg County Department of
Environmental Protection, 1998). In fact, Gar Creek
was described as having “some of the cleanest surface
waters in Mecklenburg County.” Site 39 is located in
the Irwin Creek Basin, and Irwin Creek water quality
was described as fair. Similarly, water quality in Briar
(site 40), McMullen (site 42), and Fourmile (site 43)
Creeks was classified as fair by the Mecklenburg
County Department of Environmental Protection
(1998). However, water quality in Little Sugar Creek
(site 41) and Sugar Creek (site 37) was classified as
poor/fair. These classifications are based on an index,
which ranges from 0 (poorest water quality) to 100
(best conditions), that is calculated from the results of
monthly sampling. The index is based on pH, total
phosphorus, nitrate, turbidity, total solids, biochemical
oxygen demand, fecal coliform bacteria, percent of
saturation concentration for dissolved oxygen, and
change in water temperature over a stream reach
(Mecklenburg County Department of Environmental
Protection, 1998).

Nitrogen and phosphorus data collected during
1973-93 at 15 sites in the Catawba River Basin were
analyzed and investigated for temporal trends by
Maluk and others (1998). Two of the sites were located
on streams that drain study basins from this
investigation: (1) Catawba River at N.C. 27, located
about 4 miles (mi) downstream from Mountain Island
Dam and (2) Sugar Creek near Fort Mill, S.C., located
just downstream from the North Carolina—South
Carolina State line.

Median concentrations of ammonia, nitrate,
Kjeldahl nitrogen, and total phosphorus at the Catawba

Data-Collection Sites 7
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Figure 4. Land use in the mixed land-use basin, site 33.
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River site were among the lowest of the 15 sites. Both
ammonia and total phosphorus exhibited statistically
significant decreasing trends during 1973-93 at the
Catawba River site; there were no trends in nitrate and
Kjeldahl nitrogen. In contrast, median concentrations
of ammonia (1.60 milligrams per liter [mg/L]), nitrate
(3.50 mg/L), Kjeldahl nitrogen (2.80 mg/L), and total
phosphorus (1.70 mg/L) were much higher at the Sugar
Creek site than at the other 14 sites in the Catawba
Basin. Both ammonia and Kjeldahl nitrogen (which
consists of ammonia plus organic nitrogen) exhibited
statistically significant decreasing trends at the Sugar
Creek site, with most of the decrease occurring after
1987. Nitrate exhibited an increasing trend, and there
was no statistically significant trend in total phosphorus

concentration, despite the 1988 phosphate detergent
ban in North Carolina.

METHODS OF DATA COLLECTION AND
LOADINGS COMPUTATION

Detailed information on streamflow and water-
quality data-collection methods that were used in this
investigation along with quality-assurance procedures
has been reported previously (Robinson, Hazell, and
Garrett, 1996, 1998). A brief summary of the data-
collection methods is presented here. Methods used to
compute constituent loadings also are presented in this
section.
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Streamflow Monitoring and Water-Quality
Sampling

Data collection began in December 1993 at sites
4] and 42, in March 1994 at site 39, in April 1994 at
site 33, in May 1994 at site 34, in June 1994 at site 43,
in July 1994 at site 40, in April 1995 at site 37, and in
November 1996 at site 44 (Robinson, Hazell, and
Garrett, 1998). Streamflow and water-quality data
collection were discontinued in September 1997 at
sites 33 and 34. Water-quality data collection was
discontinued in September 1997 at site 44.

Each site was equipped with a recording water-
level gage and thermistor. Refrigerated automatic
samplers were used to collect most samples for water-
quality analysis. Some samples were collected
manually because of special sample-handling
requirements. Additional depth- and width-integrated
samples were collected in the stream cross section for
comparison with automatically collected point
samples.

Water-quality samples were collected during
runoff events on a seasonal basis (four sets of samples
per site per year). Generally, three discrete samples
were collected during sample runoff events: one during
increasing streamflow, one near peak streamflow, and
one during receding streamflow. The initial sample
typically was collected within 20 minutes of the
beginning of runoff. Continuous records of streamflow,
water temperature, and specific conductance were
made at each site. Continuous records of rainfall also
were available from a raingage located in each study
basin. Samples were analyzed for a wide range of
constituents (table 3). In addition, a large number of
quality-assurance samples were collected to (1) ensure
there was no environmental contamination of samples
during collection, processing, and laboratory analysis
and (2) document that field and laboratory procedures
gave repeatable results. Analyses for metals were
discontinued at selected sites midway through the
study because metal concentrations were always less
than the detection limit at those sites.

Table 3. Characteristics of stormwater sample analyses at study sites, 1994-97

[QA, quality assurance; na, not applicable; mg/L, milligram per liter; pug/L, microgram per liter. Method of sample collection: Automatic, sample
collected by using an automatic pumping and refrigerated sampler; Grab, sample collected manually from the stream]

Number of Number of Method Total nhumber
vl gl o 1RSI epering i
per sample  per year? collection (all sites)
Physical 12 12 Automatic 12 na
Nutrients, total and dissolved 7 12 Automatic 40 0.01-0.2 mg/L
Metals, total 13° 8 Automatic 32 0.01-10 pug/L
Oil and grease Grab 4 1 mg/L
Total organic carbon 8 Automatic 8 0.1 mg/L
Bacteria 2 12 Grab 21 na
Organochlorine and organophosphorus 28 1 Automatic 1 0.01-1 pg/L
pesticides, total
Organochlorine and organophosphorus 88 1 Automatic 1 0.005-0.05 pg/L
pesticides, dissolved
Carbamate pesticides, total 8 1 Automatic 1 0.5 ug/L
Organonitrogen compounds, total 24 1 Automatic 1 0.1-0.2 pg/LL
Herbicides, total 6 1 Automatic 1 0.01 pg/L
Volatile organic compounds, total 57 1 Automatic 1 0.2-20 pg/L

“Number is for ideal conditions, but some variation occurred from site to site and year to year.
bAnalyses for selected metals at selected sites were discontinued during the study when metal concentrations were less than the

detection limit for 2 consecutive years.
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Atmospheric Wet-Deposition Sampling

Collection of atmospheric wet-deposition
samples was conducted March 1997 through March
1998 at sites 37, 42, and 43 (fig. 2; table 1). Depending
on the volume of sample available, wet-deposition
samples were analyzed for the following, in order of
priority: (1) specific conductance, pH, chloride, and
sulfate; (2) arsenic, zinc, cadmium, lead, copper,
chromium, and mercury; (3) total Kjeldahl nitrogen,
nitrate plus nitrite, total phosphorus, orthophosphorus,
and ammonia; and (4) beryllium, antimony, selenium,
and silver. The quantity of rainfall in the deposition
sampler was compared with rainfall amounts measured
at nearby raingages (generally within 1 mi).

Wet-deposition samples were collected by using
an automatic wet/dry sampler equipped with a plastic
sample-collection container and powered by a 12-volt
battery. This device has a motorized protective lid
which keeps the sample-collection container covered
during periods of no precipitation. When the moisture
sensor detects precipitation, the lid mechanically
moves to allow wet deposition to be collected in the
sample container. When the precipitation stops, the lid
mechanically returns to its protective position.
Installation and operation of wet/dry samplers were in
accordance with procedures and protocols established
by the National Atmospheric Deposition Program
(NADP; Bigelow, 1984; Bigelow and Dossett, 1988),
except that samples were retrieved on Mondays rather
than Tuesdays.

Computation of Water-Quality Loads
Loads, expressed as a mass (or weight), were

calculated for selected constituents in streamflow and
atmospheric wet deposition. The procedures used to

compute total and annual loads at the nine stream sites
and total loads at the three atmospheric deposition sites
are described in this section.

Fluvial Loads

Measured instantaneous concentrations were
converted to constituent discharge by using the
following equation (adapted from Glysson, 1987):

Q, = aQC M

where
a = conversion factor;
0, =load, expressed in units of weight (or mass)
per time;
Q = instantaneous discharge; and
C = constituent concentration.

A small number of samples had constituent
concentrations that were less than the detection limit.
For the purposes of the loading concentrations, these
concentrations were assumed to be equal to the
detection limit. This is a reasonable assumption for
urban stormwater loading calculations because most of
the constituent concentrations were very high.

In basins dominated by nonpoint sources of
constituents, concentration generally increases with
increasing flow (fig. 13). In fact, much of the annual
export from a basin can occur during only a few
relatively short-duration high-flow events during the
year. For example, Simmons (1976) showed that 44
percent of the 1973 total sediment load at a site on the
Yadkin River occurred during only 9 percent of the
year. Consequently, it is important that the full range of
flow, and particularly the high flows, be sampled in
order to accurately estimate basin export. And, in fact,
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Figure 13. Relations between discharge and suspended-sediment concentration and between discharge and suspended-
sediment discharge at site 41 (medium-density residential/industrial), December 1993 through June 1997.

most of the highest flows in each study basin were
sampled during this investigation (fig. 14). For basins
in which much of the stream loading is derived from
point sources, instream concentrations of constituents
present in the point-source discharges typically
decrease with increasing streamflow because of
dilution effects.

The relations between flow and constituent
discharge typically exhibit less scatter than between
flow and concentration (fig. 13). Consequently,
instream loads are computed from a relation between
flow and constituent discharge, rather than flow and
concentration. Paired values of instantaneous
constituent discharge computed from equation 1 and
associated instantaneous streamflow were transformed

in order to (1) obtain a more linear relation for the
regression analysis and (2) maintain equal variance
about the relation throughout the range of data (Riggs,
1968). Constituent discharges were transformed by
using natural logarithms. Flows were transformed by
using either natural logarithms or power
transformations, with the final transformation
depending on the results of the regression analysis.
Discharge was transformed as In(Q), and as a
power function with exponents ranging from -2 and +2,
in increments of 0.125. The best In (constituent
discharge) versus transformed discharge model was
selected based on the lowest root mean square error. An
evaluation was performed to ensure that the residuals
were uncorrelated and normally distributed. Following
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Figure 14. Ranges in discharges at time of sampling for suspended sediment, and continuous

discharges observed at study sites, 1993-97.

selection of the best transformation for discharge, a
regression analysis was performed. The regression
equation had the form

ln(Y) = BO+ B](Qtransformed) +B2(t) (2)
+ B5(sin2 - pi-t) + B,(cos2 - pi-t)

where

Y = predicted constituent discharge;

Otransformed = transformed discharge, having the
form of either In(Q) or QF, where z may be
some value between -2 and +2, in incre-
ments of 0.125;

By, B}, By, B3, and B4 = regression coefficients;
and

t = time expressed as years in decimal format (for
example, January 1, 1994 = 1994.000).

The best equation was selected for each
constituent and each site. Selection was based on
Mallow’s coefficient, with an additional goal of
minimizing the number of explanatory variables in the
equation.

Ninety equations (10 constituents at 9 stream
sites) were developed. Of the 90 equations, 58
equations used only discharge as the explanatory
variable. This subset included the 10 equations
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developed for site 44, which had less than 1 year of
record.

Bias is introduced when results are re-
transformed from the logarithmic space of the load-
discharge equation to base-10 space (Childress and
Treece, 1996). The bias correction factor (BCF) was
applied to each calculated constituent discharge to
correct for the re-transformation bias. The BCF is a
smearing estimator that effectively corrects for the
bias. Duan’s smearing estimator, which is the mean of
the antilog of the residuals from the log-transformed
regression equation, was used as the BCF (Gilroy and
others, 1990). Calculated BCF values ranged from 1.0
to 1.5; a BCF of 1.0 is equivalent to no correction for
bias (Koltun and others, 1994).

Total loads for the period of record were
converted to annual loads by dividing the total load by
the number of years of record. Annual yields were
calculated as the ratio of the annual load to the basin
area.

Atmospheric Wet-Deposition Loads

Wet-deposition loads were computed for total
nitrogen (computed from measurements of nitrate plus
nitrite, ammonia, and total Kjeldah! nitrogen), total
phosphorus, chromium, copper, lead, nickel, zinc,
chloride, and sulfate. Fifty-three sets of samples were
collected during the period March 27, 1997, to March
29, 1998. Stream and wet-deposition sampling were
concurrent only during March to June 1997. The
number of water-quality constituents that could be
analyzed from the samples was dependent on the
sample volume. At least one analyte was measured in
43 (site 37), 39 (site 42), and 44 (site 43) of the 53 total
samples, respectively. NADP protocols (Bigelow,
1984; Bigelow and Dossett, 1988) were followed in
data collection and processing.

Weekly rainfall amounts measured in each
atmospheric deposition sampler were compared to
rainfall amounts at nearby raingages. The raingage at
site 37 was 600 ft from the sampler; at site 42, the
raingage was 1 mile from the sampler; and at site 43,
the sampler and raingage were collocated. Weekly
catch efficiencies of the samplers were computed as the
ratio of the sampler rainfall amount to the raingage
rainfall amount. The median catch efficiencies were
1.04, 1.10, and 1.01 for sites 37, 42, and 43,
respectively. Catch efficiency was inversely related to
the distance between the sampler and the raingage.
Based on the measured catch efficiency, sampler

volumes were regarded as representative of actual
weekly basin rainfall.

Weekly rainfall volumes often were insufficient
to permit laboratory analysis of all constituents, so a
procedure was developed to estimate missing
concentration data. The procedure accounts for the
observation that, in general, rainfall from small storms
(low rainfall volume) tends to have higher constituent
concentrations than from large storms (Gascoyne and
Patrick, 1981; Gatz and Dingle, 1981; Schroeder and
Hedley, 1986). This observation has been attributed to
atmospheric “washout” in which much of the
constituent in the atmosphere is removed during the
first part of rainfall. When rainfall ends shortly after the
washout occurs, concentration levels tend to be higher
relative to events having larger volumes of rainfall.
Thus, for a given constituent, sample volumes typically
are subdivided into “higher-volume” and “lower-
volume” subsets to avoid the bias introduced in load
determinations by the substitution of only one
concentration value for all missing data, regardless of
storm size. Although this approach results in overall
lower bias in the load computations, the retrieval of
samples on a weekly basis entails the risk of having
multiple storms in one sample volume (for example, a
small intense rainfall one day followed by longer-
duration rainfall several days later). The certainty of
reduced bias resulting from division of sample<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>