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PREFACE

Knowledge of the characteristics of highway runoff (concentrations and loads of
constituents and the physical and chemical processes which produce this runoff)
is important for decision makers, planners, and highway engineers to assess and
mitigate possible adverse-impacts of highway runoff on the Nation’s receiving
waters. In October, 1996, the Federal Highway Administration and the U.S.
Geological Survey began the National Highway Runoff Data and Methodology
Synthesis to provide a catalog of the pertinent information available; to define
the necessary documentation to determine if data are valid (useful for intended
purposes), current, and technically supportable; and to evaluate available
sources in terms of current and foreseeable information needs. This paper is
one contribution to the National Highway Runoff Data and Methodology
Synthesis and is being made available as a U.S. Geological Survey Open-File
Report pending its inclusion in a volume or series to be published by the Federal
Highway Administration. More information about this project is available on the
World Wide Web at http://massl.er.usgs.gov/fhwa/runwater.htm
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Data Quality Objectives and Criteria for
Basic Information, Acceptable Uncertainty, and
Quality-Assurance and Quality-Control Documentation

By Gregory E. Granato, U.S. Geological Survey; Fred G. Bank, and
Patricia A. Cazenas, Federal Highway Administration

Abstract collected as well as who collected and analyzed

_ n _ the data); ancillary information (explanatory vari-

The Federal Highway Administration and  apjes and study-site characteristics); and legal

State transportation agencies have the responsibilaqyirements are needed to evaluate data. Docu-
ity of determining and minimizing the effects of  entation of sufficient quality-assurance and qual-
highway runoff on water quality; therefore, they ity control information to establish the quality and
have been conducting an extensive program of - \,ncertainty in the data and interpretations also are
water-quality monitoring and research during the needed to determine the comparability and utility
last 25 years. The objectives and monitoring goalgt gata sets for intended uses. The fact that a pro-
of highway runoff studies have been diverse,  4ram's data may not meet screening criteria for a
because the highway community must address  national synthesis does not mean that the data are
many different questions about the characteristics, ot yseful for meeting that program's objectives or

and impacts of highway runoff. The Federal n5¢ they could not be used for water-quality stud-
Highway Administration must establish that avail-joq \with different objectives.

able data and procedures that are used to assess
and predict pollutant loadings and impacts from
highway stormwater runoff are valid, current, and INTRODUCTION

technically supportable. The Federal Highway Administration (FHWA)

This y eport examines Crlter_la for evalgatlng and State transportation agencies (STAs) are
Water'quql'ty data and resu_ltan_t mterpretatlons. responsible for determining and minimizing the effects
The crltena} used to determine if data are valid of highway runoff on the quality of receiving waters
(useful for intended purposes), current, and technghile planning, designing, building, operating, and
cally supportable are derived from published matenaintaining the Nation's highway infrastructure. This
rials from the Federal Highway Administration, responsibility is established by Federal and State
the U.S. Environmental Protection Agency, the legislation, including the National Environmental

Intergovernmental Task Force on Monitoring Policy Act, the Clean Water Act, the Safe Drinking
Water Quality, the U.S. Geological Survey and  Water Act, the Coastal Zone Management Act, and
from technical experts throughout the other legislation, as well as derivative rules,

U.S. Geological Survey:. regulations, executive orders, and policies (FHWA,

1986; Young and others, 1996). Federal and State

. . . environmental agencies are increasing efforts to
be meaningful, representative, complete, precise, . 9 g
guantify and regulate sources of nonpoint-source

accurate_, comparable,_an(_j _adm|s§|ble fas legal evb_ollution through mandatory monitoring programs and
dence will meet the scientific, engineering, and 15 establish best management practices (BMPs) to
regulatory needs of highway agencies. Documenminimize the impact of these sources (FHWA, 1986;
tation of basic information, such as compatible  young and others, 1996). As part of this effort, the
monitoring objectives and program design fea- FHWA has tried to supply valid, current, and

tures; metadata (when, where, and how data wereefensible legal and technical information relating to

Water-quality data that are documented to

Introduction 1



the quality of highway runoff. In this report, the term Problem

"information” refers to the documentation of the

characteristics of the study, the study site, and The FHWA must verify that available data and
processes used to collect, analyze, interpret and procedures used to support decisions concerning
validate the data collected. The term "data" refers to highway runoff are valid (useful for intended
documented measurements made in the field, or to  PUrposes), current, and technically supportable. The
results of laboratory analysis of samples collected in Validity of historical data can be difficult to determine
the study. if documentation is not sufficient to substantiate the

The FHWA, in conjunction with many STAs, has quality of the data. Also, continuing changes in sources

i ) of highway-runoff pollutants add increasing
conducted an extensive program of water-quality

o . uncertainty as to the current validity and utility of
monitoring and research during the last 25 years historical data sources. Such changes include the

(Smith and Lord, 1990). The objectives and monitoringdisappearance of leaded fuels (Young and others,

goals of highway runoff have been diverse. Data from 1gg6); the development and use of new and potentially
different highway runoff studies have been combined proplematic fuel additives, such as Metbyt-butyl

to ether (MTBE) (Delzer and others, 1996); and changes
« Characterize various physical properties and in materials used for automobiles (Helmers, 1996) and
chemical constituents in highway runoff; highway construction, such as pulverized rubber tires
+ Determine pollutant loads for constituents in in pavement mixtures (Young and others, 1996).
highway runoff; To demonstrate that water-quality data are valid
« Assess the effects of highway stormwater and technically supportable, sufficient documentation

must be available to prove that the data are meaningful,
representative, complete, precise, accurate,
comparable, repeatable, and admissible as legal
. evidence (Alm and Messner, 1984; FHWA, 1986;
runoff _ _ _ ~ITFM, 1995a, 1995b; U.S. Environmental Protection
« Develop information for the design and operatlonAgenCy, 1997). These terms have operational
of BMPs; definitions that are used to determine data-evaluation
» Respond to regulatory monitoring requirements criteria for this investigation. Although the concepts
and litigation; and intertwine, each is a distinctive part of the evaluation
« Predict the impacts of highway runoff on surface-process. For data to be meaningful, they must be
and ground-water quality for aquatic life, human collected as part of a study designed to examine a
consumption, and recreational and industrial usedypical highway site largely free from the influence of a
Diverse study objectives and monitoring goals UNiaue contributing source. For example, the data set

impose different data and information requirements. Aé_:rollectedtf(?[r th%WaSht'Qgton Stt_ate [??\}IoartTg?tgf I
study objectives and monitoring goals increase in ransportation during the eruption ot viount St. H€lens

: . . may be representative, complete, precise, accurate,
complexity, the cost and data requirements increase A : .
) comparable, and admissible as legal evidence, but it
and the level of acceptable uncertainty decreases. . . . -
Prelimi itori t a sinale sit . can not be considered meaningful in characterizing
reliminary monttoring at a singie site may require typical highway-runoff quality (Driscoll and others,
only a few samples. However, complex scientific

_ o _ : ) 1990b). A data set that is representative accurately and
investigations designed to characterize physical and precisely characterizes a population, a process, and

chemical processes, or to develop design or predictive,arameter variations at a study site. A data set that is
methods may require thousands of samples over an complete contains enough representative information
extended period of time (Sonnen, 1983). To date, g characterize the uncertainties in the data and
information and water-quality data from relatively few resultant interpreted values. For example, a data set
highway-runoff monitoring studies (fig. 1) have been may completely define water-quality characteristics for
available to support planning, design, construction, one storm, but a one-storm data set would not
operation, and maintenance decisions for the Nation'scharacterize differences from storm to storm, season to
highway infrastructure. season, or year to year. To be considered complete,

discharges on receiving waters;
» |dentify the sources and mechanisms that
determine the quantity of pollutants in highway

2 Data Quality Objectives and Criteria for Information, Acceptable Uncertainty, and Quality-Assurance and -Control Documentation



A Sitesinventoriedin 1990 FHWA study
@ Sites used to develop model

Figure 1. Locations of highway-runoff study sites inventoried during the 1990 study and sites used by the FHWA to develop
the water-quality prediction model (modified from Driscoll and others, 1990, Volume III).

a data set from a monitoring study should characterizehe regulatory environment. However, a national
seasonality over more than 1 year because annual  synthesis requires robust data-evaluation criteria to
highway-runoff solute loads have been shown to vary ensure adequate representation of the different

from approximately 50 percent to 200 percent of the characteristics and natural settings of U.S. highways

median from year to year over a 5-year period and maximum utility of data sets for scientific,
(Granato, 1996). Precision implies a high degree of engineering, and regulatory needs of highway
repeatability for samples obtained under similar agencies. The U.S. Environmental Protection Agency
conditions. Accuracy implies a lack of bias (no (USEPA) and the Intergovernmental Task Force on
systematic errors). Data that are comparable are takeMonitoring Water Quality (ITFM) have established
from the same matrix, such as the water column, criteria for water-quality data to be included in national
suspended solids, sediment, or biota by using data bases (USEPA, 1994, 1996; ITFM, 1995a, 1995b).
documented sampling and analysis methods Review of data within the context of currently accepted
demonstrated to produce results with similar and environmental data-quality specifications and

acceptable levels of bias and variability. Data sets thabobjectives for a national synthesis is necessary to
are admissible as legal evidence must contain enoughestablish the accuracy of available information. A
information to withstand any reasonable challenge to well-defined data set is important because decision

their quality and veracity. makers increasingly bear personal as well as
The quality and quantity of environmental data institutional responsibility for the veracity of
required to support a decision can vary greatly environmental monitoring information that is collected

depending on the nature and scope of the problem anthb meet regulatory purposes (Young and others, 1996).

Introduction 3



Purpose and Scope national synthesis than for a local monitoring program
to distinguish between real intersite differences and
The purpose of this report is to evaluate sampling artifacts. Strict national standards may add to
data-quality criteria that are used to examine a sam- monitoring costs on a case-by-case basis, but
pling of the available highway-runoff data sets that  experience indicates that monitoring activities need to
were collected during the last 25 years. This report oube improved and integrated to meet the full range of
lines the data quality objectives process, describes local, regional, and national information needs more
basic information requirements, assesses acceptable effectively and economically (ITFM, 1995a).
uncertainty, and provides an overview of necessary The validity of data is, in some ways, a relative
guality-assurance and quality-control information. term. Data that are adequate for one purpose may be
These criteria are needed to demonstrate that existingotally inadequate for another (Keith and others, 1983;
information is valid, current, and technically support- USEPA, 1994). DQOs are used to define the degree to
able for current and future uses. The criteria were ~ which experimental uncertainty in a data set must be
derived from published materials from the FHWA, controlled to achieve an acceptable level of confidence
USEPA, ITFM, and U.S. Geological Survey (USGS). in a decision based on the data (USEPA, 1986, 1994,
Input from technical subject-matter experts throughoutl996; ITFM, 1995b). The concept of DQOs is
the USGS also were used to determine the evaluationmeaningful only in relation to intended uses and risks
criteria. of decision error. The quality of data that is required is
The choice of criteria for this national synthesis dependent upon the problem at hand and local
reflects the potential difficulties involved in combining regulatory restrictions that can change with time. When
data from diverse programs to develop a data base thfoblems pertaining to highway-runoff quality are
covers broad geographica| areas and Cata|ogs evaluated, the DQO process can be used to determine
consistent, technically sound water-quality data. The the level of acceptable uncertainty and the resultant
fact that a program's data may not meet these screenifVVQC needed to determine what data are appropriate
criteria does not mean that these data are not useful féoF Program objectives (USEPA, 1986, 1994). Once a
meeting that program'’s objectives or that they could nderoblem is identified, the decision risks are evaluated,
be used for water-quality studies with objectives and resultant DQOs are defined, these criteria can be
different from those stated herein. Some data sets malysed to evaluate different program designs and (or)
be disqualified because the required information for a data sets (USEPA, 1994). DQOs also provide a
particular study may not be sufficiently documented inStandard for comparison for use in evaluating and
available reports. A detailed investigation of each studyomPbining different data sets for quantitative analysis
would require on-site inspection, extensive interviews (USEPA, 1996).

with program personnel, and a detailed examination of N the DQO process, decision errors are

original records. Even if the appropriate people and ~characterized as Type | or Type Il errors. A Type | error
original records were available, this type of effort ~ 0ccurs when a determination is made, on the basis of
would go far beyond the scope of this national avallable_ data, that problems exist when they do not
synthesis. really exist. A Type Il error occurs when real problems

exist but the determination is made, on the basis of
available data, that no problems exist. Substantially
DATA QUALITY OBJECTIVES overestimating concentrations, loads, and the impacts
of highway runoff pollutants—a Type | error—could
The data quality objectives (DQOs) process is intensify and lengthen regulatory processes, lead to
designed to help weigh the costs of data acquisition changes in highway alignments, and force design
against the consequences of a decision error caused bitanges and the adoption of additional BMPs.
inadequate input data. The DQOs process also is Therefore, a Type | error may increase costs for
intended to help weigh the costs and benefits of local planning, design, construction, and maintenance of the
short-term monitoring requirements against regional Nation's highways. Substantially underestimating
and national long-term information needs. Standards concentrations, loads, and the impacts of highway
for quality assurance and quality control (QA/QC),  runoff pollutants—a Type Il error—also can cause
comparability, and documentation must be higher for goroblems, incur high corrective costs, and negatively

4 Data Quality Objectives and Criteria for Information, Acceptable Uncertainty, and Quality-Assurance and -Control Documentation



affect public perceptions about the veracity of useful only if collected and analyzed in a relatively
environmental information provided by transportation consistent manner, because differences in methods
agencies. Discovery of large prediction errors during commonly overshadow real variations caused by
the planning, design, and construction phases of a  differences in the explanatory variables (ITFM, 1995a).
highway could increase costs. Type Il errors discovered he ITFM established metadata standards to describe
while monitoring runoff from a highway once itis in  the content, quality, and other characteristics that are
operation could result in regulatory actions, fines, andneeded to determine how useful a data set is for any
costs associated with additional BMPs. particular application (ITFM, 1995a, 1995b). Basic
The DQO process also applies to the interpreta-data requirements include information about the
tion of field data. The interpretive process, whether ~monitoring objectives, sampling design, methods for
conceptual, statistical, or deterministic, is often the besgollecting and handling samples, field and laboratory
means to synthesize available data into a form that wilmeasurements, and data qualifiers.
help determine the cause and effect relations that are In a review of water-quality data collected by
used to support decisions. The financial and legal riskEederal, State, and local water-quality monitoring
to decision makers and agencies for Type | or Type Il entities, Hren and others (1987) defined five
errors will drive the selection of acceptable uncertaintycharacteristics necessary to establish that data are
levels for interpretive methods (USEPA, 1986, 1994). useful. To be useful, data must be: (1) representative of
The interpretive process (including necessary simplifi-the system under study; (2) available for public use as
cations and assumptions) propagates uncertainties gesriginal data; (3) collected from a readily located
erated in the data collection process. Once DQOs aresampling site (to assess data comparability and to
established, however, the characteristics of the inter- interpret results of geographic/climatological
pretive process can be used to determine the type, variations); (4) associated with sufficient quality
amount, and allowable uncertainty of data that are  assurance (QA) information (to indicate the validity,
needed to support decisions (USEPA, 1994). reliability, and compatibility of data from different
Information requirements for determining high- sources); and (5) available in useful computer files (to
way-runoff quality are diverse and vary from region to increase reliable compilation and manipulation of large
region, from state to state, and from situation to situa-Vvolumes of data). These criteria were developed to
tion. Therefore, it is incumbent upon State, regional, Screen data from diverse programs for inclusion in a
and Federal decision makers and regulators to deter- database that could provide consistent, technically
mine the DQOs necessary to address each issue. A sound water-quality data representing broad
single quantitative set of DQOs might either be too  geographic areas through time (Hren and others, 1987).
restrictive and disqualify a data set otherwise appropri& national synthesis of surface-water pesticide data
ate for a given use, or too vague and preclude useful concluded that quantitative synthesis may not be
predictive interpretations. Therefore, this study will ~ feasible when each study has unique objectives,
evaluate a sample of available information to determinéampling schedules, sampling and analysis methods,
if existing reports sufficiently document the basic target analytes, detection limits, data presentation, and
information, acceptable uncertainty, and QA/QC nec- complete data sets that are not available in open
essary to meet various DQOs that may be establishediterature (Larson and others, 1997).
by decisionmakers and regulators to evaluate a particu-

lar runoff issue. o N
Monitoring Objectives and

Program Design
BASIC INFORMATION

REQUIREMENTS Study objectives and monitoring goals define
where samples are collected, the frequency of collec-
To establish data quality and to ensure the tion, the timing and duration of sample collection,

usefulness of available water-quality information, basicmatrixes sampled, methods used, and properties and
information needed to evaluate the validity of the dataconstituents that are analyzed (Hren and others, 1987;
and the methods of data collection and processing mugtarson and others, 1997). These characteristics can
be documented. For a national synthesis, data are  affect the applicability and availability of data for

Basic Information Requirements 5



broad-scale studies. Data quality objectives determineds Data collection and analyzing entities (who

by study objectives and monitoring goals define the actually made the measurements);

maximum allowable errors consistent with the level of « Data source (whose monitoring program); and
confidence in decisions made with data collected « Indication of data quality (including precision,

(USEPA, 1994). For example, in an analysis of bias, detection limits, and a defined QA/QC
urban-runoff monitoring requirements, Sonnen (1983) system).

calcula;ed that as .fe.W as 24 sa_mplgs with ?b"“t 6 aN%0cumentation of these basic criteria were evaluated
lytes might be sufficient to provide information for L .
and deemed essential in several reports written to

BMP design equations at one site; whereas, 54,000 . - : :
: . examine the utility of data for regional or national
samples with about 100 analytes might be needed to : :
water-quality assessment (U.S. General Accounting

determine physical and chemical processes and the Office. 1981° Childress and others. 1987 Hren and
environmental mechanisms that control concentrations ’ ' : P
: : ) ) others, 1987; Norris and others, 1990; Larson and
of various stormwater constituents in a region. The pur-
. . : others, 1997).
pose of many data-collection programs is to monitor
problem sites; thus, data sets assembled from these
programs are biased (Norris and others, 1990). ThereA
fore, the study objectives and monitoring goals of a
data-collection program may determine if results can
be combined into a national synthesis without SUbStanévail
tial qualifications on decisions made by using the
assembled database.

ncillary Information

Ancillary information is also needed to evaluate
able data for a national synthesis. Ancillary infor-
mation about the characteristics of a study area may
provide explanatory variables that can be used to stan-
dardize data to a common basis for comparison, or to
account for some of the variability in the data (Norris
and others, 1990). For example, flow data are needed

Metadata standards established by the ITFM ardor surface-water quality assessments because concen-
designed to aid in the determination of data compara_trations of many constituents are affected by changes in
bility among different monitoring programs. The ITFM flow (Norris and others, 1990). In a study using a com-
defines comparability as the characteristics that allow Piled database of approximately 2,800 storms mea-
data from multiple sources to be of such definable ~ sured at urban monitoring stations in metropolitan
quality that the data can be used to address program areas of 24 states, Driver and Tasker (1990) found that
objectives other than those for which the data were coRhysical and climatic information, such as impervious
lected (ITFM, 1995b). To determine comparability, ~ area, land use, rainfall characteristics, and mean mini-
potential data users must be able to determine when, Mum January temperatures, were useful in determining
where, and how data were collected, as well as who loads and concentrations of stormwater constituents.

collected and analyzed the data. The ITFM establishefther characteristics, such as local geology, soil prop-
the following minimum set of qualifiers to be docu-  erties, and surrounding land and water use, also have

Metadata Standards

mented with the sampling and analytical data: been shown to be important characteristics for data
« Parameter, property, constituent, or identifier ~ €valuation. For example, Gupta and others (1981) indi-
evaluated: cated that a large percentage of highway runoff constit-

+ Sample matrix (the water column, suspended uents are inorganic and are derived from local geologic
solids, sediment, atmospheric deposition, or materials.

biota); Ancillary information also has proven useful in
+ Methods for collection, handling, analysis, and Past evaluations of highway runoff pollution. Gupta
interpretation; and others (1981) determined that the concentrations
« Type of data measured (concentration, populatior®nd loads of constituents in highway runoff were
variable, or ratio); affected by
+ Location (latitude and longitude) of sampling  Highway design features;
point; » Traffic characteristics (speed, volume, braking,
« Date and time of day sample was collected; acceleration);

6 Data Quality Objectives and Criteria for Information, Acceptable Uncertainty, and Quality-Assurance and -Control Documentation



« Climatic conditions (amount, intensity, and form performed properly, and that data were collected,

of precipitation); verified, and interpreted by qualified personnel. For
* Maintenance policies (sweeping, mowing, analytical data, documentation of the quality-control
repairing, deicing, and so forth); process and quality-assurance measurements should
 Surrounding land use (industrial, commercial,  substantiate competence (Klodowski, 1996). The
residential, or rural); USEPA and FHWA require chain-of-custody
 Percentage of impervious area within the total  information for authentication of water-quality samples
drainage area; _ to be admissible as legal evidence (FHWA, 1986).
* Type of pavement material, The legal requirements for providing interpretive

* Average age of automobiles in the study area;  yegyits are increasing as are the requirements for

* Application of littering and vehicle emission producing field and laboratory data (Haan and others,
laws; e , , 1990). Defensible interpretations are increasingly

° Useof addr_uves n vehlculgr operation; . dependent on the availability of information that

Types of soils and vegetation along the highway 40 ments the uncertainty and QA/QC practices that

right-of-way; e_lnd . " are used to develop, test, and verify interpretive models

* Local and regional atmospheric deposition. (Haan and others, 1990; Heijde, 1990; Water Science

Subsequent studies indicate that these characterlstlcs(ijol Technology Board, 1990). For model resuilts to be

as well as th_e hardness pf local Wate_rs, drainage S.ySteé?jmlssmle in a technical or legal setting, it must be
characteristics, and the implementation of BMPs influ-

. . . demonstrated that
ence the constituents in and effects of highway runoff

(FHWA, 1986; Driscoll and others, 1990a; Young and * Underlying data are valid, unbiased, complete,
others, 1996). and original or properly documented from a

reliable source;
_ » The underlying theory of the model and modeling
Legal Requirements assumptions are correct;

» The computer programs properly implement the

The FHWA and the STAs conduct most theory: and

water-quality sampling for legal and scientific : .
objectives. Data may be technically valid but not The programming gn_d data processing were done
admissible in court. Consequently, sampling programs accurately with sufficient safeguards against error.
must be designed to produce legally admissible data Estimates of the uncertainty, the predictive
(FHWA, 1986). In the regulatory and legal arena, the accuracy, and the risks of an incorrect analysis are the
costs and penalties for submitting data and supportingletermining factors when models and resultant
information that are not deemed to be valid can be higinterpretations are held to a legal standard of "truth"
for the responsible individuals and organizations (Haan and others, 1990).
(Mallan and others, 1993; Klodowski, 1996).

Data that are presented as legal evidence must
meet three tests of admissibility; they must be shown tACCEPTABLE UNCERTAINTY
be (1) relevant (the data support a claim made in the .
case), (2) material (the claim addresses an issue in the . Jncertainty is a measure of the errors and losses
case), and (3) competent (the data are valid, current ardf information mheren_t |n.enV|ronmental stud_les that
technically supportable). Relevance and materiality ar@€vent the characterization of exact properties of the
highly case-specific, but competence can be controllefnderlying distribution of that information (Ward and

by using and documenting proper data-collection ~ Loftis, 1983). The total uncertainty is the sum of
methods. Data sets that are admissible as legal uncertainty caused by natural variability, measurement
evidence must contain enough information to errors, and interpretive generalizations. Environmental

withstand any reasonable challenge to their quality andata collection always involves some error as an
veracity. To demonstrate competence, agencies mustinherent characteristic of the hydrologic environment;
prove by documentation that data-collection methods sampling design; land-use history of the study area;
are accepted by the scientific community and were  and methods used for sample collection, sample
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analysis, and data interpretation (USEPA, 1986, 1994; An indication of analytical uncertainty in

Childress and others, 1987; Brown and others, 1991; available data sets may be derived from examination of

Clark and Whitfield, 1993). statistics for analytical results of natural-matrix
Rigorous uncertainty assessments are needed teeference samples from the USGS interlaboratory

determine if data are sufficiently valid and technically evaluation program (Farrar and Long, 1997).

supportable, because the usefulness of water-quality Interlaboratory statistics—for example the most

data is inversely related to the amount of uncertainty iprobable value (MPV) of chromium concentrations and

the data (Montgomery and Sanders, 1985). The the estimated error of laboratory results—from the
acceptable uncertainty of data and interpretations for & SGS program from 1989 through 1997 are shown in
given problem must be evaluated in terms of the figure 2. The range of the MPV concentrations for

regulatory objectives, the decisions to be made by  these samples is within the ranges of measured

using the data, and the possible consequences of  concentrations for most metals reported as constituents
making incorrect decisions (USEPA, 1986, 1994). Thein highway runoff (Smith and Lord, 1990). In the

total uncertainty increases when data from different concentration ranges presented, percent accuracy
studies are combined because differences in analyticahcreases with increasing concentration. The
laboratories, methods, and the characteristics of uncertainty for the “best” laboratories (those in the top
pollutant sources through time are incorporated into 5 percent of the performance rating in the USGS

the resultant data set. To support decisions, the level afterlaboratory evaluation program) ranged from plus
total uncertainty from random and systematic error
introduced into the different sampling processes must 500

be less than the natural variability caused by 400 2 1

differences from site to site and study to study. 300 | ‘, 1
Historically, inconsistent performance within | ‘.“ a ]

and between analytical laboratories has been a constaz *

and substantial source of uncertainty (U.S. General % ".‘

Accounting Office, 1981). Use of validated methods, 2 & 100t O S 1

-0.805

reference laboratories, and experienced personnel doeg

70 |
not ensure reliable analytical results (Keith and others,

Results of interlaboratory comparisons indicate Error=0.233xMPV 0%

that analytical uncertainties in data sets are larger tharg
published values for the accuracy of standard methods2

10

o - 4
1983). Participation in an interlaboratory comparison £ jz i ]
program is one component of good laboratory QA/QC 2 & 4, [ XY A ]
practices. Results from a laboratory implementing E a AA‘%
good QA/QC practices should be more reliable than § or % 1
results from an uncontrolled analytical program. 2 w a

a4

5

(e}

OF THE MOST PROBABLE VALUE (LOG SCALE)

Different interlaboratory comparisons have x >t 1
documented consistent problems with accuracy, z ! ]
repeatability, and performance through time in the ° |
population of participating laboratories throughout the 2F O Top5percentof participating laboratories 1
period of highway runoff research (General A Top 95 percent of participating laboratories
Accounting Office, 1981; Polvi and others, 1985; . . .

Farrar and Long, 1997). One study of analytical 0.0001 0.001 0.01 0.1
laboratories used for National Pollutant Discharge THEMOSTPROBABLE VALUE (MPV) OF MEASURED

. . . . . CONCENTRATION, INMILLIGRAMS PERLITER (LOG SCALE
Elimination System (NPDES) compliance monitoring ( )

revealed that there was only a 32- to 42-percent chance
that any given laboratory would measure all Figure 2. The analytical uncertainty of reported results from

tit i ithi table limits (Polvi d laboratories in the USGS interlaboratory evaluation program
constituents within acceptable limits (Polvi an for the most probable value of chromium concentrations in

others, 1985). natural-water matrix samples that were tested from 1989
through 1997.
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or minus 100 to 3 percent of the MPV as concentration Alternatively, methods and materials that are
increased, but “most” laboratories (in the top 95 used in the sample-collection, handling, and analysis
percent) ranged from plus or minus 400 to 12 percentprocess may artificially reduce measured
of the MPV (fig. 2). The uncertainty range for the concentrations by removing constituents from solution.
“best” laboratories probably indicates the magnitude ofFor example, figure 3 demostrates that filter diameter,
error expected for the analytical methods used. pore size, and the amount of water filtered can control
However, the uncertainty range for “most” laboratoriesmeasured constituent concentrations of dissolved
indicates the effects of inadequate quality control in  constituents in filtered samples (Horowitz and others,
addition to expected method error. The range of 1992). The concentration of suspended sediment in the
uncertainty for “most” laboratories in these stream associated with the samples shown in figure 3
interlaboratory studies is probably a conservative was relatively low [about 11 milligrams per liter
estimate of the uncertainties caused by combining datémg/L)] in relation to the range of suspended sediment
from different sources because it does not include  concentrations (about 4 to 1,160 mg/L) reported for
outliers (the laboratories rated in the bottom 5 percenthighway runoff (Smith and Lord, 1990). Therefore, a
of the USGS interlaboratory evaluation program), or thorough understanding of the sampling and analysis
laboratories not participating in QA/QC programs. methods that are used for each source is important if
Combining analytical data from laboratories that have data from different sources are combined.
inadequate or undocumented QA/QC programs may Unknown or variable detection limits are also a
introduce an unacceptable level of uncertainty. substantial source of uncertainty when combining
Differences between methods and materials thatwvailable data (Larson and others, 1997). Statistical
are used for water-quality sampling and analysis in  methods (Helsel and Cohn, 1988; Helsel, 1990) can be
different studies (or changes within a single study oveused to extrapolate data below detection limits, but not
time) also are a substantial source of uncertainty that without introducing additional uncertainty. A
can impede aggregation of data from available sourcesomparison of results from Phase | (Gupta and others,
(ITFM, 1995b). The uncertainty introduced by 1981) and Phase Il (Kobriger and Geinopolos, 1984) of
different methods can greatly overshadow real FHWA water-quality studies along Interstate-81 (1-81)
differences in constituent concentrations (Horowitz  near Harrisburg, Pennsylvania, provides insight to
and others, 1994). Combining data from studies that possible sources of uncertainty. These two studies are
were designed to collect concentrations of dissolved presented because the laboratory that analyzed the
constituents (in filtered water) with data from studies samples, sample collection and processing methods,
that were designed to collect total concentrations (in historical rainfall statistics, climatic conditions, and

water and suspended sediments) may obscure other geographic characteristics were similar for both
meaningful interpretations because the concentrationstudies.
of metals and other contaminants in suspended The median, mean, and range of event mean

sediments can be orders of magnitude higher than theaoncentrations (EMCs) of chromium measured along
concentrations in the dissolved fraction (Chapman and-81 are plotted against the reported annual average
others, 1982; Horowitz, 1991). daily traffic volume (ADT) in figure 4. The boxes

Each step in the methods used to collect, pro- indicate the measured range of the EMC populations
cess, and analyze water-quality samples can potentiallyith respect to the estimated range of ADT
change measured concentrations. Contamination that measurements, assuming an error bar of plus or minus
introduced during sampling and analysis may substani0 percent for ADT. The median and mean runoff
tially increase measured concentrations (Horowitz andsolumes for monitored rain storms was 0.47 and
others, 1992, 1994). Methods and materials that were0.2 inch (per unit area), respectively, for Phase I, and
designed to minimize contaminants that are introduce®.16 and 0.04 inch, respectively, for Phase Il (Driscoll
by the sampling process were shown to systematicallyand others, 1990b). Despite the fact that Phase Il had
decrease measured dissolved metal concentrations bynore than twice the traffic and about one-third the
up to an order of magnitude in an experiment using dilution, the minimum EMCs measured during Phase I
concurrent, side-by-side comparisons (Taylor and were about 50 percent of the minimum EMCs
Shiller, 1995). measured during Phase I. Higher minimum chromium
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Figure 3. Effect of filter diameter and pore size and total volume of water processed, on measured concentrations
of dissolved iron (from Horowitz and others, 1992).

EMCs detected during the Phase | study may be an (Young, 1983; Haan and others, 1990). Uncertainty in
artifact of a lower laboratory detection limit in effect  data from sampling programs that are used to

for samples analyzed during Phase II, contamination characterize spatial and temporal water-quality
by field sample collection and processing during Phas rocesses will translate to uncertainties in model

I, or a background source of contaminants that did no
influence EMCs during Phase Il. The large differencesre:SUItS (Montgomery and Sanders, 1985). The effects

in runoff volume statistics for these two studies of large uncertainties in data that are used to construct

conducted along I-81 in Pennsylvania raise questions©r calibrate a model are popularly termed "garbage in,
about the comparability of data and also indicate that garbage out" (Haan and others, 1990). The modeling
uncertainty may arise from inadequate characterizatioprocess can introduce uncertainty through interpretive
of the natural variability in the amount and type of  errors, data-entry errors, and selection of the wrong
precipitation and runoff conditions at any given study . qel (Montgomery and Sanders, 1985). Proven

site. In any case, these artifacts change population . L .
L . . success in one situation does not reduce the uncertainty
statistics of the combined data base and increase the'.

uncertainty of predicted concentrations and loads from" the application of a model to a new situation or to a

a model constructed by using the two data sets. different site because the true effect of one input
The uncertainty in model results is the sum of ~condition can often be compensated by errors in values
the uncertainty in the input data as well as the for other input conditions (Water Science and

uncertainty incorporated by the modeling process Technology Board, 1990).
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Figure4. The median, mean, and range of event mean concentrations (EMC) of chromium and the average daily traffic (ADT)
volume, with an assumed uncertainty of 10 percent, measured along 1-81 in Pennsylvania during phase | (1976-1977) and
phase Il (1980-1981) of the FHWA water-quality studies (data from Driscoll and others, 1990, Volume IlI).

Model uncertainties can be assessed by applyingites characterizing different land uses in 12 urban
the model to data or to sites that were not used in the areas was shown to have an uncertainty of plus or

formulation of the model. When models are applied tominus an order of magnitude when tested against data
data from sites or studies that were not used to createfrom different watersheds in the same region (Marsalek

the model, the differences in site characteristics, and Schroeter, 1988). For another regional
data-collection methods, and source changes will be urban-runoff model (Driver and Tasker, 1990),

reflected in the measured uncertainty of model resultsstatistical analysis indicated that the model could be
For example, an urban-runoff-quality model created byused to estimate EMCs and loads of contaminants with

using data collected from about 100 storm events at 8&n uncertainty of plus or minus 56 to 334 percent.
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However, when the Driver and Tasker (1990) model are combined (Schaeffer and Janardan, 1978). EMCs
was applied to data collected in urban watersheds in can be calculated from discrete measurements of
Tennessee, large prediction errors (up to about 806,00Q,ncentration and flow (Driscoll and others, 1990a),

percent for lead) indicated that changes in pollutant but temporal variations within storms cannot be

sources, differences in site characteristics, and change .
in data-collection methods limit the accuracy of the dsete.rm.lned from EMC data. A!though model
existing model without adjustments for these factors predictions based on EMCs will tend toward the center

(Hoos and Patel, 1996). of input parameter populations, data for individual sites
Uncertainties in the input data sets caused by or individual storms may deviate considerably from the
differences in field or laboratory methods and reportinghormal range. Figure 4 indicates that individual EMCs
limits between studies may obscure evidence for at a given site can vary as much as an order of
phys_lcgl or chemical relations that can be used to_ framﬁ*\agnitude. Consequently,
predictive models. When data from different studies
were combined (Driscoll and others, 1990b), } o
quantitative relations between pollutant concentrationd0re than an order of magnitude. Providing model
and traffic volume were weak. For example, if results without indicating that results are based upon
differences in the minimum EMCs indicated in figure 4 central parameter values, and without indicating the
are an artifact of methods used, this may be a factor uncertainty in the results, may be perceived as
precluding formulation of a useful model for minimum mjsjeading (Haan and others, 1990).
EMCs based on ADT and the physical characteristics
of the study sites. Results of studies using internally
consistent methods (Shaheen and Boyd, 1975; o _ _
Kobriger and others, 1981; Racin and others, 1982; gquantitative modeling. A cause- and-effect relation
Kerri and others, 1985), however, indicate relatively may be inferred logically, but problems with data may
strong correlations between traffic volume estimators alter or obscure the true quantitative relation. For
and measured pollutant concentrations and loads ~ example, a relation between ADT and the maximum
(Young and others, 1996). concentrations and therefore loads of constituents in

" We"’_‘:( gorrilations beév;(_eer? traffic vo#:me;l atndt runoff at a site is suggested by the data presented in
€ magnhiiude of measurea highway-runoti potutan Sfigure 4, but this relation can be distinguished from

may reflect large uncertainties in historical traffic - _ _ _
volume data estimators. ADT measurement and variability caused by differences in sampling programs

calculation methods have been standardized only ~ only if there is enough QA/QC to substantiate that
recently and have not been consistent through time orresults are otherwise comparable.

from place to place (Wilkinson, 1994). Although ADT A documented uncertainty analysis is an
estimates from permanent counting stations are important tool to assess the comparability of data and
considered 95 percent accurate, estimates from 24- Qg tant interpretations. Organizations collecting data
48-hour counts (typical for many sites) may deviate commonly use methods that are not comparable to

from actual ADT values by more than 100 percent if , _ . ,
affected by special conditions such as inclement obtain and interpret data. Also, continuing changes in

weather, seasonality, or a special event (Anthony the science and technology of environmental

Esteve, Office of Highway Information Management, monitoring increase uncertainty in the comparability of

FHWA, written commun., 1997). data (ITFM, 1995a, 1995b). If, however, sufficient
The most recent predictive water-quality model QA/QC information is collected, documented, and

developed by the FHWA (Driscoll and others, 19902) 4y ajlable, the uncertainty can be determined

used local and regional 'enV|ronmentaI charact_erlstlcs quantitatively. If this information is not available, a

correlated with the median of EMCs at each site to . L .

predict the environmental impact of highway runoff. SUbJe(_:t'Ve d.etfermmano.n of th? uncgrtglnty and

While the use of EMC values is a practical approach resulting validity associated with existing

for formulation of national regression equations, environmental data must be derived (USEPA, 1986,

information is lost when populations of average valuesl994).

instantaneous
concentrations may vary from the normal range by

Even when data distributions follow expected
patterns, uncertainty in the data may preclude
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QUALITY ASSURANCE AND » Interoffice quality-assurance reviews as specified

QUALITY CONTROL in the QA/QC plan to examine and approve (1)
site selection, (2) project documentation, (3)
Quality assurance and quality control (QA/QC) procedures and records for calibration and
programs are used to detect and control errors and to maintenance of instrumentation and equipment,
maintain and document the reliability and uncertainty (4) sample collection handling and preservation
of results. Historically, QA/QC programs have been methods, and (5) availability of properly trained
recognized as an essential component of laboratory personnel;

analysis, but the usefulness of data for decision-making ®* APpointment of a quality-assurance coordinator
is affected by many external factors (Brown and others, 0 ensure that QA/QC activities are actually being
1991). QA/QC requirements to document that data done and documented, and to review and approve
from laboratory and field sampling activities are valid, final data before release;
current, and technically supportable have been * Selection, documentation, and adherence to
increasing over the last two decades. proven methods; . -

Data are no better than the weakest link in the Selection of Iaboratorles baged on thelr ability t'o
data-collection processes. Without sufficient QA/QC, ﬁ%?tdigtn%?yrjv?tﬁlraegcra:;lﬁilsna:ezg:\r/g; ss:se ction
the effectiveness of validated methods, reference ’ ’

) ) and adhere to published QA/QC procedures;
laboratories, and experienced personnel cannot be . Sufficient personnel training and performance

established conclusively (Keith and others, 1983). evaluation: and

QA/QC programs must evaluate all aspects of a . Sufficient analytical quality control to
data-collection effort, including program design; demonstrate that measured values represent actual
sample collection, transport, and storage; chain of environmental conditions within specified limits
custody control; sample analysis; documentation; and of accuracy, precision, completeness, and

data reporting (FHWA, 1986; Childress and others, comparability between studies (FHWA, 1986).
1987; Clark and Whitfield, 1993). The USEPA The need for extensive QA/QC documentation is

specified the application of quality assurance to all — greatest when data from different studies are

steps within environmental data-collection efforts as combined. Cause-and-effect relations may be indicated
early as 1984, and suggested such practices as early wghin a study as long as field and laboratory methods
1979 (Alm and Messner, 1984; Childress and others, are consistent and control sites are used. When

1987). QA/QC practices are required by many Federafbsolute values from individual studies are to be
agencies involved in water quality and have been combined, however, the standards of data quality must
encouraged in courses, meetings and pub”cations be higher because differences in methods that were
supported by most professional water-quality used to collect and analyze water-quality samples may
organizations because documentation of QA/QC obscure cause-and-effect relations (Childress and
information has been deemed essential to ensure tha©thers, 1987; Hren and others, 1987). A synthesis of

data are reliable and legally defensible (Childress and@vailable data cannot be truly quantitative without
others, 1987). adequate quality-assurance programs that quantify the

precision, accuracy, and integrity of published data
(Childress and others, 1987; ITFM, 1995b).

The ITFM has recently defined strict guidelines
for the collection, analysis, and documentation of
water-quality information. The issues involved in

The FHWA recognizes the importance of
QA/QC activities to demonstrate that data are valid,
current, and technically supportable (FHWA, 1986).
The FHWA has long encouraged the collection and

publication of QA/QC information with highway achieving data comparability are consistent with
runoff monlj[orlng data, including ' operating in a well-defined quality system for physical,
* A quality-assurance plan documenting chemical and biological measures in the field and in the

methodologies and operating procedures, and |aboratory (ITFM, 1995a, 1995b). The ITFM requires
specifying the accuracy and precision of field andthat sample-collection procedures and analysis
laboratory methods, as well as specifying methodmethods need to be fully described, validated, and
detection limits; conducted by competent personnel. To document that
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data-collection information is internally reliable and SUMMARY

comparable to results from other groups, performance

needs to be evaluated against a reference (ITFM, Transportation agencies face many different
1995b). The USEPA recommends the use of issues concerning the characteristics and effects of
quality-assurance plans within the scope of adata  highway runoff. The FHWA and State transportation
quality objectives process to document all activities ~agencies need to determine what information is
needed to ensure that the data_co”ection program Wi”ava.”able and Whether th|S information iS Valid (Useful

produce the type and quality of data that will be for intended purposes), current, and techni_cally
sufficient to support decisions made using data supportable. The types and urgency of various
collected (USEPA, 1986, 1994). environmental concerns and regulatory issues vary

among the States and regions of the Nation. These
technical and regulatory complexities make it difficult
to establish a uniform set of data quality objectives. It

interpretive process is as important as traditional g ; .
QA/QC programs for data collection and analysis is important, however, to establish criteria that may be
used in the data evaluation process.

(Brown and others, 1991). When QA/QC issues in data i i i ] )
Basic information requirements, information

interpretation activities are actively integrated into the . .
about the uncertainty of data sets, and documentation

QA/QC for data-collection activities, the feedback ; i q i | i i
often results in better data and models for the intendef! duality-assurance and quality-control practices wi
Indicate the potential utility of available water-quality

purposes (Clark and Whitfield, 1993). Rigorous . . . :
information for any given purpose. Basic data

A/QC procedures are required at all stages of a _ : . . o
QAIQC p d g requirements include information about the monitoring

modeling effort (Heijde, 1990). Interpretive errors arise biecti le desian. dat lfi d method
from natural heterogeneity, measurement errors, and objectives, sample design, data quailtiers, and Methods
for sample collection, sample handling, and field and

structural differences between the real world and the 2
L laboratory measurements. Study objectives and
methods used for predictions; therefore, QA/QC . .
. . n}onltonng goals determine where samples are
programs must be designed to quantify these sources g . o
. : .. collected, the frequency of collection, the timing and
uncertainty. However, QA/QC practices and sufficient . : .
eer reviews are not generally widespread in the duration of sample collection, the matrixes sampled,
P licati ¢ 9 gell y Hort pW ter Sci the methods used, and the properties and constituents
apg I‘I(':a 'r?n (|) magy mdo legg]g efforts (Water Science that are analyzed. Ancillary information on
and fechnology board, )- characteristics of a study area often provides

A successful modeling process requires  gyplanatory variables needed to standardize data to a
substantial QA/QC efforts with scientific and technical common basis for comparison or to account for some

reviews at each stage of the process (Water Science agflihe variability in the data. Uncertainty analysis
Technology Board, 1990). The QA/QC procedures for proyides important information for the design and
model development include verification of the structuregygjuation of data-collection programs. This

and coding, model validation, record keeping, and  examination of potential errors and losses of

software documentation. The QA/QC procedures for jnformation inherent in environmental studies can be
model application include selection and verification of ysed to quantify and minimize risks associated with
input data, and documentation of the data-analysis  decision errors. Quality-assurance and quality-control
procedures and modeling methodology. Documenting activities throughout the sample collection, processing,
a calibration and sensitivity analysis—determining  analysis, and interpretive process establish that data are
how input parameters control model output—is valid, current, and technically supportable by defining
important to indicate how uncertainty in input values and controlling uncertainty and errors in the data

will affect uncertainty in calculated results. QA/QC  collected. The fact that a program's data may not meet
procedures for a model also include a post auditto  these screening criteria does not mean that the data are
quantify how well the model works for the same not useful for meeting that program's objectives or that
system later in time, or for a different system with they could not be used for water-quality studies with
slightly different input parameters (Water Science andobjectives different from those required for a national
Technology Board, 1990). synthesis.

A QA/QC program to document and control data
reduction, evaluation, and modeling as part of the
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