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Foreword

The U.S. Geological Survey (USGS) is committed to providing the Nation with reliable scientific information that helps to
enhance and protect the overall quality of life and that facilitates effective management of water, biological, energy, and
mineral resources (http://www.usgs.gov). Information on the Nation’s water resources is critical to ensuring long-term
availability of water that is safe for drinking and recreation and is suitable for industry, irrigation, and fish and wildlife.
Population growth and increasing demands for water make the availability of that water, measured in terms of quantity
and quality, even more essential to the long-term sustainability of our communities and ecosystems.

The USGS implemented the National Water-Quality Assessment (NAWQA) Program in 1991 to support national, regional,
State, and local information needs and decisions related to water-quality management and policy (http://water.usgs.
gov/nawga). The NAWQA Program is designed to answer” What is the quality of our Nation's streams and groundwater?
How are conditions changing over time? How do natural features and human activities affect the quality of streams and
groundwater, and where are those effects most pronounced? By combining information on water chemistry, physical
characteristics, stream habitat, and aquatic life, the NAWQA Program aims to provide science-based insights for

current and emerging water issues and priorities. From 1991 to 2001, the NAWQA Program completed interdisciplinary
assessments and established a baseline understanding of water-quality conditions in 51 Nation's river basins and
aquifers, referred to as Study Units (http://water.usgs.gov/nawqga/studies/study units.html).

National and regional assessments are ongoing in the second decade (2001-2012) of the NAWQA Program as 42 of the
51 Study Units are selectively reassessed. These assessments extend the findings in the Study Units by determining
water-quality status and trends at sites that have been consistently monitored for more than a decade, and filing critical
gaps in characterizing the quality of surface water and groundwater. For example, increased emphasis has been placed
on assessing the quality of source water and finished water associated with many of the Nation’s largest community
water systems. During the second decade, NAWQA is addressing five national priority topics that build an understanding
of how natural features and human activities affect water quality, and establish links between sources of contaminants,
the transport of those contaminants through the hydrologic system, and the potential effects of contaminants on humans
and aquatic ecosystems. Included are studies of the fate of agricultural chemicals, effects of urbanization on stream
ecosystems, bioaccumulation of mercury in stream ecosystems, effects of nutrient enrichment on aquatic ecosystems,
and transport of contaminants to public-supply wells. In addition, national syntheses of information on pesticides,
volatile organic compounds (VOCs), nutrients, trace elements, and aquatic ecology are continuing.

The USGS aims to disseminate credible, timely, and relevant science information to address practical and effective
water-resource management and strategies that protect and restore water quality. We hope this NAWQA publication
will provide you with insights and information to meet your needs, and will foster increased citizen awareness and
involvement in the protection and restoration of our Nation's waters.

The USGS recognizes that a national assessment by a single program cannot address all water-resource issues of
interest. External coordination at all levels is critical for cost-effective management, regulation, and conservation of our
Nation’s water resources. The NAWQA Program, therefore, depends on advice and information from other agencies—
Federal, State, regional, interstate, Tribal, and local—as well as nongovernmental organizations, industry, academia, and
other stakeholder groups. Your assistance and suggestions are greatly appreciated.

William H. Werkheiser
Associate Director for Water
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Methods to Characterize Environmental Settings of
Stream and Groundwater Sampling Sites for National

Water-Quality Assessment

By Naomi Nakagaki, Kerie J. Hitt, Curtis V. Price, and James A. Falcone

Abstract

Characterization of natural and anthropogenic features that

define the environmental settings of sampling sites for streams
and groundwater, including drainage basins and groundwater
study areas, is an essential component of water-quality and
ecological investigations being conducted as part of the U.S.
Geological Survey’s National Water-Quality Assessment
program. Quantitative characterization of environmental
settings, combined with physical, chemical, and biological
data collected at sampling sites, contributes to understanding
the status of, and influences on, water-quality and ecological
conditions. To support studies for the National Water-Quality
Assessment program, a geographic information system (GIS)
was used to develop a standard set of methods to consistently
characterize the sites, drainage basins, and groundwater study
areas across the nation. This report describes three methods
used for characterization—simple overlay, area-weighted areal
interpolation, and land-cover-weighted areal interpolation—
and their appropriate applications to geographic analyses that
have different objectives and data constraints. In addition, this

document records the GIS thematic datasets that are used for the

Program’s national design and data analyses.

Introduction

Background

In 1991, the U.S. Geological Survey (USGS) initiated
the National Water-Quality Assessment (NAWQA)
Program to assess the quality of our Nation’s streams and
groundwater. Information analyzed for the NAWQA Program
includes chemical concentrations in water, sediment, and

aquatic-organism tissues (Gilliom and others, 2001; Gilliom and

others, 1995). Over 14 million samples have been collected for
the Program at more than 7,700 stream sites and 9,400 wells
(U.S. Geological Survey, 2010). The geographic distribution of
NAWQA's surface-water and groundwater sites sampled in the
conterminous United States is shown in figure 1.

Water-quality findings are used with natural and
anthropogenic characteristics for stream and groundwater
sampling sites to evaluate how environmental settings affect
water quality. For example, high concentrations of atrazine
observed at a stream sampling site can correlate with the
intense use of atrazine on cropland and poorly drained soils
in its drainage basin. Characteristics of sampled sites are not
only used to evaluate current water-quality conditions but
also in statistical models for predicting concentrations of
contaminants in unmonitored areas (Stone and others, 2008;
Gilliom and others, 2006; Nolan and Hitt, 2006; Nowell and
others, 2006; Stackelberg and others, 2006).

The study design of the NAWQA Program is uniform
in its sampling and analytical methods, which makes it
equally important to maintain data consistency in compiling
site and study-area characteristics. Site and study-area
characteristics in the conterminous United States were
developed systematically to prevent bias introduced from
applying multiple methods and multiple data sources that were
compiled differently for a particular characteristic. A GIS
was used to construct nationally consistent characteristics by
using national geospatial thematic datasets and a standard set
of methods.

Purpose and Scope

The objective of this report is to describe three
methods used to characterize the environmental settings
of NAWQA’s stream and groundwater sampling sites and
associated study areas. The three methods are simple overlay,
area-weighted areal interpolation, and land-cover-weighted
areal interpolation. Fictitious data values are used in most of
the examples to simplify the calculations. The methods were
incorporated into algorithms by using Esri’s GIS software,
originally in Arc Macro Language (AML) for use in the
Arclnfo workstation environment, and more recently in
Python for use as tools in the ArcGIS Desktop environment.
The ArcGIS tools have been published and are documented
separately (Price and others, 2010).



2 Methods to Characterize Environmental Settings of Stream and Groundwater Sampling Sites

48
ST

Figure 1.

&S0
0 00 Miles og

0 400 Kilometers

National Water-Quality Assessment (NAWQA) Program’s (A) stream sampling sites and (B)

groundwater sampling sites in the conterminous United States (U.S. Geological Survey, 2010). These
maps are based on the site information data from the NAWQA Data Warehouse (Bell and Williamson,

2006), as of June 3, 2010.

The examples that illustrate the methods use GIS
thematic raster data that cover the entire nation. Subsequently,
the examples refer to characteristics of raster data, such
as grid-cell counts for the conterminous U.S., though the
methods can be used with vector data for selected regions.
The data format is independent of the method, and the only
requirement of the source data is the geographic coverage of
the sites and study areas of interest. In the NAWQA Program,
it is essential that national thematic datasets be used for
characterizing sites and study areas because this helps ensure
consistent and comparable characteristics across the country.

The appendix in this report provides descriptions and
references for obtaining the national GIS thematic datasets
used by NAWQA. It contains over 110 data sources for the
conterminous United States and identifies which of the three
methods discussed in this report were applied to the dataset.
Most of the national GIS thematic datasets were not available
for areas outside the lower 48 states; accordingly, NAWQA
sampling sites and study areas in Hawaii and Alaska were
not characterized. The appendix is a snapshot of the national
GIS thematic datasets used by the Program and will likely be
updated as newer and enhanced data sources are developed
and used for geoprocessing.



GIS Datasets

This section describes the GIS datasets used to
characterize NAWQA'’s sampling sites and associated

study areas.

Sampling Sites

NAWQA sampling sites are either specific locations on
streams or, in the case of groundwater, specific wells. Each
NAWQA sampling site is identified by a station-identification
number (STAID), which is the 8-15 digit numeric identifier for
the station used within USGS’s National Water Information
System (NWIS) database (USGS’s NWIS web interface is
publicly accessible at http://waterdata.usgs.gov/nwis). The

latitude and longitude of each NAWQA site, along with other
site information stored in NWIS, were used to generate a

GIS Datasets 3

national GIS point dataset. The environmental characteristics
for the stream sampling sites and wells are identified by the
USGS STAID.

Drainage Basins

The drainage basin for a stream sampling site is
the topographically defined area of land that potentially
contributes runoff to the stream. The stream sampling site and
the GIS drainage basin for the USGS station, Pudding River
at Aurora, Oregon (STAID 14202000) is shown in figure 2.
The drainage basin for this site (hereafter referred to as the
“Pudding River basin”), like most other basins, represents
the contributing drainage area. Some atypical drainage
basins include closed basins—basins that have no natural
outlets—or areas that are considered noncontributing except
during storms.

45°15' N 123° W 122°30' W
! S ! EXPLANATION
’/‘\.\ / . .
TN L~ 1202000, - Stream sampling site
G 7 Clack
Vel G 12020004 County ——— Streams
ounty ¢ T E ] . . .
L PN 1 Pudding River basin boundary
T~ oo~ ! "‘ ______
BN Polk [ et 5 S County boundary
County . q. \\\ !
A o}
A f L : 0 10 Miles
! : \- 3
~ *..J-\__\ ‘\\ ¢ 0 10 Kilometers
. i - -y, 7
sl Marion . N,
5-._ County S 7
) =TSl N A =<
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/ PR
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45°15 N

45°N

44°45'N

L
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Figure 2. Stream sampling site and drainage basin
boundary (Steven Sobieszczyk, U.S. Geological Survey,
written commun., 2004) for U.S. Geological Survey's
station, 14202000, Pudding River at Aurora, Oregon (U.S.
Geological Survey, 2010). Also shown are hydrography
(Lanfear, 1991), topography (U.S. Geological Survey, 2003),
and county boundaries (National Atlas of the United
States, 2005).

Albers Equal-Area Conic projection
Standard parallels 29° 30" and 45° 30", central meridian -96°


http://waterdata.usgs.gov/nwis
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Drainage basins for the NAWQA stream sites were
delineated by many USGS hydrologists and geographers from
a variety of analog and digital data sources ranging in scale
from 1:24,000 to 1:250,000, depending on the size of the basin
(Nakagaki, 2010; Nakagaki and Wolock, 2005). The drainage
basins, which were originally delineated as vector polygons,
were converted to rasters at the 30-meter (m) resolution prior
to geoprocessing basin characteristics. Drainage basins for the
NAWQA surface-water sampling sites vary greatly in size,
ranging from less than one square kilometer (km?2) to more
than 220,000 km2.

A sub-area of the drainage basin, for which a few
characteristics are calculated, is defined as the “riparian buffer
zone.” This sub-area is defined as all areas within 50 or 100 m
of any stream centerline in the basin. The characteristics of
the riparian buffer zones as well as the drainage basins are
identified by STAID.

Groundwater Study Areas

NAWQA’s groundwater sampling sites (or wells) are
characterized in two ways: by buffers around each site
and aquifer boundaries linked to groups of wells (or well
networks). The circular buffers, which are identified by
STAID, are defined by a 500-m radius around the site and
have a total area of about 0.78 km2. No provision is made for
overlapping buffers; each one is treated separately. NAWQA
groundwater sampling sites processed for well networks are
characterized by study areas defined by aquifer boundaries
or a subarea of the aquifer underlying a targeted land use.
Boundaries of aquifers and land-use study areas represent the
geographic location of NAWQA’s groundwater assessments,
and were initially used to constrain the random selection
of groundwater sampling sites. NAWQA’s groundwater
assessments comprise major aquifer studies (MAS) and
land-use studies (LUS; Gilliom and others, 1995).

The objective of a MAS is to assess the overall quality
of an aquifer that is important for drinking-water supply.
The spatial extent of a MAS covers the entire hydrogeologic
setting of the aquifer selected for investigation, irrespective
of land use. Typically 20-30 wells are randomly selected
throughout the aquifer for sampling. For example, the
Biscayne aquifer study in southern Florida sampled a network
of 30 wells, which provided a broad overview of groundwater
quality reflecting a mixture of land uses (fig. 3A). To
characterize a MAS, the overall extent of the aquifer selected
for study was used as the groundwater study-area boundary
(Biscayne aquifer, fig. 3A). The area of a MAS ranged from
about 250 km?to 178,000 km?.

The objective of a LUS is to determine the effects of a
certain land use-most frequently agricultural or urban—on

predominantly shallow, recently recharged groundwater. This
type of study typically involves about 20-30 randomly-selected
wells only in areas associated with the land use of interest. For
example, a subset of the Biscayne aquifer beneath urban land
in Broward County, Florida, was sampled using a network of
nearly 40 wells to assess the quality of shallow groundwater
within an urban landscape (fig. 3B). To characterize a LUS, the
overall extent of the aquifer selected for study, and the extent of
the subset of the aquifer where the targeted land use intersects
the aquifer (targeted urban land in Broward County, shown in
fig. 3B), were used as the groundwater study-area boundaries.
The area of a LUS ranged from about 20 km? to 12,700 km?,
but most were less than 1,000 km2.

Boundaries of aquifers and land-use study areas
within aquifers were delineated by USGS hydrologists and
geographers using various geologic, topographic, hydrologic,
physiographic, and soils maps (Squillace and Price, 1996).
These maps came from many sources, including the
Groundwater Atlas of the United States (U.S. Geological
Survey, 2000), USGS Regional Aquifer-System Analysis
(RASA) studies (Sun and others, 1997), and various land
use and land cover datasets. The boundaries of aquifers and
land-use study areas, which are often composed of multiple
discontinuous areas, were delineated originally as vector
polygons then converted to rasters at 30-m resolution prior to
geoprocessing for characterization. The characterization of the
LUS and MAS well network is identified by an NWIS network
name specific to NAWQA networks (SUCODE), which is
derived by concatenating the four-letter abbreviation for the
NAWQA study area with the code designating a particular
groundwater study network.

Thematic Datasets

The requirements for the GIS thematic datasets for
NAWQA are that the data were systematically compiled
and are available for the conterminous United States. These
requirements are necessary in order to develop consistent
characteristics for NAWQA sites and study areas, which
span across the nation. To some degree, the exclusive use of
national GIS datasets is a limitation because, for some datasets,
the national data are less detailed in resolution and attribute
information than similar GIS data for regional areas. The
geographic extent of all references to “GIS thematic datasets”
in this report is the conterminous United States.

The majority of the GIS thematic datasets used by
NAWQA are either used in their native form or are slightly
modified. The modifications are either changes in the projection
and/or conversion from vector to raster format. The format and
scale or resolution of the original and revised datasets that are
used by NAWQA are included in the appendix.
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Figure 3. Geographic extent of and the location of wells (U.S. Geological Survey, 2010) sampled in (A) the major aquifer study
of the Biscayne aquifer in southern Florida (David S. McCulloch, U.S. Geological Survey, written commun.,1998) and (B) the
urban land-use study located within the Biscayne aquifer in southern Florida (David S. McCulloch, U.S. Geological Survey,
written commun.,1998).
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Methods

Geospatial datasets are composed of geographic and
attribute information. The geographic component provides
the location of the mapped features as point, line, or polygon
features (“vector” data) or grid cells (“raster” data), and the
attribute component provides characteristics of the mapped
features. Mapped features can be represented as “continuous”
data—such as elevation represented as continuous surfaces—
or as “discrete” data—such as land cover represented by
definable boundaries.

The attributes of mapped features are stored primarily in
two ways: directly in the feature attribute table or indirectly
in related data tables. With raster data, the grid cells are
identified by their numeric values, which usually represent a
single attribute, and the unique values are typically stored in
the raster attribute table along with the number of grid cells
represented by each value. With vector data, every mapped
feature has an associated unique identifier, which is linked
to its attributes. The attributes of mapped vector features are
commonly stored in the feature attribute table.

For GIS datasets (vector or raster) that consist of a large
number of attributes, however, it is generally more efficient
to store the attributes in separate, related data tables, or, in
other words, multiple tables each linked by a common field
or attribute. Often, GIS data structured in this manner consist
of mapped areal units that are administrative or political in
nature. An example of mapped areal units with attributes
stored in related data tables are counties attributed by
population and number of housing units.

Multiple methods are used to characterize NAWQA
sampling sites and associated study areas depending on the
structure of the GIS thematic dataset. In this report, three
characterization methods are described: (1) simple overlay,
(2) area-weighted areal interpolation, and (3) land-cover-
weighted areal interpolation. Simple overlay is used with
GIS thematic datasets that store attribute information directly
associated with each mapped feature (polygon, point, line,
or grid cell), whereas areal interpolation is used with GIS
thematic datasets in which attribute information is linked to
mapped areal units. For all methods, the Arcinfo Workstation
GRID commands that set the geoprocessing cell size and
“snap grid” were applied to ensure all raster processing was
done at 30-m resolution, with all cell locations aligned to the
National Land Cover Dataset 1992 (U.S. Geological Survey,
1999; Vogelmann and others, 2001). The method that NAWQA
used to process each GIS thematic dataset for NAWQA site
and study-area characterization is noted in the appendix.

Simple Overlay

Simple overlay is the most basic method of characterizing
a site or study area. The simple point overlay can be used to
overlay (1) point locations, such as the sampling sites with
areal features of interest like land cover, or (2) study-area
boundaries with point features of interest like dams. The
simple line overlay is used to overlay study-area boundaries
with linear features of interest, such as roads, whereas the
simple areal overlay is used to overlay study-area boundaries
with areal features of interest.

Figure 4 shows examples of how a sampling site can be
characterized by using simple point overlay. A single overlay
of the national NAWQA sampling sites with a national
thematic raster results in a table of the categorical or numeric
value of the intersecting thematic grid cell for each site.
Figure 4A shows the Pudding River at Aurora sampling site
superimposed on the 30-m resolution National Land Cover
Database 2001 (Homer and others, 2007; U.S. Geological
Survey, 2007). The site intersects the land-cover grid cell
classified as “woody wetlands,” (fig. 4A), and, thus, the site
is characterized as such. The same site overlain with the
100-m resolution National Elevation Dataset (U.S. Geological
Survey, 2003), is shown in figure 4B. The intersecting grid cell
has a numeric value of 26 and, thus, is characterized as having
an elevation of 26 m.

Simple point overlay can also be used to characterize
a study area by the density of point features of interest. The
study-area boundary is overlain with the point features, and
the results of this overlay provide the tabular data needed
to calculate the total number of features within the study
area. This number is then divided by the area of the study-
area boundary to determine the feature’s density within the
study area.

Similarly, simple line overlay can be used to determine
the density of linear features of interest within a study area.
The process is nearly identical to acquiring the density of
point features in a study area: (1) the study-area boundary is
overlain with the linear (rather than point) features, (2) the
total length (rather than number) of the linear features within
the study area is calculated, and (3) the computed total length
is divided by the study-area boundary to calculate the feature’s
density within the study area.
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Figure 4. Example showing the results of simple point overlay of the Pudding River sampling site (U.S. Geological
Survey, 2010) with (A) a 30-m resolution land-cover raster from the National Land Cover Database 2001 (U.S.
Geological Survey, 2007; Homer and others, 2007), and (B) a 100-m resolution elevation raster from the National
Elevation Dataset (U.S. Geological Survey, 2003). m, meters.
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To characterize a study area using simple areal overlay,
the initial step is to overlay the study-area boundary with
area-defined features, and the remaining steps are dependent
upon whether the features are discrete or continuous. For
discrete data, the study area is characterized as percentages
or densities. In contrast, for continuous data, the study
area is most often characterized as averages and rarely
as total quantities or mass. Simple areal overlay using
discrete and continuous data are illustrated in figures 5A and
5B, respectively.

The use of simple areal overlay to characterize land
cover in the Pudding River basin is shown in figure 5A. The
30-m resolution land-cover raster is overlain with the 30-m
resolution raster of the Pudding River basin boundary to

generate a land-cover raster for the Pudding River basin. This
land-cover raster includes the attribute table of land-cover
classification codes (Value) and the number of (30-by-30-m
resolution) grid cells (Count) for each land-cover classification
in the Pudding River basin. The percentage of the land-cover
classifications in the drainage basin is calculated by dividing
the number of grid cells represented by each classification by
the number of grid cells that define the basin boundary, then
multiplying the quotient by 100. For example, the percentage
of “open water” (land-cover code 11) for the Pudding River
basin is the number of grid cells in the basin coded as 11
(7,500) divided by the number of grid cells that define the
basin (1,500,000), multiplied by 100, which results in 0.5.

A ‘_/"F.:’ ‘/"ﬂ.l
/" “_ Pudding River basin LN
P . . 7 N,
e ~N (30-m resolution) cemte s’ N
/ } 7 N
"l\.."’ ") '.‘\. - "’
( i 4 H
L. d i d
? ) ? )
4 ! ; i
{ ¢ ! ¢
s ! . !
A \ i <
Land-cover "\, [ Boundary '~ T,
raster N, ... raster N, ~..
., M) ~., 5
\.\...\__’_-. arsf \..~.,\"'_” arsf

Attribute tables of the land-cover and boundary raster for the Pudding River basin,
and derived percentages of land-cover classifications

i Land-cover | Percentage
e Value Count | : Value Count land cover

I classification o T

: I Open water 11 750 | ! 1 1500000 05

i [ | Developed, open space 21 30,000 20

i [ ] Developed, low intensity 22 45000 | 3.0

i 0 Developed, medium intensity 23 15000 1 1.0

; Il Developed, high intensity 24 7500 1 0.5

i I Barren land 31 7500 ! 05

1 [ Deciduous forest Y 7500 ! 0.5

i M Evergreen forest 42 375000 ! 250

i I Mixed forest 43 15000 ! 1.0

1 Shrub/scrub 5 150000 10.0

I M Grasslands/herbaceous A 45,000 I 3.0

| 7 Pasture/hay 81 450000 : 300

' Cuttivated crops 82 300000 20.0

E [ Woody wetlands 90 30000 2.0

i I Emergent herbaceous wetlands 95 15,000 i 1.0

Figure 5. Example showing the results of simple areal overlay of the Pudding River basin
with (A) a 30-m resolution land-cover raster from the National Land Cover Database 2001 (U.S.
Geological Survey, 2007; Homer and others, 2007) and (B) a 90-m resolution average annual
precipitation raster. cm, centimeters; m, meters.
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Pudding River basin boundary raster at the
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Portion of average annual precipitation raster

at the 90-m resolution

135.74

90x 90 m

137.07

150.46

*basin not to scale

[
30x30m

139.39

140.39

145.62

145.62 145.39

143.37 149.66

145.87 151.45

144.49 154.79

Combined raster of the Pudding River basin boundary raster and the average
annual precipitation raster, at the 30-m resolution

135.74 139.39

0

137.07 140.39

150.46 145.62

143.37 189.66 0

145.87 151.45

9

value

Number of
30-by-30-m

144.49 154.79

Mean of Average Annual Precipitation for the basin
=(13574x0) +(139.39x 1)
+(137.07x4) +(140.39x 9)
+(137.07x 4) +(143.92x 8)
+(15046x 0) +(145.62x 1)

+(14562x 6)
+(143.37x 9)
+(14587x 9)
+(144.49x 5)

+(145.39x 0)
+(149.66 x 2)
+(151.45x0)
+(154.79x 4) ~ 8914.25

grid cells that
contribute to
the basin’s mean

0+
4+
4+
0+

1+
9+
8+

1+

6+
9+
9+
5+

0+
2+
0+
4

EXPLANATION
135.74 Precipitation

low

=
[r=
=

=143.8 (cm)

E—

Figure 5.—Continued
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Figure 5B illustrates simple areal overlay using
continuous data, and shows the computations that result
when the study area and thematic data rasters have different
grid-cell resolutions. In the example, a 90-m resolution
(fictitious) precipitation raster is overlain with a 30-m
resolution basin boundary raster, and the geoprocessing is
set to 30-m. Geoprocessing the 90-m resolution precipitation
raster at the 30-m resolution results in splitting or
“resampling” each 90-by-90-m grid cell into nine 30-by-30-m
grid cells, with each 30-by-30-m grid cell inheriting the value
from the (undivided) 90-by-90-m grid cell. Note that only the
30-m resolution precipitation grid cells that overlap the 30-m
resolution basin boundary, however, contribute to calculating
the mean precipitation for the basin. The top left 90-by-90-m
grid cell in figure 5B, with a value of 135.74, does not
overlap the 30-m resolution basin boundary, so it does not
contribute to computing the mean precipitation for the basin.
The 90-by-90-m grid cell below the top left grid cell has four
30-by-30-m (resampled) precipitation grid cells that overlap
the basin, so the values of these four grid cells (137.07)
contribute to calculating the basin’s mean precipitation. This
spatial overlay analysis is repeated for each overlapping
30-by-30-m grid cell by the GIS software. The software
computes the mean precipitation for the basin by taking the
sum of the values of the 30-by-30-m precipitation grid cells
that intersect the basin and dividing it by the total number of
30-by-30-m precipitation grid cells that were summed. The
computation of the mean average annual precipitation for the
Pudding River basin, shown in figure 5B, is 8914.25 divided
by 62, or 143.8 (centimeters).

The NAWQA Program processes many 1-km resolution
national GIS thematic datasets to calculate study-area means
of various features. When the resolution of the thematic
dataset (for example, 1-km or 1000-m) does not divide evenly
into the processing resolution (such as 30-m), an uneven
resampling of grid cells takes place. In Arcinfo GRID,
“nearest-neighbor resampling” occurs by default (which is the
setting applied by NAWQA), and the 30-by-30-m resampled
thematic data grid cells that partially intersect the basin
or study area contribute to its computed mean only if the
centroid of these grid cells intersects the 30-by-30-m grid cell
of the study area in the same location.

Areal Interpolation

A common geospatial problem is estimating quantities of
an attribute that are defined by mapped areal units that have
different boundaries than the study areas of interest. One can
acquire crude estimates for the study area by summing the
quantities of the attribute corresponding to the mapped areal
units, or “source zones,” that entirely or partially intersect
the study area, or “target zone.” While the inclusion of the
quantities in their entirety for the partially intersecting source
zones would likely produce an overestimation, the exclusion
of the quantities for these subdivided source zones would

likely produce an underestimation. Instead, the quantities
could be refined for the subdivided source zones if areal
interpolation were applied to proportion the quantities by
the extent of intersection of the source and target zones. In
this report, this method is referred to as “area-weighted”
areal interpolation.

A simplified example of estimating quantities using
area-weighted areal interpolation is shown in figure 6A.

There are two fictitious source zones, “X” and “Y,” which
have a quantity of 6 and 15 units, respectively. Both source
zones intersect the target zone (the dotted rectangle), and

the quantity that each of these intersecting source zones
contributes to the target zone’s estimate is dependent upon the
fraction of the source zone that intersects the target zone. In
this example, the amount of overlap of source zone X with the
target zone is one-sixth, so one-sixth of the quantity associated
with source zone X (6 units) contributes to the target zone

(1 unit). About one-third of source zone Y intersects the target
zone, so one-third of 15, or 5 units of source zone Y contribute
to the total quantity for the target zone. The area-weighted
total quantity for the target zone then is computed by taking
the sum of the contributions from the two source zones (1 and
5 units), which is 6 units. Area-weighted areal interpolation
assumes that there is homogeneous distribution throughout the
source zones.

An approach to improving area-weighted areal
interpolation is to use mapped land cover to refine the spatial
distribution of the quantified attribute within the source zone.
The selected land-cover classification is related to the attribute
of interest, for example, mapped residential urban areas
and population. Therefore, with land-cover weighted areal
interpolation, the spatial distribution of the quantified attribute
is confined only to areas that represent the selected land-cover
classification. The distribution within these areas is also
assumed to be homogeneous.

An example of estimating quantities using land-cover
weighted areal interpolation is shown in figure 6B. The
red-colored boxes represent the mapped areas of a specific
land-cover classification. The same quantities for source
zones X and Y depicted in figure 6A are now confined to the
red boxes in the source zones, such that the red area in source
zones X and Y has a quantity of 6 and 15 units, respectively
(7.5 for each red box in source zone Y). One-quarter of the
area of the selected land-cover classification in source zone
X intersects with the target zone; therefore, one-fourth of the
quantity associated with source zone X (one-quarter of 6, or
1.5 units) contributes to the total estimate for the target zone.
Because the two areas of the selected land-cover classification
in the source zone Y do not intersect the target zone, the
quantities associated with source zone Y do not contribute
to the target zone’s estimate. The total quantity for the basin
using land-cover weighted interpolation is the sum of the
land-cover weighted contributions from source zones X and Y
(1.5 + 0, or 1.5 units).



Methods

A Estimating Quantities using Areal Interpolation

1/6 of Source Zone
is located within

the Target Zone |

1/4 of the selected
land-cover
classification in
Source Zone X

is located within
the Target Zone

Area-weighted - quantity

Data Table of Quantities,
by Source Zone

Source Zone Quantity

X 6

1/3 of Source Zone Y 15

is located within
the Target Zone

Area-weighted quantity =(1/6 = 6) + (1/3 = 15)
=1+5=6units

Land-cover-weighted - quantity

15

Data Table of Quantities,
by Source Zone

| Source Zone Quantity
None of the selected
land-cover classification
in Source Zone Y is
located within the
Target Zone

X 6
Y 15

Land-cover-weighted quantity = (1/4«6) + (0« 15)
=15+0=15units

C Estimating Densities (quantity per area) using Areal Interpolation

1/2 of theTarget
Zone is located

within Source |

Zone X

Area-weighted - density

Data Table of Densities,
by Source Zone

Source Zone Density

X 20
1/2 of the Target Y 10

Zone is located
within Source
Zone Y

Area-weighted density =(1/2* 20) +(1/2 % 10)
=10+ 5= 15 units per area

EXPLANATION

i Target Zone

Source Zone

Area of the selected land-cover
D classification that corresponds to
quantities within the Source Zone

Figure 6. Simplified examples of estimating quantities and densities by using areal interpolation.
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Although the examples in figures 6A and 6B are fictitious,
they show how estimates of quantities can be significantly
different depending on the method used to obtain them (by
a factor of four). Note that interpolation is unnecessary for a
source zone that is entirely within the target zone with either
area-weighted or land-cover-weighted areal interpolation
because the entire quantity associated with the undivided
source zones contributes to the total for the study area. With
areal interpolation, in general, the greater amount of overlap
that exists between the target and source zones, the higher
the probability for more accurate weighted estimates for the
subdivided source zones.

For estimating densities, or quantities per unit area, such
as mean population density, the intersecting source zone’s
contribution is based on the percentage of the target zone
intersecting each source zone. The percentage is applied to
the density associated with the entire source zone to quantify
the contribution from each intersecting source zone. Thus,
if 80 percent of the target zone overlaps a source zone, then
80 percent of the density associated with this source zone
contributes to the density of the target zone. This approach also
assumes the density of the attribute is uniform across the source
Zones.

An example of applying area-weighted interpolation
to determine an area-weighted mean density is depicted in
figure 6C. As with the examples in figures 6A and 6B, source
zones X and Y intersect the target zone; however, in figure 6C,
20 and 10 are the associated attribute densities for the two
source zones, respectively. Because half of the target zone lies
in each of the two source zones, half of the density associated
with source zone X (20) contributes to the weighted mean for
the target zone (0.5 multiplied by 20, or 10) and half of the
density associated with source zone Y (10) contributes to the
weighted mean for the target zone (0.5 multiplied by 10, or 5).
The sum of the weighted means (10 and 5, respectively), or
15 units per area, is the resulting weighted mean density for the
target zone.

The following two sections walk through step-by-step
calculations for estimating mean densities and total quantities
of an attribute for a study area using area-weighted areal
interpolation, and estimating total quantities (or masses) of an
attribute derived from land-cover weighted areal interpolation.
Hereafter, the estimates derived for total quantities and mean
densities using area-weighted areal interpolation are referred
to as “area-weighted quantities” and “area-weighted mean
densities,” respectively; the estimates computed for quantities
using land-cover weighted interpolation are referred to as “land-
cover weighted quantities.”

Area-Weighted Areal Interpolation

Area-weighted areal interpolation is used to estimate
mean densities and quantities of an attribute. The process of
estimating the mean density of an attribute for a target zone
(Dt) can be summarized as follows:

Methods to Characterize Environmental Settings of Stream and Groundwater Sampling Sites

y (ﬁ*osij &)
|\ At

where
n is number of source zones (for example,
counties) intersecting the target zone
(for example, drainage basin),
Ast; is Area of intersection, of source zone i
and the target zone,
At is Area of the target zone, and

Ds; is Density of an attribute expressed in units
per area, for source zone i.

The use of area-weighted areal interpolation to estimate
the area-weighted mean (or the weighted average) population
density for the Pudding River basin using county boundaries
and (fictitious) population density values is illustrated in
figure 7. Here, the target zone is the Pudding River basin and
the source zones are counties, for which there are population
density statistics. The method is presented in 4 steps (fig. 7):

1. determine the areas of intersection of the source zones
with the target zone (Ast), and determine the area of the
target zone (At);

2. calculate the area-weighted weighting factors for the
source zones that intersect the target zone (WF);

calculate the area-weighted densities of the attribute for
the source zones that intersect the target zone (Dst); and

4. sum the area-weighted densities (Dst) to calculate the
area-weighted mean density of the attribute for the target
zone (Dt).

Step 1 has two parts. The first part of step 1 (fig. 7,
step 1A) is to determine the areas of intersection of the
source zones (counties) with the target zone (Pudding River
basin). To compute these areas, the raster of the Pudding
River basin boundary is overlain with the national raster of
county boundaries. The results from this raster overlay yield
the number of grid cells (and thus the areas) of the Pudding
River basin that intersect each county. In this example, the
basin intersects two counties, Clackamas and Marion (referred
to as counties “A” and “B,” respectively), and the areas of
the counties intersecting the basin are 300 and 900 km?2,
respectively. The second part of step 1 (fig. 7, step 1B) is
to determine the area of the target zone. Derived from the
number of grid cells that define the basin boundary, the area of
the Pudding River basin is shown to be 1,200 km?.

Next, step 2 (fig. 7, step 2) calculates the area-weighted
weighting factors for the source zones that intersect the target
zone. This weighting factor is equal to the area of intersection
of the source zone with the target zone, divided by the area
of the target zone. In this example, the weighting factor for
county A is 300 km2 divided by 1200 km?, or 0.25; for county
B, it is 900 km? divided by 1,200 km2, or 0.75.
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In step 3 (fig. 7, step 3), the area-weighted density of
the attribute (population) is determined for the source zones
that intersect the target zone by multiplying the weighting
factor for the source zone by the density for the source zone.
Given that the countywide population densities for counties A
and B are 80 and 60 persons/km?, respectively, the weighted
population density estimates for the portions of these two
counties in the Pudding River basin are 0.25 multiplied by
80 persons/km?, or 20 persons/km?, and 0.75 multiplied by
60 persons/km?, or 45 persons/km?, respectively.

Finally, in step 4 (fig. 7, step 4), the estimated
area-weighted density of the attribute (population) for the
target zone (Pudding River basin) is computed by summing
the weighted densities (of population) calculated in the
previous step. The sum of the weighted densities for counties
A and B (20 and 45 persons/km?) is 65 persons/km2.

The process of estimating quantities of an attribute for a
target zone by using area-weighted areal interpolation (Qt) can
be summarized as follows:

n
z(ﬁ*gsi] @
i1\ AS;
where
n is number of source zones (for example,
counties) intersecting the target zone
(for example, drainage basin),
Ast; is Area of intersection, of source zone i
with the target zone,
As; is Area of the source zone i, and
Qs; is Quantity of an attribute for source zone i.

Equations 1 and 2 have important differences: the
divisor in equation 1 represents the area of the target zone,
whereas the divisor in formula 2 represents the area of the
source zone. In other words, the only variation lies in the
computation of the weighting factor. Accordingly, the steps
to compute area-weighted quantities are nearly identical
to the steps to compute area-weighted mean densities. The
step-by-step process to estimate population for the Pudding
River basin using area-weighted areal interpolation from
county boundaries and (fictitious) county areas and population
statistics is illustrated in figure 8.

The initial step in this approach determines the areas of
intersection of the source zones with the target zone (fig. 8,
step 1A), which is identical to figure 7 step 1A; however, the
second part (fig. 8, step 1B determines the area of the source
zones (counties) rather than the target zone. Derived from
the number of grid cells for each county in the national raster
of county boundaries, the areas of Clackamas and Marion
counties (counties “A” and “B,” respectively) are 5,000 km?
and 3,000 km?, respectively. (Note: this step only needs to be
carried out a single time to obtain the source-zone areas for the
entire nation.)

Next, step 2 (fig. 8, step 2) calculates the weighting factors
for estimating quantities for the source zones (counties) that
intersect the target zone. The weighting factor is equal to the area
of intersection of the source zone with the target zone, divided by
the total area of the source zone. In this example, the weighting
factor for county A is 300 km? divided by the countywide area,
5,000 km2, or 0.06; and, similarly, the weighting factor for
county B is 900 km? divided 3,000 km2, or 0.30.

In step 3 (fig. 8, step 3), the weighted quantity of the
attribute (population) for a source zone that intersects the target
zone is determined by multiplying the weighting factor for a
source zone by the quantity (population) for the source zone
(county). Given the populations for counties A and B are 250,000
and 210,000 persons, respectively, the weighted populations
for these two counties are 0.06 multiplied by 250,000 persons,
or 15,000 persons, and 0.3 multiplied by 210,000 persons, or
63,000 persons, respectively.

Finally, in step 4 (fig. 8, step 4), the quantitative estimate
of the attribute (population) for the target zone (Pudding
River basin) is computed by summing the weighted quantities
of the attribute (population) calculated in the previous step.

The weighted population for counties A and B, 15,000

and 63,000 persons, respectively, are summed, which is

78,000 persons. Population density could then be calculated by
dividing the 78,000 persons by the area of the basin, 1,200 km?2,
which is 65 persons/km?,

It is worth noting that if a national raster of population
density or population counts was readily available, simple
overlay could be used instead of areal interpolation. The
population density raster could be superimposed over a basin
boundary raster, for example, and the mean of the population
density values of the overlapping grid cells would reflect the
mean population density for the basin. Similarly, a population
(counts) raster could be superimposed over the basin boundary
raster, and the sum of the population values of the overlapping
grid cells would reflect the total population for the basin. In
addition, this total population estimate divided by the basin area
would represent the mean population density for the basin.

Two factors are important to consider when deciding
whether to use simple overlay or areal interpolation if the option
exists: the resolution of the raster data for the attribute of interest,
and the size of the source and target zones. A raster of population
density or population counts with large grid cells (for example,

5 kilometers by 5 kilometers) would be too coarse to characterize
a number of small drainage basins (for example, less than

25 km?). Results could be improved by applying area-weighted
interpolation using detailed source-zone boundaries rasterized at
a higher resolution (smaller grid cells). Furthermore, estimating
population density or population (counts) using smaller source
zones (such as census blocks rather than counties) would greatly
improve estimates for the partially intersecting source zones. If,
however, either method could be applied, but there were a large
number of source-zone level attributes of interest, it would be
more efficient to employ areal interpolation instead of simple
overlay to obtain study-area characteristics.
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With areal interpolation, in general, the map overlay, which

is the most computationally-intensive step, is conducted once to
determine the weighting factors, and the remaining processing
consists of simple tabular computations of any number of
variables. If, for example, characteristics for drainage basins
located throughout the U.S. were needed for dozens of census
variables, simple overlay would require a map overlay of the

basin boundary with each national raster of the census variables.

The use of areal interpolation instead of simple overlay for
characterizing numerous variables by source zones reduces
processing time and avoids data duplication.

Land-Cover-Weighted Areal Interpolation

Land-cover-weighted areal interpolation is an extension
of area-weighted areal interpolation in which land cover is
added to refine the spatial interpolation process. Rather than
distributing a quantified attribute uniformly throughout the
source zone, the attribute is confined to areas representing
selected land classifications that have a direct association
with the attribute. The addition of ancillary data for areal
interpolation, which has been referred to as “dasymetric
mapping,” has been used to estimate population using census
geography and urban land cover from classified satellite
imagery (Riebel and Agrawal, 2007; Holt and others, 2004;
Fisher and Langford, 1996).

Although any single land classification or groupings of
classifications can be used with land-cover-weighted areal
interpolation, the following discussion and example illustrate
the method applied to cropland. The process of estimating
quantities of an attribute for a target zone by using land-cover-
weighted areal interpolation (QLt) can be summarized as
follows:

& ALst;
il(ALSi QSi] ©

where
n is number of source zones (for example,
counties) intersecting a target zone
(for example, drainage basin),
ALst; is Area of intersection, of the selected land-
cover classification (for example, cropland)
within source zone i and the target zone,

ALs; is Area of the selected land-cover classification in
the entire source zone i, and

Qs; is Quantity of an attribute for source zone i.

Equations 2 and 3 have one difference: in equation 2, the
areas (Ast; and As;) pertain to the source zones in general and,
in equation 3, the areas (ALst; and ALs;) pertain to the areas of
land-cover classifications within the source zones.

The implementation of land-cover-weighted areal
interpolation is illustrated in figure 9. The example shows
how it can be used to estimate the amount of atrazine applied
on cultivated crops in the Pudding River basin by using
(fictitious) atrazine-use values and areas of cropland. In this
example, the Pudding River basin is the target zone, the
counties are the source zones, estimated amount of atrazine
use on crops by county is the quantitative attribute for the
source zones, and “cultivated crops” is the selected land-cover
classification. The source for mapped cropland is the National
Land Cover Database 2001 or “NLCD 2001” (U.S. Geological
Survey, 2007; Homer and others, 2007).

The first part of step 1 (fig. 9, step 1A) is to determine,
by source zone (county), the total area of the selected land
classification, “cultivated crops,” located within the target
zone (Pudding River basin). These areas are obtained by
overlaying the raster of the Pudding River basin boundary
with the national rasters of land cover and county boundaries.
The results from these overlays yield the county areas of
cropland in the basin: for Clackamas county (county “A”), the
total area of land classified as “cultivated crops” within the
basin is the 75 km?2; for Marion county (county “B”), the total
area is 200 km?.

The second part of step 1 (fig. 9, step 1B) is to determine
the source-zone (countywide) areas of the selected land
classification (“cultivated crops”). These areas are acquired
by overlaying the national land-cover raster with the national
county boundaries raster. The countywide area of “cultivated
crops” for counties A and B are 300 km?2 and 500 km?2,
respectively. (Note: this step is required only once to obtain
the source-zone areas of the selected land cover for the
entire nation.)

Figure 9. Example of land-cover-weighted areal interpolation
to estimate amount of atrazine applied on cultivated crops for
the Pudding River basin by using (1) a 30-m resolution land-
cover raster from the National Land Cover Database 2001

or “NLCD 2001” (U.S. Geological Survey, 2007; Homer and
others, 2007), (2) a national raster of county boundaries, (3) a
raster of the Pudding River basin boundary, and (4) fictitious
county atrazine use estimates on cultivated crops. The county
boundaries and basin boundary are the source zones and target
zone, respectively. “ALst” stores the area of land classified as
“cultivated crops” in the NLCD 2001 located within the Pudding
River basin, by county; “ALs” stores the countywide area of
land classified as “cultivated crops” in the NLCD 2001, by
county; “WF" stores the land-cover weighted weighting factor
for quantifying totals; “Qs” stores the atrazine use value for
the county; “Qst” stores the weighted value of atrazine for the
county; and “Qt" stores the land-cover-weighted total mass of
atrazine use for the Pudding River basin. km? square kilometer;
kg, kilograms. Shown on next page.
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Step1 a) Determine by source zone (county), the total areas of the selected land classification (“Cultivated crops”) located

within the target zone (Pudding River basin)—(ALst).

Pudding River  counties* land cover Pudding River Area of land-cover classifications, by county,

basin ~ basin, counties located in the Pudding River basin
. and land cover
‘I.J ‘-., + = County Land Classification ~ Area (km?)
~ b Clackamas (A)
Clackamas (A) Cultivated crops 75
Clackamas (A)
EXPLANATION Marion (B) )
I Open water B Evergreen forest Mar!on (B) Cultivated crops 200
[T Perennial ice / snow I Mixed forest Marion (B)
[ IDeveloped, open space 1 Shrub /scrub
[T Developed, low intensity I Grassland / herbaceous Areas of “Cultivated crops” by county (ALst),
[ Developed, medium intensity [ Pasture / hay located in the Pudding River basin
I Developed, high intensity [ Cultivated crops
[ Barren land [0 Woody wetlands County ALst (km?)
[ Deciduous forest I Emergent herbaceous wetlands Clackamas (A) 75
*Only intersecting counties are shown Marion (B) 200
Step1 b) Determine the source-zone-level (countywide) areas of the selected land classification (“Cultivated crops”)—(ALs).

Areas of land-cover

classifications, countywide
I Area
County Land Classification (km?) Areas of “Cultivated crops,"
Clackamas (A) Pasture/hay 400 countywide (ALs)
= Clackamas (A) Cultivated crops 300
Clackamas (A) Evergreenforest 5,000 County AL (k)
counties* land cover clourzjties and Marion (B) Pasture / hay 600 Clackamas (A) 300
and cover Marion (B) Cultivated crops 500 — Marion (B) 500
*Only intersecting counties are shown Marion (B) Open water 60
Step 2 Calculate the weighting factors for the source zones that intersect the target zones—(WF).
Weighting factors (WF), areas of “Cultivated crops” within the Pudding ALst 75
River basin (ALst), and areas of “Cultivated crops,” countywide (ALs) WF, = (_ATL_S_A_) = 200" 0.25
A
County WF ALst (km?) ALs (km?)
Clackamas (A) 0.25 75 300 Wrg = (ALste) Z 200 _ 49
Marion (B) 040 200 500 Alsg © 500

Step 3 Calculate the land-cover weighted estimates (of atrazine use on crops) for the source zones that intersect the target zone—(Qst).

Weighted atrazine use (Qst) , weighting factors

Atrazine use (kg) on crops,

Qstp = (WFA * O.SA)

(WF) and atrazine use on crops, countywide (Qs) countywide (Qs) — 0,025 % 1,200 (kg) = 300 kg
County Qst (kg) WF Qs (kg) County Qs (kg)
Clackamas (A] 300 025 1,200 Clackamas (A) | 1,200 Qst g=(WFg * Qsg)
Marion (B) 3,200 0.40 8,000 B) =0.040 = 8,000 (kg) = 3,200 kg

Marion (

Step4 Sum the weighted estimates to calculate the estimated

8,000

amount (of atrazine use on crops) for the target zone (Pudding River basin}—(QLt).

Estimated amount of atrazine use on
crops for the Pudding River basin (QLt)

QLt = Qstp + Qstg =300 + 3,200 = 3,500 kg

or
3500 kg ALsa Alsg
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Then, step 2 (fig. 9, step 2) calculates the weighting
factors for the selected land-cover classification for the source
zones (counties) that intersect the target zone (Pudding River
basin). In this example, the (cropland-weighted) weighting
factor for a county is equal to the area of cultivated crops
in the county and basin divided by the countywide area
of cultivated crops. Accordingly, the weighting factors
for counties A and B are 75 divided by 300, or 0.25, and
200 divided by 500, or 0.4, respectively.

In figure 9, step 3, the weighted attribute (of atrazine
use) values for the source zones that intersect the target zone
(Pudding River basin) are calculated. The weighted atrazine
use value for a county is calculated by multiplying the
county’s weighting factor by the county’s atrazine use value.
The example shows 1,200 kg of atrazine is applied in county A
and 8,000 kg in county B; thus, the weighted atrazine use for
counties A and B are 0.25 multiplied by 1,200 kg, or 300 kg,
and 0.4 multiplied by 8,000 kg, or 3,200 kg, respectively.

The final step (fig. 9, step 4) is to sum the weighted
attribute values determined in the previous step to calculate
the quantitative estimate of the attribute (atrazine use) for the
target zone (Pudding River basin). The 300 kg estimated for
county A and 3,200 kg of atrazine use estimated for county B
are added, which results in an estimate of 3,500 kg of atrazine
used in the Pudding River basin. If area-weighted areal
interpolation was used in this example rather than land-cover
weighted areal interpolation, the atrazine use estimate would
have been 3,120 kg:

(0.6 x 1,200 kg atrazine) + (0.3 x 8,000 kg atrazine)
=720 + 2,400 = 3,120 kg,

or about 11 percent lower than the (3,500 kg) estimate derived
from using land-cover weighted interpolation.

For the most part, applying land-cover-weighted areal
interpolation over area-weighted areal interpolation improves
estimates of total quantities, but in some cases, the results are
identical. In the example above, if the land cover for the two
counties, Clackamas and Marion, was entirely cropland, the
area-weighted and land-cover-weighted weighting factors
would have been the same, thereby producing the same
atrazine-use estimates. The same results would be observed
if the cropland in both counties comprised multiple polygons,
but all fell entirely within the basin. Therefore, the spatial
distribution of the selected land classification(s) within the
(partially intersecting) source zone in relation to the target
zone determines the degree of potential accuracy improvement
with the addition of mapped land cover.

Note that if the intention was to acquire atrazine-use
intensity over a drainage basin, there are multiple options.
One approach would be to divide the pesticide use estimate
derived from land-cover-weighted areal interpolation (as
illustrated in fig. 9) by the area of the drainage basin. Two
alternate approaches would require the preexistence of a
pesticide-use-on-cropland raster that was developed by
weighting the (county-based) pesticide use on crops over
areas of mapped agricultural land (Nakagaki, 2007a,b). These

pesticide use rasters could be used with simple areal overlay
to acquire pesticide-use intensity by (1) obtaining the sum

of the pesticide-use grid cell values within the basin, then
dividing the sum by the basin area, or by (2) obtaining the
mean of the pesticide-use grid cell values within the basin.
One consideration for deciding whether simple areal overlay
would be sufficient is to determine if the resolution of the
pesticide-use raster is suitable for the size of the study areas.
The size of the study areas alone however, is not a completely
reliable indicator for determining the appropriate grid cell
resolution (Nakagaki and Wolock, 2005). Although outliers are
not common, exceptions do occur. The most suitable method
is often decided from the level of precision desired and an
acceptable margin of error for the particular application.

Limitations and Related Adjustments

The characteristics compiled for NAWQA sites and
associated study areas are subject to a number of limitations
that can be grouped as either data-driven or method-driven.
Factors that contribute to potential error from the input data
include the accuracy of the sampling site locations, study
area boundaries, and the inherent quality of the GIS thematic
dataset. In regard to the methods, area-weighted interpolation
gives rise to potential error based on the assumption of
uniform distribution or density of the attribute; additional error
is introduced with land-cover weighted interpolation if the
mapped land cover and data table of the attributes by source
zones have temporal or other differences that stem from the
integration of multiple data sources.

Clearly, the likelihood for erroneous site characteristics
is high with the use of inaccurate geographic coordinates for
the sampling sites. Such errors generally are more pronounced
with discrete data than continuous data. This is due to the
nature of continuous data compared to the nature of discrete
data: the neighboring cells of continuous data are likely to
have either the same, or a slightly higher or lower quantitative
value than the grid cell intersecting the station, whereas the
neighboring cells of discrete data have a higher likelihood
of having a different classification. The difference in value
of continuous data typically has much less effect on data
analyses. The probability for error is also reduced for sampling
stations intersected with either discrete or continuous data
with larger grid cells. An incorrect site location, however, can
jeopardize not only site characteristics but also well buffer and
drainage basin characteristics because these boundaries are
developed from the location of the sampling site.

Similarly, inaccurate study-area characteristics are likely
to result from the use of inaccurate study-area boundaries.
There are different degrees of inaccuracy; for example,

a drainage basin boundary derived from topographic and
hydrological data at 1:100,000-scale resolution, rather than

at the 1:24,000-scale, is insignificant compared to a drainage
basin boundary that unintentionally included a noncontributing



sub-basin that only contributes to the drainage area during
major storms. The latter would have a greater effect on

basin characteristics because, for instance, the difference in
area could alter the percentages of land cover composition
enough to alter the basin’s major land classification, whereas
improving boundaries with higher resolution source data
might change only a fraction of the land-cover percentage for
the basin.

Additionally, inaccuracies in the GIS thematic dataset
will adversely affect the reliability of site and study-area
characteristics. Even though the NAWQA program utilized
what was believed to be the best quality and most consistent
national scale data available, all thematic datasets, in general,
have uncertainty associated with them. Furthermore, in many
cases the extent of uncertainty is unknown. Whether or not
errors introduced are significant depends on the application.
For example, if a researcher wishes to know only if land cover
in a basin is “green vegetation” or “not green vegetation,” then
a miscoding in the land cover dataset of “deciduous forest”
instead of “orchards/vineyards” is not a problem. However,
if the researcher wants an estimate of pesticides applied to
orchards and vineyards in the basin, then a miscoding of
“deciduous forest” instead of “orchards/vineyards” would be
a concern because the error could result in misrepresented
agricultural pesticide use for the study area.

Potential errors of study-area characteristics can also
be introduced from the methods, such as the assumption
of homogeneous distribution of an attribute across source
zones with area-weighted interpolation. (Note: this limitation
pertains only to partially intersecting source zones within a
target zone and not to the source zones entirely within the
target zone.) In other words, the reliability of target zone
estimates acquired from area-weighted areal interpolation
depends on the degree of heterogeneity across the source
zones that partially intersect the target zone: the lesser degree
of heterogeneity, the lesser likelihood of error.

Errors associated with area-weighted areal interpolation
can be minimized by applying the smallest units of source
zones possible, such as census blocks in place of counties
or census block groups. The census block is the smallest
geographic entity for which the U.S. Census Bureau collects;
in 1990, there were approximately 7 million census blocks
in the conterminous United States compared to about
230,600 census block groups (Hitt, 1994). The constraints
to using smaller source zones, however, include the absence
of, or difficulty in attaining, readily available mapped and
refined source zones, as well as computer-related issues, such
as GIS software limitations, additional costs to acquire high
performance processors, and large amounts of data storage.

Although land-cover-weighted areal interpolation is a
vast improvement over area-weighted interpolation in general,
a typical limitation is disagreement in the area of the land
categories from mapped land cover (such as area of cropland)
compared to tabulated statistics (such as area of cropland on
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which a pesticide is applied). Unsurprisingly, disagreement
arises from the use of multiple data sources because
data-collection methods differ and criteria for classifying

land differ. The problem is heightened for areas where the
mapped land cover is completely missing a land-cover type,
whereas the tabulated data indicate otherwise. For example,

a drainage basin is located within a county, and the county
shows some atrazine use on row crops (say 1,000 acres of
cropland), but according to the mapped land cover, there is no
cropland in this county. By employing land-cover-weighted
interpolation under these conditions, the atrazine use for this
county will be completely disregarded and therefore “lost.”
One approach to avoiding the loss of data (amount of atrazine
use, in this case) is to apply area-weighted areal interpolation
for these partially intersecting counties in place of land-
cover weighted interpolation by assuming a homogeneous
atrazine-use intensity throughout the county. Unless the entire
county consists of agricultural land, however, this approach
would more than likely misrepresent the true distribution of
agricultural land and, subsequently, misrepresent the allocation
of pesticide use.

The process of integrating geographic data compiled
from different time spans is an ongoing challenge associated
with characteristics calculated from land-cover-weighted
areal interpolation. Seamless mapped land cover for the
conterminous United States is available for less frequent
intervals than statistics by source zone; consequently, national
land cover data that correlate closest to the date of the
source-zone data are typically used. NAWQA has extensively
applied land-cover-weighted areal interpolation by integrating
tabulated county data and mapped land cover that match
best temporally, but do not coincide completely. Examples
include, but are not limited to, (1) county-based estimates
of annual agricultural atrazine use from 1998 through 2007
(Thelin, 2010) apportioned on mapped agricultural land from
the NLCD 2001 (U.S. Geological Survey, 2007; Homer and
others, 2007) and from the NLCD 2006 (Fry and others,
2011; U.S. Geological Survey, 2011) ; (2) county-based
areas of agricultural management practices from the 1992
National Resource Inventory (U.S. Department of Agriculture,
1995) and the 1997 Natural Resource Inventory (U.S.
Department of Agriculture, 2000), compiled at the county
level and distributed on mapped agricultural land (Michael E.
Wieczorek, U.S. Geological Survey, written commun.,

2004) from the National Land Cover Data 1992 (U.S.
Geological Survey, 1999; Vogelmann and others, 2001) and,
(3) county-based estimates of historical pesticides, such as
dieldrin, DDT, and chlordane, applied on crops (Gail P. Thelin,
U.S. Geological Survey, written commun., 2004), alllocated
on mapped agricultural land from the Land Use and Land
Cover (LULC) dataset, which is based on aerial photographs
taken in the 1970s to mid-1980s (U.S. Geological Survey,
1990; Price and others, 2007).
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The reliability of site and study-area characterization will
increase as new data sources emerge and existing data sources
improve in quality and become available in more frequent
intervals. Examples include (1) the refinement of drainage-
basin boundaries as higher-quality landscape and mapped
hydrography become available; (2) the development of annual
pesticide-use estimates by county for the conterminous U.S.
from 1992 through 2009 (Gail P. Thelin, written commun.,
2012), which will replace the county 1992 and 1997
pesticide-use estimates (Thelin, 2005a,b) and the county 2002
pesticide-use estimates (Gail P. Thelin, written commun.,
2007); (3) the completion of the Cropland Data Layer for the
conterminous United States (U.S. Department of Agriculture,
2010a; Johnson and Mueller, 2010), which could be used in
replacement for the land classified as “cultivated crops” in the
National Land Cover Datasets; and (4) the replacement of the
1:250,000-scale State Soil Geographic (STATSGO) database,
which was designed for regional and national analyses (U.S.
Department of Agriculture, 1994), with 1:12,000-scale to
1:63,360-scale Soil Survey Geographic (SSURGO) database,
which was designed for soil analyses at a much smaller scale,
such as counties (U.S. Department of Agriculture, 2010b).

Summary

The physical and anthropogenic characteristics that
define the environmental settings of NAWQA’s sampling sites
and study areas are critical variables that support national
water-quality assessment. It is essential that the calculation
of these characteristics be performed using methods that
result in consistency in data development and geoprocessing.
This report described the three major methods for site
characterization and provided references and online linkages
to the national GIS data sources used by NAWQA.
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