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Application of Spatially Referenced Regression 
Modeling for the Evaluation of Total Nitrogen 
Loading in the Chesapeake Bay Watershed 

by Stephen D. Preston and John W. Brakebill 

Abstract 

The reduction of stream nutrient loads is an important part of current efforts to improve 

water quality in the Chesapeake Bay. To design programs that still effectively reduce stream?? 

nutrient loading, resource managers need spatially detailed itOrmation that describes the 

location of nutrient sources and the watershed factors that affect delivery of nutrients to the 
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Bay. To address this need, the U.S. Geological Survey has developed a set of spatially referenced regression models for the evaluation of nutri-

ent loading in the watershed. The technique applied for this purpose is referred to as "SPARROW" (SPA tially Referenced Regressions On 

Watershed attributes), which is a statistical modeling approach that retains spatial referencing for illustrating predictions, and for relating 
upstream nutrient sources to downstream nutrient loads. SPARROW is based on a digital stream-network data set that is composed of stream 

segments (reaches) that are attributed with traveltime and connectivity information. Drainage-basin boundaries are defined for each swam 

reach in the network data set through the use of a digital elevation model. For the Chesapeake Bay watershed, the spatial network was devel-

oped using the U.S. Envimninental Protection Agency's River Reach File I digital stream network. and is composed of 1,-108 swam reaches 

and watershed segments. 
To develop a SPARROW model for total nitrogen in the Chesapeake Bay watershed, data sets for sources and basin characteristics were 

incorporated into the spatial network and related to stream-loading information hr using a nonlinear regression model approach. Total nitro-

gen source variables them! were statistically significant in the model include point sources, urban area, fertilizer application, manure genera-

tion and atmospheric deposition. Total nitrogen loss variables that were significant in the model include soil permeability and instreant-loss 

rates for four stream-reach classes. Applications of SPARROW for evaluating total nitrogen loading in the Chesapeake Bay watershed include 

the illustration of the spatial distributions of total nitrogen yields and of the potential for delivery of those yields to the Bay. This information 

is being used by the Chesapeake Bay Program), to tam-get nutrient-reduction areas (Priority Nutrient Reduction Areas) and to design nutrient-

load reduction plans that arc' specific to each tributary ("Tributary Strategies). 

Introduction 

The Chesapeake Bay has been 
adversely affected by excessive nutrient 
loading from tributaries that drain the 
watershed. Excessive nutrient loading 
has resulted in eutrophication of the Bay 
and in related ecological shifts that have 
adversely affected water quality and 
important aquatic species. Specific 
adverse impacts have included depres-
sion of dissolved oxygen levels, which 
affect benthic organisms, and loss of 
submerged aquatic vegetation, which 
provides fish habitat. Excessive nutrient 
loading results from human activities in 
the watershed, and efforts are currently 
underway to identify these activities and 
mitigate their effects. 

The Chesapeake Bay Program 
(CBP) is a multi-agency effort that was 
established to help restore the water 
quality and ecological integrity of the 
Bay. The CBP was established in 1983 

through an agreement between the U.S. 
Environmental Protection Agency 
(USEPA), the District of Columbia, and 
the States of Pennsylvania, Maryland, 
and Virginia. Other Federal Agencies 
such as the U.S. Geological Survey 
(USGS) support the CBP by collecting, 
compiling, and interpreting water-quality 
and related data. In the 1987 Chesapeake 
Bay agreement, the CBP established a 
goal to improve dissolved oxygen in the 
Bay by reducing 1985 controllable nutri-
ent loads by 40 percent by the year 2000. 
As part of the effort to reach that goal, 
the CBP has been conducting studies to 

•define the sources of nutrient loading, 
the processes that affect delivery of 
nutrients to the Bay, and appropriate 
management actions to limit nutrient 
loading. 

Through the efforts of the CBP and 
its partner agencies, various types of data 
have been collected that document the 
extent of nutrient loading and the envi-

ronmental factors that affect it. Stream-
discharge and nutrient-concentration data 
have been collected at many locations 
throughout the watershed. Data sets that 
document major sources of nutrients 
have also been developed, including 
those that quantify point-source dis-
charges, agricultural-fertilizer applica-
tion, manure generation and atmospheric 
deposition. In addition, data sets that 
describe the geographic characteristics of 
the watershed that may affect loading, 
such as land cover, physiography, and 
soil characteristics, have been compiled. 
All of this information is important for 
understanding nutrient loading and 
accomplishing the goals of the CBP. The 
environmental factors that affect loading 
are interrelated; thus the different types 
of data that describe these factors must 
be integrated to understand the role of 
any individual factor. 

The CBP is integrating nutrient-
source, delivery, and load data through 
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the implementation of a deterministic 
watershed model that describes water 
movement and nutrient transport 
throughout the watershed. The CBP 
watershed model is based on software 
referred to as the Hydrologic Simulation 
Program - FORTRAN (HSPF) (Donigian 
and others, 1994). The CBP HSPF model 
is a temporally and spatially variable 
model that allows the simulation of nutri-
ent loading on the basis of information 
collected in the watershed. The CBP is 
using the model to simulate nutrient 
loading under various land-cover and 
land-management scenarios to evaluate 
the effects of environmental factors in 
the watershed, and to design nutrient-
management strategies. The CBP HSPF 
model is spatially defined by 87 water-
shed segments that are on average more 
than 700 square miles in area. 
Calibration is performed for 14 of the 87 
watershed segments on the basis of load-
ing information collected at the down-
stream end of the segments (Donigian 
and others, 1994). 

To supplement the CBP watershed 
model, the USGS has developed a set of 
spatially referenced regression models. 
These models can be used to provide a 
statistical basis to watershed modeling 
and to provide additional spatial detail 
on nutrient sources and transport 
processes. The method used for develop-
ing the regressions is referred to as 
"SPARROW" (SPAtially Referenced 
Regressions On Watershed attributes) 
(Smith and others, 1997). The 
SPARROW methodology has been suc-
cessfully applied at the national scale for 
estimating total nitrogen and total phos-
phorus loads for streams in the continen-
tal United States (Smith and others, 
1997). This report describes a separate 
application of SPARROW at the scale of 
the Chesapeake Bay watershed (fig. 1). 

The application of SPARROW for 
watershed assessment is a new approach 
that offers three major features when 
compared to other techniques. First, the 
statistical basis of SPARROW provides 
an objective means of identifying rela-
tions between stream-water quality and 
environmental factors such as contami-
nant sources in the watershed, and land-
surface characteristics that affect contam-
inant delivery to streams. Second, 
SPARROW's spatially detailed network 
and traveltime data provide a means of 
estimating instream-loss rates. These loss 
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rates allow upstream watershed factors to 
be related to downstream loads in a more 
integrated way than has been possible 
previously, and allow the simultaneous 
evaluation of many factors that affect 
loads. Third, SPARROW provides a 
means of retaining detailed spatial infor-
mation about all environmental factors 
considered in the regression model. 
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Figure 1. Location of the Chesapeake Bay watershed. 

Because the regression models are linked 
to spatial information, predictions and 
subsequent analytical results can be illus-
trated through detailed maps that provide 
information about nutrient loading at 
detailed spatial scales. 

This report describes the basic 
methodology of SPARROW and its 
application in the Chesapeake Bay 
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Figure 2. Land cover in the Chesapeake Bay watershed Figure 3. Hydrogeomorphic regions of the Chesapeake Bay 
(Gutierrez-Magness and others, 1997). watershed (Bachman and others, 1998). 

watershed. As an example, the total 
nitrogen SPARROW model is presented 
for the year 1987. As part of the develop-
ment of that model, digital data sets that 
describe nutrient sources and geographic 
characteristics of the Bay watershed 
were compiled (Brakebill and Preston, 
1999). In addition, a stream-load data set 
that includes total nitrogen load esti-
mates for 79 stream locations was also 
compiled (Brakebill and Preston, 1999; 
Langland and others, 1995). All of these 
data sets have been placed within a spa-
tial framework that is defined by a digital 
stream network and related basin seg-
mentation. SPARROW allows the source 
and basin characteristic information to be 
related to stream loads, while maintain-
ing all referencing within the spatial 
framework. The intent of this report is to 
provide a basic understanding of 
SPARROW and its capabilities. 

Work described in this report was 
funded by the Integrated Natural 
Resource Sciences Program (formerly 
the Ecosystem Initiative Program) of the 
USGS and is part of a broader effort by 

the USGS to contribute to and support 
the work of the CBP and others to under-
stand and restore the water quality and 
ecological integrity of the Chesapeake 
Bay. 

Environmental Setting 

The Chesapeake Bay watershed 
extends over 64,000 square miles and 
covers parts of New York, Pennsylvania, 
Maryland, Delaware, West Virginia, and 
Virginia (fig. 1). Major urban areas with-
in the watershed include Scranton, Pa., 
Harrisburg, Pa., Baltimore, Md., 
Washington, D.C., Richmond, Va., and 
Norfolk, Va. Major tributaries that drain 
the watershed include: (1) the 
Susquehanna River, which drains much 
of Pennsylvania and New York; (2) the 
Potomac River, which drains much of 
Maryland, Virginia, and West Virginia; 
and (3) the James River, which drains 
much of southern Virginia. Numerous 
smaller tributaries drain the coastal mar-
gins of the Bay and the Eastern Shore of 
Maryland and Virginia. 

On the basis of data from 1987, 
most of the area in the Chesapeake Bay 
watershed can be classified in three 
major land-cover categories: urban area 
(10 percent), agricultural area (29 per-
cent) and forest area (60 percent) (fig. 2) 
(Gutierrez-Magness and others, 1997). 
Urban area is concentrated around the 
major urban centers, and to a lesser 
degree, around numerous smaller cities 
that are located throughout the water-
shed. Agricultural area is located primar-
ily in valley areas of the western and 
central part of the watershed, and on the 
Eastern Shore of Maryland and Virginia. 
The remainder of the watershed is domi-
nated by forest area. 

Areas of similar physiographic and 
geologic characteristics in the 
Chesapeake Bay watershed have been 
grouped into units called hydrogeomor-
phic regions (HGMR's) (fig. 3) that 
describe the major features of the Bay 
watershed (Bachman and others, 1998). 
These features are important to nutrient 
loading because the hydrology and envi-
ronmental chemistry of each unit varies 
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N 
(67.Li=x n Sn,j e e 

n=1 jEJ(i) 

where 

Li = load in reach 1; 

n,N = source index where N is the total number of considered sources; 

J(i) = the set of all reaches upstream and including reach i, except those containing 
or upstream of monitoring stations upstream of reach i; 

fin = estimated source parameter; 

= contaminant mass from source n in drainage to reach j; 

a = estimated vector of land-to-water delivery parameters; 

= land-surface characteristics associated with drainage to reach j; 

6 = estimated vector of instream-loss parameters; and 

•= channel transport characteristics. 

Figure 4. Mathematical form of the SPARROW model. 

with the characteristics of that unit. For 
example, the permeable soils and flat ter-
rain of the Coastal Plain cause a substan-
tial amount of precipitation to percolate 
through the soils and flow through 
ground-water aquifers to streams or 
directly to the Bay. In contrast, less per-
meable soils in the Mesozoic Lowland 
cause more water to flow overland to 
streams, which in turn causes stream 
runoff to occur more rapidly in response 
to precipitation. These features can have 
an important effect on nutrient loading 
by limiting or delaying the amount of 
nutrients that are delivered from the land 
surface to streams. 

Methodology for Spatially 
Referenced Regression Modeling 

SPARROW is a statistical model 
that relates stream-nutrient loads to 
upstream sources and land-surface char-
acteristics. Spatial referencing is accom-
plished by linking nutrient-source, land-
surface characteristic, and loading infor-
mation to a geographically defined 
stream-reach data set that serves as a net-
work for relating upstream and down-
stream loads. Nutrient inputs to each 
stream reach include loads from 
upstream and loads from individual 
sources in the part of the basin that 
drains directly to the reach. Land-surface 
characteristics that affect delivery of 
nutrients to the stream reach are included 
by quantifying the relative amount of 
each characteristic for each reach 
drainage. For example, the average land-
surface slope is calculated for the area 

draining to each stream reach. Spatial 
referencing is retained for all variables in 
the model so that predictions can be pre-
sented and interpreted in a spatial con-
text. Further details of the methodology 
are described in Smith and others (1997) 
and Smith and others (1993). 

The mathematical form of the 
SPARROW model is a nonlinear regres-
sion model in which source data are 
weighted by estimates of loss due to 
land-surface and instream processes (fig. 
4). Stream-load estimates from through-
out the watershed represent the "depen-
dent" variables that are used for model 
calibration. The model relates the 
stream-load estimates to three types of 
"independent" or explanatory variables, 
including source variables, land-to-water 
delivery variables, and instream-loss 
variables. Separate model parameters are 
estimated for each of the independent 
variables to evaluate the statistical signif-
icance of that variable for explaining the 
spatial variation in stream load. 

Source parameters (f3„) are included 
to determine the statistical significance 
of nutrient sources (s„1) in explaining the 
variation of loads among reaches. Total 
nitrogen sources considered in the 
Chesapeake Bay SPARROW model 
include point sources, urban land area, 
fertilizer application rates, livestock pro-
duction, and atmospheric deposition. 

The land-to-water delivery parame-
ters (a) determine the statistical signifi-
cance of different types of land-surface 
characteristics (Z1) for increasing or 
decreasing the delivery of nutrients from 
the land surface to the stream reach. For 

example, large percentages of imperme-
able surface area might be expected to 
increase delivery from the land surface 
to stream reaches. Land-surface charac-
teristics that were considered in the 
Chesapeake Bay SPARROW model 
include air temperature, precipitation, 
land-surface slope, soil permeability, 
stream density, and wetland area. 
Delivery of point-source loads to stream 
reaches was assumed to be unaffected by 
land-surface characteristics, and the 
value of the delivery term (e(-u'4)) for 
point sources is set equal to one. 

Estimating instream-loss parame-
ters (6) is important for relating upstream 
sources to downstream loads because a 
percentage of nutrients is usually lost 
due to stream processes, such as denitri-
fication. These losses must be accounted 
for to determine the importance of 
upstream sources for delivery of nutri-
ents to the Chesapeake Bay. There are a 
variety of chemical and biological 
processes that contribute to instream loss 
of nutrients. SPARROW does not distin-
guish or identify individual processes, 
however, because adequately detailed 
information on them generally is not 
available. Instead, SPARROW combines 
the effects of all processes into one 
instream-loss estimate that is simulated 
as an exponential loss (e(-)iTi.j)), and is a 
function of the instream-loss rate (6) and 
the traveltime in the stream reach. 

Instream losses can vary by stream 
size; for the Chesapeake Bay SPARROW 
model, instream-loss parameters were 
estimated for stream-reach classes 
defined by discharge level. Initially, 10 
stream-reach size classes were arbitrarily 
defined by discharges that ranged from 
less than or equal to 25 cubic feet per 
second (ft3/s) to greater than 10,000 ft3/s. 
These stream-reach classes were adjusted 
to optimize the fit of the model, and 
classes that were not significant in the 
model were combined with others. The 
final set of stream-reach classes were 
defined by discharge intervals of less 
than or equal to 200 ft3/s, greater than 
200 and less than or equal to 1,000 ft3/s, 
and greater than 1,000 ft3/s. A fourth 
instream-loss parameter was defined to 
account for losses with transport through 
reservoirs. 

Parameters in the Chesapeake Bay 
SPARROW model were estimated by 
applying a nonlinear least-squares algo-
rithm to the equation presented in figure 
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4. The error term in the model is 
assumed to be multiplicative, and the 
estimation algorithm is applied after both 
sides of the equation are converted to 
logarithmic form. The robustness of the 
parameter estimates is evaluated by 
applying a bootstrap algorithm in which 
the model parameters are repeatedly esti-
mated on the basis of subsamples of the 
stream load and predictor data. This pro-
cedure provides statistical distributions 
of model parameters that can be used to 
evaluate the potential range of parameter 
estimates. Further details of the bootstrap 
analysis are described in Smith and oth-
ers (1997). 

Description of Data Sets 

In the current version (Version 1.0) 
of the Chesapeake Bay SPARROW 
model, most dependent and independent 
variable data sets were compiled from 
published data bases that are consistent 
with the CBP HSPF model-input data 
sets (Donigian and others, 1994; 
Brakebill and Preston, 1999). An impor-
tant initial goal of the Chesapeake Bay 
SPARROW model is to provide informa-
tion that is consistent with and supple-
mental to the CBP HSPF model. For this 
reason, the same input data sets were 
used for both models whenever possible. 
A separate load data base was developed 
for the SPARROW model because its 
statistical nature allows calibration using 
loading, information from many more 
locations than are used by the CBP 
HSPF model. Most of the nutrient-source 
and land-characteristic data sets used in 
the SPARROW model, however, are the 
same as those used in the CBP HSPF 
model. 

An important difference between 
the Chesapeake Bay SPARROW models 
and the CBP HSPF model is that HSPF 
is spatially and temporally variable, 
whereas SPARROW is only spatially 
variable. HSPF provides load predictions 
for a limited number of locations over a 
specific time period and can be used for 
temporal trend evaluation. SPARROW 
provides load predictions for many more 
locations but only for one time period, 
typically one year. In this manner, 
SPARROW provides detailed spatial 
information that represents a "snapshot" 
in time. As such, a time period must be 
selected for the application of 
SPARROW and all data sets must be 

defined for that time period. SPARROW 
can be applied for evaluating temporal 
changes; however, a separate model 
must he developed for each point in 
time. 

For the purposes of Version 1.0 of 
the Chesapeake Bay SPARROW model, 
the year 1987 was selected as the time 
period of interest and all data sets 
have been defined for that year. 
The year 1987 was chosen 
because the land-cover data set 
was based on that time period 
and few land-cover data sets 
exist for more recent years. 
Furthermore, the CBP HSPF 
model (Donigian and others, 
1994) and national SPARROW 
models (Smith and others, 
1997) were based on the 
time period around 1987, and 
that year was selected to pro-
vide a basis of comparison 
with those modeling 
efforts. 

Sections that follow 
describe the data sets that 
were used in developing 
this version of the 
Chesapeake Bay 
SPARROW models. 
These descriptions 
are brief and are pro-
vided here primarily 
for context in inter-
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tion presented in the 
remainder of this Figure 5. River Reach File 1 stream network (DeWald and others, 
report. More detailed 1985) and stream nutrient-load data-collection site 

locations (indicated by red triangles). (Area indescriptions of the 
white represents the coastal margin area that isdata sets with geo- not described by the current version of the

graphic illustrations Chesapeake Bay SPARROW model.) 
can be found in 
Brakebill and Preston (1999). 

Stream-Reach and Basin Network 

The network for developing the 
Chesapeake Bay SPARROW model (fig. 
5) is based on USEPA's River Reach File 
1 (RF1) (DeWald and others, 1985). RF1 
is a 1:500,000-scale, digital stream data 
set that is attributed with stream-reach 
length, average stream discharge, and 
average flow-velocity data. This informa-
tion is used to classify stream reaches 
into size categories and to calculate tray-
eltime (length/velocity) for estimating 
instream-loss rates. Stream reaches are 
also attributed with connectivity informa-
tion, which is used to relate upstream 

and downstream reaches. Nationally. 
RF I consists of about 60,000 stream 
reaches, which include 1,366 stream 
reaches in the Chesapeake Bay water-
shed. For the purposes of the Bay 
SPARROW model, some reaches were 
subdivided at stream-load site locations 
so that load estimates were consistently 
at the downstream end of a reach. This 
modification resulted in 1,408 stream 
reaches in the Chesapeake Bay water-
shed. 

To provide a basis for relating con-
tinuous spatial information to stream 
reaches, the Chesapeake Bay watershed 
was segmented using RF1 and a 1-kilo-
meter grid-cell digital elevation model 
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(DEM) (Verdin and Greenlee, 1996). A 
1-kilometer flow-direction grid was gen-
erated from the DEM and used to delin-
eate drainage-basin boundaries for each 
digital stream reach (Environmental 
Systems Research Institute, Inc., 1992). 
Basin delineation produced 1 basin unit 
for each reach, or 1,408 basins in all. 
Thus, the final network consists of 1,408 
stream reaches and watershed segments 
for estimating loads and for illustrating 
load predictions. 

Stream reaches in the coastal mar-
gins of the watershed are not included in 
the network because streams in these 
areas were not included in RF1. As a 
result, the coastal margin of the Bay is 
not represented in the current 
Chesapeake Bay SPARROW models (fig. 
5); this represents a significant limitation 
because some large total nitrogen 
sources, such as sewage-treatment plants, 
are located in coastal areas, and these are 
not represented in the SPARROW mod-
els. Efforts are underway to address this 
limitation in future versions of 
SPARROW. 

Stream Nutrient-Loading Data 

Stream nutrient-loading data were 
derived from stream-discharge and 
water-quality data collected at gaged 
monitoring sites throughout the Bay 
watershed by a variety of State and 
Federal agencies (Langland and others, 
1995). Data from 147 sites were initially 
compiled for a period extending from 
1972 through 1992. Data from many of 
those sites were eliminated because they 
were collected for an inappropriate time 
period. For example, sites that did not 
have data within one year of 1987 were 
eliminated because of potential error 
related to extrapolating temporal trends 
in load estimation. Data also were elimi-
nated from sites that were representative 
of a drainage-basin size that was inap-
propriate for the network. For example, 
sites that were representative of small 
drainage basins (less than 10 square 
miles) were eliminated because they 
were inconsistent with the scale of the 
stream-network data set. The final 
stream-load data set consisted of loading 
information from 109 sites (shown in fig. 
5), 79 of which included total nitrogen 
data. 

Stream-load estimates at gaged 
monitoring sites were generated from 
stream-discharge and water-quality data 

through the use of a log-linear regression 
model called ESTIMATOR (Cohn and 
others, 1989). The ESTIMATOR model 
estimates daily concentration values that 
are based on flow, season, and temporal-
trend terms. Estimated daily concentra-
tion values are subsequently multiplied 
by measured daily-discharge values and 
summed to calculate an annual stream 
load. Typically, the ESTIMATOR model 
is applied to estimate stream loads for a 
period extending over a number of years 
or for evaluating trends in stream loads. 

For the purposes of generating 
stream-load data for calibrating the 
SPARROW model, the ESTIMATOR 
model was used to estimate annual load 
that was based on a long-term average 
daily-discharge time series, which is 
made up of the average flow for each 
day of the year over the period of record. 
The long-term average daily-discharge 
time series is used in the analysis to pre-
vent error due to random spatial varia-
tions in precipitation and discharge dur-
ing any given year. It is assumed that the 
long-term average hydrologic time series 
minimizes random spatial variations in 
meteorological processes that could 
interfere with accurate estimation of spa-
tial variations in loading processes. To 
generate load estimates that are based on 
the long-term average daily discharge, 
the ESTIMATOR model was calibrated 
by using the actual data. The average 
daily-discharge time series was subse-
quently used as input to the calibrated 
ESTIMATOR model to calculate the 
load estimate used in the SPARROW 
models. For the remainder of this report, 
stream loads that were estimated as 
described above are referred to as 
"observed" loads to distinguish them 
from those predicted by the SPARROW 
models. 

Nutrient-Source Data 

Data sets that document the size 
and spatial distribution of nutrient 
sources throughout the Bay watershed 
were generated on the basis of data sets 
developed for the CBP HSPF model. 
Nutrient sources considered for the Bay 
SPARROW model include municipal and 
commercial point sources, urban area, 
agricultural sources (fertilizer and 
manure application), and atmospheric 
deposition. Detailed descriptions of these 
data sets with illustrations showing the 
spatial distributions of the sources can be 

found in Brakehill and Preston (1999). 
Point-source discharge information 

was compiled by the CBP (Wiedeman 
and Cosgrove, 1997) from the USEPA's 
Permit Compliance System (PCS) point-
source discharge monitoring reports that 
are generated for each State. Included in 
the original data sets are locations of 
each point source and monthly estimates 
of waste discharge in pounds per year 
(lb/yr). For application in the SPARROW 
model, each point source was linked with 
a stream reach on the basis of the digital 
network described previously. The point-
source load for each stream reach was 
calculated by taking the average annual 
waste discharge for the period 1986-88. 

Urban area was considered a possi-
ble source of nutrients because of the 
potential for accumulation of nitrogen on 
impermeable surfaces and subsequent 
wash-off to streams. An urban-area vari-
able was defined on the basis of the digi-
tal land-cover data set developed by the 
CBP (Gutierrez-Magness and others, 
1997) (fig. 2). That data set includes a 
number of land-cover categories that 
were aggregated for the purposes of 
SPARROW application. Urban area was 
defined by combining the high-intensity, 
low-intensity, woody, and herbaceous 
urban categories. Acres of urban area 
within each watershed segment were cal-
culated and included as input to the 
SPARROW model. 

Loading from agricultural fertilizer 
and manure sources was quantified by 
using land-cover data, county-level agri-
cultural statistics, and CBP application 
rates. Total agricultural land within 
SPARROW model segments was quanti-
fied by the herbaceous category in the 
CBP land-cover data set. The acreage of 
herbaceous area was subdivided into 
conventional till, conservation till, and 
hay land area by using county-level agri-
cultural statistics. The fractions of each 
category were quantified for each county, 
and the total agricultural area within a 
given watershed segment and county was 
multiplied by those fractions to calculate 
the area of each of the three classes of 
agricultural land. Loading due to fertiliz-
er or manure application was calculated 
by multiplying the acres of each type of 
agricultural area by application rates in 
pounds per acre per year (lb/acre/yr) that 
were defined for each area of the water-
shed by the CBP (Gutierrez-Magness 
and others, 1997). The total fertilizer or 
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manure load was subsequently calculated 
by combining the loads of all three agri-
cultural land categories. 

Atmospheric deposition of nitrogen 
for the Chesapeake Bay watershed was 
quantified on the basis of point-location 
measurements collected by the National 
Atmospheric Deposition Program 
(NADP) (National Atmospheric 
Deposition Program, 1988). Point mea-
surements of atmospheric deposition 
were converted to a spatial data set 
through linear spatial interpolation 
(Smith and others, 1997). The spatial 
data set was then merged with the water-
shed network, and the total nitrogen from 
atmospheric deposition was calculated 
for each watershed segment. 

Watershed Characteristics Data 
Meteorological and land-surface 

characteristics data were compiled from 
a variety of tabular and spatial data sets. 
Each of the variables was considered to 
be a potentially important factor in con-
trolling the delivery of nutrients from the 
land surface to streams. Application of 
the statistical methods in SPARROW 
provides a way of testing the significance 
of each of the variables so that the envi-
ronmental factors that are most related to 
nutrient loading can be identified. Land-
characteristic variables considered as 
potentially important include air temper-
ature, precipitation, land-surface slope, 
soil permeability, stream density, and 
wetland area. 

Meteorological variables that are 
potentially important to stream nitrogen 
loading include air temperature and pre-
cipitation. Air temperature can affect the 
amount of nitrogen that reaches streams 
by affecting the rate of biological 
processes such as denitrification. 
Precipitation can affect delivery by deter-
mining the volume and rate of overland 
flow in areas of the watershed. To evalu-
ate the potential importance of these 
variables, tabular air temperature and 
precipitation data sets were obtained 
from the National Climatic Data Center 
for the period 1950-94 (National 
Climatic Data Center, 1997). Long-term 
average values were calculated for that 
period, compiled into a spatial data set, 
and an average air temperature and pre-
cipitation value was then calculated for 
each watershed segment. 

Basin characteristics, such as slope 
and stream density, were calculated by 

using the network data sets. The average 
slope of each watershed segment was 
calculated from the DEM by averaging 
the slope (in percent) of individual 1-
square-kilometer (0.39-square-mile) 
cells within the segment. Stream density 
was calculated as the ratio of the reach 
length to the segment area. Slope and 
stream density are assumed to enhance 
overland delivery to stream reaches. 
Higher slope is assumed to increase the 
rate at which water flows overland or in 
small streams and thus, increase the 
potential for delivery to streams. Higher 
stream density is assumed to increase the 
potential delivery to streams because it is 
an indication that there are shorter travel-
times from the land surface to a stream. 
In both cases, the variables were includ-
ed in the model in reciprocal form, in 
order to mathematically impose an 
assumption of a positive effect on land-
to-water delivery. 

The remaining two land-character-
istic variables, soil permeability and wet-
land area, are assumed to limit delivery 
to streams. Higher soil permeability is an 
indication of increased potential for per-
colation to ground water, which results 
in longer traveltime and more potential 
for biological modification. Similarly, 
wetland area is associated with slower 
traveltime, and greater potential for bio-
logical uptake and fixation of nutrients. 
An average soil-permeability value for 
each watershed segment was derived 
from the State Soil Geographic Data 
Base (Schwarz and Alexander, 1995) and 
wetland areas were derived from the 
land-cover data set (fig. 2) by quantify-
ing the acreage of wetland area in each 
watershed segment. 

Calibration of the Total Nitrogen 
SPARROW Model 

Calibration results of the total nitro-
gen SPARROW model for the 
Chesapeake Bay watershed are summa-
rized in table 1 and in figure 6. Table 1 
summarizes the application of the statis-
tical regression model, including parame-
ter estimates and probability levels of 
significance. The table lists all explanato-
ry variables that were considered in the 
model, but provides parameter estimates 
only for those variables that were statisti-
cally significant at the 0.10 probability 
level. Figure 6 is used to compare the 
predicted and the observed total-nitrogen 

load values and shows the statistical dis-
tribution of the regression residuals. In 
general, the fit of the model to the load 
data in the Chesapeake I3a watershed 
was good as indicated by a coefficient of 
determination (R2) of 0.961. The coeffi-
cient of determination is a measure of 
the fraction of variance in the load data 
that was accounted for by the indepen-
dent variables used in the regression 
model. In this case, the model as defined 
in figure 4 accounted for nearly all of the 
variance in the load data, and this is 
shown graphically in figure 6. Although 
the coefficient of determination value of 
0.961 is considered good, it is not neces-
sarily the only statistical diagnostic tool 
that should he considered to evaluate the 
reliability of the model. It is presented 
here as part of a set of diagnostics that 
are intended to provide a means of evalu-
ating the calibration of the model. 

All the source variables were 
strongly significant as indicated by prob-
ability levels of less than or equal to 0.01 
in all cases (table 1). Urban area was the 
weakest of the five source variables, hut 
was statistically significant. Because 
sources are already in units of load, para-
meter estimates for sources should 
approximate the value 1, if all other total 
nitrogen sources are described, and if' 
losses are accounted for through land-to-
water delivery factors. For example, 
point sources discharge directly to 
streams and because point-source loads 
are in the same units as stream loads, the 
point-source parameter should be close 
to the value 1. In contrast, urban area is 
in units of area because the loading rate 
from urban area is not known. Thus, the 
urban-area parameter estimate must com-
pensate for the differences in units, and 
is not expected to approximate the value 
1. 

Results of the calibration (table 1) 
indicate that the value of many of the 
source coefficients differs substantially 
from I. indicating that some other 
sources or losses are unaccounted for. 
The value of the point-source parameter 
is greater than 1 (fi —1.5), and reasons for 
this are still being investigated. Possible 
explanations are that: (I) the available 
point-source total nitrogen load data do 
not fully account for all of the point-
source loads: or (2) septic tanks, which 
are not accounted for, contribute a sub-
stantial amount of nitrogen to streams. 
The agricultural source (fertilizer and 
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Table 1. Parameter estimates, probability levels, and regression results 
for the Chesapeake Bay total nitrogen SPARROW model 

IT, traveltime; Q, stream discharge; lb/yr, pounds per year; °F, degrees Fahrenheit; in, inches; (i , percent: 
in/hr, inches per hour; mi, mile; ft'/s, cubic feet per second; ---, value not statistically significant] 

EXPLANATORY VARIABLES 

Nitrogen sources 

Point sources (Ib/yr) 
Urban area (acres) 
Fertilizer application (1b/yr) 
Livestock waste production (lb/yr) 
Atmospheric deposition (Ib/yr) 

Land-to-water delivery 

Temperature (°F) 
Precipitation (in) 
Average slope (%) 
Soil permeability (in/hr) 
Stream density (1/mi) 
Wetland (%) 

Instream loss (days) 

T1 (Q 5 2(X) ft'/s) 
T2 (2(X) (13/S < Q 51,000 ft3/s) 
T3 (Q >1,0(X ft'/s) 
II (reservoir retention) 

R-squared 
Mean square error 
Number of observations 

manure) parameter estimates are both 
much less than 1, and this is probably a 
reflection of crop uptake and other envi-
ronmental processes and factors that are 
not accounted for elsewhere in the 
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PARAMETER PROBABILITY 
ESTIMATES LEVEL 

13 
1.496 <0.005 
7.008 0.010 
0.2790 <0.005 
0.3361 <0.005 
1.024 <0.005 

a 

0.0754 0.095 

6 
0.7595 <0.005 
0.3021 <0.005 
0.0669 <0.005 
0.4145 <0.005 

0.961 
0.1669 

79 

model. The urban-area parameter esti-
mate is much greater than 1 because the 
area units are in acres, and must be con-
verted to load in lb/yr. 

Only one of the land-to-water deliv-
ery factors was statistically significant in 
the model. Soil permeability was weakly 
significant (probability level of 0.095) as 
a factor that limits transport of nitrogen 
from the land surface to streams. 
Presumably, soil permeability was signif-
icant because it is an indicator of the 
potential for nitrate to flow through 
ground-water pathways that are slower 
and provide more potential for loss 
through denitrification and other 
processes. Potential reasons that more 
land-to-water delivery factors were not 
significant are that: (1) the number of 
load data that are available for model 
development is small and may not have 
provided a sufficient level of statistical 

104 108 106 107 108 108 detail; and/or (2) the accuracy or level of 
OBSERVED LOAD, IN POUNDS PER YEAR detail in the land-to-water delivery factor 

data sets was inadequate to establish sta-Figure 6. Relation of predicted and observed 
total-nitrogen load values from tistical significance. Expanding the size 
calibration of the Chesapeake Bay of the load data base to increase the 
SPARROW model. (Observed loads potential for identifying relations
are those calculated from measured 

between stream load and other watershedstream-discharge and concentration 
data using the ESTIMATOR program, characteristics that may affect loading is 
Cohn and others, /992). being evaluated. In addition, alternative 

land-to-water delivery factor data sets are 
also being evaluated for potential 
improvements in the level of accuracy 
and detail. 

Instream-loss parameters were sta-
tistically significant for all three stream-
size classes and for reservoirs (table 1). 
In all four cases, the parameters were 
strongly significant (probability level of 
<0.005), indicating the importance of 
instream processing in limiting the 
amount of nitrogen that reaches the 
Chesapeake Bay. Of the loss rates for the 
three stream-size classes, the highest was 
for the smallest stream class, and the 
value decreased monotonically with 
increasing stream size. This is consistent 
with the calibration results of the nation-
al SPARROW model and could be relat-
ed to stream depth (Smith and others, 
1997). Smaller, shallower streams have 
more contact with bottom sediments and 
may have a greater potential for total 
nitrogen loss due to biological process-
ing at benthic surfaces. The estimated 
loss rate for reservoirs is high 
(64=0.4145), and may indicate the 
importance of reservoirs in trapping par-
ticulate nitrogen, which may be in the 
form of algal biomass. This result is 
especially important because recent stud-
ies have indicated that the life spans of 
the major reservoirs of the Susquehanna 
River are limited, and future loads to the 
Bay could be increased substantially as 
the reservoirs fill with sediment 
(Langland and Hainly, 1997). 

As previously stated, an important 
goal of the Chesapeake Bay application 
of SPARROW is to support the ongoing 
work of the CBP and its HSPF water-
shed modeling effort. To ensure that the 
models are consistent and to provide an 
added basis of evaluation of the 
SPARROW model, predicted loads from 
the two models were compared. A plot of 
predicted total nitrogen load from the 
SPARROW model against predicted total 
nitrogen load from the HSPF model is 
shown in figure 7. In general, the two 
models are in close agreement (r2=0.86); 
however, differences are greater among 
the smaller basins. In particular, the 
SPARROW model predicts much higher 
loads for two basins at the lower end of 
the scale. Reasons for these differences 
are being investigated, but in general the 
models provide consistent values of pre-
dicted total nitrogen load. 
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108 Selected Applications of the Total Knowledge of the spatial distribu-
Nitrogen SPARROW Model tion of local nutrient generation is impor-

tant for water-resource managers and 
106 A calibrated SPARROW model planners in prioritizing areas for manage-

can be applied in a number of ways to ment actions. To show local generation 
provide information about nutrient of total nitrogen, the SPARROW model 
loading. Because all information in was used to quantify what is referred to 
the SPARROW model is spatially ref- here as "incremental" yield (fig. 8). 
erenced, many of these applications Incremental yield is the amount (load per 
can be shown in the form of maps. area) of total nitrogen generated in each 

10' 

10(' 
Such maps provide information about reach basin independent of upstream 
the spatial distribution of environmen- load. Thus, each reach basin is treated as 
tal factors that affect nutrient loading an independent unit, and the amount of

105 
and provide spatial detail that is cur- total nitrogen generated in each unit is 
rently not available using most other quantified. These independent yields are 
watershed modeling tools. Spatially referred to as "incremental,- because in 

104 
104 10' 108 10' 108 108 detailed illustrations of nutrient loads reality the total nitrogen generated by 

HSPF-PREDICTED LOAD, and the factors that affect them can be each unit is accumulated with progres-
IN POUNDS PER YEAR used as tools for targeting manage- sion downstream. Treating them sepa-

ment practices or for other purposes. rately is a way of quantifying the incre-Figure 7. Total-nitrogen load predictions of the 
To illustrate ways in which a ment of load added by each watershedChesapeake Bay SPARROW model 

in relation to those of the Chesapeake SPARROW model can be applied, unit. In the Chesapeake Bay watershed, 
Bay Program Hydrologic Simulation selected examples of the total nitrogen there are 1,408 watershed units for which 
Program-FORTRAN (CBP HSPF) model applications are shown in fig- an incremental yield is calculated. These
model. ures 8-12, and are described below. yields illustrate the spatial distribution of 

EXPLANATION EXPLANATION 

INCREMENTAL YIELD OF DELIVERED YIELD OF 
TOTAL NITROGEN TOTAL NITROGEN 
(in pounds per acre (in pounds per acre 

per year) per year) 

• 0_ 0.88 [11 0 - 0.88 

0.88 - 1.76 • 0.88 - 1.76 

• 1.76 - 2.65 111 1.76 - 2.65 

2.65 - 3.53 2.65 - 3.53 

• 3.53 - 4.41 3.53 - 4.41 

El 4.41 - 5.29 4.41 - 5.29 

• 5.29 - 6.17 111 5.29 - 6.17 

111 6.17 - 7.05 6.17 - 7.05 

• 7.05 - 7.94 ▪ 7.05 - 7.94 

7.94 - 1,460 7.94 - 1,433 

NO DATA NO DATA 

0 50 100 MILES 0 50 100 MILES 
.8 S 1. 4 • • • .8 , I. 1. ti • • • 

0 50 100 KILOMETERS 0 50 100 KILOMETERS 

Figure 8. Incremental yield of total nitrogen in the Chesapeake Bay Figure 9. Delivered yield of total nitrogen in the Chesapeake Bay 
watershed during 1987. (Incremental yield is the amount of watershed during 1987. (Delivered yield is the amount of 
total nitrogen that is generated locally and contributed to total nitrogen that is generated locally for each stream 
each stream reach.) reach weighted by the amount of instream loss that 

would occur with transport from the reach to the Bay.) 
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EXPLANATION 

POTENTIAL DELIVERY OF 
TOTAL NITROGEN 

(in percent) 

0 - 28 

28 - 36 

r--

• 

. 36 - 44 

44 - 52 

52 - 60 

60 - 68 

68 - 76 

76 - 84 

84 - 92 

92 - 100 

NO DATA 

0 50 100 MILES 
1,, ,t.sr, t,N 
0 50 100 KILOMETERS 

Figure 10. Potential delivery of total nitrogen in the Chesapeake Bay 
watershed during 1987. (Values represent the percentage of 
stream load that may reach the Bay after accounting for 
instream losses.) 

local generation of total nitrogen in t he 
watershed. As shown in figure 8, nutrient 
generation is particularly high in areas of 
south-central Pennsylvania, central 
Maryland and Virginia, and the Eastern 
Shore of Maryland and Delaware. 

In addition to understanding the 
spatial distribution of local generation of 
total nitrogen, it is also important to 
understand how much of the total nitro-
gen that is generated locally reaches the 
Chesapeake Bay. Only a fraction of the 
total nitrogen generated in each water-
shed unit will reach the Bay because of 
losses due to instream processes. The 
amount of total-nitrogen loss is depen-
dent on the traveltime and on the 
instream-loss rate in each reach. The 
cumulative loss of total nitrogen over all 
the reaches between the local watershed 
unit and the Bay determines the amount 
that will he delivered. 

The spatial distribution of incre-
mental yield of total nitrogen that is 
delivered to the Chesapeake Bay is 
shown in figure 9. "Delivered" yield is 

calculated by weighting the incremental 
yield of each reach by the fraction that 
remains after instream processing in 
travel from the reach to the Bay. The 
delivered yields are much lower than the 
incremental yields for many reaches, par-
ticularly those that are farther from the 
Bay, and therefore have longer travel-
times and greater potential for instream 
loss (fig. 9). Comparison of figures 8 and 
9 provides a contrast between the spatial 
distributions of local generation of total 
nitrogen and the potential for delivery of 
total nitrogen to the Bay. Both of these 
pieces of information are important for 
the control of total-nitrogen loading 
because areas need to be prioritized for 
management actions on the basis of both 
total-nitrogen generation and on the 
potential for delivery of the nitrogen to 
t he Bay. 

Another way to evaluate delivery of 
total nitrogen in the watershed is to 
quantify the "potential for delivery" to 
the Bay. The delivered load shown in fig-
ure 9 represents the amount of total 

nitrogen generated in each watershed 
unit and the potential for its delivery. It 
may also be valuable to consider the 
potential for delivery separately, so that 
water-resource managers can consider 
the effect of future total-nitrogen genera-
tion in areas of the watershed when pri-
oritizing, areas for total-nitrogen controls. 
As described above, the potential for 
delivery to the Bay can be represented as 
the fraction of total nitrogen that remains 
after accounting for instream losses that 
occur in travel from each reach to the 
Bay. The spatial distribution of the per-
centage of total nitrogen that is delivered 
from each reach is shown in figure 10. 
Areas with high potential for delivery 
include those that are close to the Bay, 
have short traveltimes, and thus have lit-
tle potential for instream loss. Other 
areas with high potential for delivery 
include watershed units that are associat-
ed with the larger reaches. The larger 
reaches have lower estimated loss rates 
(table 1), thereby reducing the amount of 
instream loss that might occur in transit 
to the Bay. 

Land managers in the Chesapeake 
Bay community need to know what are 
the largest sources of total nitrogen and 
where are they most important. 
SPARROW provides a means of separat-
ing the effects of each statistically signif-
icant total-nitrogen source and evaluating 
its relative contribution in a spatial con-
text. The spatial distributions of the 
incremental yields of total nitrogen due 
to point sources and due to agricultural 
sources throughout the Bay watershed 
are shown in figures 11 and 12. Figure 
11 indicates that point sources are most 
important in the major urban areas where 
large sewage-treatment plants discharge 
to stream reaches. In contrast, agricultur-
al total-nitrogen generation is much more 
widely dispersed (fig. 12), and is greater 
than 7.94 lb/acre/yr over a large part of 
the watershed, including many of the 
same areas where the total incremental 
yields are high (fig. 8). These types of 
results provide a basis for separating the 
effects of different sources and for deter-
mining where they are most important. 
This information can be used by land-
and water-resource decision makers to 
prioritize areas for management actions 
and to select management actions that 
are appropriate for the largest sources in 
any given area. 
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I.; \PLANATION 

INCREMENTAL YIELD OF 
TOTAL NITROGEN DUE TO 
AGRICULTURAL SOURCES 

(in pounds per acre 
per year) 

0 - 0.88 

0.88 - 1.76 

1.76 - 2.65 

L. 2.65 - 3.53 

3.53 - 4.41 

Li 4.41 - 5.29 

Ei 5.29 - 6.17 

40 
6.17 - 7.05 

• 7.05 - 7.94 

111 7.94 - 106 

NO DATA 

Bo 

EXPLANATION 

INCREMENTAL YIELD OF 
TOTAL NITROGEN 

DUE TO POINT SOURCES 
(in pounds per acre 

per year) 

0 - 0 88 

0.88 - 1.76 

ri 1.76 - 2.65 

El 2.65 - 3.53 

• 3.53 - 4.41 

.71 4.41 - 5.29 

• 5.29 - 6.17 

6.17 - 7.05 

• 7.05 - 7.94 

7.94 - 1,452 

NO DATA 

NY 

PA.l 
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Figure 11. Incremental yield of total nitrogen due to point sources 
in the Chesapeake Bay watershed during 1987. 
(Incremental yield due to point sources is the amount 
of total nitrogen generated locally and contributed 
to each stream reach by point sources.) 

Potential Improvements to 
Chesapeake Bay SPARROW Models 

Potential improvements of 
SPARROW for the Chesapeake Bay 
watershed include enhancements to the 
data sets and to the capabilities of the 
models. The current version of 
Chesapeake Bay SPARROW models 
(Version 1.0) has a number of limita-
tions. First, the load data set on which 
the models are based was limited to 109 
sites, of which only 79 had enough total-
nitrogen data for estimating loads. 
Limited load data sets reduce the poten-
tial for demonstrating statistical signifi-
cance of explanatory variables in 
SPARROW models, and could be one 
reason why more land-to-water delivery 
variables were not significant in the 
model described in this report. A second 
limitation of the current models is that 
they do not have the capability for pre-
diction of yields in the coastal margins. 
Digital stream reaches are not defined in 
the coastal margins at the scale of the 

current stream-reach data set. Thus, there 
are no traveltime data for estimating 
instream loss. New versions of 
SPARROW for the Chesapeake Bay 
watershed could include enhancements 
that would be designed to mitigate the 
limitations described above. 

One potential new version of 
Chesapeake Bay SPARROW models is 
similar to the current version. but would 
address the limitations discussed above 
and would explore the benefits of alter-
native data sets for defining explanatory 
variables. Efforts are currently underway 
to expand the stream-load data set and to 
develop the capability for predicting 
nutrient yields in the coastal margins. 
These improvements would benefit any 
new versions of Chesapeake Bay 
SPARROW models. In addition, previ-
ously unavailable data sets would be use-
ful for creating new explanatory vari-
ables for consideration in the model, or 
to improve explanatory variables already 
in the current model. New explanatory 
variables, if they are statistically signifi-

0 50 100 MILES 
„ ,•• r • 

0 50 100 KILOMETERS 

Figure 12. Incremental yield of total nitrogen due to agricultural 
sources in the Chesapeake Bay watershed during 1987. 
(Incremental yield due to agricultural sources is the amount 
of total nitrogen generated locally and contributed to each 
stream reach by fertilizer and manure.) 

cant, could potentially improve the fit of 
the models and/or identify previously 
undetected relations between stream 
nutrient loads and watershed characteris-
tics. 

Another potential version of 
Chesapeake Bay SPARROW models 
could provide a tool for evaluating the 
influence of ground water on stream-
nutrient loading. Much of the nitrogen 
reaching the Chesapeake Bay is trans-
ported from the land surface to streams 
through ground-water pathways 
(Bachman and others, 1998). For this 
reason, there is interest in methods that 
are designed to evaluate the importance 
of watershed factors that influence 
ground-water transport of nitrogen. A 
SPARROW model could be designed to 
predict total discharge, base flow, total 
load, and base-flow load. The spatial dis-
tribution of the environmental factors 
that affect these variables would provide 
another piece of information that would 
be useful to resource managers in priori-
tizing areas for management actions. 
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