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CONVERSION FACTORS AND WATER-QUALITY UNITS

Multiply By To obtain
Area
acre 4,047 square meter
acre 0.4047 hectare
mile 1.609 kilometer
square mile (mi2) 259.0 hectare
square mile (mi?) 2.590 sguare kilometer
Flow
foot per second (ft/s) 0.3048 meter per second
cubic foot per second (ft3/s) 0.02832 cubic meter per second
Mass
pound (Ib) 0.4536 kilogram
pound per acre (Ib/acre) 1121 kilogram per hectare

Water-Quality Units: Chemical concentration is reported in milligrams per liter (mg/L) or micrograms per liter (ug/L). Milligrams per
liter is a unit expressing the concentration of chemical constituents in solution as weight (milligrams) of solute per unit volume (liter) of
water. One thousand micrograms per liter is equivalent to one milligram per liter. For concentrations less than 7,000 mg/L, the
numerical value is the same as for concentrations in parts per million.



Effects of Storm-Sampling Frequency on Estimation of
Water-Quality Loads and Trends in Two Tributaries to
Chesapeake Bay in Virginia

By Lori A. Sprague

ABSTRACT basins, all estimates in the 5-year period had
i higher prediction errors than those in the 10-year
Annual loads and flow-adjusted

) . period. Overall, loads of dissolved constituents
concentration trends were estimated by use of were estimated with greater accuracy and
water-quality and streamflow data collected from

. ) precision with fewer storm samples than loads of
1990 through 1999 at monitoring Stalionsontwo o icylate constituents: loads of all constituents
tributaries to Chesapeake Bay in Virgini

: : a—Jamesqore estimated with greater accuracy and

River at Cartersville, Va., and Rappahannock  ecision over the longer time period: and load
River near Fredericksburg, Va. The effects of  gqimates of all constituents were more precise and
storm-sampling frequency on the accuracy and  eqyjired fewer storm samples in the larger and less

precision of load and trend estimates were flashy James River Basin than in the Rappa-
determined by use of data sets containing 0, 20, ,5nnock River Basin.

40, 60, 80, and 100 percent of all storm samples As with load estimates, estimates of flow-

collected in these two basins of different size, 4 qjy;sted concentration trends were sensitive to the
relief, and land use. Data sets included a range Ofgnqih of the monitoring period and the size of the
dissolved and particulate constituents for the 10- p,sin- however. trend estimates generally were
year period from 1990 to 1999 and the 5-year  |eqq sensitive than load estimates to the number of
period from 1995 to 1999. _ storm samples in the data set. Trends in flow-

_ Loads_of dissolved constituents were _adjusted concentrations were estimated reasonably
estimated with greater accuracy and precision withyq|| yith fewer storm samples for both dissolved
fewer storm samples than loads of particulate 4y particulate constituents in the James River for
constituents in both basins and for both time the 10-year period, with the exception of total
periods. All constituent loads were estimated withg ,snended solids. Data sets containing more storm
greater precision with fewer storm samples in the g mjes were needed to obtain reasonable trend
James River than in the Rappahannock River f0r ¢qtimates for the 5-year period in this river. For the
both periods. The high relief z_;\nd sma_ller dralnagelo_year period in the Rappahannock River, more
area of the Rappahannock River Basin caused  qiorm samples were necessary than in the James
quicker and more variable stream response than igj e tq obtain reasonable estimates of trends for
the James River Basin, which led to less precise | constituents. No significant trends were

load estimates of all constituent_s, regardless of 1 canved for the 5-year period in this river, so the
how many storm samples were included. For the oo .t of storm-sampling frequency could not be
James River, the magnitudes of the load estimategatermined. Because of the small number of

in the 5-year period were close to the estimates  gjgnificant trends throughout these data sets, it was
from the same years for the 10-year period for thg,q hossiple to determine whether fewer storm

diss_olved constit_uents, but were _smaller for the samples were required for estimating trends of
particulate constituents. Load estimates were Morg§issolved constituents than particulate
variable for the Rappahannock River than for the
James River during the shorter period. In both

constituents. The results indicate that more storm

Abstract 7



samples were necessary for accurate estimation of
trends during the shorter time period and in the
smaller and flashier Rappahannock River Basin.

INTRODUCTION

Chesapeake Bay, the largest estuary in the
United States, drains approximately 65,000 mi2 of Vir-
ginia, West Virginia, Maryland, Delaware, Pennsylva-
nia, New York, and the District of Columbia (fig. 1).
The estuary extends nearly 200 mi from the mouth of
the Susquehanna River in Maryland to the Atlantic
Ocean along the southeastern coast of Virginia. From
1970 to 2000, the population in the Chesapeake Bay
Watershed grew from alittle more than 14 million to an
estimated 15.5 million; by 2020, an estimated 18 mil-
lion people will live in the watershed (U.S. Environ-
mental Protection Agency, 1999). Population growth
has led to substantial agricultural and urban develop-
ment in the region, which has adversely affected the
water quality of the Bay.

Excess nutrients and sediments enter the Bay and
its tributaries from nonpoint sources such as urban and
agricultural runoff and atmospheric deposition, and
from point sources such aswastewater treatment plants.
Elevated sediment concentrations and algal blooms
caused by excess nutrients can deprive deep waters of
sunlight needed to support the submerged aquatic vege-
tation that serves as afood supply and habitat for fish,
shellfish, and other aguatic organisms. Subsequent
decay of algae depletes the water of dissolved oxygen,
further compromising the health of living resourcesin
the Bay.

In 1987, the District of Columbia and the States
of Virginia, Maryland, and Pennsylvania signed the
Chesapeake Bay Agreement, a commitment to reduce
controllable nutrient loads entering Chesapeake Bay
(U.S. Environmental Protection Agency, 1988). In
order to assess the effectiveness of nutrient and sedi-
ment reduction strategies, the U.S. Geological Survey
(USGS) began the River Input Monitoring (RIM) Pro-
gramin Virginiain 1988 in cooperation with the Vir-
ginia Department of Environmental Quality (VDEQ)
and in Maryland in 1984 in cooperation with the Mary-
land Department of Natural Resources (MDNR) and
the Metropolitan Washington Council of Governments
(MWCOG). The purpose of the RIM Program isto
monitor the water quality of the nine major tributaries

that drain to Chesapeake Bay and to quantify loads and
long-term trends in nutrient and sediment concentra-
tions entering the Bay from these tributaries.

Water-quality monitoring conducted as part of
the RIM Program is designed so that samples are
obtained during afull range of hydrologic conditions,
as in-stream concentrations are influenced by stream-
flow. For example, where point sources are the domi-
nant nutrient source to a stream, dilution from an
increase in streamflow decreases in-stream concentra-
tions. In contrast, where nonpoint sources are the dom-
inant nutrient source, increased streamflow from storm
runoff generally increases in-stream concentrations. In-
stream concentrations of particulate constituents de-
rived primarily from surface runoff typically increase
in response to storm events, whereas concentrations of
dissolved constituents often decrease. Therefore, it is
necessary to sample during both high-flow (elevated
flow during and after storm events) and base-flow
(background low flow between storm events) condi-
tionsto accurately monitor water quality in the tributar-
iesto Chesapeake Bay.

Water-quality samples for the RIM Program in
Virginia are obtained twice a month during base-flow
conditions and periodically during high-flow condi-
tions. VDEQ, which monitors additional sitesin the
Chesapeake Bay Watershed, collects water-quality
samples once a month on pre-scheduled dates. This
fixed-interval sampling typically results in the collec-
tion of samples during base-flow conditions; storm
events are not targeted for additional sampling. To esti-
mate loads and flow-adjusted concentration trends at
al of the monitoring sites, the ESTIMATOR program
isused to fit alog-linear regression model with explan-
atory variables of discharge, season, and time to the
observed data (Cohn and others, 1992). Estimated daily
concentrations from the model are used with daily
mean discharges to calculate daily load estimates,
which then are summed to provide monthly and annual
load estimates.

In a previous study in which the regression
model was used with datafrom largeriver basinsin the
Great Lakes region, fixed-interval sampling led to
underestimates of the true total phosphorus load during
a2- to 3-year period (Preston and others, 1992). The
addition of 12 high-flow samples per year reduced the
bias and error of the estimates, particularly in therela-
tively small and rapidly responding basins. The effects
of additional storm sampling on load and trend estima
tion in the Chesapeake Bay Watershed, where addi-

8 Effects of Storm-Sampling Frequency on Estimation of Water-Quality Loads and Trends
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Figure 1. Drainage area and location of two monitoring stations in the Chesapeake Bay Watershed.
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tional constituents are monitored and where the data
sets typically cover alonger period, have not been
examined thoroughly.

Purpose and Scope

The purpose of thisreport isto determine the
effects of storm-sampling frequency on (1) load and
trend estimation in two basins of different size, relief,
and land use in the Chesapeake Bay Watershed by
comparing estimates from model simulations in which
input data sets contained 0, 20, 40, 60, 80, and 100 per-
cent of all storm samples; (2) load and trend estimation
during two monitoring periods of different durations by
comparing model estimates covering the 10-year
period from 1990 to 1999 and the 5-year period from
1995 to 1999; and (3) estimation of arange of dis-
solved and particulate constituent loads and trends,
including total nitrogen, dissolved nitrite-plus-nitrate
(as N), dissolved orthophosphorus (as P), total phos-
phorus, and total suspended solids. Water-quality and
streamflow data from 1990 through 1999 from two Vir-
ginia RIM stations—James River at Cartersville, Va.
(02035000) and Rappahannock River near Frederick
burg, Va. (01668000)—were used in these analyses.

Description of Study Area

S-

The James River Basin, at 10,2018 the
third largest tributary basin in the Chesapeake Bay
Watershed. The James River originates in the Appala-
chian Mountains near the Virginia-West Virginia bor-
der, flows through the Valley and Ridge, the Blue
Ridge, the Piedmont, and the Coastal Plain Physio-
graphic Provinces, and joins Chesapeake Bay near the
city of Norfolk in southeastern Virginia. The monitor-
ing station is in Cartersville, Va., about 40 mi upstream
from the Fall Line. This location was selected because
a long-term discharge record is available; no major
streams enter the river between Cartersville and the
Fall Line. The monitoring station receives drainage
from about 60 percent of the James River Basin.

Land use upstream from the monitoring station is
dominated by forest (80 percent) and agriculture
(16 percent) (table 1). The agricultural areas are con-
centrated in the western part of the basin in Rock-
bridge, Botetourt, and Nelson Counties (Battaglin and
Goolshy, 1994). Of the nine rivers monitored as part of
the RIM Program, the James River contributes about 12
percent of the streamflow, 5 percent of the total nitro-
gen load, and 20 percent of the total phosphorus load to
Chesapeake Bay, making it the third largest source of
streamflow and nutrients to the Bay, after the Susque-
hanna and Potomac Rivers (Belval and Sprague, 1999).

The Rappahannock River Basin, at 2,808, isi
the fourth largest tributary basin in the Chesapeake Bay
Watershed. The Rappahannock River originates near

Together, the James and Rappahannock River the eastern edge of the Blue Ridge Physiographic
Basins comprise more than 50 percent of the Chesa- Province and extends eastward through the Piedmont
peake Bay drainage area in Virginia, and about 20 perand Coastal Plain Physiographic Provinces. The
cent of the total Chesapeake Bay drainage area (fig. 1jn0nitoring station is located at the Fall Line just
Both RIM stations are located near the Fall Line, the Upstream from Fredericksburg, Va., where it receives
boundary between the Piedmont and the Coastal Plaifirainage from about 57 percent of the Rappahannock
Physiographic Provinces and the point farthest down- River Basin. Upstream from the monitoring station, the
stream unaffected by tides. Each station is co-located basin’s relief and steep slopes cause the river to
with an active USGS stream-gaging station. respond rapidly to storm events.

Table 1. Land area and land use upstream from the monitoring stations

[USGS, U.S. Geological Survey; mi2, square mile; land-use data from Vogelmann and others, 1998; land use expressed as a percentage of
total land-surface area upstream from each monitoring station; other land use includes barren/transitional and water]

USGS Upstream Land use (percent)

station Station name land-surface

number area (mi?) Urban  Agricultural  Forested  Other
02035000 James River at Cartersville, Va. 6,260 1 16 80 3
01668000 Rappahannock River near Fredericksburg, Va. 1,600 1 36 61 2

10 Effects of Storm-Sampling Frequency on Estimation of Water-Quality Loads and Trends



Land use upstream from the monitoring stationis
dominated by forest (61 percent) and agriculture
(36 percent). The Rappahannock River Basin contains
the highest percentage of agricultural land above the
Fall Line of the five major tributary basinsin Virginia.
The agricultural areas are generally located in the cen-
tral part of the basin, in Fauquier, Cul peper, Madison,
and Orange Counties (Battaglin and Goolsby, 1994).
Of the nine rivers monitored in the RIM Program, the
Rappahannock River contributes about 3 percent of the
streamflow, 2 percent of the total nitrogen load, and 8
percent of the total phosphorus load delivered annually
from the nontidal part of the Chesapeake Bay Water-
shed (Belval and Sprague, 1999).

Because of the smaller area, greater relief, and
smaller percentage of forested land in the Rappahan-
nock River Basin, the stream response to storm events

Data Collection

Water-quality samples used in this study were
collected from 1990 through 1999. Base-flow samples
were collected twice a month—once by USGS person-
nel and once by VDEQ personnel at the James River
monitoring station, and twice by USGS personnel at
the Rappahannock River monitoring station. Samples
were collected at the two monitoring stations by use of
the equal-discharge increment (EDI) method, in which
multiple samples from the centroids of equal-discharge
increments across the river channel are composited
(Wilde and others, 1999). The channels of both rivers
are stable at the sampling locations, and the discharge
ratings changed little each year. Samples were col-
lected by USGS personnel with a depth-integrated sam-
pler when streamflow velocities exceeded 1.5 ft/s;

is “flashy” relative to that of the James River Basin— water enters this sampler at the same velocity as the
stream levels rise and recede more quickly during andstream at each depth and the intake comes as close to
immediately after storm events in the Rappahannock the stream bottom as possible without disturbing the
River Basin. Corresponding stream discharge values bottom sediment. A weighted bottle was used at lower
can change rapidly during the course of a day, and the/elocities at which depth-integrated samplers are not
difference between the instantaneous discharge at theeffective. All samples collected by VDEQ personnel at
time of sampling and the daily mean discharge can bethe James River monitoring station were obtained with
large. Because concentration values typically vary in & weighted bottle; if the stream velocity at the time of

response to streamflow, the difference between the

sampling exceeded 1.5 ft/s, the data were not used in

instantaneous in-stream concentration at the time of this study.

sampling and the daily mean concentration also can be

large. These factors may influence load estimation,
because daily mean streamflow and concentration

values are represented in the load regression model.
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In addition to the bimonthly base-flow samples,
30 to 40 high-flow samples per year were collected by
USGS personnel at each site at the beginning of the
study period. High-flow samples were defined as those
collected above a gage height reached in each river
about 40 times per year. During periods of extreme low
flow, the sampling criteria were modified slightly to
obtain the target number of high-flow samples. After 3
years, the number of storm samples was reduced to

through a cooperative agreement between VDEQ andapproximately 20 per year. Emphasis was placed on
USGS. The water-quality and streamflow data used insampling throughout a range of rising, peak, and falling
this report were collected by many USGS and VDEQ gage heights to avoid bias in concentrations. As a result
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METHODS OF STUDY

lected represented high-flow conditions.

Water samples collected for determination of
nutrient and total suspended solids concentrations were
analyzed at the Virginia Division of Consolidated Lab-
oratory Services (VDCLS) in Richmond, Va. Quality-

The methods used to collect water-quality data assurance samples were analyzed at VDCLS and the
and to estimate loads and trends are discussed below. #SGS National Water-Quality Laboratory in Denver,
addition, the experimental design for determining the Colo. Quality-assurance procedures for the Virginia
effects of storm-sampling frequency on load and trendRIM Program are described in detail in Belval and

estimation is described.

others (1995) and Bell and others (1996).

Methods of Study 11



Load Estimation

Annual constituent loads at each station were
estimated with the observed concentration and stream-
flow data as input to the ESTIMATOR model, a seven-
parameter log-linear regression model that uses time,
flow, and season terms to predict daily concentrations
(Cohn and others, 1992). The model incorporates a
minimum variance unbiased estimator to correct for
log-transformation bias and an adjusted maximum like-
lihood estimator to assign concentration values to data
below the detection limit (Cohn, 1988). The regression
equation used is as follows:

in[d] = Bo+Byn[o/d) +Boin[o/ gl

+ [T—ﬂ + B, +Bgsin[2nT] +Bgeos[2nT] +¢

where

In[] = the natural logarithm function,
C = the constituent concentration (in mg/L),
Q = the mean daily discharge (in ft%/s),
T =time (in years),

sin = the sine function,

cos = the cosine function,
n=3.14169,
B = model coefficients,
€ = model error, and
Qand T = centering variables,

[Bo through Be are the coefficients of the regres-
sion model that were computed from the observed con-
centration data. The model error (g) is assumed to be
independent and normally distributed with a mean of
zero and constant variance. Centering variables sim-
plify the numerical work and have no effect on the load
estimates, so that the regression coefficients are statisti-
cally independent. This equation results in a predicted
daily concentration. The predicted daily concentration
values were multiplied by measured daily mean dis-
charge valuesto estimate daily load values, which were
summed to obtain annual load estimates.

Annual load estimates were compared on the
basis of variance and bias. The standard error of predic-
tion (SEP) isameasure of the variance, or precision, of
the load estimate. All SEP valuesin this report were
normalized to the total load estimate to facilitate com-
parisons among constituents, time periods, and basins,
and are presented as percent SEP. The bias, or differ-
ence between the estimated load and the “true” load, is
a measure of the accuracy of the load estimate. Because
the true load cannot be determined without a continu-
ous record of discharge and concentration, it was
assumed that load estimates were converging toward
the true load value as more storm samples were
included. For the purposes of this study, convergence
occurred when the median of the percent difference
between the annual loads estimated with one storm
data set and the annual loads estimated with the next
highest storm data set was less than 5 percent. This
generalized estimate of convergence is constrained by
the fact that only six scenarios were tested.

The overall trend in flow-adjusted concentration
was calculated by use of the beta coefficient of the
linear time parametep{) from the regression model.
The trends are inherently flow-adjusted because the
model separates variability in concentration due to
variability in flow from that due to variability in time.
The average percent change in flow-adjusted concen-
tration over the time period was calculated as:

%A C=100{ B3t 1} (2
where
% A C = percent change in flow-adjusted concen-
ration,
e = anti-log of the natural log,
Bs = coefficient of the linear time parameter,
and
At =the period of time over which the

regression model is calibrated.
The confidence interval of the trend was calcu-
lated by use of the standard deviatiogof

Experimental Design

In order to determine the effect of the number of
storm samples in a data set on load and trend estima-
tion, subsets of storm samples were chosen randomly
and removed from the full data sets of the James River
and Rappahannock River RIM stations. Loads and
trends were then estimated for each new, smaller data
set.

12 Effects of Storm-Sampling Frequency on Estimation of Water-Quality Loads and Trends



Streamflow Partitioning data sets included only base-flow samples; all storm
samples were removed. The 80-percent data sets were
created by removing 20 percent of the storm samples
from each full data set; individual storm samples were
selected randomly for removal. The 60-, 40-, and 20-
percent data sets were created in a similar fashion.

tion of storm samples for this study, water-quality sam- Appendix 1 lists the total number of storm-flow days in
ples were classified as either “sform" or “base” on the the daily streamflow record for each station during the

basis of streamflow partitioning. The program PART 2 and 10-yﬁa:jr periods andht_hﬁ number of s;[_orm-ﬂowl
was used to estimate daily base flow for the period of 98¥S In each data set on which a water-quality sample

record from daily streamflow values (Rutledge, 1998)_was collected. Figures 3 and 4 show all of the stream-

The method sets base flow equal to streamflow on dayiPW @nd water-quality sampling records for the James
and Rappahannock Rivers, respectively.

when surface runoff can be considered negligible The O-. 20- 40-. 60-. 80 100 q

(based on a requirement of antecedent recession) and, . €Y, £U-, 4U-, BU-, o0-, or -percent data-set

linearly interpolates base-flow values on other days. designation refers to the percentage of the total number
“Storm” samples were designated as those col- of storm samples in the full RIM data set that was left

lected on days when base flow made up less than 60 in the new datg set—it does not represent the percent-
percent of the total streamflow. Other studies that hav&9€ of ﬁtorms l'(” the new dgta set. Fohr egample’ ﬂ:je full
described a similar storm-flow designation technique Rappahannock River RIM data set (the designated 100-

covered a wide range of threshold values. For exampl ,ercent data set in this report) had 385 total samples
in a study of base-flow and storm-flow yields in Ken- [1om 1990 through 1999; 163 of those samples, or 42

tucky, samples were not classified as base flow on Olaygercent, were storm samples. The 80-percent data set
when base flow made up less than 90 percent of the included 80 percent, or 130, of the 163 storm samples

total streamflow (Evaldi and Moore, 1994). In another and all of the base-flow samples, resulting in a new
study examining episodic acidification of streams in data set with 37 percent storm samples (Appendix 1,
Virginia, samples were classified as storm flow on dayg'gs' 3 and 4).

when base flow made up less than 25 percent of the The number of storm events that corre_spon_ds to
total streamflow (Eshleman and others, 1995). The gothe 0-, 20-, 40-, 60-, 80-, or 100-percent designation

percent threshold chosen for this study is intermediatediﬂ(:“rS depending on the station and time period. For

between these two values and covers the interquartile€X@MPle, for the period from 1990 through 1999, the

range of streamflow at the James and RappahannockESQ'F)%er%nt data set for the Jarlnes er]ver statlr:)n6c(())n—
River monitoring stations (fig. 2). taine percent storm samples, whereas the 60-

Both the streamflow partitioning and the storm- percent data set for the Rappahannock River station
sample designation procedures used in this study are contained 31 percent storm samples.
arbitrary and have limitations. They do provide, how-

ever, a more consistent and quantitative classification jA MES RIVER LOAD ESTIMATES
of streamflow conditions at the time of sampling.

The sampling design of the RIM Program isto
obtain samples during afull range of flow conditions.
The decision to sample a high-flow event isbased in
large part on regional precipitation amounts and gage-
height fluctuations. To obtain a more rigorous designa-

A wide range of hydrologic conditions occurred

Data-Set Construction in the James River during the period from 1990 through
1999, making it an ideal period for examining the
effects of storm-sampling frequency on load and trend
ee timation. The annual total streamflow from 1990
through 1999 at the James River monitoring station,
along with the long-term mean-annual streamflow for
the period of record (1899-1999), is shown in figure 5.
Streamflow in 1990, 1993, 1994, 1996, and 1998 was
above the long-term mean; in 1996, Hurricane Fran
contributed to the highest annual total flow in the mon-

After base- and storm-flow samples had been
designated, data sets with 0, 20, 40, 60, 80, and 100
percent storm samples (“storm data sets”) were creat
for each station, for the 10-year period from 1990
through 1999 and for the 5-year period from 1995
through 1999. All base-flow samples were retained in
each data set, and storm samples were selected ran-
domly with replacement for removal from each data
set. The 100-percent data sets were the full data sets,
including all base and storm samples. The 0-percent

James River Load Estimates 13
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PERCENTAGE OF TOTAL DAILY
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RAPPAHANNOCK JAMES
RIVER STATION RIVER STATION

EXPLANATION

Outlier data value greater than 1.5
times the interquartile range
outside the quartile

75th percentile
Median

25th percentile

Data value less than or equal to
1.5 times the interquartile range
outside the quartile

Figure 2. Percentage of total daily streamflow as base flow for the period of record
at the monitoring stations.

itoring period. Streamflow in 1997 and 1999 wasbelow  Total Suspended Solids
the long-term mean; 1999 was a drought year and had

. 7 . Load estimates for total suspended solids varied
the lowest annual total flow in the monitoring period.

among the storm data sets; they varied most during
1993, 1996, and 1998 and least during 1997 and 1999
(fig. 6). During all years, the data set without storm
samples (the 0-percent data set) led to underestimates
Annual loads for the 10-year period from 1990 of total suspended solids loads relative to the data sets

through 1999 were estimated for arange of dissolved with storm samples. The 20-percent data set overesti-
and particulate constituents—total suspended solids, Mated the loads relative to the higher percentage data
total phosphorus, total nitrogen, dissolved nitrite-plus-Sets during high-flow years, but during low-flow years
nitrate, and dissolved orthophosphorus—with all stormthe estimates were closer to those of the higher percent-
data sets for the James River monitoring station (fig. 6)2g€ data sets. The SEPs were highest with the lower
(The “dissolved” and “particulate” classification used Percentage data sets, particularly the O-percent data set
throughout this report refers to the primary phase in  (fig. 7). The relatively poor predictions in the lower

which these constituents are found during both base- Percentage data sets were likely a result of the lack of a
and storm-flow conditions.) sufficient number of high concentration values in the

input data set to constrain the model estimates at high

Ten-Year Loads
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Figure 3. Water-quality samples and daily mean discharge at James River monitoring station for each storm data

set, 1990 through 1995 (A) and 1995 through 1999 (B).
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Figure 3. Water-quality samples and daily mean discharge at James River monitoring station for each storm data
set, 1990 through 1995 (A) and 1995 through 1999 (B)—Continued.
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Figure 4. Water-quality samples and daily mean discharge at Rappahannock River monitoring station for each
storm data set, 1990 through 1995 (A) and 1995 through 1999 (B).
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Figure 4. Water-quality samples and daily mean discharge at Rappahannock River monitoring station for each
storm data set, 1990 through 1995 (A) and 1995 through 1999 (B)—Continued.
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Figure 5. Annual total streamflow at the James River monitoring station, 1990 through 1999.

flows. Additional variability in load estimates among
all data sets resulted from the high variability in the
laboratory measurement of total suspended solids
(Gray and others, 2000). As more storm samples were
included beyond the 20-percent data set, load estimates
varied less. Load estimates converged with the 80-per-
cent data set, and no substantial reduction in SEPs
occurred as more storm samples were added. Asa
result, data sets with at least 50 percent storm samples
(the 80- and 100-percent data sets, fig. 3a) led to the
most accurate and precise estimates of total suspended
solids | oads.

Total Phosphorus

As with estimates of total suspended solids
loads, total phosphorus load estimates varied most
during 1996 and least during 1997 and 1999 (fig. 6).
The data set without storm samples led to underesti-
mates of loads relative to the data sets with storm sam-
plesduring al years. During high-flow years, the 20-
percent data set led to overestimates of total phospho-
rus loads relative to the higher percentage data sets;
during the low-flow years, these load estimates were
closer to those of the higher percentage data sets. As
more storms were included beyond the 0- and 20-per-
cent data set, load estimates varied less. The SEPs gen-

erally were highest with the 0- and 20-percent data sets
(fig. 7), probably as aresult of the lack of high-flow,
high-concentration valuesin theinput data set. Because
load estimates converged with the 40-percent data set,
and no substantial decrease in SEPs consistently
occurred as more storm samples were included, data
setswith at least 33 percent storm samples led to the
most accurate and preci se estimates of total phosphorus
loads (fig. 3a).

Total Nitrogen

Estimates of total nitrogen loads varied less than
those of total phosphorus and total suspended solids
loads (fig. 6). Differences in load estimates as more
stormswereincluded generally were smaller than those
of total suspended solids and total phosphorus loads,
likely because less of the total nitrogen loading occurs
in response to storm events. The data set without storm
samples led to underestimates of total nitrogen loads
relative to the data sets with storm samples owing to
the predominance of low-flow, low-concentration
valuesin the data set. The SEPs with the O-percent data
set were as much as twice those of the other storm data
sets(fig. 7). Because load estimates converged with the
20-percent data set, and no substantial decreasein
SEPs consistently occurred as more storm samples

James River Load Estimates 19
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were included, data sets with at least 20 percent storm
samples led to the most accurate and precise estimates
of total nitrogen loads (fig. 3a).

Dissolved Nitrite-plus-Nitrate

Dissolved nitrite-plus-nitrate load estimates
varied the least of all the constituents considered as
more storms were included (fig. 6). The data set with-
out storm samples led to overestimates of these loads
relative to the data sets with storm samples, but the rel-
ative magnitude of the difference was much smaller
than with total suspended solids, total phosphorus, or
total nitrogen. The SEPs with the O-percent data set
were nearly twice those with other storm data sets
(fig. 7). Thismay be aresult of the substantial ground-
water input of nitrate to the James River; from 1985 to
1998 at the monitoring station, an average of 21 per-
cent of the total nitrogen load in the river came from
ground-water inputs of nitrate (Sprague and others,
2000). The under-representation of lower concentra-
tions arising from dilution effects at high flows may
have led to model predictions of higher concentrations
at higher flows. Because |oad estimates converged with
the 20-percent data set, and no substantial decreasein
SEPs occurred as more storm samples were included,
data sets with at least 20 percent storm samples led to
the most accurate and precise estimates of dissolved
nitrite-plus-nitrate loads (fig. 3a).

Dissolved Orthophosphorus

The data set without storm samples led to under-
estimates of dissolved orthophosphorus loads relative
to the data sets with storm samples owing to the pre-
dominance of low-flow, low-concentration valuesin
the input data set. Additionally, the SEPs with the O-
percent data set were nearly double those with the
higher percentage data sets (fig. 7). No substantial
decrease in SEPs consistently occurred beyond the 20-
percent data set. L oad estimates for dissolved ortho-
phosphorus converged with the 40-percent data set, but
continued to increase as the number of storm samples
increased. Thisincrease could be duein part to the de-
sorption of orthophosphorus from particul ate material
that reaches the stream during storm events (Heath-
waite and others, 2000). Because |oad estimates con-
verged with the 40-percent data set, data sets with at

least 33 percent storm samples led to the most accurate
and precise estimates of dissolved orthophosphorus
loads (fig. 3a).

These results show that data sets having little or
no storm data resulted in variable and |ess precise load
estimates for the constituents associated with particu-
late material, total suspended solids and total phospho-
rus, particularly in high-flow years when surface runoff
of particulate material increased. In contrast, data sets
with asmall number of storm samples provided rela-
tively accurate and precise load estimates of the dis-
solved congtituents orthophosphorus and nitrite-plus-
nitrate. The percentage of total samples as storm sam-
plesrequired for accurate and precise load estimation
for the 10-year period in the James River ranged from
50 percent for total suspended solidsto 20 percent for
dissolved nitrite-plus-nitrate.

Five-Year Loads

Annual loads for the 5-year period from 1995
through 1999 were estimated (fig. 8) and compared to
those for the 10-year time period to determine whether
the amount of storm sampling necessary for accurate
and precise load estimation differed on the basis of the
length of the data set.

Total Suspended Solids

Aswith the 10-year load estimates, the data set
without storm samples led to underestimates of total
suspended solids loads rel ative to the data sets with
storm samples in the 5-year period (fig. 8). The differ-
ence between the O-percent data set and the higher per-
centage data setswas greatest in 1996, the year with the
highest total flow. The SEPs for the 0-percent data set
were as much as three times as high as those of the
higher percentage data sets, with the largest difference
occurring in 1996 (fig. 9). Therelatively poor predic-
tions with the lower percentage data setswere likely a
result of the lack of high concentration valuesin the
input data set and the variability associated with the
laboratory measurement of total suspended solids.
Because load estimates converged with the 60-percent
data set, and no substantial decrease in SEPs occurred
as more storm samples were included, data sets with at
least 42 storm samples led to the most accurate and
precise estimates of total suspended solids loads
(fig. 3b).
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During the 10-year period, more storm samples
were necessary for the convergence of total suspended
solids load estimates, but SEPs were lower across all
storm data sets. Additionally, the magnitudes of total
suspended solids load estimates in the 5-year period
were generally lower than those in the same years
during the 10-year period. Differences in magnitudes
were greatest in 1996, the highest flow year, and were
smallest in 1997 and 1999, the lowest flow years.
Increasing the number of storm events beyond the 60-
percent data set in the 5-year time period did not appear
to close the gap in magnitude between the 5- and 10-
year load estimates.

Total Phosphorus

Asinthe 10-year period, the data set without
storm samples led to underestimates of the total phos-
phorus loads rel ative to the data sets with storm sam-
plesin the 5-year period (fig. 8). The greatest
difference in load estimation between the O-percent
data set and the higher percentage data sets occurred in
1996. The SEPsfor the O0-percent data set were more
than twice those for the higher percentage data setsin
some years; the difference was largest in 1996 (fig. 9).
Asin thelonger time period, the poor predictions with
the O-percent data set probably resulted from the lack
of high concentration valuesin the input data set.
Because load estimates for total phosphorus converged
with the 40-percent data set in the 5-year period asthey
did inthe 10-year period, and no substantial decreasein
SEPs consistently occurred as more storm samples
were included, data sets with at least 33 percent storm
samples |ed to the most accurate and precise estimates
of total phosphorus loads (fig. 3b).

The magnitudes of the total phosphorus load
estimates in the 5-year period were generally lower
than those in the same years during the 10-year period
for all storm data sets, particularly in 1996. In addition,
the SEPsin the 5-year period were dlightly higher than
those in the 10-year period, particularly with the O-per-
cent data set. Increasing the percentage of storm sam-
ples beyond the 40-percent data set in the 5-year time
period did not close the gap in magnitudes between the
5- and 10-year load estimates.

Total Nitrogen

The data set without storm samples resulted in
load estimates of total nitrogen that were closer in mag-
nitude to those for the data sets with storm samplesin
the 5-year period than in the 10-year period under all
flow conditions (fig. 8). The SEPs for the O-percent
data set, however, were as much as three times as high
asthose for the other storm data sets in the 5-year
period (fig. 9). Because load estimates for total nitro-
gen in the 5-year period converged with the 40-percent
data set, and no substantial decrease in SEPs occurred
as more storm samples were included, data sets with at
least 33 percent storm samples led to the most accurate
and precise estimates of total nitrogen loads (fig. 3b).

Despite the slightly greater variability in load
estimates for the 10-year period, these estimates con-
verged with fewer storm samples and SEPs were lower
across all storm data sets relative to the 5-year period.
The magnitudes of the total nitrogen load estimatesin
the 5-year period were generally close to those in the
same years during the 10-year period for all storm data
sets, though they were slightly lower during high-flow
years.

Dissolved Nitrite-plus-Nitrate

The data set without storm samples led to much
greater overestimates of dissolved nitrite-plus-nitrate
loads relative to data sets with storm samplesin the 5-
year period than in the 10-year period (fig. 8). The
SEPs for the O-percent data set in the 5-year period
were as much as six times as high as those for the
higher percentage data sets (fig. 9). Thismay be a
result of the lack of high-flow, low-concentration data
in the input data set. Asin the 10-year period, load esti-
mates in the 5-year period converged with the 20-per-
cent data set, and no substantial decreasein SEPs
occurred as more storm sampleswere included (fig. 9).
Therefore, data setswith at least 19 percent storm sam-
plesled to the most accurate and precise estimates of
dissolved nitrite-plus-nitrate loads (fig. 3b). With the
exception of the O-percent data set, the magnitudes of
the load estimates in the 5- and 10-year periods were
similar for all storm data sets. Of the five constituents
considered, dissolved nitrite-plus-nitrate loads were the
most similar between the two time periods under all
hydrologic conditions.

24 Effects of Storm-Sampling Frequency on Estimation of Water-Quality Loads and Trends
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Dissolved Orthophosphorus

The data set without storm samples appeared to
result in load estimates of dissolved orthophosphorus
that were closer in magnitude to those for the data sets
with storm samples in the 5-year period than in the 10-
year period (fig. 8). The SEPs for the O-percent data
set, however, were as much as four times as high as
those for the higher percentage data sets in the 5-year
period, whereas in the 10-year period, the SEPs for the
O-percent data set were only as much as twice as high
(figs. 7 and 9). Because load estimates for dissolved
orthophosphorus converged with the 0-percent data set
in the 5-year period, and no substantial decreasein the
SEPs consistently occurred beyond the 20-percent data
set, data setswith at least 19 percent storm samples led
to the most accurate and precise estimates of dissolved
orthophosphorus loads (fig. 3b). Even with the conver-
gence, the magnitudes of the load estimatesin the 5-
year period differed from those in the same years
during the 10-year period, though they were not consis-
tently lower or higher.

Comparison of Ten-Year and Five-Year
Loads

These resultsindicate that load estimates for the
constituents associated with particulate material in the
5-year period were generally lower than those in the
same yearsin the 10-year period for all storm data sets.
Differences in magnitude were greatest in 1996, the
highest flow year, and were smallest in 1997 and 1999,
the lowest flow years. In addition, the SEPsin the 5-
year period were higher than those in the same yearsin
the 10-year period, particularly with the O-percent data
sets and in the higher flow years. Thus, loads of partic-
ulate constituents were estimated more accurately and
precisely in the longer time period, when a greater
number of moderate-flow samples wasincluded in the
data set (figs. 3a, b).

In contrast, load estimates for the dissolved con-
stituents in the 5-year period generally were closer to

important with the dissolved constituents, as much of
their loading occurs during lower flow conditions. Con-
sequently, 5 years of dataled to load estimates that
were similar in magnitude to those obtained from 10
years of data, though they were less precise in the
shorter period.

The percentage of total samples as storm sam-
plesrequired for convergence of the load estimatesin
the 10-year period in the James River ranged from 50
percent for total suspended solidsto 20 percent for dis-
solved nitrite-plus-nitrate. In the 5-year period, the
range was from 42 percent for total suspended solidsto
19 percent for dissolved nitrite-plus-nitrate and dis-
solved orthophosphorus. Though fewer storm samples
were necessary for accurate load estimates during the
shorter time period, these estimates were less precise
for all constituents, regardless of the number of storm
samplesincluded.

RAPPAHANNOCK RIVER LOAD
ESTIMATES

The 1,600-mi2 areathat drains to the Rappahan-
nock River monitoring station is approximately one-
fourth the size of the areathat drainsto the James River
monitoring station. The smaller basin size, in addition
to the greater relief and smaller percentage of forested
area, causes the Rappahannock River to respond more
rapidly to storm events than the James River. The
annual total streamflow from 1990 through 1999, along
with the long-term mean annual total for the period of
record (1907-1999), is shown in figure 10. Streamflow
in 1993, 1994, 1996, and 1998 was above the long-term
mean—the highest annual total flow in the monitoring
period occurred in 1996. Streamflow in 1991, 1997,
and 1999 was below the long-term mean—the lowest
annual total flow in the monitoring period occurred in
1999.

Ten-Year Loads

those in the same years in the 10-year period for all
storm data sets, regardless of the annual flow condi-
tions. Thisresult indicates that the model better pre-
dicted loads of dissolved constituents than particul ate-
associated constituents during the shorter period. The
inclusion of agreater number of high- and moderate-
flow samplesin the overall 10-year data set was not as

Annual loads for the 10-year period from 1990
through 1999 were estimated for total suspended sol-
ids, total phosphorus, total nitrogen, dissolved nitrite-
plus-nitrate, and dissolved orthophosphorus with all
storm data sets for the Rappahannock River monitoring
station (fig. 11). These load estimates were compared
to the 10-year load estimates for the James River Basin

26 Effects of Storm-Sampling Frequency on Estimation of Water-Quality Loads and Trends
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Figure 10. Annual total streamflow at the Rappahannock River monitoring station, 1990 through 1999.

to assess the effects of storm-sampling frequency on
load estimation in basins with different drainage areas
and basin characteristics.

Total Suspended Solids

L oad estimates for total suspended solids were
highly variable (fig. 11). The quick response of the
Rappahannock River makesit difficult to collect a
storm sampl e that represents the daily mean concentra-
tion used in the model. In addition to the environmental
variability, thereis high variability in the laboratory
measurement of total suspended solids (Gray and
others, 2000). The regression model diagnosticsindi-
cate that the modéd for total suspended solids did not
adhereto the underlying assumptions and therefore was

Total Phosphorus

The 0- and 20-percent data sets underestimated
total phosphorus loads relative to the higher percentage
data sets, particularly during high-flow years (fig. 11).
The relatively poor predictions were likely a result of
the under-representation of high-flow, high-concentra-
tion values in the input data set. The SEPs were vari-
able among all storm data sets, and the model fit was
not consistently better as more storm samples were
included (fig. 12). This may be a consequence of the
difficulty of collecting storm samples representing the
daily mean concentration. Because load estimates con-
verged with the 60-percent data set, and the SEPs did
not consistently decrease with the inclusion of more
storm samples, data sets with at least 31 percent storm

not valid for the 0-, 20-, 40-, and 60-percent data sets-samples led to the most accurate and precise estimates
plots of residuals against the predicted values indicate@lf total phosphorus loads (fig. 4a).

heteroscedasticity and probability plots of the residuals

were not normally distributed. The homoscedasticity Total Nitrogen

and normality assumptions were met with the 80- and
100-percent data sets, but the SEPs were still high

(fig. 12). Because only the 80- and 100-percent data
sets adhered to the model assumptions, data sets wit
least 37 percent storm samples (fig. 4a) were require

Tfécause less of the total nitrogen loading occurs in

Estimates of total nitrogen loads varied less
across storm data sets than those of total phosphorus
and total suspended solids loads (fig. 11), likely

esponse to storm events. During high-flow years, the

to estimate total suspended solids loads in the RappaB—_IOerCent data set just slightly overestimated total

annock River, though even these estimates had large

prediction errors.

nitrogen loads relative to the higher percentage data
sets; during the low-flow years, load estimates were

Rappahannock River Load Estimates 27
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closer to those of the higher percentage data sets. The
SEPs were as much as twice as high with the O-percent
data set as with any other storm data set (fig. 12).
Because load estimates converged with the 40-percent
data set, and no substantial decrease in SEPs consis-
tently occurred as more storm samples were included,
data setswith at least 23 percent storm samples led to
the most accurate and precise estimates of total nitro-
gen loads (fig. 4a).

Dissolved Nitrite-plus-Nitrate

The 0-percent data set did not lead consistently
to under- or overestimates of dissolved nitrite-plus-
nitrate loads relative to the higher percentage data sets
(fig. 11), though the SEPs were always higher (fig. 12).
The inclusion of more high-flow, low-concentration
values led to continually decreasing load estimates as
more storms were included in the data set. This
decrease was greater than in the James River, in part
because ground-water inputs of nitrate are higher (26
percent) at the Rappahannock River monitoring station
(Sprague and others, 2000). Despite the continuing
decrease, load estimates converged with the 20-percent
data set, and no substantial decrease in SEPs occurred
as more storm samples were included. Therefore, data
setswith at least 13 percent storm samplesled to the
most accurate and precise estimates of dissolved
nitrite-plus-nitrate loads (fig. 44).

Dissolved Orthophosphorus

Estimates of dissolved orthophosphorus loads
varied the least of all the constituents considered
among storm data sets in the Rappahannock River
(fig. 11). The data set without storm samplesled to
load estimates that were similar to those for the data
sets with storm samples, though the SEPs were as
much astwice as high (fig. 12). No substantial decrease
in SEPs occurred for data sets containing more storm
sampl es than the 20-percent data set. Load estimates
for dissolved orthophosphorus converged with the O-
percent data set, but because the SEPs were much
higher with the 0-percent data set, more precise load
estimates were obtained with the 20-percent and higher
data sets. Therefore, data sets with at least 13 percent
storm samples led to the most accurate and precise esti-
mates of dissolved orthophosphorus loads (fig. 4a).

These results show that data setswith little or no
storm data resulted in variable and less precise |oad
estimates for the constituents associated with particu-
late material than for the dissolved constituents in the
Rappahannock River, particularly in high-flow years.
In contrast, data sets with arelatively small number of
storm samples provided more precise load estimates of
the dissolved constituents orthophosphorus and nitrite-
plus-nitrate. The percentage of total samples as storm
samples required for reasonably accurate and precise
load estimation for the 10-year period in the Rappahan-
nock River ranged from 37 percent for total suspended
solidsto 13 percent for dissolved nitrite-plus-nitrate
and dissolved orthophosphorus.

In general, fewer storm samples were necessary
for accurate load estimation in the Rappahannock River
than in the James River, but the estimates were less pre-
cise than those in the James River for all storm data
sets. More storm sampleswere required just to meet the
model assumptions for total suspended solids, in large
part because the stream response in the Rappahannock
River Basin is quicker and more variable than in the
James River Basin. The quicker and more variable
streamsresponse also led to less precise load estimates,
regardless of how many storm samples were included.
Additionally, the difference in load estimates as more
stormswere included was dightly greater in the Rappa-
hannock River, indicating that the influence of storm-
sampling frequency on load estimation was greater in
this smaller and flashier basin.

Five-Year Loads

Annual loads for the 5-year period from 1995
through 1999 were estimated for arange of particulate
and dissolved constituents with all Rappahannock
River storm data sets (fig. 13). The 5-year load esti-
mates were compared to those for the 10-year period to
determine whether the amount of storm sampling nec-
essary for accurate and precise load estimation in this
basin differed on the basis of the length of the data set.
These load estimates also were compared to the 5-year
load estimates for the James River to assess the effects
of storm-sampling frequency on load estimation for a
shorter time period in basins with different drainage
areas and basin characteristics.

30 Effects of Storm-Sampling Frequency on Estimation of Water-Quality Loads and Trends
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Figure 13. Annual loads of selected constituents at the Rappahannock River monitoring station, 1995 through 1999.




Total Suspended Solids

Load estimates for total suspended solids were
highly variable (fig. 13). The model diagnosticsindi-
cate that, as with the 10-year model, the 5-year model
for total suspended solids did not adhere to the assump-
tions of normality and homoscedasticity of the residu-
alsfor the 0-, 20-, 40-, and 60-percent data sets. The
assumptions were met with the 80- and 100-percent
data sets, but the SEPs were still very high (fig. 14).
Because load estimates converged with the 80-percent
data, and no substantial decrease in SEPs occurred as
more storm samples were included, data sets with at
least 37 percent storm samples | ed to the most accurate
and precise estimates of total suspended solids loads
(fig. 4b). Itisdifficult to compare the magnitudes of the
estimates between the 5- and 10-year data sets because
load estimates were poor for both time periods, even
with 100 percent of the storm samplesincluded.

Total Phosphorus

Asinthe 10-year period, the O-percent datasetin
the 5-year period led to underestimates of total phos-
phorus loads relative to higher percentage data sets,
particularly during high-flow years (fig. 13). The esti-
mates with the other storm data sets in the 5-year
period, unlike those in the 10-year period, were vari-
able and did not converge. The SEPs for the 5-year
period did not decrease consistently as more storms
wereincluded, indicating that even with 100 percent of
the storm samples included, the number of high-flow
samples was insufficient to produce a good model fit
(fig. 14). In contrast, load estimates converged at area-
sonable value in the 10-year period. The behavior of
total phosphorusin this basin istherefore better charac-
terized in the longer time period, for which a greater
number of moderate-flow samplesisincluded in the
data set.

Total Nitrogen

Estimates of total nitrogen loads with the O-per-
cent data set were similar in magnitude to those with
the higher percentage data sets (fig. 13); however, SEPs
were as much as twice as high with the 0-percent data
set (fig. 14). Because estimates of total nitrogen loads
in the 5-year period converged with the 20-percent data
set, and no substantial decrease in SEPs occurred as
more storm samples were included, data sets with at
least 13 percent storm samples | ed to the most accurate

and precise estimates of total nitrogen loads (fig. 4b).
The magnitudes of the total nitrogen load estimatesin
the 5-year period were generally similar to those in the
same years during the 10-year period for all storm data
sets, though SEPs were higher.

Dissolved Nitrite-plus-Nitrate

The O-percent data set led to estimates of dis-
solved nitrite-plus-nitrate loads that were not consis-
tently under- or overestimated relative to the higher
percentage data sets (fig. 13). The SEPs were always
higher, particularly during high-flow years (fig. 14).
Load estimates in the 5-year period were similar to
those in the 10-year period and converged with the 20-
percent data set; no substantial decrease in SEPs
occurred as more storm samples were included. There-
fore, data sets with at least 13 percent storm samples
led to the most accurate and precise estimates of dis-
solved nitrite-plus-nitrate loads (fig. 4b). The magni-
tudes of the load estimatesin the 5- and 10-year
periods were similar for all storm data sets, though
there were dlight differences in high-flow years.

Dissolved Orthophosphorus

The load estimates for dissolved orthophospho-
rus were slightly more variable among storm data sets
for the 5-year period than among those for the 10-year
period (fig. 13). For the 5-year period, the O-percent
data set slightly overestimated |oads of dissolved ortho-
phosphorus relative to those for the higher percentage
data sets, and the SEPs were nearly three times as high
during some years (fig. 14). Because load estimates for
dissolved orthophosphorus converged with the 40-per-
cent data set in the 5-year period, and no substantial
decrease in the SEPs consistently occurred as more
storms were included, data sets with at least 23 percent
storm samples led to the most accurate and precise esti-
mates of dissolved orthophosphorus loads (fig. 4b).
After the load estimates converged, their magnitudesin
the 5-year period were similar to those in the same
yearsin the 10-year period.

Comparison of Ten-Year and Five-Year
Loads

These results indicate that the length of the data
set had a greater effect on the load estimation of partic-
ulate constituents than dissolved constituentsin the

32 Effects of Storm-Sampling Frequency on Estimation of Water-Quality Loads and Trends
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Rappahannock River. Loads of particulate constituents
were estimated more precisely with data from the
longer time period when a greater number of moderate-
flow samples wasincluded in the data set (fig. 3). Both
total phosphorus and total suspended solids loads were
poorly estimated for the 5-year period, but total phos-
phorus loads were estimated reasonably well for the
10-year period. The SEPs for the 5-year period were
higher than those in the same years for the 10-year
period, particularly with the O-percent data setsand in
the higher flow years. In contrast, dissolved constituent
loads in the Rappahannock River were estimated rea-
sonably well with data sets that included a small
number of storm samples during both the 10- and 5-
year periods, though the SEPs were higher during the
shorter period. The percentage of storm samples
required for reasonably accurate and precise load esti-
mation during a 5-year period in the Rappahannock
River ranged from 37 percent for total suspended solids
to 13 percent for total nitrogen and dissolved nitrite-
plus-nitrate. Reasonable |oad estimates for total phos-
phorus could not be obtained even with the inclusion of
100 percent of the storm samples collected in this
study.

For the 5-year period in the James River,
whereas estimates of some constituent |oads converged
with a higher percentage of storm samples, al esti-
mates had lower SEPs than in the Rappahannock River.
In addition, as observed for the 10-year period, the dif-
ferencein load estimates as more storm samples were
included was dlightly greater in the Rappahannock
River, indicating that the influence of storm events on
load estimation is greater in the Rappahannock River
Basin for both time periods. The James River responds
more slowly and consistently to storm events than does
the Rappahannock River. Asaresult, loadsin thisbasin
can be estimated with greater accuracy and precision
over shorter time periods and often with fewer storm
samples.

Several changesin load estimates as more storm
samples were included could not be explained. The
method of storm data set construction used in this study
may have led to results that were particularly sensitive
to the nature of the single, random subset of data, and
differencesin load estimates may have resulted in part
from differences between the individual distribution of
sample populations in each storm data set. More
detailed analyses for some constituents, perhaps by use

of Monte Carlo simulations, would provide additional
insight into the differences in load estimates as storm-
sampling frequency increases.

Additionally, both of the basins examined in this
study arerelatively large, and the conclusions drawn in
this study likely do not apply to smaller basins. In
smaller basins, the response of streamflow and in-
stream concentration values to storm events would be
quicker than in either the James or the Rappahannock
River Basins. Storm sampling in smaller basins can
lead to positively biased and less precise |oad estimates
because measured concentrations during storm events
are often higher than the daily mean concentrations
employed in the regression model (Robertson and
Roerish, 1999).

TREND ESTIMATES

Trends in flow-adjusted concentrations of total
suspended solids, total phosphorus, total nitrogen, dis-
solved nitrite-plus-nitrate, and dissolved orthophospho-
rus were estimated with storm data sets covering both
time periods at the James River and Rappahannock
River RIM stations. The 5-year trend estimates were
compared to those from the 10-year period to deter-
mine whether the amount of storm sampling necessary
for reasonable trend estimates differed on the basis of
the length of the data set. The James River trend esti-
mates also were compared to the Rappahannock River
trend estimates to assess the effects of storm-sampling
frequency in basins with different sizes and characteris-
tics.

For the 10-year period in the James River, the
estimates of flow-adjusted concentration trends (eg. 2)
were similar in magnitude and significance with all
storm data sets for all constituents except total sus-
pended solids (table 2). The 95-percent confidence
intervals for the trend magnitudes decreased slightly as
more storm samples were included, indicating that the
model better estimated the “true” trends with the inclu-
sion of a greater number of storm samples. Trend esti-
mates for total suspended solids were significant with
the 60-percent and higher data sets, and magnitudes
were similar for the 80- and 100-percent data sets. A
Type | error occurred with the O-percent data set—at a
significance level of 0.05, the null hypothesis that the
3 coefficient (eq. 1) did not differ from zero was inap-
propriately rejected. This error was suggested by the
acceptance of the null hypothesis with the 20- and 40-

34 Effects of Storm-Sampling Frequency on Estimation of Water-Quality Loads and Trends



Table 2. Trends in flow-adjusted concentrations of selected constituents at the
James River monitoring station for each of the storm data sets, 1990 through
1999

[Trends expressed as percent change. The lower and upper magnitudes represent the 95-percent
confidence interval of the trend. Trends that were significant with p-value less than or equal to
0.05 are shown in bold type. <, less than]

Data set LOV.Ver Mean Upper p-value
magnitude magnitude  magnitude
Total suspended solids
100% -43 -26 -4 .0216
80% -44 -26 -3 .0281
60% -52 -35 -12 .0037
40% -44 -23 +6 1014
20% -48 -26 +5 .0794
0% -54 -34 -4 .0222
Total phosphorus
100% -55 -45 -33 <.0001
80% -54 -44 -31 <.0001
60% -55 -45 -32 <.0001
40% -53 -42 -29 <.0001
20% -49 -35 -18 .0003
0% -51 -37 -20 .0002
Total nitrogen
100% -32 -22 -11 .0003
80% -33 -22 -10 .0007
60% -30 -19 -7 .0028
40% -32 -20 -7 .0038
20% -34 -21 -5 .0106
0% -40 -26 -10 .0030
Dissolved nitrite-plus-nitrate
100% -52 -43 -31 <.0001
80% -55 -45 -33 <.0001
60% -47 -36 -22 <.0001
40% -55 -43 -28 <.0001
20% -60 -47 -31 <.0001
0% -62 -48 -28 .0001
Dissolved orthophosphorus

100% -53 -42 -29 <.0001
80% -52 -41 -27 <.0001
60% -50 -38 -22 <.0001
40% -55 -42 -26 <.0001
20% -55 -41 -24 .0001
0% -57 -41 -20 .0006

Trend Estimates 35



percent data sets. The results indicate that over a 10-
year period at the James River monitoring station,
trendsin flow-adjusted concentrations can be estimated
reasonably well with a small number of storm samples
for both dissolved and particulate constituents, with the
exception of total suspended solids.

For the 5-year period in the James River, the
trend estimates were not significant for total suspended
solids or total nitrogen with all storm data sets
(table 3). The trend estimates were strongly significant
for dissolved orthophosphorus with all storm data sets,
though the confidence intervals decreased as more
storm samples were added. Owing to the predominance
of point-source inputs of dissolved orthophosphorus,
much of the decrease likely occurred within the lower
flow samplesincluded in all data sets. The downward
trends in flow-adjusted concentrations of total phos-
phorus and dissolved nitrite-plus-nitrate were smaller
in magnitude and were significant with only the 60-per-
cent and higher data sets. Trend estimates for these two
constituentswere similar in significance and magnitude
with the 60-, 80-, and 100-percent data sets, but the p-
values decreased slightly as more storm samples were
included. These results indicate that reasonable trend
estimates for the 5-year period in the James River were
obtained for both dissolved and particul ate constituents
with data setsin which at least 42 percent of the sam-
ples were storm samples (fig. 3b). More storm samples
arerequired at this monitoring station for trend estima-
tion for the 5-year period than for the 10-year period.
Because no significant trends were observed in several
of the constituents for the 5-year period, there was no
clear evidence that dissolved-constituent trends were
better estimated with fewer storm samples than particu-
late-constituent trends.

More storm samples were necessary for trend
estimation in the Rappahannock River than in the
James River for the 10-year period. The p-values for
trends in dissolved nitrite-plus-nitrate in the Rappahan-
nock River decreased steadily as the number of storm
samples increased; the trend estimate was significant
only when 100 percent of the storm samples were
included (table 4). Trends in dissolved orthophospho-
rus were significant with the 0-, 20-, and 40-percent
data sets, but were not significant with the data sets
containing more storm samples. It is possible that the
increases in contributions from nonpoint sources at
higher flows offset decreases in contributions from
point sources and, as aresult, afalse overdl trend in
orthophosphorus was detected when the higher flow

samples were not included. Trendsin total phosphorus
were significant and the magnitudes were similar for
the 40-percent and higher data sets. Trends in total sus-
pended solids and total nitrogen were not significant
with all data sets (with the exception of an apparent
Type| error in the total suspended solids trend with the
40-percent data set). There was no clear evidence that
trends in dissolved constituents were better estimated
with fewer storm samples than trends in constituents
associated with particulate material. To predict particu-
late- and dissolved-constituent trends for the 10-year
period in the Rappahannock River, it was necessary to
include 100 percent of the possible storm samplesin
this study, or 42 percent of the samplesin the data sets
as storm samples (fig. 4a).

For the 5-year period in the Rappahannock
River, trends were not significant for any constituents
except dissolved orthophosphorus (table 5). Downward
trends in flow-adjusted concentrations of dissolved
orthophosphorus were large and were detected with all
storm data sets. There was no consistent decreasein
p-values for the other constituents as more storm sam-
ples were included, and it appears that including more
storm samples would not lead to better trend estimates.
It islikely that the true trends during this period were
not significant. Therefore, the amount of storm sam-
pling necessary for reliable trend estimation for both
dissolved and particulate constituents in this basin for
the 5-year period could not be determined.

SUMMARY AND CONCLUSIONS

Annual loads and flow-adjusted concentration
trends were estimated from water-quality and stream-
flow data collected from 1990 through 1999 at moni-
toring stations on two tributaries to the Chesapeake
Bay in Virginia—James River at Cartersville, Va., and
Rappahannock River near Fredericksburg, Va. The
effects of storm-sampling frequency on load and trend
estimates in these two basins of different size, relief,
and land use were determined by use of input data sets
that included 0, 20, 40, 60, 80, and 100 percent of all
available storm samples; all available base-flow sam-
ples were used in each data set. Loads and trends were
estimated for total suspended solids, total phosphorus,
total nitrogen, dissolved nitrite-plus-nitrate, and dis-
solved orthophosphorus in order to determine the
effects of storm-sampling frequency on estimation of
dissolved and particulate constituent loads and trends.
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Table 3. Trends in flow-adjusted concentrations of selected
constituents at the James River monitoring station for each of the storm
data sets, 1995 through 1999

[Trends expressed as percent change. The lower and upper magnitudes represent the 95-
percent confidence interval of the trend. Trends that were significant with p-value less
than or equal to 0.05 are shown in bold type. <, less than]

Data set m:!l_g;)r\ll\ilteurde ma'\élﬁﬁzde malé;pn?teurde p-value
Total suspended solids
100% -44 -13 +36 .5341
80% -43 -8 +49 .7196
60% -51 -16 +44 .5106
40% -48 -8 +63 7597
20% -54 -21 +37 .3745
0% -59 -21 +53 4438
Total phosphorus
100% -52 -34 -9 .0103
80% -54 -35 -9 .0111
60% -53 -32 -2 .0369
40% -43 -18 +17 .2569
20% -55 -37 -11 .0070
0% -50 -25 +11 1361
Total nitrogen
100% -31 -11 +14 .3569
80% -33 -13 +14 .3043
60% -38 -16 +13 .2332
40% -22 +3 +36 .8038
20% -36 -16 +9 1792
0% -44 -21 +10 .1439
Dissolved nitrite-plus-nitrate
100% -58 -40 -12 .0078
80% -61 -41 -10 .0128
60% -65 -44 -9 .0163
40% -47 -16 +32 4272
20% -57 -28 +20 .1894
0% -59 -21 +52 4594
Dissolved orthophosphorus

100% -81 -74 -64 <.0001
80% -80 -72 -61 <.0001
60% -82 -74 -64 <.0001
40% -79 -70 -57 <.0001
20% -79 -70 -55 <.0001
0% -79 -68 -50 <.0001
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Table 4. Trends in flow-adjusted concentrations of selected constituents at
the Rappahannock River monitoring station for each of the storm data sets,
1990 through 1999

Trends expressed as percent change. The lower and upper magnitudes represent the 95-percent
confidenceinterval of the trend. Trends that were significant with p-value less than or equal to
0.05 are shown in bold type]

Data set L°"‘.’er Mean Upper p-value
magnitude magnitude magnitude
Total suspended solids
100% -42 -12 +34 .5380
80% -40 -7 +43 7220
60% -48 -19 +28 .3592
40% -47 -15 +37 4787
20% -49 -19 +29 .3593
0% -53 -24 +22 .2350
Total phosphorus
100% -45 -29 -9 .0063
80% -40 -23 -2 .0291
60% -45 -29 -8 .0081
40% -44 -27 -7 .0111
20% -38 -21 +1 .0528
0% -37 -21 0 .0445
Total nitrogen
100% -26 -13 +1 .0605
80% -24 -11 +4 .1584
60% -26 -12 +3 .1188
40% -28 -14 +2 .0746
20% -26 -12 +5 .1457
0% -26 -11 +8 .2497
Dissolved nitrite-plus-nitrate
100% -44 -26 -1 .0391
80% -44 -25 +2 .0667
60% -43 -20 +11 1792
40% -43 -19 +16 .2559
20% -40 -11 +33 .5759
0% -41 -8 +44 7225
Dissolved orthophosphorus
100% -32 -15 +6 1310
80% -34 -18 +2 .0661
60% -36 -19 +4 .0859
40% -39 -23 -1 .0382
20% -45 -30 -10 .0049
0% -47 -31 -9 .0078
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Table 5. Trends in flow-adjusted concentrations of selected constituents at
the Rappahannock River monitoring station for each of the storm data sets,
1995 through 1999

[Trends expressed as percent change. The lower and upper magnitudes represent the
95-percent confidence interval of the trend. Trends that were significant with p-value
less than or equal to 0.05 are shown in bold type. <, less than]

Data set mz!{;r?\iltelzjrde mal\g/jlﬁﬁrtljde malLJg%Fi)furde p-value
Total suspended solids
100% -3 +90 +275 .0561
80% -4 +96 +302 .0590
60% -32 +42 +199 .3316
40% -3 +106 +338 .0469
20% -17 +65 +225 .1306
0% -26 +39 +159 .2933
Total phosphorus
100% -21 +12 +58 .5188
80% -15 +21 +72 2752
60% -28 +2 +45 .8929
40% -4 +36 +92 .0793
20% -4 +33 +83 0773
0% -13 +16 +54 .3108
Total nitrogen
100% -11 +15 +50 .2688
80% -13 +15 +51 3117
60% -17 +11 +48 4709
40% -7 +25 +68 1242
20% -11 +18 +57 .2462
0% -15 +17 +63 .3203
Dissolved nitrite-plus-nitrate
100% -45 -11 +45 .6316
80% -48 -12 +50 .6349
60% -50 -10 +61 7195
40% -53 -11 +68 .7085
20% -43 +11 +117 7474
0% -44 +21 +163 .6116
Dissolved orthophosphorus
100% -63 -49 -31 <.0001
80% -63 -49 -29 .0001
60% -65 -50 -29 .0001
40% -68 -53 -33 .0001
20% -60 -41 -14 .0060
0% -65 -47 -21 .0018
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Estimates of loads and trends for the 10-year period
from 1990 to 1999 were compared to those for the 5-
year period from 1995 to 1999 to determine whether
the length of the data set had an effect on the frequency
of storm sampling required to obtain accurate load and
trend estimates.

For the 10-year period in the James River, the
percentage of storm samples required for accurate and
precise load estimation ranged from 50 percent for total
suspended solids to 20 percent for dissolved nitrite-
plus-nitrate. For the 5-year period, the percentage of
total samples as storm samples required for conver-
gence of the load estimates ranged from 42 percent for
total suspended solidsto 19 percent for dissolved
nitrite-plus-nitrate and dissolved orthophosphorus. The
magnitudes of the load estimates in the 5-year period
were close to those for the same yearsin the 10-year
period for the dissolved constituents, but were lower
for the particulate congtituents. Additionally, all esti-
mates in the 5-year period had higher prediction errors
than those in the 10-year period. Therefore, the model
better predicted loads of dissolved constituents than
loads of particulate constituents with fewer storm sam-
plesfor both time periods in the James River, though
all constituent loads were better predicted for the
longer time period.

For the 10-year period in the Rappahannock
River, the percentage of storm samples required for
reasonably accurate and precise load estimation ranged
from 37 percent for total suspended solidsto 13 percent
for dissolved nitrite-plus-nitrate and dissolved ortho-
phosphorus. For the 5-year period, asimilar percentage
of storm samples provided reasonable estimates of dis-
solved constituent loads and total suspended solids
loads, but the prediction errors were much higher than
for the 10-year period. Load estimates for total phos-
phorus never converged when data from the 5-year
period were used, and the prediction errors did not
decrease consistently as more storms were included,
indicating that even when 100 percent of the available
storm samples were included, the number of high-flow
values was insufficient to accurately estimate total
phosphorus loads during the shorter period. The load
estimates for the 5-year period were not consistently
higher or lower than those for the same yearsin the 10-
year period for any constituent. As with the James
River, al estimates had higher prediction errors for the
5-year period than for the 10-year period. Therefore,
the model better predicted loads of dissolved constitu-
ents than particulate constituents with fewer storm

samples for both periods, though, as observed in the
James River, al constituent loads were better predicted
in the longer time period.

L oads of dissolved and particulate constituents
were estimated with fewer storm samples and were
dlightly more accurate and precise in the James River
than in the Rappahannock River during both periods.
The high relief and smaller drainage area of the Rappa-
hannock River Basin cause quicker and more variable
stream response than in the James River Basin, which
led to less precise load estimates, regardless of how
many storm samples were included. In addition, the
difference in load estimates as more storms were
included was dlightly greater in the Rappahannock
River during both periods, indicating that the influence
of storm events on |load estimation is greater in this
smaller and flashier basin. Overall, the results of this
study indicate that loads in the larger and less flashy
James River Basin can be estimated with greater accu-
racy and precision over shorter time periods and
usually with fewer storm samples than in the Rappa-
hannock River Basin.

Trends in flow-adjusted concentrations were
estimated reasonably well with few storm samples for
both dissolved and particul ate constituents in the James
River for the 10-year period, with the exception of total
suspended solids. Data sets having more storm sam-
ples—at least 42 percent of the total number of sam-
ples—were needed to obtain reliable trend estimates
for the 5-year period. For the 10-year period in the
Rappahannock River, at least 42 percent storm samples
was necessary for reasonable estimates of trends in
both dissolved and particulate constituents. No signifi-
cant trends were observed for the 5-year period, so the
minimum number of storm samples for trend estima-
tion could not be determined. Because of the small
number of significant trends throughout these data sets,
it was not possible to determine whether dissolved con-
stituent trends were better estimated with fewer storm
samples than particulate constituent trends. The results
do indicate that, as with load estimation, more storm
samples were necessary for trend estimation during
shorter time periods and in the smaller and flashier
Rappahannock River Basin. Both load and trend esti-
mates were sensitive to the length of the monitoring
period and the size of the basin; however, load esti-
mates were more sensitive to the number of storm sam-
ples in the data set than were trend estimates.
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The best overall monitoring strategy for accurate
and precise load and trend estimation of particulate and
dissolved constituents in the James and Rappahannock
River Basins was found to consist of 50 percent base-
flow samples and 50 percent storm samples. If total
suspended solids—a constituent that has large associ-
ated measurement errors—were not considered, how-
ever, a minimum of 33 percent storm samples would be
sufficient.

The results of this study indicate that the optimal
sampling design of monitoring programs in large river
basins will differ depending on the basin size and
hydrologic response, the length of the monitoring pro-
gram, and the constituents of interest. Flashier basins
will require collection of a greater number of storm
samples, particularly if particulate constituents are
monitored, though lengthening the monitoring period
may reduce the amount of storm sampling required.
Many monitoring programs begin as short-term efforts,
however, making it impractical to initially design a
sampling strategy that will be optimal over long peri-
ods. If the monitoring period is extended after several
years of relatively high-intensity storm sampling, a sig-
nificant reduction in storm-sampling frequency may
bias trend estimates in the long term. The potential for
this bias should be investigated prior to making sub-
stantial changes to a monitoring program.
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Appendix 1. Number of storm-flow days in the streamflow record,
number of days on which a water-quality sample was collected, and
number of storm-flow samples at the James and Rappahannock
River monitoring stations for each data set

Number of Number of Percent
Data set storm-flow storm-flow
samples
samples samples

James River, 1990-99

Streamflow Record (days) 3,652 729 20
1100% 407 221 54

80% 355 177 50

60% 312 133 43

40% 266 88 33

20% 225 44 20

0% 182 0 0

James River, 1995-99

Streamflow Record (days) 1,826 344 19
1100% 178 94 53

80% 151 75 50

60% 134 56 42

40% 116 38 33

20% 98 19 19

0% 80 0 0

Rappahannock River, 1990-99

Streamflow Record (days) 3,652 752 21
1100% 385 163 42

80% 352 130 37

60% 320 98 31

40% 287 65 23

20% 255 33 13

0% 222 0 0

Rappahannock River, 1995-99

Streamflow Record (days) 1,826 384 21
1100% 182 78 43

80% 166 62 37

60% 152 47 31

40% 135 31 23

20% 120 16 13

0% 104 0 0

1 100% data set is the full data set with all base-flow and storm-flow samplesincluded.
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