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Multiply By To obtain
Length

centimeter (cm) 0.3937 inch (in.)
millimeter (mm) 0.03937 inch (in.)
meter (m) 3.281 foot (ft) 
kilometer (km) 0.6214 mile (mi)

Area
square meter (m2) 0.0002471 acre 
hectare (ha) 2.471 acre
square kilometer (km2) 247.1 acre
hectare (ha) 0.003861 square mile (mi2) 
square kilometer (km2) 0.3861 square mile (mi2)

Volume
liter (L) 0.2642 gallon (gal)
cubic meter (m3) 264.2 gallon (gal) 

Flow rate
liter per second (L/s) 15.85 gallon per minute (gal/min) 
liter per second (L/s) 0.03531 cubic foot per second (ft3/s)

Temperature in degrees Celsius (°C) may be converted to degrees Fahrenheit (°F) as follows:

     °F=(1.8×°C)+32

Vertical coordinate information is referenced to the North Geodetic Vertical Datum of 1929 
(NGVD 29).

Horizontal coordinate information is referenced to the North American Datum of 1983 (NAD 83).

Altitude, as used in this report, refers to distance above the vertical datum.

Abbreviated water-quality units: Chemical concentration is reported in micrograms per liter 
(µg/L) or microequivalents per liter (µeq/L).  Microequivalents per liter is a unit expressing 
the concentration of chemical constituents in solution as equivalent charges (equivalents) of 
solute per unit volume (liter) of water.  One-thousand microequivalents per liter is equal to one 
milliequivalent per liter.

Conversion Factors and Abbreviated Water-Quality Units
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Abstract
Acidic deposition is one of the most serious environ-

mental problems affecting Shenandoah National Park in 
north-central Virginia. The park is the third most contaminated 
park in the National Park System because of the deposition of 
acid rain. Acid rain affects headwater streams in the park by 
temporarily reducing the acid-neutralizing capacity (ANC) of 
the water, a process termed episodic acidification. In turn, the 
increase in acidic components in streamwater can have delete-
rious effects on the aquatic biota. 

Although acidic deposition to the park is relatively uni-
form across its land area, the water-quality response of stream-
water during rain events varies substantially. This response is a 
function of the underlying geology and topographic attributes 
of watersheds. 

Geologic and topographic data for the park’s 231 water-
sheds are readily available; however, long-term (years and tens 
of years) measurements of streamwater ANC and accompany-
ing discharge are not and would be prohibitively expensive to 
collect. Modeled predictions of the vulnerability of the park’s 
streams to episodic acidification are an alternative to long-
term water-quality monitoring. These predictions can aid park 
officials in making management decisions. 

In an attempt to model the magnitude, frequency, and 
duration of a water-quality parameter, transfer function time 
series models were developed to predict hourly ANC from 
discharge for five watersheds in the park that have long-term 
records of water quality and discharge. Hourly ANC predic-
tions over short time periods were averaged and distributions 
of the recurrence intervals of annual minimum ANC values 
were modeled for periods of 6, 24, 72, and 168 hours. The 
distributions were extrapolated to the rest of the watersheds in 
the park on the basis of watershed geology and topography.

  1 U.S. Geological Survey 
     2 University of Virginia 

These distributions allow quantitative assessments to be made 
of watershed vulnerability in the park, thereby providing better 
information to decision makers than the qualitative assess-
ments that can be made on the basis of geology alone.

On the basis of the models, large numbers of park 
streams have 6- to 168-hour (1-week) periods of low-ANC 
values, which may stress resident brook trout and other fish 
populations. The results indicate that smaller watersheds are 
more vulnerable to episodic acidification than larger water-
sheds on the same bedrock. Watersheds with similar topogra-
phy and area are more vulnerable if they are underlain by less 
basaltic/carbonate bedrock. Additional model results indicate 
that substantial areas of the park are vulnerable to successive 
annual episodic ANC decreases in streamwater that could 
cause mortality of some fish species. For example, approxi-
mately 14 percent of the park watersheds are predicted to have 
72-hour periods of average ANC less than 0 microequivalents 
per liter (µeq/L) at least once every 2 years. At this frequency, 
these watersheds can be expected, with a probability greater 
than 90 percent, to have 4 continuous years of these conditions 
at least once in the next 40–100 years.

Introduction
Acidic deposition is a worldwide problem. During the 

mid-1800’s, a British chemist, Robert Angus Smith, made 
the first extensive scientific studies of acid rain and its effects 
(Bricker and Rice, 1993). For the next 20 years, Smith con-
tinued to research the chemistry of precipitation in England, 
Scotland, and Germany; when he published his findings, 
the term “acid rain” was coined (Smith, 1872). Acid rain is 
caused primarily by sulfur and nitrogen emissions from the 
combustion of fossil fuels (by electric utilities, motor vehicles, 
industrial facilities, and residences). Once airborne, sulfur and 
nitrogen are oxidized and combine with other compounds to 
form sulfuric and nitric acids—the acids are returned to the 
Earth’s surface through all forms of wet (precipitation and 
aerosol) and dry (gaseous and particulate) deposition. Con-

Predicting the Vulnerability of Streams to Episodic 
Acidification and Potential Effects on Aquatic Biota 
in Shenandoah National Park, Virginia

By Karen C. Rice,1 Frank A. Deviney, Jr.,2 George M. Hornberger,2 and James R. Webb2



2  Predicting the Vulnerability of Streams to Episodic Acidification in Shenandoah National Park, Virginia

taminants from power-plant emissions are primarily sulfuric 
acid, whereas contaminants from motor-vehicle emissions are 
primarily nitric acid. 

The components of acid rain can harm the environment 
and its inhabitants in various ways, including damage to build-
ings and structures (Baadeker and others, 1990), human health 
(Graham and others, 1990; Grant and others, 1990), and natu-
ral ecological systems. Damages to natural systems include 
acidification of surface waters (Baker and others, 1991); loss 
of aquatic biota (Baker and Christensen, 1991); depletion 
of soil nutrients, for example, calcium (Huntington, 2000); 
and impairment of forest health (Driscoll and others, 2001). 
The most affected parts of North America are the Northeast 
and Mid-Atlantic regions because of the downwind drift of 
contaminants from coal-fired power plants in the Ohio River 
Valley (Driscoll and others, 2001). 

Shenandoah National Park (SNP) in Virginia (fig. 1) 
is the third-most contaminated national park in the Nation 
because of this downwind drift of airborne contaminants 
(Appalachian Voices and National Parks Conservation Asso-
ciation, 2004). Because the park is situated along the crest of 
the Blue Ridge Mountains, it hosts multiple headwater streams 
with relatively small watersheds (generally less than 25 km2). 
In general, atmospheric water is more acidic than ground 
water because ground water has had contact with earth-surface 
materials (for example, soils and bedrock) and, therefore, has 
undergone some neutralization of the acidity. Because the 
streams in the park originate at the top of the mountains, how-
ever, runoff supplying streamflow is primarily of atmospheric 
origin; the streamwater, therefore, is acidic and is susceptible 
to episodic acidification. Such streams are considered to be 
sensitive to acidic deposition.

In natural waters, the primary measure used to character-
ize acidity (or the lack thereof) is acid-neutralizing capacity 
(ANC). ANC is the capacity of a solution to neutralize strong 
acids and is defined as the equivalent sum of all bases or base-
producing materials, solutes plus particulates, in an aqueous 
system that can be titrated with acid to an equivalence point. 
This term designates titration of an “unfiltered” sample. A low 
ANC indicates little capacity to neutralize acidity, whereas a 
high ANC indicates a greater capacity to neutralize acidity. 

The ANC of streamwater at base flow is related to the 
type of bedrock underlying the watershed (for example, Lynch 
and Dise, 1985; Bricker and Rice, 1989; Webb and oth-
ers, 1994; Webb, 1999; Webb and others, 2001). Rocks that 
weather easily (for example, limestone) yield streams with 
higher ANC relative to rocks that are resistant to weathering 
(for example, quartzite). In general, streams with low ANC 
have a correspondingly low pH, and streams with higher ANC 
have near-neutral pH. The more acidic the streamwater, the 
less likely it will be able to support a diversity of aquatic life. 
Research indicates that fish, aquatic insects, and amphibians 
are sensitive to pH and ANC values (for example, Bulger and 
others, 2000; Grant and others, 2005; Baldigo and Murdoch, 
1997; Baldigo and Lawrence, 2000). The three major types of 
bedrock in the park— siliciclastic, granitic, and basaltic/car-

bonate—yield streams with low, moderate, and high ANC and 
pH, respectively (fig. 2).

Research in small watersheds throughout the world indi-
cates that for a given stream, ANC and streamwater discharge 
are inversely correlated in a curvilinear fashion (see Pinol and 
Avila, 1992, and references therein; fig. 3, r = 0.64). In gen-
eral, the higher the ANC at base flow, the more pronounced 
the decrease in ANC with increased discharge. During storm-
flow, short-term variability in ANC values is related to hydrol-
ogy (Wigington and others, 1990) and hydrologic variability is 
related to topography (for example, Pinol and Avila, 1992). 

Davies and others (1992) define “episodic acidification” 
as 

… the process by which lakes and streams experience 
a short-term decrease of ANC, usually during hydrological 
events (transient increases in discharge) and over time-scales 
of hours to weeks. An ‘episode,’ then, is any short-term 
decrease of ANC, and an ‘acidic episode’ is an episode in 
which ANC falls below zero microequivalents per liter 
(µeq L-1). 

Episodic acidification of streamwater is a concern 
because it can cause deleterious effects on aquatic organisms. 
If episodic acidification of a stream occurs during a critical 
life stage of a fish, such as spawning, the hatched fry can die, 
because they cannot tolerate high acidity. From the perspec-
tive of water-quality management objectives, characterizing 
streamwater vulnerability to episodic acidification is a first 
step towards being able to predict the effect of episodes on 
streamwater biota. In addition, such a characterization can 
help managers assess the potential effect of strategies for miti-
gating episodic acidification that results from anthropogenic 
causes. 

Researchers in the Department of Environmental Sci-
ences at the University of Virginia (UVA) have conducted 
the Shenandoah Watershed Study (SWAS) in the park for 
more than 25 years (http://swas.evsc.virginia.edu/). Begun in 
1979, SWAS is the longest continuously conducted watershed 
research and monitoring program in the National Park System, 
and the researchers have compiled the most extensive stream-
water quality database in the National Park System. The initial 
focus of SWAS was on the effects of acidic deposition on the 
park’s sensitive streams. Although the program has evolved to 
address additional issues that challenge watershed ecosystems 
in the park, the effects of acidic deposition remain a primary 
focus.

Bulger and others (1995) established a system to clas-
sify the response of brook trout (Salvelinus fontinalis) to the 
average ANC of a stream (table 1). Temporary decreases in 
streamwater ANC values are not the same as being in these 
ranges on the average. The ranges associated with the brook 
trout response classes nonetheless provide a frame of refer-
ence for comparing the results of this study with those of other 
studies.

There are 27 other species of fish identified as permanent 
residents of the park (James Atkinson, Shenandoah National 
Park, written commun., 2004), including bass, chub, dace, 
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Figure 2. Relations among pH, acid-neutralizing capacity, and associated bedrock type in streams in Shenandoah 
National Park, Virginia.
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Figure 3. Relation between acid-neutralizing capacity and discharge in Staunton River in Shenandoah National 
Park, Virginia.
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darter, and sculpin. Most, if not all, of these species are more 
sensitive to acidic conditions than are brook trout (Sulli-
van and others, 2003); therefore, these species are likely to 
respond differently than brook trout to decreases in streamwa-
ter ANC values. 

The presence or absence of fish species in the Neversink 
River, New York, is related to average streamwater pH (Bal-
digo and Lawrence, 2000). Brook trout are not found where 
average pH is less than 4.77; slimy sculpin (Cottus cognatus) 
are not found where average pH is less than 5.26; longnose 
dace (Rhinichthys cataractae) are not found where average pH 
is less than 5.69; and blacknose dace (Rhinichthys atratulus) 
are not found where average pH is less than 6.36. In another 
study in the Neversink River watershed, caged brook trout had 
mortality in excess of 20 percent when exposed to inorganic 
monomeric aluminum concentrations greater than 200 micro-
grams per liter (µg/L) for periods of at least 48 hours (Baldigo 
and Murdoch, 1997). Total exposure time and frequency of 
events are important factors that determine survival rates.

Measures of fish species diversity are most highly related 
to streamwater chemistry and, to a lesser extent, to physi-
cal habitat characteristics in the Neversink River watershed 
(Baldigo and Lawrence, 2000). Number of fish per unit area is 
most related to streamwater chemistry, whereas weight of fish 
per unit area is most related to physical habitat characteristics. 
Fish are responsive to water temperature, pH, ANC, inorganic 
monomeric aluminum, calcium, potassium, magnesium, and 
silicon concentrations, and elevation, drainage area, and other 
physical habitat characteristics (Baldigo and Lawrence, 2000). 

The bedrock geology underlying SNP indicates a chronic 
low-ANC condition in many watersheds. The vulnerability 
of streams throughout the park to episodic decreases in ANC 
values, however, has not been characterized or related to 
physicochemical and topographic properties of the watersheds. 
Geologic and topographic data are available for the entire 
park, whereas frequent ANC and discharge measurements 
are available only for a small number of the watersheds in the 
park.

Characterizing the magnitude, frequency, and duration 
of ANC decreases in streamwater requires a time series of 
ANC values at a time scale appropriate to the resources at 
risk from such decreases. For small watersheds, such as those 
found in SNP, ANC decreases on the order of hours—driven 
by short time-period hydrological events—may be critical. 
Hourly measurements of ANC, however, are expensive or 
difficult to obtain and generally are not available. By contrast, 
hourly observations of discharge are inexpensive to collect as 
compared to hourly measurements of ANC. Because ANC is 
inversely correlated with discharge (fig. 3; Pinol and Avila, 
1992), statistical models can be developed that predict hourly 
ANC on the basis of measured hourly discharge. Time series 
models, such as those developed by Whitehead and others 
(1986), are examples of this type of statistical model. Mea-
surements of ANC values over short time scales (for example, 
at 2-hour intervals) are required for the development of such 
models.

In 2002, the U.S. Geological Survey (USGS) and UVA, in 
cooperation with the National Park Service, began a study to 
characterize watersheds in the park in terms of the recurrence 
interval of low-ANC periods that can be expected to occur. 
This analysis modeled the magnitude, frequency, and duration 
of a water-quality parameter in streamwater using flood and 
low-flow methodology. Continuous discharge measurements 
and infrequent ANC measurements of park streams collected 
through September 30, 2003, were used to develop time series 
models that predict short-term ANC values. The predicted 
ANC values were used to develop ANC recurrence intervals. 
Maps summarizing the results of the analysis were created by 
use of regression and watershed attributes such as topography 
and geology to extrapolate results to ungaged watersheds. This 
approach is similar to that used by hydrologists in high-flow 
and low-flow frequency analysis of gaged watersheds and in 
regionalization, defined as the extrapolation of these analyses 
to ungaged watersheds (see, for example, Kite, 1977; Riggs, 
1972; and Rao and Hamed, 2000). In the context of this work, 
recurrence interval is the inverse of frequency; period and 

Table 1. Response of brook trout to the average acid-neutralizing capacity of a stream 
(Bulger et al., 1995).

[ANC, acid-neutralizing capacity; µeq/L, microequivalents per liter; >, greater than; <, less than or equal to]

Average 
ANC 

(µeq/L)

Brook trout 
response class

ANC response
Effect on 

brook trout

> 50 Not acidic Unlikely for ANC < 0 Little, if any

> 20–50 Indeterminate ANC may or may not become < 0 Variable

> 0–20 Episodically acidic Varying degrees of acidic episodes Sublethal or lethal

< 0 Chronically acidic Will experience acidic episodes Lethal effects likely
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duration are synonymous; and ANC decrease refers to the 
magnitude of the change in ANC value.

Purpose and Scope

This report describes the development of a mathematical 
model used to predict the vulnerability to episodic acidifica-
tion of streams in Shenandoah National Park. Predictions 
made using the model are summarized on maps of watersheds 
in the park and the corresponding data are tabulated in appen-
dix A. The maps can be used for assessing the vulnerability 
of SNP watersheds to episodic acidification, ranking water-
shed vulnerability to future episodic acidification, assessing 
potential effects on aquatic biota, and identifying opportunities 
to improve the water-quality and aquatic biological monitoring 
programs in the park.

Description of Study Area

Shenandoah National Park is located in the Blue Ridge 
Physiographic Province in north-central Virginia (fig. 1). The 
park straddles the crest of the Blue Ridge Mountains along 
a 112-km-long segment from Front Royal in the north to 
Waynesboro in the south. The park consists of approximately 
799 square kilometers (km2).

Geology 
Eleven geologic formations have been identified in the 

park (table 2). These formations were grouped into three 
“SWAS classes” on the basis of their capacity to neutralize 
acidic inputs. The SWAS classes are siliciclastic, granitic, 
and basaltic/carbonate (table 2) and are considered to group 
park streams with similar water quality (fig. 2). In general, the 
siliciclastic class is found in the westernmost portions of the 
park, the basaltic/carbonate class crops out in the middle of the 
park along the crest of the mountains, and the granitic class is 
found along the eastern margins of the park (fig. 4).

Hydrology 
Park staff delineated 231 watersheds (SNP watersheds, 

numbered 0-230 in appendix A) whose areal extent covers 
almost the entire park. Watershed outlets were defined as the 
point at which the stream crosses the park boundary. Seventy-
two of the watersheds are included in the park’s fish-monitor-
ing program (Vana-Miller and Weeks, 2004). Other watersheds 
are being added to the fish-monitoring program or being sur-
veyed by electro-fishing crews. 

SWAS maintains water-level (stage) recording stations 
on five streams in the park (fig. 4): North Fork of Dry Run 
(NFDR), since 1987; Paine Run (PAIN), since 1992; Piney 
River (PINE), since 1992; Staunton River (STAN), since 1992; 
and White Oak Run (WOR1), from 1979 until 1991 by USGS, 

and since 1991 by SWAS. Stage was recorded at hourly inter-
vals, and the data were digitized and extrapolated to discharge 
using standard methods (Rantz, 1982a, 1982b). The watershed 
boundaries of these five watersheds were delineated by SWAS 
and differ slightly in extent from corresponding watersheds in 
the park that were delineated as described above. Streamgag-
ing and data-analysis techniques used by SWAS are described 
in appendix B.

Topography
USGS 30-meter Digital Elevation Model (DEM) data for 

the 1:24,000 topographic quadrangles encompassing the park 
were obtained. The DEMs along with the watershed boundary 
overlay coverages were used to determine area, and maximum, 
minimum, and mean elevations, as well as elevation ranges for 
each of the park’s watersheds.

Streamwater Samples

Streamwater samples are collected weekly as grab sam-
ples from the five streams with water-level recording stations: 
NFDR, since 1987; PAIN, PINE, and STAN, since 1992; and 
WOR1, since 1979. In addition, stormflow samples, which 
include samples collected on the rising and falling limbs of the 
hydrograph, are collected with an automated water sampler 
(ISCO model 2900) as frequently as every 2 hours during 
selected storm runoff events. Stormflow samples have been 
collected at PAIN (514 samples), PINE (717 samples), and 
STAN (669 samples) since 1992. Stormflow samples were 

Table 2. Geologic formations in Shenandoah National 
Park, Virginia and associated Shenandoah Watershed Study 
(SWAS) class.

Formation or Lithology1 SWAS class

Catoctin Formation Basaltic/carbonate

Chilhowee Group Siliciclastic

Waynesboro Formation Basaltic/carbonate

Waynesboro Formation and 
Tomstown Dolomite

Basaltic/carbonate

Alkali Feldspar Leucogranite Granitic

Charnockite Granitic

Charnockite Gneiss Granitic

Old Rag Granite Granitic

Layered Pyroxene Granulite Granitic

Swift Run Formation Granitic

Mylonite, Mylonite Gneiss, and 
Cataclastic Rocks

Granitic

1From Virginia Division of Mineral Resources (2003)
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collected at NFDR (117 samples) and WOR1 (159 samples) 
by Marshall (1993) from 1991-92. Discharge and ANC data 
collected from the beginning of each record through Septem-
ber 30, 2003, were analyzed.

Streamwater samples, both grab and automated, were 
collected in 500-milliliter (mL) low-density polyethylene 
bottles that were pre-washed with laboratory-grade deter-
gent and hydrochloric acid (HCl) and rinsed with de-ionized 
water. Prior to grab-sample collection, the bottle was rinsed 
three times with the sampled streamwater. After collection the 
samples were placed in insulated containers with refrigerant 
for delivery to the SWAS laboratory. Upon receipt at the labo-
ratory, the samples were preserved by addition of chloroform 
(0.5 mL/500 mL) and stored at ambient laboratory temperature 
(about 23º C). 

ANC of streamwater samples was determined by a modi-
fied Gran titration in the SWAS laboratory, using an Orion 
model 290 A+ pH meter and an Orion model 8102 Ross pH 
electrode. The procedure was Gran titration with a 100-mL 
sample volume and 0.005 normal HCl titrant. Results are 
reported in µeq/L. Quality assurance and quality control of 
laboratory methods are documented in Rice and others (2001).

Development of the Mathematical 
Models

Although the same physical data are available for all 
watersheds in the park, the five SWAS watersheds can be 
termed data rich, because tens of thousands of hours of 
discharge data and roughly 1,000 water-quality samples have 
been collected from each watershed. By contrast, the rest of 
the SNP watersheds can be termed data poor, because no dis-
charge data, no stormflow water-quality samples, and at most 
a relatively small number of base-flow water-quality samples 
(as compared to 1,000 samples) have been collected from each 
watershed. An objective of this analysis was to extrapolate 
information available only for the data-rich (SWAS) water-
sheds to the data-poor (SNP) watersheds using information 
commonly available for all. The first step in the development 
of the model was to compare the distributions of the physical 
attributes that are available for both the SWAS and the SNP 
watersheds. These physical attributes include watershed area, 
geology, and topography. 

The SWAS watersheds comprise approximately 5 per-
cent of the park area. There is a disparity in the distribution 
of watershed area between the SWAS and SNP watersheds 
(fig. 5). NFDR, the smallest SWAS watershed, is larger than 
almost 60 percent of the SNP watersheds, indicating that the 
SWAS watersheds over-represent the large watersheds. The 
largest SNP watersheds, however, cover a much greater per-
centage of the park than the small watersheds. Approximately 
10 percent of the SNP watersheds are larger than PINE, the 
largest SWAS watershed. These disparities are a function 
of how the SNP watersheds were delineated and of how the 

SWAS watersheds were selected. Large watersheds in parks 
typically have roads, campgrounds, and other facilities that 
have effects on water quality that would have confounded the 
initial purposes of setting up the SWAS watershed sites. Many 
of the smaller SNP watersheds are logistically inconvenient or 
hydrologically unsuitable (intermittent streams), making them 
poor candidates for long-term monitoring, given the expense 
of site instrumentation, maintenance, and data collection and 
analysis.

All major bedrock classes are represented in the SWAS 
watersheds. The SWAS watersheds, however, under-represent 
the fraction of SNP watersheds containing basaltic/carbonate 
bedrock and over-represent the fraction containing siliciclastic 
and/or granitic bedrock (fig. 6; table 3). Because the probabil-
ity of episodic and, eventually, chronic acidification is higher 
in watersheds underlain by siliciclastic bedrock, it is appropri-
ate for this analysis that this class is over-represented.

The SWAS watersheds have narrower distributions of 
topographic metric values than the SNP watersheds (fig. 7), 
as evidenced by steeper cumulative distribution functions 
(CDFs), indicating less variance. The SWAS and SNP water-
sheds have more similar minimum and mean elevations than 
maximum and range of elevation. These topographic differ-
ences are probably because the SWAS watersheds extend 
from or near park boundary elevations to the crest of the Blue 
Ridge. As the SNP watersheds were all delineated starting 
at the park boundary, their minimum and mean elevations 
should be similar to the SWAS watersheds; however, many of 
the SNP watersheds will have lower maximums and smaller 
ranges in elevation.

In summary, the SWAS watersheds are more representa-
tive of larger SNP watersheds in terms of the physiographic 
metrics area and topography. The SWAS watersheds also are 
more representative of the more sensitive watersheds in the 
park. These differences are not surprising given the practical 
constraints on site selection and the historical objectives of the 
SWAS program, as well as the larger number and variation in 
size of the SNP watersheds. 

After comparing the physical attributes of the SWAS 
watersheds with the SNP watersheds, ANC values of the 
SWAS watersheds were compared. The distributions of ANC 
values of streamwater samples collected in the SWAS water-
sheds, across all flow regimes, vary between watersheds 
(fig. 8). Despite the small sample size, it was assumed that 
these differences were representative of those that would be 
present between other watersheds in SNP with similar geology 
and topography. NFDR and STAN, which have similar geol-
ogy, appear to have similar streamwater ANC distributions, as 
do PAIN and WOR1, which also have similar geology (fig. 8). 
The distribution of sample ANC at PINE, which is the SWAS 
watershed underlain by the highest percentage of basaltic bed-
rock, differs substantially from the other four sites. Additional 
observations include that as the hourly mean ANC value of a 
watershed increases, in general, so does the variance. Within 
pairs of watersheds with similar geology (NFDR/STAN 
and WOR1/PAIN), the smaller watershed has greater ANC 



10 Predicting the Vulnerability of Streams to Episodic Acidification in Shenandoah National Park, Virginia

��
�

��
��

��
��

��
��

��
��

��
�

�� �������

���

���

���

���

���

���

������������������������������

���������������������������������

������������������������������������

Figure 5. Distribution of watershed area among the Shenandoah Watershed Study (SWAS) and Shenandoah National 
Park (SNP) watersheds, Virginia.



Development of the Mathematical Models  11

������������ ������������ ������������

��
�

��
��

��
��

��
��

��
��

��
�

���

���

���

���

���

���

�������������������������� ���������������� ���������������������

������������������������������
���������������������������������

�����������

Figure 6. Distribution of geologic metrics among the Shenandoah Watershed Study (SWAS) and Shenandoah National 
Park (SNP) watersheds, Virginia.



12 Predicting the Vulnerability of Streams to Episodic Acidification in Shenandoah National Park, Virginia

�
��

��
��

��
��

��
��

��
���

�
��

��
��

�
�

��
��

��
��

��
��

��
��

���
�

��
��

��
�

��
��

�
��

��
�

��
�

��
�

��
�

��
�

��
�

��
�

��
�

��
�

��
�

��
��

�
��

�
��

�
��

�
��

�
��

�
��

�
��

�

��
�

��
�

��
�

��
�

��
�

��
�

��
�

��
�

��
�

��
�

��
�

��
�

����������������������

�
��

�
��

��
��

��
��

���
�

��
��

��
�

��
��

��
��

�
��

��
��

���
�

��
��

��
�

��
��

��
��

��
��

��
��

��
���

��
��

��
�

��

��
��

��
��

��
��

��
��

��
��

��
��

��
���

�
��

�

Fi
gu

re
 7

. 
Di

st
rib

ut
io

n 
of

 to
po

gr
ap

hi
c 

m
et

ric
s 

am
on

g 
th

e 
Sh

en
an

do
ah

 W
at

er
sh

ed
 S

tu
dy

 (S
W

AS
) a

nd
 S

he
na

nd
oa

h 
N

at
io

na
l P

ar
k 

(S
N

P)
 w

at
er

sh
ed

s,
 V

irg
in

ia
.



Development of the Mathematical Models  13

variance than the larger watershed. These observations are 
consistent with conceptual models of the effects of geology 
and water-soil interactions on streamwater ANC.

Discharge and runoff in millimeters (mm) (discharge 
divided by watershed area) for the SWAS watersheds for the 
period October 1, 1992, through September 30, 2003, were 
compared. Distributions of both discharge and runoff in mm 
are highly skewed, so the data were log-transformed before 
being plotted as CDFs. It was expected that raw discharge 
would be proportional to watershed size; however, this result 
was not observed. WOR1 has a lower median flow and greater 
flow variance than NFDR, even though WOR1 is approxi-
mately twice the size of NFDR. PAIN, one of the two largest 
SWAS watersheds, has discharge substantially less than either 
STAN or PINE. STAN and NFDR have less variance (that is, 
more vertical CDFs) than the other three sites. The median 
of hourly discharge in liters per second (L/s) for the period of 
record was WOR1, 21.1; NFDR, 28.1; PAIN, 64.1; PINE, 132; 
and STAN, 142 (fig. 9). 

The distributions of runoff in mm for the SWAS water-
sheds diverge at low values (fig. 10). WOR1, which has been 
observed to dry up on occasion, has lower base-flow runoff 
in mm than PAIN. Low runoff in mm at PINE and NFDR are 
remarkably similar given the difference in watershed areas, 
and low runoff in mm is highest at STAN. As expected, there 
is a greater difference in discharge (fig. 9) than runoff in mm 
(fig. 10) among the SWAS watersheds. Mean annual runoff in 
mm for the five SWAS watersheds for the period of record was 
NFDR, 859; STAN, 711; PINE, 669; WOR1, 450; and PAIN, 
435.

Information on the frequency, magnitude, and dura-
tion of ANC decreases in streamwater was extrapolated from 
the SWAS watersheds to the SNP watersheds in three steps 
(fig. 11): (1) time series models were constructed to predict 
hourly ANC for the five SWAS watersheds; (2) recurrence 
interval models were developed from the hourly ANC time 
series to predict the recurrence interval of designated episodic 
ANC decreases; and (3) the recurrence interval models were 
extrapolated to the SNP watersheds. The extrapolated models 
provided a basis for predicting recurrence intervals for SNP 

watersheds and for preparing maps showing the vulnerability 
of streams in the park to episodic acidification.

Time Series Models 

Three models for hourly ANC predictions were consid-
ered (fig. 11). In the first model (hereafter referred to as Model 
1), it is assumed that ANC can be predicted as the mean ANC 
of all samples. This assumption is not totally applicable, but 
this model serves as a benchmark for the more complicated 
candidate models. If a candidate model cannot outperform the 
mean model (Model 1), it is either a poor model, or a more 
complex model is not needed. The second model (hereafter 
referred to as Model 2) regresses ANC against the natural 
logarithm of discharge. The third model is a transfer function 
time series model. 

Time series models for each SWAS watershed were 
developed using the available time series of hourly discharge 
and occasionally sampled ANC values. The purpose of the 
time series models was to predict hourly ANC values for the 
SWAS watersheds. An assumption of the basic time series 
model is that historical values of the time series can be used 
to predict future values. A transfer function model augments 
the basic time series model to take advantage of predictive 
relations between the dependent variables and the current and 
historical values of other time series (Brockwell and Davis, 
1996). In this case, a basic model for hourly ANC based on 
historical values of ANC was augmented to include historical 
values of discharge. The addition of these discharge values 
was useful because (1) there are many missing values in the 
hourly times series of ANC values; (2) the hourly discharge 
record is complete; and (3) there is a strong correlation 
between ANC and discharge. 

The natural logarithm of discharge (independent vari-
able) in a simple regression with streamwater ANC (dependent 
variable) results in smaller error than using the untransformed 
discharge. In a simple regression, the magnitude of the slope 
indicates how much the dependent variable changes per 
change in unit of the independent variable (either discharge 
or the natural logarithm of discharge). The sign of the slope 
indicates whether increased flow concentrates (positive sign) 
or dilutes (negative sign) ANC.

The initial transfer function used to model ANC was 

C
B B

B B
Q

B

Bt t t- =
- -( )

- -( )
+

-( )
-( )

m
w w w

n n
q
f

e0 1 2
2

1 2
2

1

1

1

1
' , (1)

where 
C

t
 = hourly ANC time series (µeq/L),

µ = mean of ANC time series (µeq/L),
Q

t
’ = natural logarithm of hourly discharge (L/s), 

ω
0
, ω

1
, ω

2
, ν

1
, ν

2 
= transfer function parameters, 

ε
t
 = innovation series, and 

φ,θ = autoregressive moving average parameters for the inno-
vation series.

Table 3. Percentage of Shenandoah Watershed Study (SWAS) 
and Shenandoah National Park (SNP) watersheds, Virginia 
underlain by the three SWAS classes of bedrock (Vana-Miller 
and Weeks, 2004).

SWAS class
SWAS watersheds

(percent)
SNP watersheds

(percent)

Siliciclastic 41.3 29.0

Granitic 41.4 33.0

Basaltic/carbonate 17.3 38.0
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Figure 8. Distribution of streamwater acid-neutralizing capacity among the Shenandoah Watershed Study (SWAS) 
watersheds, Virginia.
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The two parenthetical terms of the transfer function 
(equation 1), which include the ω

1
, ω

2
, ν

1
, and ν

2 
parameters, 

provide a parsimonious means of specifying complex linear 
combinations of historical and current values of the input 
series Q

t
’. Because there are approximately 80,000 hourly 

discharge values but only about 1,000 hourly ANC values per 
site, the model parameters could not be estimated using SAS 
PROC ARIMA or PROC MODEL (SAS Institute, Inc., 2003). 
For transfer function models that depend on lagged values of 
the input series, SAS requires that there be no missing values. 
If, instead, values for ω

1
, ω

2
, ν

1
, and ν

2
 are assigned a priori, 

and letting

Q
B B

B B
Qt t

" '=
- -( )
- -( )
1

1
1 2

2

1 2
2

w w

n n ,  (2)

and letting

 

h
q
f

et t

B

B
=

-( )
-( )
1

1
,  (3)

then

 
C Qt t t- = +m w h0

"
,  (4)

which has the form of a simple regression. Q
t
” is the result 

of filtering Q
t
’ with a backshift polynomial resulting from 

polynomial division (Brockwell and Davis, 1996). Filtering 
is accomplished by taking a weighted sum of the current and 
historical values of Q

t
’ to obtain Q

t
”. The weights result from 

the values assigned to ω
1
, ω

2
, ν

1
, and ν

2
. The assumption to 

be tested was that an appropriate filter might yield lower error 
in a simple regression than using Q

t
’ alone, given appropriate 

values of ω
1
, ω

2
, ν

1
, and ν

2
. 

The procedure was to iterate over the 19 values in the set 
{-0.9, -0.8, -0.7, … , 0.7, 0.8, 0.9} for each of {ω

1
, ω

2
, ν

1
, and 

ν
2
} and record the mean square error (MSE) for each combina-

tion and site. As such, there were 194 = 130,321 combinations; 
however, combinations were used only if the resulting filter 
was both causal and invertible (Brockwell and Davis, 1996). In 
the range considered, this restriction resulted in 73,441 combi-
nations. For this step, data from only PAIN, PINE, and STAN 
were used, because of the relative lack of stormflow sample 
data for NFDR and WOR1. This step was performed prior to 
the addition of data from another year (October 1, 2002–Sep-
tember 30, 2003) and was not repeated afterwards. 

The primary advantage to following the procedure 
described above was that once ω

1
, ω

2
, ν

1
, and ν

2
 were speci-

fied, the parameters ω
0
, φ, θ, and µ could be estimated simulta-

neously using SAS PROC ARIMA. Another advantage was 
that the MSE data could be used to select a model that was 
globally best for all three sites, even if it was not locally best 

for any one site. Each combination of parameters was ranked 
on its performance by site, and the average and maximum 
ranks of each combination were examined.

Parameter estimation in time series models can be 
affected significantly by the presence of outliers. Removing 
outliers from a time series by deleting them, however, only 
worsens the parameter-estimation problem. To avoid these 
problems, outliers were modeled using methods described 
by Chen and Liu (1993). They describe four basic types of 
univariate time series outliers: additive, innovational, level 
shift, and temporary change. Conceptually, an additive outlier 
results from some unknown cause that persists for only one 
time period. Given the amount of missing ANC data, it was 
appropriate to restrict identification to additive outliers, with 
the exception of a period at STAN. Missing discharge and 
water-quality data at STAN, from approximately mid-June 
through the end of October 1995, were related to a large flood 
in 1995 (Smith and others, 1996). Discharge previously had 
been estimated from other nearby gages, and ANC was mod-
eled as an intervention (similar to a level shift). 

Each additive outlier can be modeled by adding to the 
right-hand-side of the transfer function model (equation 1) a 
term of the form

dT t
TI ,  (5)

where δ
T
 is the outlier effect for outlier T, and I

t
T is an indi-

cator series whose value is 1 at the time of the outlier and 0 
otherwise. After identification of a set of outliers, parameters 
were re-estimated, which often caused new outliers to appear 
because the error variance usually decreased significantly after 
outliers were modeled. The identification and re-estimation 
process was repeated iteratively until no new outliers were 
identified.

Hourly ANC values for the period of record for dis-
charge were predicted, and the results were evaluated using 
error analysis of predicted and observed ANC concentrations. 
Lastly, the predicted ANC time series was adjusted to remove 
outlier effects.

The basic transfer function time series model was 
selected using data from PAIN, PINE, and STAN, because 
these watersheds have the best combination of discharge, and 
base-flow and stormflow chemistry data among the five SWAS 
watersheds. For each of the three sites, each combination of 
ω

1
, ω

2
, ν

1
, and ν

2
 was ranked on its associated MSE. The sum 

of ranks for each combination and the maximum rank among 
the three sites for each combination were evaluated. The (ω

1 
= 

0, ω
2 
= 0, ν

1 
= 0, ν

2 
= -0.6) combination was selected, because 

it ranked first on sum of ranks and second on maximum rank.
 

This combination simplified the transfer function model to

C
B

Q
B

Bt t t- =
-( )

+
-( )
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m
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f
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1
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, (6)
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which corresponds to a filter (described previously) equivalent 
to 

Q Q Q Q Qt t t t
n

t n
" ' ' ' '. . .= + + + +- - -0 6 0 6 0 62

2
4 2 , (7)

which is a linear combination of historical ln (discharge) 
values two hours apart, with exponentially declining weights. 
Essentially, it is an AR(1) process on 2-hour data. This process 
was considered to be appropriate—as opposed to an AR(1) 
process on 1-hour data—because approximately 75 percent of 
the chemistry data were collected on or assigned to an even 
hour because of the protocol used for automated sampling.

The number of outliers identified in the ANC time 
series for each of the SWAS watersheds was as follows: 20 
for NFDR, 11 for PAIN, 21 for PINE, 8 for STAN, and 5 for 
WOR1. All parameters for each site were statistically signifi-
cant at the p ≤ 0.0001 level (table 4); parameters for the 65 
outliers were statistically significant at the p ≤ 0.01 level and 
most were significant at the p ≤ 0.0001 level. 

All φ values were essentially equal to 1 (table 4). These 
φ values indicate that the ANC and ln(discharge) series should 
be differenced. Differencing, however, is impractical because 
of the high frequency of missing values in the ANC series; 
differencing would result in almost all missing values. The φ 
values also indicate that the errors resulting from the transfer 
function portion of the model are equivalent to an integrated 
moving average IMA(1,1) filter of the innovations. The 
IMA(1,1) model is equivalent to an exponentially weighted 
moving average function with smoothing parameter λ = 1 – θ. 
The resulting small value of λ indicates that the error result-
ing from the transfer function part of the model is relatively 
constant over a short time period, for example, during a storm 
(although over all events the expected value of the error is 
zero), and indicates that factors other than discharge control 
ANC during an event.

Such a factor described above might have a seasonal 
characteristic. For example, leaf fall occurs at approximately 
the same time every year and temporarily affects streamwater 
quality. Soil temperatures vary seasonally and may affect soil 
microbial activity that may, in turn, affect streamwater quality 
in ways that vary seasonally. No attempt was made, however, 
to introduce a seasonal component to the model. To introduce 

seasonality in a stochastic manner using seasonal differencing 
would result in a loss of additional ANC data for the reasons 
mentioned previously. Depending on the method, modeling 
seasonality deterministically could risk model parsimony.

Floods are dynamic events that cause temporary dis-
turbances such as trees falling into the water, stream banks 
sloughing off, and gravel bars and their contents being re-dis-
tributed. These types of disturbances could affect streamwater 
quality immediately downstream for hours or over 1-4 days in 
ways that would present themselves as temporary constant or 
slowly changing errors in predicted concentrations. 

MSE was used as the criterion for model evaluation, 
because it is easily calculated for a wide variety of models 
and because it rewards models for good performance, whereas 
penalizing them for complexity. Such a statistic is desirable 
in model selection rather than a statistic such as R2, which can 
always be improved by adding more variables without regard 
to the increased complexity. In practice, overly complex mod-
els do not perform well on new data (that is, data other than 
those used to develop the model, but that result from the same 
process). MSE is defined as 

MSE
SSE
n p

=
-

,  (8) 

where SSE is the sum of squares for error, n is the total num-
ber of error observations, and p is the number of parameters in 
the model. Generally, MSE initially decreases with increasing 
p (increasing model complexity) up to a point, after which 
MSE begins to increase again. 

Model 1 is written as 

Ct t= +m e ,  (9)

where C
t
 is ANC at time t, µ is the mean ANC, and ε

t
 is the 

error (the difference between the observed ANC and the mean 
ANC) at time t, p = 1, and the MSE is equivalent to the unbi-
ased sample variance,

Var C
n

C
nt t

i

n

t
i

n

( ) =
-

-( ) =
-= =

å å1
1

1
1

2

1

2

1

m e
. (10)

Model 2 is written as

 
C Qt t t- = +m w e0

'
,  (11)

where Q
t
’ is the natural logarithm of discharge, ω

0
 is a param-

eter relating a change in ANC to a change in Q
t
’, there are two 

parameters (p = 2), and the MSE is

 

Table 4. Transfer function parameter values (p less than or 
equal to 0.0001) for the Shenandoah Watershed Study (SWAS) 
watersheds, Virginia.

Watershed µ ω0 φ θ

NFDR 60.89011 -4.18853 0.99662 0.51970

PAIN 8.86667 -0.89931  .99891  .93478

PINE 258.00627 -8.01027  .99956  .82710

STAN 100.70228 -4.36271  .99732  .86778

WOR1 26.21063 -1.53964  .99915  .89760
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MSE
SSE
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The transfer function model is written as 
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where µ, ω
0
, θ, φ, and δ

1
, δ

2
, …, δ

T
 are parameters described 

previously, T is the number of outliers, and I
t
1, I

t
2, …, I

t
T are 

special time series that indicate the locations of outliers, and 
there are 4 + T parameters (p = 4 + T). For this model, the 
MSE is

MSE
n T t

i

n

=
- +( ) =

å1
4

2

1

e
.  (14)

For all models to have the same MSE, the transfer function 
model must have smaller SSE than Model 2, which must have 
smaller SSE than Model 1. Although outliers were not chosen 
so as to minimize MSE, the transfer function model performed 
better on the basis of MSE than did either of the other candi-
date models (table 5). 

The results shown in table 5 are not unexpected. The time 
series analysis indicated that errors are positively correlated 
and that discharge alone, especially during storm events, is 
insufficient to predict ANC. The positively correlated errors 
are important because the next step, development of the recur-
rence interval model, was to calculate moving averages of 
ANC values (fig. 11). If errors from simple regression were 
uncorrelated, their effect would be minimized by the averag-
ing, whereas positively correlated errors would tend to propa-
gate through to the moving averages. Using time series models 
instead of simple regression resulted in uncorrelated errors, 
which resulted in unbiased moving averages.

Recurrence Interval Models 

“Recurrence interval” refers to the expected time between 
events of a prescribed magnitude and duration. Recurrence 
interval models were developed to relate the magnitude, 
frequency, and duration of low-ANC events in the SWAS 
watersheds. Hydrologists characterize flood or low-flow 
frequencies by accumulating observations of extreme events 
and then fitting parametric distributions that permit estima-
tion of magnitude and frequency for any desired duration. A 
number of related methods and distributions have been used 
successfully (for example, Riggs, 1968). It is not clear that any 
one method or distribution is superior, and the field of flood-
frequency analysis is one of active research (Rao and Hamed, 
2000, and references therein).

Flood or low-flow frequencies for ungaged watersheds 
have been estimated by use of a regionalization process 
whereby results for data-rich (gaged) watersheds are extrapo-
lated to data-poor (ungaged) watersheds using physical and 
topographic characteristics available for all and a variety 
of statistical procedures (for example, Kite, 1977; Rao and 
Hamed, 2000; Waltemeyer, 2002). Often, it is assumed that 
results extrapolated to a gaged site using data from all gaged 
sites are superior to those that would be obtained using data 
from the gaged site alone.

The annual 6-, 24-, 72-, and 168-hour-duration minimum-
ANC values were extracted from the hourly ANC predictions 
for the five SWAS watersheds (fig. 11). For each hour and 
duration period, the moving average ANC centered on the 
current hour was calculated. The minimum moving average 
value for each water year was recorded as that year’s statistic. 
Pearson Type III distributions (Riggs, 1968) were fitted to the 
annual water-year minimums. Although other more compli-
cated distributions often are used in flood- frequency analysis 
(for example, Kite, 1977; Rao and Hamed, 2000), the Pearson 
Type III was chosen because of its simplicity and the lack of 
similar frequency analysis of a water-quality parameter in 
streamwater in the literature. The Pearson Type III distribu-
tion has three parameters: scale, shape, and threshold, and is 
characterized by the following equation:

p x
x x

( ) =
( )

-æ
è
ççç

ö
ø
÷÷÷ -
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è
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ö
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÷÷÷
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ççç

ö
ø
÷÷÷

-1 1

s a
q

s
q

s

a

G
exp , (15)

 
where σ is the scale parameter, α is the shape parameter, θ is 
the threshold parameter, and Γ(⋅) is the gamma function. Shape 
(α) was fixed to predetermined values, whereas the other 
two parameters for each combination of α, site, and duration 
period were estimated. In regionalization it is common to 
assume that some homogeneous property is present across the 
watershed population. In this analysis, it was assumed that the 
shape of recurrence interval distributions would be constant 
across the park.

The hourly predictions of ANC, corrected for outlier and 
post-1995 flood effects at STAN, were used to calculate mov-

Table 5. Mean square error for Model 1, Model 2, and the 
transfer function model for the Shenandoah Watershed Study 
(SWAS) watersheds, Virginia.

Watershed

Mean Square Error

Model 1 Model 2
Transfer  

function model

NFDR 980.8605 742.8085 13.6547

PAIN 63.6641 41.8244 4.1455

PINE 3786.9168 1687.3276 73.2624

STAN 369.7289 236.0557 38.0814

WOR1 414.5442 147.7422 17.4878
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ing averages of ANC for duration periods of 6, 24, 72, and 168 
hours. That is, 

ANC
d

X X Xt
d

t
d

t
d t i
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= +
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, (16)

where d is the duration period for which the moving average 
is calculated, and X

t
 is the hourly prediction of ANC. For each 

site and duration period, the minimum value for each water 
year was selected and ranked (fig. 12). Streams with chroni-
cally low ANC values, such as PAIN and WOR1, have little 
variation in annual minimum ANC compared to higher ANC 
streams such as PINE (fig. 12). 

Pearson Type III distributions for recurrence intervals 
for annual minimum ANC values were fitted for each site and 
duration period for various values of α. The best results were 
obtained for α = 1. The resulting distributions indicate that 
high- and low-variance ANC streams such as PAIN, WOR1, 
and PINE do not often cross the brook trout response catego-
ries of Bulger and others (1995), and ANC in STAN is pre-
dicted to remain above 50 µeq/L for years at a time (fig. 13). 
Among the SWAS watersheds, only NFDR appears to have 
ANC decreases that might affect brook trout populations dif-
ferently from year to year (fig. 13). These response categories 
were developed for acid-tolerant brook trout, but the response 
of the 27 other fish species in SNP is unknown. The developed 
distributions allow estimation of recurrence intervals for any 
ANC value and duration.

Extrapolation 

The objective of the extrapolation was to estimate recur-
rence interval model parameters for the SNP watersheds. 
This objective was achieved by regressing the Pearson Type 
III distribution parameters scale and threshold against geo-
logic and topographic watershed attributes for each of the 
four duration periods (6, 24, 72, and 168 hours). In order to 
produce estimated distributions that were conceptually correct 
(distributions for longer duration periods should predict higher 
minimum ANC values for the same period of recurrence), the 
shape parameter was held constant. For the same purpose, 
the scale parameter was constrained to be positive through 
selection of the independent variables in the regression. To 
make a final selection for shape, all parameters for each SWAS 
watershed and duration period were estimated freely, followed 
by the regression, followed by an examination of the adjusted 
coefficient of determination (R2) values for the other two 
parameters. A shape parameter value that resulted in optimal 
adjusted R2 values for both scale and threshold was selected.

The distribution parameters scale and threshold were 
regressed against duration period, watershed area, elevation 
(minimum, maximum, range, and mean), and proportion of 
the watershed underlain by each of the three SWAS classes of 
bedrock (table 3) for each watershed. The duration period was 

treated as a categorical variable and the proportional variables 
were transformed using a logit transformation. All possible 
subsets of variables were tested using SAS PROC REG (SAS 
Institute, Inc., 2003), and the model and α value that provided 
the highest adjusted R2 value (equivalent to the minimum 
MSE) and minimum number of independent variables was 
chosen (tables 6-8). The best results were obtained for α = 1. 
The best regression models for scale and threshold yielded 
adjusted R2 values over 0.98 and statistically significant F-
statistics. A number of alternate models, however, yielded 
adjusted R2 values almost as high. If additional discharge and 
water-quality data were to be collected, a different model 
might be selected. Similar prediction results, however, likely 
would occur.

Model equation for parameter scale:

Scale = β0 + β1lp_BACA + β2lp_GRAN + β3span6 +

             β4span24 + β5span72 + error

lp_BACA = transformed proportion of basaltic /

       carbonate rocks

lp_GRAN = transformed proportion of 

                     granitic rocks

span6 = 
1  6– hour duration

0  otherwise

span24 = 
1  24– hour duration

0  otherwise

span72 = 
1  72– hour duration

0  otherwise

 

Model equation for parameter threshold:
 

Threshold = β0 + β1MIN + β2MEAN + β3lp_BACA +

                    β4span6 + β5span24 + β6span72 + error

MIN = minimum elevation in meters

MEAN = mean elevation in meters  

By choosing α = 1, the Pearson Type III distribution simplifies 
to the exponential distribution

(17)

(18)
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Table 7. Fit statistics of regression model for distributional 
parameters scale and threshold for the Shenandoah Watershed 
Study (SWAS) watersheds, Virginia.

Statistic Scale Threshold

Root mean square error 1.96613  4.77503

Dependent mean 15.69302 24.79674

Coefficient of variance 12.52871 19.25668

R2  .9870  .9858

Adjusted R2  .9823  .9793

Table 8. Parameter estimates of regression model for 
distributional parameters scale and threshold for the 
Shenandoah Watershed Study (SWAS) watersheds, Virginia. 
Degrees of freedom for all variables equals one.

[<, less than]

Variable
Parameter 
estimate

Standard 
error

t-value p-value

Scale

β
0

37.92969 1.21136 31.31 <0.0001

β
1

3.39510  .11433 29.70 < .0001

β
2

 .71922  .05337 13.48 < .0001

β
3

3.12908 1.24349 2.52 .0247

β
4

3.50849 1.24349 2.82 .0136

β
5

3.61143 1.24349 2.90 .0115

Threshold

β
0

53.83705 18.40794 2.92  .0118

β
1

- .17566  .01718 -10.23 < .0001

β
2

 .14421  .02239 6.44 < .0001

β
3

6.75074  .30338 22.25 < .0001

β
5

-13.18038 3.01999 -4.36  .0008

β
6

-8.53632 3.01999 -2.83  .0143

Table 6. Analysis of variance of regression model for 
distributional parameters scale and threshold for the 
Shenandoah Watershed Study (SWAS) watersheds, Virginia.

[<, less than; DF, degress of freedom; n.a., not applicable]

Source DF
Sum of 
squares

Mean 
square

F-
value

p-
value

Scale

Model 5 4096.18560 819.23712 211.93 <0.0001

Error 14 54.11951 3.86568  n.a.  n.a.

Corrected total 19 4150.30511  n.a.  n.a.  n.a.

Threshold

Model 6 20624 3437.33607 150.75 <0.0001

Error 13 296.41161 22.80089  n.a.  n.a.

Corrected total 19 20920  n.a.  n.a.  n.a.
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where to repeat, σ is the scale parameter and θ is the threshold 
parameter. 

Predictions of Stream Acidification 
The results of the mathematical model developed in this 

analysis are summarized on four maps (figs. 14-17). The maps 
indicate the predicted range of low-ANC values on a 4-year 
recurrence interval for 6- (fig. 14), 24- (fig. 15), 72- (fig. 16), 
and 168- (fig. 17) hour duration periods for the 231 SNP 
watersheds. The terminology used, for example, 168ANC4, 
indicates the minimum average ANC value predicted to occur 
for 168 consecutive hours about once every 4 years. During 
the 168 hours, ANC values might increase or decrease, but the 
average ANC for that period will be lower than any other 168-
hour period. Another interpretation of the terminology is that 
there is a 25-percent probability in any one year that the mini-
mum ANC would be maintained for the designated number 
of hours. The choice of 4 years for the recurrence interval was 
arbitrary but corresponds to the maximum expected lifespan 
of a brook trout. In general, shorter recurrence intervals would 
result in higher low-ANC values, and longer recurrence inter-
vals would result in lower low-ANC values. 

To create the 6ANC4 map (fig. 14), for example, the 
value on the y-axis of the point on the 6-hour extrapolated 
curve corresponding to the 4-year value on the x-axis was 
identified for each of the 231 SNP watersheds (see figure 18 
for the curves for the SWAS watersheds). That is, for each 
watershed, the scale and threshold parameters were calculated 
using the scale and threshold parameter model equations and 
the desired recurrence interval. Then using equation (3) and 
setting p(x) to the inverse of the desired recurrence inter-
val (for example, 0.25 for a 4-year recurrence interval), the 
expected low-ANC value was calculated. To generate the map, 

each watershed was color-coded to represent the range within 
which this value fell. 

Model results indicate that a large percentage of SNP’s 
total land and watershed area has episodic acidification on 
4-year recurrence intervals to levels associated with nega-
tive effects on aquatic biota, as defined by Bulger and oth-
ers (1995). On the basis of a 4-year recurrence interval, 
approximately 23 percent of SNP’s land area (44 percent of 
the watersheds) can be expected to have conditions classified 
as “Indeterminate,” “Episodically acidic,” or “Chronically 
acidic” for 72 continuous hours (table 9). For 6 continuous 
hours, approximately 27 percent of the land area (51 percent 
of the watersheds) can be expected to have conditions clas-
sified as “Indeterminate,” “Episodically acidic,” or “Chroni-
cally acidic.” Nine percent of delineated SNP watersheds have 
acidic episodes for 168 hours (1 week’s duration) at 4-year 
recurrence intervals (table 9).

These estimates are dependent on the way that watershed 
boundaries were delineated, as predictions are for the most 
downstream point in the watershed. Had additional subwater-
sheds been defined farther upstream in the watersheds, larger 
portions of the park would be predicted to be vulnerable to 
episodic acidification; therefore, these estimates are consid-
ered conservative. 

Comparison of the recurrence intervals predicted by 
regression for the SWAS watersheds indicates that the differ-
ences in expected minimum ANC values for a given recur-
rence interval are greater between watersheds than between 
duration periods (fig. 18). Lower ANC watersheds such as 
WOR1 are predicted to have the same episodic conditions year 
after year, whereas higher ANC watersheds, such as PINE, are 
predicted to have significantly different (in terms of the raw 
concentrations and not standardizing for relative ANC values 
in the respective streams) annual episodic ANC extremes over 
time. This difference indicates that the number of aquatic spe-
cies present would be more stable over time, although lower, 
in low-ANC streams than in high-ANC streams. 

The regression equations and recurrence interval models 
developed from the SWAS watershed data allow visualiza-
tion of the effect of geology and topography on episodic ANC 

Table 9. Percentage of land area in Shenandoah National Park, Virginia subject to defined levels of episodic acidification 
on a 4-year recurrence interval. Percentages of Shenandoah National Park watersheds are given in parentheses.

[ANC, acid-neutralizing capacity; µeq/L, microequivalents per liter; >, greater than; <, less than or equal to]

Average ANC 
(µeq/L)

Brook trout response 
class1

Duration interval

6 
hours

24 
hours

72 
hours

168 
hours

> 50 Not acidic 73.5 (49.4) 73.8 (50.6) 77.0 (55.8) 81.8 (61.9)

> 20–50 Indeterminate 12.9 (16.9) 12.6 (15.6) 12.4 (13.0)  9.0 (9.5)

> 0–20 Episodically acidic 6.1 (10.0) 6.2 (10.4) 6.0 (10.8) 8.0 (19.5)

< 0 Chronically acidic 7.5 (23.8) 7.4 (23.4) 4.6 (20.3)  1.1 (9.1)
1From Bulger and others (1995)
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Figure 14. Predicted range of minimum values of acid-neutralizing capacity (ANC) on a 4-year recurrence 
interval for 6-hour duration periods (6ANC4) in watersheds in Shenandoah National Park, Virginia.
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Figure 15. Predicted range of minimum values of acid-neutralizing capacity (ANC) on a 4-year recurrence 
interval for 24-hour duration periods (24ANC4) in watersheds in Shenandoah National Park, Virginia.
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Figure 16. Predicted range of minimum values of acid-neutralizing capacity (ANC) on a 4-year recurrence 
interval for 72-hour duration periods (72ANC4) in watersheds in Shenandoah National Park, Virginia.
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Figure 17. Predicted range of minimum values of acid-neutralizing capacity (ANC) on a 4-year recurrence 
interval for 168-hour duration periods (168ANC4) in watersheds in Shenandoah National Park, Virginia.
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values. Contours of ANC values for selected duration and 
recurrence intervals were plotted against topographic metrics 
(fig. 19). For watersheds underlain by similar percentages of 
basaltic/carbonate bedrock, higher ANC values are predicted 
to be associated with higher mean and lower minimum eleva-
tions, which tend to be the larger watersheds. Lower episodic 
ANC values are predicted to be associated with smaller water-
sheds, which have mean elevations similar to their minimum 
elevations. Given the same minimum elevation, a watershed 
with greater mean elevation generally will be larger than a 
watershed with smaller mean elevation, and larger watersheds 
generally will have less severe ANC decreases than smaller 
watersheds, other factors being equal. Watersheds with similar 
topographic metrics are predicted to have more severe ANC 
decreases if they also are underlain by less basaltic/carbonate 
bedrock. It is clear that the SWAS watersheds represent water-
sheds underlain by a relatively low percentage of basaltic/car-
bonate bedrock (fig. 19).

Potential Effects on Aquatic Biota
An isolated event of magnitude and duration sufficient 

to have a negative effect on fish populations is of concern. 
A sequence of events of magnitude and duration sufficient 
to eliminate the more-sensitive young-of-year class, occur-
ring over a period of successive years equal to the maximum 
lifespan of the species, theoretically could extirpate a popu-
lation. Let an event of concern have recurrence interval T. 
Over a long time period and assuming independence from 
year-to-year of the occurrence of the event, the probability p 
of experiencing at least one sequence of k years in a row of the 
event within a management period of N years is  

p
T

k N

= - -
æ
è
ççç

ö
ø
÷÷÷

æ

è
çççç

ö

ø
÷÷÷÷

1 1
1

.  (20) 
 

Recurrence intervals for SNP’s watersheds for 72-hour 
durations of average ANC less than -20, 0, 20, and 50 µeq/L 
were estimated (fig. 20a). These ANC values are associated 
roughly with pH values in the range where various species of 
fish were not observed in the Neversink River watershed (Bal-
digo and Lawrence, 2000). Only two park watersheds were 
predicted to have 72-hour periods of ANC less than -20 µeq/L, 
which is roughly equivalent to the pH level below which brook 
trout were not found in the Neversink River watershed. Brook 
trout are the most common species represented at monitoring 
stations in the SNP fish-monitoring program (Vana-Miller and 
Weeks, 2004), but are considered to be the least sensitive fish 
species to acidification effects in the park (Sullivan and others, 
2003). 

About one-fifth of SNP’s 231 delineated watersheds were 
predicted to have 72-hour periods of ANC less than 0 µeq/L at 
least occasionally. Of these watersheds, roughly two-thirds, or 
approximately 14 percent of the delineated watersheds, were 
predicted to have recurrence intervals of these conditions of 
less than 2 years. A recurrence interval of less than 2 years 
indicates that with near certainty (probability greater than 
0.90) a watershed will have 4 continuous years of these condi-
tions at least once in the next 40-100 years (fig. 20b).

Because various park fish species, including brook trout, 
have maximum life spans of less than 4 years, these results are 
of concern. In addition, ANC decreases are concurrent with 
natural cycles of floods and droughts, which also can have del-
eterious effects on fish populations. Whereas geologic maps 
alone can provide a qualitative measure of the relative risk 
of acidification, the probability calculations included in this 
report provide quantitative information that can be more useful 
in management decision models that incorporate risk.

Whereas a relation between minimum observed ANC 
and species diversity has been reported in park streams 
(Bulger and others, 2000), the tolerances of individual spe-
cies, with the exception of brook trout and blacknose dace, to 
ANC decreases are largely unknown. In the Neversink River 
watershed, Baldigo and Murdoch (1997) found that exposure 
to inorganic aluminum concentrations in excess of 200 µg/L 
for more than 48 hours would produce mortality in brook 
trout. These conditions have not been observed in the SWAS 
watersheds. Baldigo and Murdoch (1997) also found, however, 
that frequency of the occurrence of events was important, and 
that effects were cumulative. This result indicates that lower 
exposure magnitudes, occurring either over a longer duration 
or at a sufficient frequency, also could be lethal.

Management Implications and Future 
Directions

This modeling effort was possible because of the exten-
sive record of discharge and water quality available for five 
watersheds in the park, and because of the placement of these 
sites across a range of geologic and physiographic conditions. 
Improvements in the models would result from additional sites 
and/or additional years of data collection from the present 
sites, in particular, water-quality data during stormflow. The 
SWAS record is considered “long-term” when compared to 
other watershed research efforts; however, in time series mod-
eling, 15 years is considered short.

From a natural resource management perspective, the 
results of this study indicate that: 1) some of the focus of 
water-quality monitoring and research should be shifted to 
smaller and higher-elevation watersheds; 2) geology alone 
is not an adequate surrogate for predicting the complicated 
hydrochemical environment and associated fish distributions; 
3) discharge and water-quality monitoring need to be done 
on a wider range of watershed sizes; and 4) modeling of fish 
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Figure 20. Distribution of Shenandoah National Park, Virginia watersheds that are predicted to have 72-hour 
low-acid-neutralizing capacity periods of less than -20, 0, 20, and 50 microequivalents per liter, at least once every 
6 years. Watersheds with recurrence intervals greater than 6 years are not plotted (n = n plotted / n total) (A), and 
probability of a watershed having at least one sequence of 4 years of an event (such as 72 successive hours of 
acid-neutralizing capacity less than 0) given the recurrence interval of the event and a management horizon of 
20 to 100 years (B), in Shenandoah National Park, Virginia
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distributions relative to hydrochemical and physical environ-
ments needs to be done. The models developed through this 
analysis allow estimation of recurrence intervals for any ANC 
value and duration.

Additional results provide a mechanism for identifying 
SNP watersheds that should be high priority for investigations 
that might lead to impairment designation. Investigations that 
might lead to impairment designation can be prioritized in 
watersheds where the risk analysis identified in figure 20 indi-
cates a high probability of species loss within the next 3 years. 
(A 3-year time frame corresponds to a category that is being 
used in the Mid-Atlantic Network water-quality monitoring 
assessment, which describes streams that have not yet been 
designated but which NPS managers believe to be in imminent 
danger of experiencing water-quality problems). As pH is one 
indicator that can lead to impairment designation, this study 
could be repeated to estimate the probability of a stream expe-
riencing pH-impaired conditions in the near future. 

This work generated a number of questions:
(1) Do predicted ANC values explain the pattern of fish 

distributions observed in SNP? Clearly other factors may be 
responsible for the pattern, but a longstanding theory of acid 
rain research is that aquatic organisms are affected by episodic 
conditions long before a water body becomes chronically 
acidified (Bulger and others, 1995). The “average” or base-
flow chemical conditions usually measured are indicative only 
of the episodic conditions resulting in a watershed. Although 
not definitive, this body of research indicates that to under-
stand the observed distributions of fish species in SNP, it is 
necessary to better understand water-quality variations at all 
watershed scales. 

(2) How accurate are the ANC predictions? To answer 
this question definitively, stream gages and autosamplers 
would need to be installed in a number of other watersheds 
in the park and operated over long time periods. If fish do 
respond to ANC decreases (or other water-quality metrics), 
however, then a form of indirect validation of the predictive 
models is achieved without additional long-term monitoring. 

(3) Which water-quality indicator, or indicators, best 
link(s) episodic acidification to fish response? The analysis 
presented in this report assumed that ANC is integrative of 
other water-quality indicators and, thus, sufficient to explain 
fish population attributes. One study, however, concluded that 
ANC alone is not a sufficient predictor (Baldigo and Law-
rence, 2000). Inorganic monomeric aluminum concentrations 
for the SWAS watersheds are not available in sufficient quan-
tity for a modeling effort of a similar scope as this analysis. 
Either additional water-quality indicators need to be explored 
or an aluminum monitoring program initiated. 

(4) To what degree are the low fish populations and spe-
cies counts in watersheds underlain by siliciclastic bedrock a 
function of flow regime and to what degree a function of ANC 
decreases? Among the SWAS watersheds, the siliciclastic 
watersheds have lower discharge given similar topography, 
as well as lower ANC values, than watersheds on the other 
bedrock types. Streams that dry up are not likely to support 

fish populations. Data are available so that an analysis similar 
to that presented in this report could be performed for stream-
water discharge alone. 

Summary and Conclusions
Acid rain is a worldwide problem. In the United States, 

the problem is particularly acute in the Mid-Atlantic and 
Northeastern States because of the downwind drift of con-
taminants emitted primarily by power plants in the Ohio River 
Valley. Acid-neutralizing capacity (ANC) is the capacity of 
natural waters to neutralize acidic inputs, and the standard unit 
of measurement of ANC is microequivalents per liter (µeq/L). 
Acid rain affects streams by temporarily decreasing the ANC 
of the water to less than 0 µeq/L, a process termed episodic 
acidification. During episodic acidification, the increase in 
acidic components in streamwater can have deleterious effects 
on aquatic biota. After the rain stops and the excess runoff 
subsides, ANC of streamwater eventually returns to its normal 
level, generally greater than 0 µeq/L. ANC of streamwater is 
strongly affected by the underlying bedrock in a watershed: 
rocks that weather relatively easily (for example, limestone) 
yield streams with higher ANC relative to rocks that are resis-
tant to weathering (for example, quartzite). 

Shenandoah National Park in north-central Virginia 
is one of the three most contaminated parks in the national 
park system because of the deposition of acid rain. Episodic 
acidification is thought to be a controlling factor on fish 
populations in the park. Although acidic deposition to the park 
is relatively uniform across its land area, the water-quality 
response of streamwater during rain events varies substan-
tially. This response is a function of the underlying geology 
and topographic attributes of watersheds. The park has three 
main types of bedrock—basaltic/carbonate, granitic, and silici-
clastic—that yield streams with higher, medium, and lower 
ANC values, respectively. The U.S. Geological Survey and the 
University of Virginia, in cooperation with the National Park 
Service, conducted a study of the response of Shenandoah 
National Park streams to acid rain input. The purpose of the 
study, which began in 2002, was to develop a tool that can 
predict the vulnerability of streams in the park to changes in 
streamwater chemistry caused by acid rain input. Although 
qualitative assessments can be made on the basis of geology 
alone, a quantitative tool can provide more useful information 
for decision makers.

The University of Virginia’s Shenandoah Watershed 
Study (SWAS) has been monitoring hourly discharge and 
weekly and occasionally hourly water quality of five streams 
in the park for up to 15 years. Although geologic and topo-
graphic data for the park’s 231 watersheds are readily avail-
able, equivalent measurements of streamwater ANC and 
accompanying discharge are not and would be prohibitively 
expensive to collect. Modeled predictions of the vulnerability 
of the park’s streams to episodic acidification are an alterna-
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tive to long-term water-quality monitoring; these predictions 
can aid park officials in making management decisions. 

Transfer function time series models were developed 
to predict hourly ANC from discharge for the five SWAS 
watersheds that have long-term records of water quality and 
discharge. Hourly ANC predictions over short time periods 
(6, 24, 72, and 168 hours) were averaged and distributions of 
the recurrence intervals of annual water-year minimum ANC 
values were modeled for the same periods. Prediction error 
was reduced substantially by use of a time series transfer func-
tion model that included outlier identification and modeling. 
Models for the recurrence of episodes of a given magnitude 
and duration were related to physical characteristics of water-
sheds, specifically, bedrock geology and elevation metrics 
such as minimum and average elevation. Regression equations 
were developed that predict the parameters of the recurrence 
interval models from geologic and topographic metrics. These 
equations allowed recurrence interval models to be developed 
for other watersheds in the park; these extrapolations to other 
park watersheds were done on the basis of watershed geology 
and topography. Finally, maps were created that show the vul-
nerability of park streams to episodic acidification at selected 
recurrence intervals. 

The models and resulting maps indicate that large por-
tions of the park are vulnerable to episodic acidification. That 
is, large areas have from 6- to 168-hour periods of low-ANC 
values that are associated with deleterious effects on resident 
brook trout and other fish populations. The results indicate 
that smaller watersheds and higher elevation watersheds are 
more vulnerable to episodic acidification than larger and lower 
elevation watersheds on the same bedrock. This difference in 
vulnerability among watersheds may reflect thinner or younger 
soils at higher elevations, and/or a greater effect of short-term 
acidic deposition. Because of these additional factors, and 
the way the park watersheds were delineated, the estimates of 
vulnerability probably are considered conservative. 

Additional results of the modeling effort indicate that 
substantial areas of the park are vulnerable to ANC decreases 
that could preclude the presence of some fish species. For 
example, approximately 14 percent of the park watersheds are 
predicted to have 72-hour periods of average ANC less than 
0 µeq/L at least once every 2 years. At this frequency, these 
watersheds can be expected, with a probability greater than 90 
percent, to have 4 continuous years of 72-hour periods of aver-
age ANC less than 0 µeq/L at least once in the next 40-100 
years.

Precise relations between episodic acidification and 
fish populations are still unknown. This analysis modeled 
the magnitude, frequency, and duration of a water-quality 
parameter in streamwater using flood and low-flow frequency 
methods. Although ANC is a commonly used water-quality 
indicator, additional indicators, such as inorganic monomeric 
aluminum concentrations, may need to be explored to ensure 
that predictions of fish population distributions are as accurate 
as possible. Studies of water-quality variations at all watershed 
scales within the park and of the effect of geology relative to 

flow regime would also help elucidate the effects of acid rain 
on park streamwater and on aquatic biota.
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50 Predicting the Vulnerability of Streams to Episodic Acidification in Shenandoah National Park, Virginia

Appendix B. Streamgaging techniques used by the Shenandoah Watershed 
Study (SWAS), Virginia.

Approximately 5-10 discharge measurements are made at each site per year using a Marsh-McBirney Flomate 2000 flow 
meter; previous Marsh-McBirney models were used in the past. Field technicians follow procedures described in Harrelson and 
others (1994) and record measurements on waterproof paper. Two discharge measurements are taken during each site visit. The 
stream is divided into approximately 25 equal-width segments, although at low flow there may be fewer segments and/or the 
technician may decide to concentrate segments in the high-flow segment of the stream. Each segment measurement is taken at a 
depth equal to 60 percent of the total depth at the point (except at very shallow depths), using a 20-second average. In the office, 
the segment measurements are entered into a computerized form, which calculates the total discharge for each of the two dis-
charge measurements. Discharge measurements can be rated as “good,” “fair,” or “poor.” Poor measurements are excluded from 
rating curve determination. The discharge measurements and stage heights are stored in an electronic database.

During initial site set up, rating curves were determined at least annually. Discharge measurements taken since the last rat-
ing curve were used to generate the new rating curve, and the new curve was used to estimate discharge from stage height for a 
period determined by the analyst.

Currently (2005), all available and acceptable discharge measurements are used for rating curve determination, but more 
recent measurements are given greater weight than previous measurements. The assumption is that the channel is continuously 
changing, but that the error in measurement is great enough that confidence in the most recent measurement is not great enough 
to justify radical changes in the rating curve. A new rating curve is generated each time a flow measurement is taken, and that 
curve is applied to stage heights observed since the last rating curve. Rating curves are uniquely identified and stored in an 
electronic database. Each observation in the discharge record includes a link to the rating curve used to estimate it.

The rating curve is assumed to be a linear relation between the natural logarithms of discharge and stage. That is, 

ln lnQ a s e b( ) = -( )+ + e ,  
 

where Q is discharge, s is stage height, a is the slope, b is the intercept, e is the theoretical stage height of zero flow, and ε is the 
error. Values for a, b, and e are estimated using PROC NLP (SAS Institute, Inc., 2003) to minimize the weighted sum of squared 
errors between predicted discharge and measured discharge. That is, the idea is to minimize 

WSSE w Q a s e bi i
i

N

= ( )- -( )+( )( )
=
å ln ln
1

2

,  

where w
i
 is the weight applied to the squared error associated with observation i. The weight for each observation was set equal 

to 

wi
N i= -( ) -l l1 ,  

 

and λ was set equal to 0.05 (prior to October 1, 2003) or 0.10 (beginning October 1, 2003). The result is a set of weights that 
decline exponentially back in time from the most recent observation. Note that the sum of weights equals 1 in the limit. For 
N < ∞, the sum will be less than one. Increasing the weights proportionally so that the sum equals 1, however, does not result in 
different values of a, e, and b, because the adjustment can be made by multiplying the right-hand side by a constant.

Plots of the rating curve parameters are examined, with particular emphasis on e. Because the parameters are correlated, how-
ever, a T2 control chart provides the primary means for detecting an out-of-control measurement process. 
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Ideally, discharge measurements should be taken across a range of flows. Histograms of the percentile ranks of discharge mea-
surements taken at each site were plotted and compared visually to a theoretical uniform distribution (fig. B-1). Little, if any, 
bias exists in measurements towards either low or high flows at all sites (fig. B-1).
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Figure B-1. Histograms of percentile of discharge measurements taken at North Fork of Dry Run (A), Paine Run (B), 
Piney River (C), Staunton River (D), and White Oak Run (E) for the Shenandoah Watershed Study (SWAS) watersheds, 
Virginia.


