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Executive Summary:
Research Topic:

This research is an examination of the relationship between stream flashiness and
watershed-scale estimates of percent imperviousness, degree of urban development, and
population density. The relationship between anthropogenic land uses and hydrologic change
has previously been demonstrated by Schueler (1994), Arnold and Gibbons (1996), Jennings and
Jarnagin (2002), and many others at the watershed scale, using locality-based datasets. My
research goal is to determine if regional-scale, publicly-available datasets can be used in an
historic landscape analysis to detect hydrologic change due to population density/urban
development/imperviousness change as the spatial scale of the individual watershed scale.

Abstract:

I used historical US Census population data (from decades 1930-2000) and satellite
imagery from circa 1973, 1992, and 2001 to estimate population density, the degree of urban
development, and the percent imperviousness (for 1992 and 2001) for a set of 150 small (< 130
km?) watersheds with long-term (> 20 years) USGS National Water Information System (NWIS)
historical daily mean streamflow datasets in EPA Region 3 (R3, Mid-Atlantic USA). Watershed
boundaries for the study watersheds were generated from USGS gage locations using smoothed
USGS National Elevation Dataset 30-meter resolution digital elevation model data. 'Population
Density', 'Percent Imperviousness', and 'Percent Urban' Land Use/Land Cover (LULC)
parameters were estimated for each watershed. | used decadal Census population data from
1930-2000, proportionally allocated into 2000-era county boundaries, to estimate 'Population
Density' for each decade from 1930 through 2000 as well as at the dates of satellite imagery
acquisition (1973, 1992, and 2001). For decades after 1960, higher spatial resolution census data
were used along with the LandScan 1998 dasymetric estimation of population density at a 450 m
grid cell spatial resolution. Temporal land use/land cover (LULC) data: 1973 North American
Landscape Characterization (NALC) data, 1992 National Land Cover Data (NLCD1992), and
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NLCD2001 were used to estimate a 'Percent Urban' LULC parameter for each watershed at the
dates of satellite imagery acquisition (1973, 1992, and 2001). The NLCD2001 Imperviousness
data layer and the ArcView ATtILA extension (Wade and Ebert, 2004) was used for a 2001
estimator of watershed 'Percent Imperviousness' and both the coefficient technique of Jennings et
al. (2004) and ATtILA were used to estimate 1992 watershed 'Percent Imperviousness'.

I used the Richards-Baker Flashiness Index (R-B Index, Baker et al., 2004), applied to
historical NWIS streamflow, to calculate annual flashiness values for the long-term USGS
stream gage stations for the period of record for each station. A seven-year-window mean
stream flashiness value was calculated for each population/LULC estimation date.

Results:

Historical changes in mean stream flashiness were correlated with county-scale based
changes in watershed population density estimates. Streamflow stations that showed significant
changes in historical flashiness had a higher mean population density than those that showed no
change. The strength of the population-flashiness correlation increased (more of the observed
variability in flashiness was explained by population density) as the spatial scale of the
population estimator was reduced, with dasymetric LandScan data giving the best relationship.
LULC and imperviousness estimators were equally effective at exploring the relationship
between stream flashiness and watershed development. Urban development classes 'None' and
‘Rural’ were statistically the same while increasing levels of development were associated with
statistically significant increases in stream flashiness. Watersheds with less than 20% 'urban’
development displayed background levels of stream flashiness and mean flashiness increase with
urban development density thereafter (Figure E-1).
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Figure E-1: The relationship between 'Percent Urban Development' and mean stream flashiness
per watershed based on a seven-year window centered on the date of imagery acquisition. N =
317.

Implications of this Research:

My results support previous research that suggests low intensity development does not
substantially alter streamflow. My empirical data provide support for a historic development
pattern ‘hard limit' of approximately 10% imperviousness and/or 20% 'percent urban’
development without significant changes in stream hydrology as measured by the R-B Flashiness
Index. The historical data suggest that increasing degrees of development intensity beyond this
point do significantly alter streamflow.

Audience and Potential Users of this Research and Directions for Future Research:

The Federal-level people and groups that will find these results to be the most useful and
interesting are: EPA ORD ReVA, EPA/USGS Chesapeake Bay Program, and EPA Program
Offices such as the Office of Water and the Smart Growth Initiative. These units are actively
engaged with using regional-scale analyses of the impact of urban development on freshwater
resources. Local stakeholders such as County Departments of Planning and Environmental
Protection and non-governmental groups such as The Center for Watershed Protection will also
find this empirical study of historical relationships both interesting and informative. While this
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research cannot predict the success of 'Phase 2' Best Management Practices (BMPs) on
mitigating the effect of future development on streams, knowing what past practices have
wrought can inform future decisions. One use of this dataset is to search for 'positive outliers' -
where predicted stream flashiness is less than anticipated by the level of urban development.
Detailed examination of these watersheds may yield examples where BMPs or patterns of
development have been successful at mitigating the impact of urban development on stream
hydrology.

Acknowledgements:

I wish to thank Tim Wade (EPA LEB-RTP) for his assistance in delineating watershed
boundaries from DEM data and Don Ebert (EPA LEB-LV) for his advice and assistance in
running the ATtILA tool. Terry Slonecker (EPA LEB-EPIC) and John Jones (USGS EGSC)
reviewed this paper and provided valuable advice and recommendations both during the review
and the research. Rachel Laughrige (EPA LEB-EPIC) kept my travel, leave, and every other
administrative aspect of my life in order. Dave Jennings (now NOAA, formerly EPA LEB-
EPIC) was my research partner and 'Mr. GIS' (I was 'Mr. Spreadsheet’) during the initial phase of
this research and this project could not have happened without his input and effort over many
years. In addition to Terry, Dave, and Rachel, I also would like to acknowledge Don Garofalo,
Joan Bozik, Pete Stokely, Mary Benger, and Dave Williams; all former members of the EPA
LEB-EPIC staff in Reston during the period this research occurred. We made a great team,
greater than the sum of our parts, and you will all be missed.

Taylor Jarnagin
September 2007
EPA EPIC
Reston VA

Executive Summary: Historical analysis of the relationship of streamflow flashiness with 4
population density, imperviousness, and percent urban land cover in the Mid-Atlantic region.
- APM408 FYOQ7 - S. Taylor Jarnagin



Introduction:
Background Research

In recent decades, the environmental protection of water quality has begun to shift in
focus on point sources of water pollution, such as industrial waste and municipal sewage
discharges, towards a watershed management approach based primarily on non-point-source
(NPS) pollution (USEPA, 1994). NPS pollution is related to anthropogenic changes in land use
and land cover (LULC) such as agriculture, forestry, and urban development and the associated
increase in impervious surfaces on the landscape. The amount of impervious surface in a
watershed is a landscape indicator integrating a number of concurrent interactions that influence
a watershed's hydrology (Schueler, 1994). The direct hydrologic effect of impervious surfaces
occurs as a change in the magnitude and variability of velocity and volume of surface flow.
When the landscape is covered with impervious surfaces, precipitation that would normally
infiltrate to ground water instead flows over impervious surfaces to receiving waters via storm
sewers directly into the receiving stream. This alteration of the natural hydrologic process
reduces runoff lag time (the amount of time it takes precipitation to reach the stream), increases
the peak rate of streamflow discharge, increases stream flashiness (the difference between day-
to-day streamflow, increases both the number of bankfull/sub-bankfull events (high-water
streamflow) and low-water streamflow, and brings about subsequent increases in the scouring
and incision of the stream channel (Leopold, 1973; Booth, 1990). The channeled and increased
runoff from anthropogenic impervious surfaces influences the morphological structure of the
stream and thereby alters the in-stream and riparian ecology.

As human population and associated anthropogenic activities have increased over time,
land use and land cover change (LULCC) has become a major factor in changes in ecological
processes at local to global scales (see Jarnagin, 2004, for a review). While global climate
change has the potential to become the dominant driver affecting regional- to global-scale
ecosystem change in the future, for the historical record, LULCC has been the dominant driver,
particularly at local spatial scales (Sala et al., 2000; Wilson, 2002).

Our Background Research

The US Environmental Protection Agency (EPA) Landscape Ecology Branch (LEB) has
been conducting research on the effect of LULCC on ecosystem parameters and functions for
more than a decade (see the URLSs: < http://www.epa.gov/esd/land-sci/projects.htm > and <
http://www.epa.gov/nerlesdl/land-sci/epic/research.htm > for a partial list of recent projects).
One of those projects, "The Detection and Mapping of Impervious Surfaces: a Multi-date, Multi-
scale, Multi-sensor Approach in a Mid-Atlantic Sub-Watershed" (URL: <
http://www.epa.gov/nerlesdl/land-sci/epic/rsmidatlantic.htm >), began as an investigation of the
historical relationship between the response of streamflow to precipitation in a watershed that
had undergone extensive urban development.
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Our basic research during this project has focused on the development of impervious
surface estimators from land use/land cover (LULC) data (Jennings et al., 2004) and the
accuracy assessment of preexisting impervious surface estimators (Jones et al., 2003; Jarnagin et
al., 2004; Jarnagin et al., 2006). Our applied research has focused on the application of
estimates of Total Impervious Area Percentage (TIA%) to historical records of streamflow and
precipitation (Jennings and Jarnagin, 2002) in an attempt to derive empirical relationships
between human development and its impact upon lotic (flowing water) aquatic ecosystems.

We have been focused on the environmental parameter of impervious surfaces and the
landscape metric of TIA% of catchments for several reasons. First, and perhaps most
importantly for a user of remote sensing, impervious surfaces can be readily identified and
quantified using data and methods as diverse as manually-compiled enumeration from historical
aerial photography and computer-derived, sub-pixel estimators based upon satellite imagery.
Second, impervious surfaces not only directly alter the hydrology of the area they cover (through
reduced infiltration to groundwater) and increase runoff to neighboring aquatic systems (via
increased overland flow) but also act as surrogate measures for the hidden anthropogenic
infrastructure - curbs, storm sewers, etc. - that defines the artificial 'sewershed' of an aquatic
system. Third, the amount of impervious surface in a watershed is a landscape indicator
integrating a number of concurrent interactions that influence a watershed's hydrology,
ecosystem habitat, and changes in water quality, quantity, and biota (Schueler, 1994; CWP,
2003; for a review, again see Jarnagin, 2004).

In our studies, these impervious features specifically include roads, rooftops, parking lots,
driveways, sidewalks, and other visually identifiable anthropogenic sources of imperviousness
and exclude any calculation of naturally occurring imperviousness (such as rock outcroppings).
The reason for this single-minded focus upon human activities is that in historical studies,
naturally occurring imperviousness is assumed to remain constant and the changes observed in
hydrology, if any, are assumed to be the result of observed changes in anthropogenic activity or
other external drivers (such as changes in precipitation). We make no attempt to quantify or
separate the effects of 'connected’ vs. 'unconnected' imperviousness but rather attempt to
accurately compile and estimate the T1A% for a given study area.

Our initial study site was the upper Accotink Creek subwatershed in Fairfax County,
Virginia, USA (Figure 1, Jennings and Jarnagin, 2002). Anthropogenic impervious surface area
was mapped from six dates of rectified historical aerial photography ranging from 1949 to 1994
(Table 1). Over that period, anthropogenic impervious surface area increased from
approximately 3% in 1949 to 33% in 1994.
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10 Kilometers

500 1000 Kilometers TN =~

Figure 1: Location of the upper Accotink Creek subwatershed.

Date Photo Scale Film Type Source
3/94 ## 1:40,000 Color Infra-Red USGS
4/88 ## 1:40,000 Color Infra-Red USGS

10/79 1:40,000 Black + White ASCS

4/71 1:24,000 Black + White VDOT

4/63 1:24,000 Black + White USGS

4/49 1:24,000 Black + White USGS

Table 1: Aerial Photographic Data.
USGS = United States Geological Survey, ASCS = Agricultural Soil Conservation Service,
VDOT = Virginia Department of Transportation. ## = Also acquired in USGS DOQQ format.

We acquired the mean daily streamflow from the United States Geological Survey
(USGS) National Water Information System (NWIS) Web Interface (USGS, 2006) for the period
of record for the stream gage that formed the 'pour-point' for our study watershed. The
streamflow analysis for the Virginia Department of Environmental Quality (VDEQ)/USGS
stream gage 01654000 showed that, for the 51-year period studied (October 1947 through
September 1998), median streamflow decreased (Figure 2) while the frequency of both high-
flow (Figure 3) and low-flow (Figure 4) events increased. 'High-flow' was considered to be daily
streamflow discharge at a volume of above the historical daily mean plus two standard
deviations. 'Low-flow' was considered to be flow less than one-half the historical daily mean.

Historical analysis of the relationship of streamflow flashiness 7
with population density, imperviousness, and
percent urban land cover in the Mid-Atlantic region.



y =-0.0035x + 7.2846

R? = 0.0442

1.50 1 p <0.001
m ]
g 125
°
z
= 100 Il
£
©
(1]
B
»
2 075 ]
8
=]
= I

0.50 ‘ |

L

50 - L] TARD 1I.| ijl]
0.25 - ” \ L ” ’IIITH” '!” ”Hl’ “
0.00 +———m—————— u
1945 1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000
Date

Streamflow (28-day Rolling Median) over Time

Figure 2: Median streamflow for VDEQ/USGS stream gage 01654000 for October 1947 through
September 1998. Median streamflow was calculated as a rolling 28-day median. P-value is on
the t-test of the linear regression line slope = 0 (no change).
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Figure 3: Frequency of high-flow events for VDEQ/USGS stream gage 01654000 for October
1947 through September 1998. 'High-flow" is here defined as the flow equal to or greater than
the mean streamflow for the period plus two standard deviations. P-value is on the t-test of the
linear regression line slope = 0 (no change).
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Figure 4: Frequency of low-flow events for VDEQ/USGS stream gage 01654000 for October
1947 through September 1998. 'Low-flow" is here defined as the flow less than or equal to one-
half of the mean streamflow for the period. P-value is on the t-test of the linear regression line
slope = 0 (no change).

We acquired historical daily precipitation records coincident with the streamflow records
from the National Weather Service (NWS) monitoring station 448737, Vienna/Dunn Loring
(NCDC, 1998). We computed the daily streamflow (mean daily streamflow, m3-s-1) per unit
precipitation (total daily precipitation, m-d-1) for the VDEQ/USGS stream gage 01654000 for
days where total precipitation was equal to or greater than 6 mm for October 1947 through
September 1998. We aggregated the data by decade and compared decadal means to see if the
amount of streamflow per unit precipitation and mean daily precipitation had changed over time
as the watershed became increasingly impervious. Our analysis showed a statistically significant
increase (Kruskal-Wallis One-Way Analysis of Variance test statistic = 176.07, 4 df, p < 0.001)
in the streamflow discharge response per meter of precipitation associated with “normal” (> 6
mm) daily precipitation amounts while the mean daily precipitation didn't change (Figure 5).
Similar results were found for streamflows associated with “extreme” (> 35 mm) daily
precipitation amounts. The historical magnitude, frequency and pattern of daily precipitation
values >0 mm, > 6.0 mm and > 35.0 mm showed no statistically significant change.
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Figure 5: Streamflow (mean daily streamflow, m3-s-1) per unit precipitation (total daily
precipitation, m-d-1) for VDEQ/USGS stream gage 01654000 and mean daily precipitation for
days where total precipitation was equal to or greater than 6 mm for October 1947 through
September 1998. Data are binned by decade and decadal means displayed. Error bars = + 95%
confidence interval. Two trends emerge from the data: 1) mean precipitation volume show no
significant variation over time, while 2) the streamflow response value shows a significant
change over the same period.

Historical changes in streamflow response to precipitation in this basin (Figure 6) appear
to be related to increases in anthropogenic impervious surface cover and not to changes in
precipitation. Changes in streamflow response to precipitation were larger in magnitude than
changes in streamflow alone and are therefore thought to be an indicator variable related to
increases in anthropogenic impervious surface cover or other anthropogenic activities such as
installation of impoundments or other best management practices (BMPs) that result in
hydrological alteration.
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Figure 6: Median streamflow per unit precipitation > 6 mm for VDEQ/USGS stream gage
01654000 for October 1947 through September 1998. Median streamflow was calculated as a
rolling 60-day median of days where total daily precipitation was at least 6 mm. P-value is on
the t-test of the linear regression line slope = 0 (no change).

Changes in stream hydrology change more than the physical morphology of the stream.
Changes in flow regime also have an effect upon aquatic ecosystem health and the ecosystem
services provided. From the perspective of a benthic macroinvertebrate or a fish, the annual
frequency of extreme flow events, both high and low, are critical factors in assessing the
suitability of the stream ecosystem for aquatic life. From the perspective of a watershed manager
or stakeholder, the relationship between the amount of development and the corresponding
amount of impervious surfaces is a critical factor in predicting the impact of a given level of
development on stream ecosystem health. Figure 7 is a graph of the regression lines from all
streamflow-precipitation data pairs (precipitation values > Omm), grouped in 10-year bins. The
graph represents a generalized historical characterization of the decadal streamflow-precipitation
relationships. An increased slope over time is observed indicating an increasingly direct
relationship between precipitation and runoff. The data appear to form two distinct groupings of
slopes over time, with the precipitation/streamflow response curves for the first two decades
showing a lower streamflow response to increasing precipitation than the last three decades.
These data support the hypothesis that there may be a level of imperviousness at which a 'phase-
change' in streamflow response/precipitation amount occurs, as suggested by the Schueler's 1994
paper (Schueler suggested a limit of around 10% imperviousness, beyond which stream
degradation occurs). Figure 7 also graphically illustrates how the same amount of precipitation
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received in one of the three later decades results in much higher streamflow than if received in
the first two decades of the study. This increase in streamflow response to precipitation over
time is a major determinant in streambank erosion, stream habitat alteration, and many other
negative consequences to streams associated with urban development.
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Figure 7: 1947-1998 Streamflow vs. Precipitation by Decade for days of measurable
precipitation. This decade-by-decade series of regressions illustrates the general historical
curvilinear relationships of daily precipitation and streamflow. Figure includes all streamflow-
precipitation data pairs where precipitation values > 0, N = 5865. The regression lines for the
first two decades follow a similar path while the curves for the last three decades form a second

group.
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Measures of Imperviousness and/or Degree of Development

While the results of the extensive historical study of streamflow and precipitation in the
Upper Accotink were exciting and highly informative, they also were very data-intensive and
time-consuming to assemble. | wanted to explore a metric that could be used to conduct an
analysis on a large number of streamflow stations at a regional scale. My goal in this regional-
scale analysis was to try to relate patterns of streamflow change to regional-scale measures of
development. Since mapping impervious surfaces directly for a large number of study
watersheds is unfeasible without the input of huge effort (and expenditure), the surrogate
measure of population was used for decades prior to regional-scale land use/land cover (LULC)
landscape mapping and temporal LULC data were acquired for circa 1973, 1992, and 2001 (see
further discussion in Methodology below).
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y = 0.3961x + 2.5124
R? = 0.9403
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TIA% Mapped Truth per Percent 'Urban' NLCD Pixels
for 1992 NLCD Coefficients paper (n = 27 watersheds)

Figure 8: Percent Imperviousness (T1A%) from ground truth vs. Percent Urban (%Urban) per
watershed from the NLCD1992 land cover dataset. NLCD1992 percent 'urban’ pixels are the
sum of categories 21, 22, 23, & 85 divided by the total number of pixels in the watershed's
NLCD coverage. The TIA% truth was mapped from aerial photography using the methods
described in Jarnagin et al. (2004) and Jennings and Jarnagin (2002). The percent 'urban’ pixels
in the NLCD1992 land cover dataset is a good estimator of the Total Impervious Area % (TIA%)
for the watersheds (n = 27) mapped by Jennings and Jarnagin in their NLCD1992 coefficients
paper (Jennings et al., 2004).

Historical analysis of the relationship of streamflow flashiness 14
with population density, imperviousness, and
percent urban land cover in the Mid-Atlantic region.



There is a good relationship between the 'percent urban' metric for a watershed and the
TIA% for that watershed (Figure 8). Therefore, 'percent urban’ will also be used as a metric for
measuring the extent of anthropogenic impact upon the watershed for the temporal LULC data.
There are two coefficient-based techniques for estimating impervious surfaces from National
Land Cover Data (NLCD) data (USEPA, 2006): the NLCD1992 coefficient method of Jennings
and Jarnagin (Jennings et al., 2004) and the Analytical Tools Interface for Landscape
Assessments (ATtILA) for ArcView 3.x (Ebert and Wade, 2000; Wade and Ebert, 2004). The
ATLILA coefficients were derived from land use coefficients compiled by the Center for
Watershed Protection (Caraco et al., 1998) and can be applied to both the NLCD1992 and the
cross-walked NLCD2001. Finally, the NLCD2001 has a separately downloadable
imperviousness layer that is an input to the LULC data. Thus, both the NLCD1992 and the
NLCD2001 have two independently derived estimators of TIA% for the study watersheds.

Measure of Hydrologic Alteration: Stream Flashiness

There are many measures of hydrologic alteration, all of which are intended to provide a
metric by which changes in streamflow over time can be assessed. Olden and Poff (2003)
reviewed 171 hydrologic indices using long-term flow records from across the continental USA
(and found many of them to be redundant). For this study, I chose the Richards-Baker Flashiness
Index (R-B Index, Baker et al., 2004) to calculate annual flashiness values for study streams.

R-B Index = —Ztn=1|q"l —%

| (Baker et al., 2004)

t=1Ht

Equation 1: The R-B Index (Baker et al., 2004).

The R-B Index is the sum of the absolute values of the day-to-day changes in mean daily
streamflow, normalized for total flow per station by dividing by the total annual flow. The
advantages of the R-B Index, compared to the numerous other methods of calculating streamflow
variability, are: 1) the R-B Index has low year-to-year variability and therefore is sensitive to
long-term trends; 2) the R-B Index integrates the entire range of hydrological response over an
annual time step; and 3) the R-B Index is easily calculated from NWIS historical daily mean
streamflow.

Prior to the analysis of the regional set of watersheds, the R-B Index was applied to the
streamflow history of the Upper Accotink watershed previously studied. The annual R-B Index
stream flashiness over time for the Upper Accotink shows a significant increase (Figure 9). Both
the flashiness and the TIA% are increasing for the Upper Accotink watershed (Figure 10) for the
period 1947-2000. When flashiness over time is plotted as a 5-year moving average (Figure 11),
the period of greatest increase in the flashiness of the system occurs as the TIA% increases from
roughly 10% to 20%. This again implies a 'hard limit' of around 10% for imperviousness effects,
at least for this system.
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Figure 9: Annual Richards-Baker Flashiness Index (R-B Index) values plotted for the Upper
Accotink stream gage 01654000 for 1948 through 2000. Flashiness in this system increased
significantly over time. P-value is on the t-test of the linear regression line slope = 0 (no

change).
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Figure 10: Plot of both the TIA% and Flashiness for the Upper Accotink stream gage 01654000
for 1948 through 2000. T1A% was directly compiled through 1994 and estimated via coefficient
methods from the circa 1992 and 2001 land use/land cover data. The flashiness of the system is
increasing as the TIA% increases.
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Figure 11: Plot of both the TIA% and Flashiness for the Upper Accotink stream gage 01654000
for 1948 through 2000 with 5-year moving average of annual flashiness. The period of greatest
increase in the flashiness of the system as revealed by a 5-year moving average occurs as the
TIA% increases from roughly 10% to 20%.

The Upper Accotink study is unique in the large number of estimations of TIA% made.
For the larger, regional-scale study, there were roughly decadal estimates of ‘percent urban' and
imperviousness based upon the temporal LULC data and decadal population data. In order to
draw inferences about flashiness associated with any measure of anthropogenic effect, it will be
necessary to bin the flashiness data in the same manner that decadal bins and photo date bins
were used to study historic changes in streamflow/precipitation response in the Upper Accotink.
| used 7-year flashiness bins centered on the six photo dates used to estimate TIA% and the two
coefficient-based TIA% estimates (NLCD1992 and NLCD2001) for the Upper Accotink to test
the efficacy of this analysis technique (Figure 12). The mean flashiness increased over time as
measured by the flashiness bins (ANOVA on Upper Accotink Flashiness Groups by Photo Date:
F =13.78, df = 7, p-value < 0.001). The same analysis technique was used in the large-scale,
regional study.
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Figure 12: Mean flashiness per TIA% estimate date in the Upper Accotink. Mean flashiness is
computed from a 7-year interval centered on the six photo dates used to estimate TIA% and the
two coefficient-based TIA% estimates (NLCD1992 and NLCD2001) for the Upper Accotink.
The mean flashiness increased significantly over time (ANOVA on Upper Accotink Flashiness
Groups by Photo Date: F = 13.78, df = 7, p-value < 0.001).

Data and Methodology for the current study:
Population Density Data

Decadal census data were obtained and proportionally allocated into 2000-era county
boundaries (Jennings and Jarnagin, 2004). Census data from a variety of sources was used to
construct the county level population density databases at for 1930-2000 for EPA Region 3
(Delaware, District of Columbia, Maryland, Pennsylvania, Virginia, and West Virginia).
Historic census data for 1930-1960 were obtained from the University of Virginia Library
Historical Census Browser < http://fisher.lib.virginia.edu/collections/stats/histcensus/index.html
> (UVA, 2004). Identical county-level decadal census data were obtained from the U.S. Census
Bureau (U.S. Census, 2004) accessed via their State and County QuickFacts browser <
http://quickfacts.census.gov/gfd/ > as accuracy cross check (see <
http://www.census.gov/population/cencounts/dc190090.txt > for an example file). County-scale
census data for all of Region 3 for 1970 and 1980 were obtained from GeoLytics, Inc
(GeoLytics, 2003). County-scale census data for all of Region 3 for 1990 and 2000 was obtained
from the Environmental Systems Research Institute, Inc. (ESRI) Data 2003 disks: ESRI Data -
2000 data (ESRI, 2003) < http://www.esri.com/data/community_data/census/index.html >. All
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population density data were mapped to the ESRI 2002 county boundaries using proportional
allocation for those areas (particularly in the sate of Virginia) where political reporting
jurisdictions had merged or otherwise altered their boundaries during the 1930-2000 time period.
Appendix 1 contains a series of figures showing the 1930 and 2000 population densities, decadal
changes in density, and the net change in population density from 1930 through 2000; mapped to
a uniform numerical scale at the county spatial scale.

For decades after 1960, higher spatial resolution census data were also acquired. 1970-
1990 data were obtained from GeoLytics, Inc (GeoLytics, 2003). For 1970, census data were
available at the Census tract scale; for 1980, block-group data; and for 1990, block data. | also
used the LandScan 1998 dasymetric estimation of population density and areal interpolation of
census data at a 450 m grid cell spatial resolution (LandScan, 2003). 2000 population densities
were based on the ESRI Data 2003 data at the Census block scale (ESRI, 2003).

Census population densities were calculated for watershed at the tract-scale for 1990 and
2000 and block-group data were used for 2000. LandScan population density was calculated
only for 1998 at the watershed spatial scale. Decadal population density was calculated at both
the county and watershed spatial scale for 1930-2000. Changes in overall (period-of-record)
population density were calculated at both the county and watershed spatial scale for 1930-2000
as a set of Population Density Change Metrics: 1) net population density change from 1930 to
2000 (Figure A10); 2) net positive change in population density only from 1930 to 2000; 3) sum
of the positive changes in decadal population density from 1930 through 2000; and 4) sum of the
absolute values of both positive and negative decadal changes in population density from 1930
through 2000.

Streamflow Data

I selected 151 long-term gage stations in EPA Region 3 (EPA R3, mid-Atlantic: DC, DE,
MD, PA, VA, and WV) from the USGS National Water Information System (NWIS) historical
daily mean streamflow dataset for analysis. The initial data set consisted of the thirty-six
watersheds, ranging in size from 2 km? to 150 km?, used to derive impervious surface
coefficients per NLCD92 class (Jennings et al., 2004). An additional 115 streamflow stations
were selected from a search of the surface water stations listed on the NWIS in EPA R3.
Streamflow stations were sorted by length of record, completeness of record, and watershed size.
I wanted to find long-term, continuous records where the watersheds were small enough to
assume a unitary response to precipitation, i.e.: the precipitation that would fall on a watershed
during a day would be reflected in a change in streamflow at the recording station on that same
day. The additional streamflow station selection criteria were: 1) more than 20 total years of
data, 2) watershed size less than 130 km?, and 3) continuous periods of data (more than 75% of
available daily records per decade of data).

Streamflow station information and daily flow data for the period of record for each
station selected were downloaded from the USGS National Water Information System (NWIS)
Web Interface - Surface-Water Daily Data for the Nation web site: <
http://waterdata.usgs.gov/nwis/dv/?referred_module=sw >. Station ID codes, names, locations,
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etc. are shown in Appendix 2. Streamflow data were analyzed by computing their annual
flashiness values, both by water year (as defined by the USGS: from October first of one year to
September 30th of the following) and by calendar year. For simplicity of discussion, for this
report only calendar year values will be discussed, as there was no difference between results
obtained when considering water year vs. calendar year data. In order for a flashiness value to
be computed for a calendar year, at least 75% of all the available daily records had to be present
for that year. Seven-year windows of flashiness data around each decadal census date from 1930
through 2000 and the imagery acquisition dates of 1973 and 1992were used to calculate mean
flashiness values for each station for each analysis date. The flashiness data bin used for the
2000 Census date was used also for the 2001 imagery (1997-2001, since the dataset analyzed
ended in 2001). At least four years of data out of the seven-year period had to be present in
order for a mean flashiness value to be computed for an analysis date.

Tim Wade, EPA/LEB RTP NC, using a smoothed version of the USGS National
Elevation Dataset (NED) 30-meter resolution digital elevation model (DEM) data clipped to the
EPA R3 boundaries, created watershed boundaries for each streamflow station in Arcinfo.
These watershed boundaries were used to extract population, 'percent urban' LULC, and 'percent
imperviousness' data for comparison with the streamflow records. One of the 151 watersheds
(01585095, North Fork Whitemarsh Run near White Marsh, one of the original thirty-six
NLCD1992 coefficient paper watersheds) was determined to have too short a record and was not
mapped. Nine of the 150 watersheds in R3 used in the NLCD1992 land cover analysis lay
outside of the area of completed NLCD2001 coverage at the time of the analysis so the 2001
land cover analysis was done for that era using the 141 watersheds within the NLCD2001
completed extent.

Land Use/Land Cover Data

Temporal land use/land cover (LULC) data were acquired for circa 1973, 1992, and
2001. The 1970s land-cover data were created from Landsat Multispectral Scanner (MSS) data
that were acquired as part of the North American Landscape Characterization (NALC) program.
The NALC program distributed the MSS data at a resampled pixel size of 60 meters. The 1990s
(NLCD1992) and 2000s (NLCD2001) National Land Cover Data were acquired from the Multi-
Resolution Land Characteristics (MRLC) program using Landsat TM imagery at 30-meter
spatial resolution (Vogelmann et al., 2000 and Homer et al., 2004).

No attempt to align pixels or reassign values among datasets was made. Watershed-scale
assessment of land cover for each era was done using the 'Tabulate Areas' command in ArcView
3.3. Tables crated were exported from ArcView as tab-delimited ASCII text files and imported
in MS Excel for analysis. The MRLC NLCD Classification Schemes (Level 1) land cover
classes for the NLCD1992 and NLCD2001 are found at <
http://www.epa.gov/mric/classification.html > and are listed in Appendix 3 of this report. Unlike
the MRLC coverages for 1992 and 2001, there was no pre-existing land-cover data from the
NALC program for the 1970s. The NALC Landsat MSS data were classified into seven land-
cover classes using Euclidean minimum-distance—to-mean clustering and ancillary data. The
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primary ancillary data sets were USGS Land Use Data Analysis (LUDA) land-cover and
National Wetlands Inventory (NWI1) data (Table 2; Edmonds et al., 2002).

D NALC Land Cover Class
1 Water

2 Forest

3 Agriculture (herbaceous)
4
5
6
7

Wooded Wetland
Emergent Wetland
Urban (developed)

Bare Ground (bare rock, sand, mines)

Table 2: The seven NALC70s land cover classes from Edmonds et al. (2002).

The 'percent urban developed' (%Urban) parameter was estimated for each watershed
using the protocol set forth by Jones et al. (2003) and Jarnagin et al. (2006). The NALC70s
%Urban decimal percent is the sum of pixels in land cover class 6 divided by the total number of
pixels in the coverage. The NLCD1992 %Urban decimal percent is the sum of pixels in land
cover classes 21, 22, 23, & 85 divided by the total number of pixels in the coverage. The
NLCD2001 %Urban decimal percent is the sum of pixels in land cover classes 21, 22, 23, & 24
divided by the total number of pixels in the coverage.

Jennings et al. (2004) found that the imperviousness coefficients derived from
NLCD1992 land cover data changed depending on the degree of development seen in the
watershed. Jones et al. (2003) and Jarnagin et al. (2006) used a set of '%Urban’ categories to bin
data for areal analysis, where an Urban Gradient is established based on the percentage of
‘Urban’ NLCD pixels in the area to be analyzed (Table 3). The same %Urban categories were
used to look at stream flashiness.

Urban Gradient

0,
Category YoUrban

No 'Urban’ pixels in
the area to be analyzed
Rural 0< to <20% 'Urban’ pixels
Suburban 20 to <50% 'Urban’ pixels
Dense Suburban | 50 to <80% 'Urban’ pixels
Urban 80 to 100% 'Urban' pixels

None

Table 3: Urban Gradient used for imperviousness accuracy assessment in Jones et al. (2003) and
Jarnagin et al. (2006).
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Imperviousness Data

The NLCD1992 Coefficient technique (Jennings et al., 2004) and the ATtILA ArcView
extension 'Human Stressors' computation 'PCTIA_LC' (Wade and Ebert, 2004) were applied to
the NLCD1992 coverages clipped by the watershed boundaries. This provided two independent
estimates of TIA% for 1992 for the 150 watersheds mapped. The NLCD2001 Imperviousness
data layer was used for a circa 2001 estimator of watershed imperviousness and the ATtILA
technique was applied to the 2001 land cover categories cross-walked to approximate the
NLCD1992 watershed categories (Table 4).

17 NALE NLCD1992 Class NLCD2000 Class
1 - Water 11 - Open Water 11 - Open Water
41 - Deciduous Forest, 41 - Deciduous Forest,
42 - Evergreen Forest,
. 42 - Evergreen Forest,
43 - Mixed Forest, .
2 - Forest 43 - Mixed Forest,
51 - Shrubland,
. 52 - Shrub\Scrub,
61 - Orchards/ Vineyards/ Other, 71 - Grasslands/ Herbaceous
71 - Grasslands/ Herbaceous
81 - Pasture/ Hay,
3 - Agricultural 82 - Row Crops, 81 - Pasture/ Hay,
Land 83 - Small Grains, 82 - Cultivated Crops
84 - Fallow
4 - Woody
Wetland 91 - Woody Wetlands 91 - Woody Wetlands
5 - Emergent 92 - Emergent Herbaceous 92 - Emergent Herbaceous
Wetland Wetlands Wetlands
21 - Low Intensity Residential,
22 - High Intensity Residential, 21 - Developed Open Space,
: . 22 - Developed, Low Intensity,
6 - Urban 23 - Commercial/ Industrial/ . .
. 23 - Developed, Medium Intensity,
Transportation, 24 - Developed, High Intensit
85 - Urban/ Recreational Grasses ped, g y
31 - Bare Rock/ Sand/ Clay,
7 - Bare 32 - Quarries/ Strip Mines/ Gravel 31 - Barren Land
Pits, (Rock/Sand/Clay)
33 - Transitional

Table 4: 1970s NALC - NLCD1992 - NLCD2001 crosswalks of land cover classes used for
ATtILA PCT_LC computation. Note: NLCD land cover classes do not include 'perennial ice
and snow' or Coastal or Alaska only classes.

No attempt to assign a TIA% to the 1970s NALC data was made since this technique has
not been validated via comparison to ground-truth impervious measurements. Both the
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NLCD1992 and the NLCD2001 have two independently derived estimators of TIA% for the
study watersheds. See the Discussion area of this report for a comparison of these estimators.

Software and Hardware

Disclaimer: Mention of a product name in this report does not constitute an endorsement
of that product by either the author or EPA and should not be construed as such. All
computations for this project were performed on IBM-compatible PCs running Microsoft XP
Service Pack 2 OS using either Pentium or AMD processors. GIS computations were done using
ESRI ArcGIS 9.1 or ArcView 3.3 plus applicable extensions (Spatial Analyst, ATtILA, etc.) All
statistical analyses were performed using either SAS 9 or SYSTAT 10. Spreadsheet, graphing,
and word processing were done with MS Office 2000 and 2003 products.

Results:

Streamflow Data

Of the 151 streamflow stations analyzed, roughly three-fifths showed an increasing
flashiness trend (Table 5) with the parametric and/or nonparametric test finding a significant
increase at thirty-five stations (23.2%) and a significant decrease in flashiness seen at thirteen
stations (8.6%). Table 6 and Figure 13 display the streamflow station flashiness results grouped
by Significance Category using the p-value of the linear (parametric) statistical test and the
positive or negative slope of the monotonic trend to sort the results.

n= 151
n increasing (linear) = 92
% increasing (linear) = | 60.9%
n decreasing (linear) = 59
% decreasing (linear) = | 39.1%

n= 151
n increasing (Kendall) = 94

% increasing (Kendall) = | 62.3%

n decreasing (Kendall) = 57

% decreasing (Kendall) = | 37.7%

Table 5: Flashiness Summary Table showing the overall increase or decrease over time of the
monotonic trend revealed by the linear (parametric) or Mann-Kendall Tau (nonparametric) tests.
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Significance Categories p-values n percent

No Change -0.2 > p-values > 0.2 | 82 | 54.3%

Not Significant Increase 0.2>p-value>0.05 | 16 | 10.6%
Not Significant Decrease -0.2 <p-value<-0.05| 10 | 6.6%
Significant Increase 0<p-value<0.05 |33 21.9%
Significant Decrease 0 >p-value>-0.05 | 10| 6.6%

Table 6: Streamflow Station Flashiness Significance Categories. Results for the linear

(parametric) tests are shown with the number and percentage of the total for each significance
category. The slope of the monotonic trend ('+' is increasing over time, '-' is decreasing over
time) is used in front of the p-value to indicate in a single measure the direction and strength of

the relationship.

1} Most Significant {p-value < 0.000 or less )
-* Significant Increase

-* Significant D ecreas e

Mot Significant Increase

Mot Significant D ecrease
Mo Changes
Mo Change

0oEo

Figure 13: Streamflow flashiness results. The p-value of the linear (parametric) statistical test

and the positive or negative slope of the monotonic trend are used to sort the results.

Significance Categories: 'No Change' stations are those with p-values greater than .2 or less than
-.2; 'Not Significant Increase’: 0.2 > p-value > 0.05; 'Not Significant Decrease': -0.2 < p-value <
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-0.05; 'Significant Increase': p-value < 0.05; 'Significant Decrease': p-value > -0.05; and 'Most
Significant": p-value = 0.000.

The full results of the R-B Flashiness analysis are given in Appendix 4: Flashiness
Results Table. Both linear regression (parametric) and Mann-Kendall Tau (nonparametric) tests
were used to check for the significance of monotonic change in the flashiness trend over time.
The results of both tests are shown in Appendix 4, using the p-value of the respective test to
show the relative strength of the trend and the positive or negative sign indicating the direction of
the trend over time. The Appendix 4 table is ranked in ascending order of the direction and
strength of the linear p-value. Station IDs and the test p-value are highlighted in light green for
those stations with a significant (o = 0.05) relationship with either or both of the statistical
analysis methods.
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Figure 14: Population density change (+ people - -mi?) from 1930 to 2000 mapped at the
watershed spatial scale. County-level Census data (Appendix 1: Figure A10) were mapped to
the watershed boundaries using proportional allocation.
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Decadal population density was calculated at both the county and watershed spatial scale
for 1930 to 2000. Changes in overall (period-of-record) population density were calculated at
both the county and watershed spatial scale for 1930 through 2000. Figure 14 displays the
population density change from 1930 to 2000 at the watershed spatial scale.

One method of viewing the effects of population on stream flashiness is to look at

county-level population change over time and see if there is a relationship between those changes
and streamflow stations showing significant changes over time or not. | compared stations
showing significant change in their flashiness at o = 0.05 in either linear and/or Kendall tests (n

= 48) with those that were not significant at that level (n = 103) using the Population Density
Change Metrics: 1) absolute value of the overall net population density change from 1930 to
2000 ('Net_Abs'"); 2) net positive change only in population density from 1930 to 2000
('Net_Pos"); 3) sum of the positive changes in decadal population density from 1930 through

2000 ('Sum_Pos"); and 4) sum of the absolute values of both positive and negative decadal

changes in population density from 1930 through 2000 ('Sum_Abs'). Table 7 shows the means

and + 95% Confidence Intervals (C.1.s) for the groups.

Mean + C9:5| % Mean * gsl % Mean +95% C.I. Mean * gsl %
Net_Abs ‘Net Abs' Net_Pos ‘Net_Pos’ Sum_Pos Sum_Pos Sum_Abs 'Sum_Abs

Significant
Flashiness 247.7 108.4 276.78 | 148.18 317.51 159.86 42059 200.63

Change

(n =48)

No

Significant
Flashiness 111.8 32.6 109.59 31.81 117.50 32.82 133.47 46.27

Change

(n = 103)

Kruskal-

Wallis p- 0.041 0.272 0.019 0.007

value

Table 7: Mean population density change per category for stations showing significant vs. no
significant change in monotonic flashiness trend over the station period of record. The Kruskal-
Wallis p-value reports the results of the nonparametric test of equivalency of the station group

means.

The mean population density change per category for stations showing no significant
change in monotonic flashiness trend were similar for all categories but those stations that had a
significant change in stream flashiness over their period of record displayed an increased mean
with greater differences seen with the sums of decadal density changes. Due to unequal sample
size, a nonparametric Kruskal-Wallis test of equivalency of the station group means was used for
the four population density change metrics. The absolute value of the overall net change in
population density from 1930-2000 and both the sum of positive density changes and the sum of
the absolute value of both positive and negative changes were significant at o = 0.05
(respectively: Mann-Whitney U test statistics =2955.0, 1883.5, and 1794.5; Chi-square
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approximations with 1 df = 40173, 5.534, and 7.335; p-values = 0.041, 0.019, and 0.007). The
net positive change only in population density from 1930 to 2000 was not significantly different
between the stations that showed a significant change in mean stream flashiness with those that
did not.

Using the seven-year flashiness means, centered at each census date, | constructed a
dataset of 621 independent estimates of mean watershed flashiness per population density
(Figure 15). Streamflow flashiness was weakly correlated with increasing population density (R?
= 0.269), with population densities above roughly 700 people - -mi? visually showing what
appears to be an increasing trend.
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Figure 15: Mean watershed flashiness per census population density level. Mean watershed
flashiness is calculated as a seven-year mean centered at the decadal census. Census population
density level (people - -mi?) is calculated at the county level, proportionally allocated to
watersheds, for 1930-2000. N = 621.

Increasing the spatial resolution of the population density estimate improved the
correlation between population density and streamflow flashiness. 1990 census tract data were
used to calculate population density for the 93 watersheds with 1990 flashiness values. The 1990
results are shown in Figure 16 (R? = 0.455).
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Figure 16: Mean watershed flashiness per 1990 census at the tract population density level.
Mean watershed flashiness is calculated as a seven-year mean centered at the decadal census.
Census population density level (people - -mi?) is calculated at the census tract level,
proportionally allocated to watersheds, for 1990. N = 93.

2000 census tract and block-group data were used to calculate population density for the 89

watersheds with 2000 flashiness values. The 2000 results are shown in Figure 17 (R* = 0.634).

The relationship was essentially the same at the census tract level (R? = 0.636). Using the

dasymetric LandScan data (Figure 18) only marginally improved the relationship (R? = 0.647).

As was seen in Jennings and Jarnagin (2004), increasing the spatial resolution of census data
does not improve correlations beyond a certain point.

Historical analysis of the relationship of streamflow flashiness
with population density, imperviousness, and
percent urban land cover in the Mid-Atlantic region.

29



2.00 -
1.75
1.50
1.25
1.00

0.75

Flashiness ca2000 mean

0.50 4%, y = 0.0004x + 0.3393
» R =0.634

.00 rr—n—H—1—""+r—r—"——"7—"—"—"—""r—"—"—""""""T"—"""— ——

0 1000 2000 3000 4000

2000 Census Block-Group Scale Population Density

Watershed Flashiness per circa 2000
Census Block-Group Scale Population Density Level

Figure 17: Mean watershed flashiness per 2000 census at the block-group population density
level. Mean watershed flashiness is calculated as a seven-year mean centered at the decadal
census. Census population density level (people - -mi?) is calculated at the census block-group

level, proportionally allocated to watersheds, for 2000. N = 89.
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Figure 18: Mean watershed flashiness per 1998 LandScan population density level. Mean
watershed flashiness is calculated as a seven-year mean centered at 2000. LandScan population
density level (people - -mi?) is calculated at a 450 m grid cell spatial resolution, proportionally
allocated to watersheds, for 2000. N = 89.

In a similar manner to the Urban Gradient based on the percentage of 'Urban' NLCD
pixels in the area to be analyzed (Table 3), population density categories based on near-equal
numbers and natural breaks in the data were used to look at all flashiness/density pairs based
upon County-level population density estimates (n = 621). Table 8 lists these data and Figure 19
graphically presents the results of this analysis.

PopDens Group n Mean Flashiness +95% C.I.
0-16 99 0.386 0.024
16.001 - 30 113 0.354 0.019
30.001 - 60 110 0.361 0.029
60.001 - 150 118 0.376 0.029
150.001 - 400 96 0.533 0.054
400.001 - 3500 85 0.740 0.054

Table 8: Watershed Mean Stream Flashiness by County-Level Population Density Group. Mean
watershed flashiness is calculated as a seven-year mean centered at the decadal census 1930-
2000. Population density categories were based on a combination of attempting to achieve near-
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equal numbers per group and utilized natural breaks in the ranked data. N =621
flashiness/density pairs.
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Figure 19: Watershed Mean Stream Flashiness by County-Level Population Density Group.
Mean watershed flashiness is calculated as a seven-year mean centered at the decadal census
1930-2000. Population density categories were based on a combination of attempting to achieve
near-equal numbers per group and utilized natural breaks in the ranked data. N = 621
flashiness/density pairs.

Both parametric (ANOVA: F = 63.97, df = 5, p-value < 0.001, Bonferroni Post Hoc test
of flashiness) and nonparametric (Kruskal-Wallis: Test Statistic = 155.72, p-value < 0.001 0.000
assuming Chi-square distribution with 5 df) statistical tests found mean stream flashiness to be
significantly different among population density groups. There were no statistical differences
among the population density groups until the population density exceeded 150 people - -mi®.
Mean flashiness increased significantly beyond that population density.

Streamflow Flashiness and Degree of Urban Development

Mean stream flashiness values (from the seven-year data bins) for the NALC and NLCD
imagery acquisition dates of 1973, 1992 and 2001 were compared to the %Urban metric derived
from the satellite-based LULC data. A total of 317 independent data pairs met the data
requirements and they are displayed in Figure 20 along with a linear regression through the
points. The variable 'Decimal Percent Urban Watershed' accounted for more than half of the
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variability in stream flashiness (R? = 0.543). The t-test on the slope of the regression line was
significant (p-value < 0.001). Visually, this data set suggests that once the %Urban parameter of

a watershed exceeds 20% - 25%, the stream flashiness of the system increases.
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Figure 20: Mean Stream Flashiness as a function of Watershed Urban Development Percent.
Stream flashiness is based on the mean of a seven-year data bin centered at the imagery
acquisition dates of 1973, 1992, and 2001. The urban development percent is calculated as a
decimal percent of the number of 'urban' land cover pixels in the watershed coverage divided by

the total number of pixels in each watershed. N = 317.

Figures 21, 22, and 23 show the effect of the 1973 %Urban parameter, watershed slope,
and watershed elevation (the last two parameters measured using the ATtILA ArcView
extension) on the 1973 stream flashiness mean (n = 135). The %Urban parameter clearly is
positively associated with increasing flashiness while the topographic variables of slope and

elevation are not.
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Figure 21: Mean Stream Flashiness as a function of Watershed Urban Development Percent.
Stream flashiness is based on the mean of a seven-year data bin centered at the 1973 NALC
imagery acquisition date. The urban development percent is calculated as a decimal percent of
the number of NALC 'urban’ land cover pixels divided by the total number of pixels in each
watershed. N = 135.

Historical analysis of the relationship of streamflow flashiness
with population density, imperviousness, and
percent urban land cover in the Mid-Atlantic region.

34



1.4

1.2 .
o * y =-0.0132x + 0.539
R%=0.055
1.0 ." P <0.006
«*a n=135
.

Mean Stream Falshiness

0.0 T T T T
0 5 10 15 20 25

Mean Watershed Slope

Circa 1973: Stream Flashiness vs. Mean Watershed Slope

Figure 22: Mean Stream Flashiness as a function of Watershed Slope. Stream flashiness is based
on the mean of a seven-year data bin centered at the 1973 NALC imagery acquisition date. The
watershed slope parameter is calculated from the 30-meter National Elevation Dataset Digital

Elevation Model (NED DEM). N = 135.
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Figure 23: Mean Stream Flashiness as a function of Watershed Elevation. Stream flashiness is
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based on the mean of a seven-year data bin centered at the 1973 NALC imagery acquisition date.

The watershed elevation parameter is calculated from the 30-meter National Elevation Dataset

Digital Elevation Model (NED DEM). N = 135.

Table 9 shows the results and Figure 21 displays the same data set grouped by Urban

Development Gradient based on the percentage of 'Urban' NALC/NLCD pixels in the area to be

analyzed (Table 3). Due to unequal group numbers, a nonparametric Kruskal-Wallis One-Way

Analysis of Variance was used to test for differences among groups.

Urban Class Megn +95 % Definitio'n N
Flashiness C.l. (% 'Urban' Pixels)
None 0.36 0.05 none 25
Rural 0.38 0.02 0<to<20% 227
Suburban 0.61 0.10 20 <to <50 % 30
Dense Suburban 0.86 0.10 50<to <80 % 24
Urban 0.98 0.10 80 <to 100 % 11

Table 9: Mean Stream Flashiness of stations grouped by Urban Development Gradient class

based on the percentage of 'Urban' NALC/NLCD pixels in the area to be analyzed (Table 3).
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There was no difference between the mean flashiness of stations characterized by
watershed %Urban less than 20% ('None' and 'Rural’) while those above 20% %Urban
('Suburban', 'Dense Suburban’, and 'Urban’) had significantly higher mean flashiness (Kruskal-
Wallis Test Statistic = 97.126; p-value < 0.001 assuming Chi-square distribution with 4 df).

1.20

Kruskal-Wallis Test Statistic = 97.126
100 ] Probability is < 0.001
assuming Chi-square distribution with 4 df

0.80

0.60

Mean Flashiness

0.40

0.20 4
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'Percent Urban' Class

Mean Flashiness by 'Percent Urban’ Class

Figure 24: Mean Stream Flashiness of stations grouped by Urban Development Gradient based
on the percentage of 'Urban' NALC/NLCD pixels in the area to be analyzed (Table 3). Stream
flashiness is based on the mean of a seven-year data bin centered at the imagery acquisition dates
of 1973, 1992, and 2001. The urban development percent is calculated as a decimal percent of
the number of 'urban’ land cover pixels in the watershed coverage divided by the total number of
pixels in each watershed. N = 317.

Streamflow Flashiness and Imperviousness

The results for the analyses of stream flashiness compared to the 'Percent Imperviousness'
(TIA%) parameter were much the same as seen with the 'Percent Urban' (&Urban) parameter.
However, there were some differences seen in my various TIA% estimators that should be
discussed first before we proceed to the flashiness relationships. For 1992, both the empirical
coefficient-based technique of Jennings et al. (2004) and the ATtILA ArcView extension (Ebert
and Wade, 2000; Wade and Ebert, 2004) were used to estimate 1992 watershed TIA% from the
NLCD1992 land cover for the 150 study watersheds. Slonecker and Tilley (2004) found both
techniques to be approximately equal in their accuracy but the empirical coefficient-based
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technique tends to overestimate %TIA at very low values and underestimate TIA% at very high
values (Figure 25). | feel that the ATtILA TIA% estimator is both easier to use and more robust
across the entire range of potential urban development intensities and further discussion of the
1992 TIA% parameter will be limited to the ATtILA-derived estimator.
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Figure 25: Comparison of 1992 'Percent Imperviousness' (T1A%) estimators. The empirical
coefficient-based technique of Jennings et al. (2004) is compared with the ArcView ATtILA
extension (Wade and Ebert, 2004) when both techniques are applied to the NLCD1992 land
cover data for the 150 study watersheds. While both techniques agree well with the 'Percent
Urban' (%Urban) parameter (also derived from the NLCD1992) The tendency of the empirical
coefficient-based technique to overestimate %TIA at very low values and underestimate TIA% at
very high values is clearly seen in this comparison.

For 2001, the NLCD2001 Imperviousness data layer and the ArcView ATtILA extension
were used for 2001 estimators of watershed TIA%. A detailed accuracy assessment of the
NLDC2001 Imperviousness layer in the Chesapeake Bay watershed is in preparation for
publication (Jones and Jarnagin, unpublished) but preliminary results (Jarnagin et al., 2006)
indicate that there is a systematic underestimation of TIA& by these data, at least in the Mapping
Zone 60 area assessed in the Chesapeake Bay Watershed of EPA Region 3. A comparison of the
ATtILA computation of TIA% based on the NLCD2001 land cover data and the TIA% derived
from the NLCD2001 Imperviousness data shows a consistently higher TIA% with the ATtILA-
derived TIA% parameter (Figure 26).
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Figure 26: A comparison of the NLCD2001 Imperviousness data layer and the ATtILA ArcView
extension 2001 estimator of watershed TIA% based on the NLCD2001 land cover data. The
TIA% derived from the NLCD2001 Imperviousness data shows a consistently lower TIA% than
the ATtILA-derived TIA% parameter. Every watershed showed a higher ATtILA estimator:
mean difference = 1.67% = 0.001%; range: 0.20% - 3.53%; n = 150 (absolute TI1A%, not relative
TIA%; confidence interval is £ 95%).

| also compared the TIA% estimated from the NLCD2001 Imperviousness data layer to
the ATtILA-estimated TIA% using the NLCD1992 land cover data (Figure 27). One would
expect that the TIA% estimated from the NLCD2001 Imperviousness data layer would be either
equal to or greater than the 1992 TIA% based on the population growth and increase in urban
development in the mid-Atlantic. However, only 10% of the study watersheds (15 out of 150)
showed a higher TIA% estimate with the 2001 Imperviousness layer compared to the ATtILA-
derived NLCD1992 TIA% estimate. Comparing the ATtILA-derived NLCD1992 TIA%
estimate with the NLCD2001 TIA% estimate (Figure 28) showed a more believable distribution.
57.3% of the study watersheds (86 out of 150) showed higher TIA% with the ATtILA-derived
estimator using the NLCD2001 compared to the NLCD1992 land cover data. | feel that the
ATtILA TIA% estimator for 2001 is more accurate than the NLCD2001 Imperviousness layer
for the EPA Region 3 area under consideration in this study and further discussion of the 2001
TIA% parameter with respect to watershed stream flashiness will be limited to the ATtILA-
derived estimator. Further discussion of the NLCD2001 Imperviousness layer TIA% estimator
and impervious surface truth data can be found in the Discussion section.
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Figure 27: A comparison of the NLCD2001 Imperviousness data layer and the ATtILA ArcView
extension 1992 estimator of watershed TIA% based on the NLCD1992 land cover data. The
TIA% derived from the NLCD2001 Imperviousness data was higher than the ATtILA-derived
TIA% parameter for 1992 in only 10% (15 out of 150 of the study watersheds).
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Figure 28: A comparison of the ATtILA ArcView extension 2001 estimator of watershed TIA%
based on the NLCD2001 land cover data and the ATtILA ArcView extension 1992 estimator of
watershed TIA% based on the NLCD1992 land cover data. The ATtILA-derived TIA% from the
NLCD2001 land cover data was higher than the ATtILA-derived TIA% from the NLCD1992
land cover data in 57.3% of the study watersheds (86 out of 150 watersheds).

As in the analysis of watershed stream flashiness as a function of %Urban land cover,
stream flashiness showed a clear increasing trend with increasing watershed TIA% (Figure 29, t-
test on the slope: t = 14.3, p-value < 0.001, n = 184). Over half of the variability in stream
flashiness is explained by the watershed TIA% (R? = 0.530). Support for the notion of a 10%
level of TIA% without changes in hydrology is seen by the increasing data cloud above 10%
TIA. Figure 30 shows the same regression on the portion of the data with TIA% less than 10%.
Now, virtually none of the variability in flashiness is explained by TIA% and there is no
significant monotonic trend in the data (R* = 0.002, t-test on the slope: t = 0.53, p-value = 0.597,
n = 149).
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Figure 29: Mean Stream Flashiness as a function of Watershed 'Percent Imperviousness' (TIA%).
Stream flashiness is based on the mean of a seven-year data bin centered at the NLCD 1992
imagery acquisition date and a four-year bin (1998-2001) at the NLCD 2001 imagery acquisition
date. The TIA% is calculated using the ATtILA ArcView extension applied to the respective
NLCD land cover data for each watershed. N = 184. Stream flashiness showed a clear
increasing trend with increasing watershed T1A% (t-test on the slope: t = 14.3, p-value < 0.001, n
=184). Over half of the variability in stream flashiness (R? = 0.530) is explained by the
watershed TIA%.
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Figure 30: Mean Stream Flashiness as a function of Watershed 'Percent Imperviousness' (TIA%)
for those watersheds with TIA% less than 10% (n = 149). Stream flashiness is based on the
mean of a seven-year data bin centered at the NLCD 1992 imagery acquisition date and a four-
year bin (1998-2001) at the NLCD 2001 imagery acquisition date. The TIA% is calculated using
the ATtILA ArcView extension applied to the respective NLCD land cover data for each
watershed. Stream flashiness shows no trend with increasing watershed TIA% (t-test on the
slope: t = 0.53, p-value = 0.597). Virtually none of the variability in stream flashiness (R? =
0.002) is explained by the watershed TIA%.

My final analysis of the relationship between TIA% and stream flashiness is to sort the
184 data pairs by increasing order of TIA% and look for a combination of natural breaks and
near-equality of dataset analysis bin size to see if there is a difference in mean stream flashiness
based on TIA% groups. My first view is to look at watersheds with less than 10% TIA% to see
if they have less mean stream flashiness than those with greater amounts of imperviousness.
Table 10 shows the numbers and Figure 31 graphically displays the results of this analysis.

Percent Impervious Mean Stream
Grom?p Flashiness 9% CL. n
0<to<10% 0.37 0.02 149
10 to < 20% 0.52 0.12 16
20 to < 42% 0.93 0.11 19

Table 10: Mean Stream Flashiness by Percent Impervious Group (n = 3). Percent Impervious
Groups formed by first sorting watersheds with TIA% less than 10% into an analysis bin and
Historical analysis of the relationship of streamflow flashiness 43

with population density, imperviousness, and
percent urban land cover in the Mid-Atlantic region.



sorting watersheds with TIA% greater than 10% into bins classified by natural breaks and an
attempt to near-equalize the number of watersheds in each data bin. Flashiness means increase
with increasing TIA% and are significantly different among groups: Kruskal-Wallis Test
Statistic = 46.579, p-value > 0.001 assuming Chi-square distribution with 2 df.

1.2
Kruskal-Wallis Test Statistic = 46.579
p-value < 0.001

1.0 1 assuming Chi-square distribution with 2 df
n=184

0.8

0.6

0.4 1

0.2 1

0.0 -

0<to<10% 10 to < 20% 20 to < 42%

Mean Flashiness by TIA% Group

Figure 31: Mean Stream Flashiness by Percent Impervious Group (n = 3). Percent Impervious
Groups formed by first sorting watersheds with TIA% less than 10% into an analysis bin and
sorting watersheds with TIA% greater than 10% into bins classified by natural breaks and an
attempt to near-equalize the number of watersheds in each data bin. Flashiness means increase
with increasing TIA% and are significantly different among groups: Kruskal-Wallis Test
Statistic = 46.579, p-value > 0.001 assuming Chi-square distribution with 2 df.

| sorted the 184 data pairs by increasing order of TIA% and used a combination of natural
breaks and near-equality of dataset analysis bin size to form nine TIA% groups of near equal
size. Table 11 shows the numbers and Figure 32 graphically displays the results of this analysis.
Flashiness means increase with increasing TIA% beyond 10% imperviousness and are
significantly different among groups: Kruskal-Wallis Test Statistic = 52.216, p-value > 0.001
assuming Chi-square distribution with 8 df. There was no significant difference between
flashiness groups with TIA% less than 10%: Kruskal-Wallis Test Statistic = 7.808, p-value =
0.253 assuming Chi-square distribution with 6 df.
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Percent Impervious Mean Stream

Group Flashiness BN CI. n
0<t0<1.25% 0.41 0.05 19
1.25<t0<1.75% 0.39 0.05 20
1.75<t0<2.0% 0.38 0.04 20
20<t0<2.2% 0.33 0.03 23
22<t0<29% 0.41 0.06 22
29<t0<45% 0.32 0.05 23
45<t0<10% 0.39 0.07 22
10 to < 20% 0.52 0.12 16
20 to < 42% 0.93 0.11 19

Table 11: Mean Stream Flashiness by Percent Impervious Group (n = 9). Percent Impervious
Groups formed by sorting all watersheds into TIA% group analysis bins classified by natural
breaks and an attempt to near-equalize the number of watersheds in each data bin. Flashiness
means increase with increasing TIA% beyond 10% imperviousness and are significantly
different among groups: Kruskal-Wallis Test Statistic = 52.216, p-value > 0.001 assuming Chi-
square distribution with 8 df. There was no significant difference between flashiness groups
with TIA% less than 10%: Kruskal-Wallis Test Statistic = 7.808, p-value = 0.253 assuming Chi-
square distribution with 6 df.
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Figure 32: Mean Stream Flashiness by Percent Impervious Group (n = 9). Percent Impervious
Groups formed by sorting all watersheds into TIA% group analysis bins classified by natural
breaks and an attempt to near-equalize the number of watersheds in each data bin. Flashiness
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means increase with increasing TIA% beyond 10% imperviousness and are significantly
different among groups: Kruskal-Wallis Test Statistic = 52.216, p-value > 0.001 assuming Chi-
square distribution with 8 df. There was no significant difference between flashiness groups
with TIA% less than 10%: Kruskal-Wallis Test Statistic = 7.808, p-value = 0.253 assuming Chi-
square distribution with 6 df.

Discussion:

My research shows that regional-scale historical analysis of the relationship between
stream flashiness and the watershed parameters of population density, percent urban
development, and percent imperviousness are a useful technique that yields information about
the historical relationship among these variables. | have demonstrated that stream flashiness
increases as a function of increasing population and development and that there historically has
been a limit of around 10% watershed imperviousness or 20% watershed urban development
where stream flashiness apparently has not been affected. Our results therefore support previous
research that suggests low intensity development does not substantially alter streamflow.
Increasing degrees of development intensity do significantly alter streamflow.

Stream Gage Site Name Analysis Percent Mean
ID Year Urban Flashiness
Pennypack Creek at Lower 0
01467048 Rhawn St Bridge, Phila, 1973 68.8% 0.5823
Pennypack Creek at Lower 0
01467048 Rhawn St Bridge, Phila. 2000 70.1% 0.6956
Pennypack Creek at Lower 0
01467086 Rhawn St Bridge, Phila. 1973 80.1% 0.6608
01475510 Darby Creek 1992 52.6% 0.5469
near Darby
01475510 Darby Creek 1973 55.9% 0.4853
near Darby
01569800 Letort Spring Run 2000 41.5% 0.0955
near Carlisle
01589500 Sawmill Creek 1992 46.3% 0.3545
at Glen Burnie
01589500 Sawmill Creek 2000 57.0% 0.3104
at Glen Burnie

Table 12: Streamflow stations that exhibit less mean flashiness than would be expected given
their level of urban development and the dates of the development/flashiness pairs.

One use of this dataset is to search for 'positive outliers' - where predicted stream
flashiness is less than anticipated by the level of urban development. Detailed examination of
these watersheds may yield examples where BMPs or patterns of development have been
successful at mitigating the impact of urban development on stream hydrology.
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Table 12 shows a listing of those stations that exhibit less mean flashiness than would be
expected given their level of urban development and the dates of the development/flashiness
pairs. The fact that several stations appear more than once gives credence to the notion that
something different is happening in those watersheds that should be investigated. Figure 33
graphically displays these 'positive outlier' stream stations in relation to the rest of the dataset as
displayed in Figure 20.
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Figure 33: Mean Stream Flashiness as a function of Watershed Urban Development Percent
(%Urban) showing the 'positive outliers' listed in Table 12. Stream flashiness is based on the
mean of a seven-year data bin centered at the imagery acquisition dates of 1973, 1992, and 2001.
The urban development percent is calculated as a decimal percent of the number of 'urban' land
cover pixels in the watershed coverage divided by the total number of pixels in each watershed.
Stations that are 'positive outliers’ display less mean stream flashiness than would be expected
given their watershed percent urban development. These flashiness/%Urban data pairs are
marked in red in the lower right quadrant of the data cloud.

Identification of areas that have been able to develop without 'normal’ increases in mean
stream flashiness and analysis of the techniques mitigating the effects of urban development in
those area is a future goal of my continuing research in the Water Quality and Ecosystem
Services research areas. This study is an example of 'top-down' research where regional-scale
analyses are used to identify areas for focused research. The ongoing research project
"Collaborative Research: Streamflow, Urban Riparian Zones, BMPs, and Impervious Surfaces"
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(Jarnagin, 2007) is an example of 'bottom-up' research aimed at the same question: how can the
effects of urban development on freshwater resources be mitigated or avoided?

The NALC1973, NLCD1992, and NLCD2001 are independent products using different
imagery and analysis techniques to produce their respective land cover data layers. This raises
the question as to whether or not these independent estimates agree with each other. | expect that
if the different land cover analyses are in fact measuring the same thing, then each watershed for
a later year should show either an equal or increased amount of %Urban land cover. This
assumes that once an area is 'urbanized, it does not become 'un-urbanized', at least during the
time frame for this study. Figure 34 shows the 'Percent Urban' (%Urban) parameter compared
between the NALC1973 and NLCD1992 land cover datasets for the 150 watersheds that had
both those parameters computed. 70 out of the 150 watersheds (46.7%) showed a higher
NALC1973 %Urban parameter estimate than %Urban from the NLCD1992. This is a higher
percentage than what | would have expected given my above hypothesis. The NALC1973
%Urban increases over the NLCD1992 %Urban seems to be most pronounced at the highest
levels of urban development.
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Figure 34: The 'Percent Urban' (%Urban) parameter compared between the NALC1973 and
NLCD1992 land cover datasets for the 150 watersheds that had both those parameters computed.
70 out of the 150 watersheds (46.7%) showed a higher NALC1973 %Urban parameter estimate
than %Urban from the NLCD1992.

In contrast, when | compared the NLCD1992 and NLCD2001 %Urban parameter
estimates (Figure 35), only nine of the 143 watersheds where both parameters had been
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estimated showed more %Urban in 1992 than in 2001. This is comforting but the data cloud
seems to reside well above the equality line in Figure 35, particularly in the middle range of the
urban development scale where many watersheds are 20% or more higher in %Urban in 2001
than in 1992. This seems to me to indicate that the NLCD1992 is underestimating %Urban
relative to the NLCD2001.
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Figure 35: The 'Percent Urban' (%Urban) parameter compared between the NLCD1992 and
NLCD2001 land cover datasets for the 143 watersheds that had both those parameters computed.
Nine out of the 143 watersheds (6.3%) showed a higher NLCD1992 %Urban parameter estimate
than %Urban from the NLCD2001.

Figure 36 shows the relationship between the %Urban estimators for the NALC1973 and
NLCD2001. Eighteen out of the 143 watersheds where both parameters had been estimated
(12.6%) showed a higher NALC1973 %Urban parameter estimate than %Urban from the
NLCD2001. The pattern seen is similar to that between the NLCD1992 and NLCD2001
%Urban estimators with some watersheds in the 20% - 50% percent urban development range in
1973 showing a 40% increase in %Urban over the period.
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Figure 36: The 'Percent Urban' (%Urban) parameter compared between the NALC1973 and
NLCD2001 land cover datasets for the 143 watersheds that had both those parameters computed.
Eighteen out of the 143 watersheds (12.6%) showed a higher NALC1973 %Urban parameter
estimate than %Urban from the NLCD2001.

These comparisons indicate the possibility that the NLCD1992 %Urban is
underestimating relative to both the NALC1973 and NLCD2001, particularly at higher degrees
of urban development. These comparisons also highlight the lack of 'ground-truth’-based
assessments of the accuracy of the %Urban and imperviousness parameters. The imperviousness
measure is directly computed from the NLCD land cover classes for 1992 and since the
imperviousness layer is used as an input into the regression tree computation of land cover class
for the NLCD2001, both the NLCD land cover and imperviousness products are tightly
interrelated.

More historical 'ground-truth’ as developed by Jennings and Jarnagin (2002) would help
to resolve these questions for prior periods and current accuracy assessment research on the
NLCD2001 imperviousness layer by Jones and Jarnagin is ongoing for a portion of Mapping
Zone 60 in the Chesapeake Bay watershed. | plotted the TIA% calculated for the Upper
Accotink watershed used by Jennings and Jarnagin (2002). When the TIA% computed by the
NLCD Coefficient Technique is added to the data series, that estimate seems to fit well with the
truth dataset (Figure 37). The Regional Earth Science Applications Center (RESAC) at the
University of Maryland, College Park developed an imperviousness estimation technigque using
sub-pixel classification techniques and decision tree algorithms to estimate imperviousness and
land cover in the Chesapeake Bay. The RESAC methodology was adopted by the NLCD2001
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(Goetz et al., 2000; Mid-Atlantic RESAC, 2003). When the RESAC and the NLCD2001 %TIA
estimates for the Upper Accotink watershed are added to Figure 37, they form an estimation
trend line that is roughly 10-15% less than that formed by the ground-truth and NLCD1992.
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Figure 37: Watershed percent imperviousness (T1A%) from Jennings and Jarnagin (2002) for the
Upper Accotink are plotted in red along with the Coefficient-based estimation derived from the
NLCD1992 (Jennings et al., 2004). The Mid-Atlantic RESAC TIA% values and the NLCD2001
Imperviousness Layer estimates for the Upper Accotink watershed are plotted in blue.

James Falcone, USGS Water Resources Discipline (WRD), has unpublished data for the
Chesapeake Bay that showed a similar underestimation of imperviousness for a set of 60 sample
blocks in Mapping Zone 60. His data showed a 'ground-truth’ actual imperviousness of 48%
over all blocks while the NLCD2001 imperviousness layer showed 28% (RMSE = 22.09).
These results were also found to a lesser degree using the same technique in Mapping Zones 54
and 59 (Atlanta, GA and Raleigh, NC areas) with both sample block datasets being about 10-
15% mean difference underestimated in those areas while the Portland OR area was less than 1%
mean difference underestimated using the NLCD2001 imperviousness product (Falcone and
Pearson, 2006). Jarnagin et al. (2006) preliminary results reported a systematic underestimation
of impervious surfaces by the NLCD 2001 Imperviousness data across our entire range of urban
development intensity categories. Clearly, accuracy assessment of the NLCD2001
Imperviousness and Land Cover data layers is a needed activity.
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| look forward to a NLCD2010 product and the opportunity to expand this study using
future data. Whether this study can be replicated at a regional-scale is an open question given
the continuing disinvestment in basic scientific research and data collection occurring in the
USA in recent years. Figure 38 is a plot of the number of USGS NWIS historical daily mean
streamflow stations per year meeting my 'long-term' requirements for this study. The most
stations per year was in the 1960s and 70s at about 125-130 gage stations operating per year.
The number of USGS NWIS gage stations has been steadily declining in recent years and the
USGS continues to close gage locations due to funding reductions.
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Figure 38: A plot of the number of USGS National Water Information System (NWIS) historical
daily mean streamflow stations per year meeting my 'long-term’ requirements for this study. The

number has been steadily declining in recent years and the USGS continues to close gage
locations due to funding reductions. Time will tell.
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Appendix 1: County-Level Decadal Population Density for EPA Region 3.
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Figure Al: 1930 Population Density (people-km-1). From 1930 - 2000 U.S. Census data for EPA Region
3: Delaware, District of Columbia, Maryland, Pennsylvania, Virginia, and West Virginia.
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1930 - 1940

Figure A2: 1930-1940 Population Density Change (people-km-1). From 1930 - 2000 U.S. Census data
for EPA Region 3: Delaware, District of Columbia, Maryland, Pennsylvania, Virginia, and West Virginia.
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1940 - 1950

Figure A3: 1940-1950 Population Density Change (people-km-1). From 1930 - 2000 U.S. Census data
for EPA Region 3: Delaware, District of Columbia, Maryland, Pennsylvania, Virginia, and West Virginia.
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Figure A4: 1950-1960 Population Density Change (people-km-1). From 1930 - 2000 U.S. Census data
for EPA Region 3: Delaware, District of Columbia, Maryland, Pennsylvania, Virginia, and West Virginia.
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Figure A5: 1960-1970 Population Density Change (people-km-1). From 1930 - 2000 U.S. Census data
for EPA Region 3: Delaware, District of Columbia, Maryland, Pennsylvania, Virginia, and West Virginia.

Appendix 1 - County-Level Decadal Population Density for EPA Region 3 \%
Historical analysis of the relationship of streamflow flashiness
with population density, imperviousness,
and percent urban land cover in the Mid-Atlantic region



Appendix 1: County-Level Decadal Population Density for EPA Region 3.

*
(| ([ ENNuNAnNnnnnny | s
SBBAEHE3BENE T T 0  hbash ek R R BT

1970 - 1980

Figure A6: 1970-1980 Population Density Change (people-km-1). From 1930 - 2000 U.S. Census data
for EPA Region 3: Delaware, District of Columbia, Maryland, Pennsylvania, Virginia, and West Virginia.
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Figure A7: 1980-1990 Population Density Change (people-km-1). From 1930 - 2000 U.S. Census data
for EPA Region 3: Delaware, District of Columbia, Maryland, Pennsylvania, Virginia, and West Virginia.
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Figure A8: 1990-2000 Population Density Change (people-km-1). From 1930 - 2000 U.S. Census data
for EPA Region 3: Delaware, District of Columbia, Maryland, Pennsylvania, Virginia, and West Virginia.
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Figure A9: 2000 Population Density (people-km-1). From 1930 - 2000 U.S. Census data for EPA Region
3: Delaware, District of Columbia, Maryland, Pennsylvania, Virginia, and West Virginia.
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Figure A10: 1930-2000 Population Density Change (people-km-1). From 1930 - 2000 U.S. Census data
for EPA Region 3: Delaware, District of Columbia, Maryland, Pennsylvania, Virginia, and West Virginia.
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Appendix 3: NLCD1992 and NLCD2001 Land Cover Class Definitions
< http://landcover.usgs.gov/classes.php >

The USGS Land Cover Institute (LCI)

NLCD Land Cover Class Definitions

The classification system used for NLCD is modified from the Anderson land-use and land-cover
classification system. Many of the Anderson classes, especially the Level 111 classes, are best derived
using aerial photography. It is not appropriate to attempt to derive some of these classes using Landsat
TM data due to issues of spatial resolution and interpretability of data. Thus, no attempt was made to
derive classes that were extremely difficult or “impractical” to obtain using Landsat TM data, such as the
Level I11 urban classes. In addition, some Anderson Level 1l classes were consolidated into a single
NLCD class.

Some similarities and differences between Anderson and NLCD systems:
< http://landcover.usgs.gov/classes.php#similar >.

Water
11 Open Water
12 Perennial Ice/Snow

Developed

21 Low Intensity Residential

22 High Intensity Residential

23 Commercial/Industrial/Transportation

Barren

31 Bare Rock/Sand/Clay

32 Quarries/Strip Mines/Gravel Pits
33 Transitional

Forested Upland
41 Deciduous Forest
42 Evergreen Forest
43 Mixed Forest

Shrubland
51 Shrubland

Non-Natural Woody
61 Orchards/Vineyards/Other

Herbaceous Upland Natural/Semi-natural Vegetation
71 Grasslands/Herbaceous
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Herbaceous Planted/Cultivated
81 Pasture/Hay

82 Row Crops

83 Small Grains

84 Fallow

85 Urban/Recreational Grasses

Wetlands
91 Woody Wetlands
92 Emergent Herbaceous Wetlands

NLCD1992 Land Cover Class Definitions
Water - All areas of open water or permanent ice/snow cover.
11. Open Water - all areas of open water, generally with less than 25% cover of vegetation/land cover.

12. Perennial Ice/Snow - all areas characterized by year-long surface cover of ice and/or snow.

Developed Areas characterized by a high percentage (30 percent or greater) of constructed materials (e.g.
asphalt, concrete, buildings, etc).

21. Low Intensity Residential - Includes areas with a mixture of constructed materials and vegetation.
Constructed materials account for 30-80 percent of the cover. Vegetation may account for 20 to 70
percent of the cover. These areas most commonly include single-family housing units. Population
densities will be lower than in high intensity residential areas.

22. High Intensity Residential - Includes highly developed areas where people reside in high numbers.
Examples include apartment complexes and row houses. Vegetation accounts for less than 20 percent of
the cover. Constructed materials account for 80 to 100 percent of the cover.

23. Commercial/Industrial/Transportation - Includes infrastructure (e.g. roads, railroads, etc.) and all
highly developed areas not classified as High Intensity Residential.

Barren - Areas characterized by bare rock, gravel, sand, silt, clay, or other earthen material, with little or
no "green" vegetation present regardless of its inherent ability to support life. Vegetation, if present, is
more widely spaced and scrubby than that in the "green" vegetated categories; lichen cover may be
extensive.

31. Bare Rock/Sand/Clay - Perennially barren areas of bedrock, desert pavement, scarps, talus, slides,
volcanic material, glacial debris, beaches, and other accumulations of earthen material.
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32. Quarries/Strip Mines/Gravel Pits - Areas of extractive mining activities with significant surface
expression.

33. Transitional - Areas of sparse vegetative cover (less than 25 percent of cover) that are dynamically
changing from one land cover to another, often because of land use activities. Examples include forest
clearcuts, a transition phase between forest and agricultural land, the temporary clearing of vegetation,
and changes due to natural causes (e.g. fire, flood, etc.).

Forested Upland - Areas characterized by tree cover (natural or semi-natural woody vegetation, generally
greater than 6 meters tall); tree canopy accounts for 25-100 percent of the cover.

41. Deciduous Forest - Areas dominated by trees where 75 percent or more of the tree species shed
foliage simultaneously in response to seasonal change.

42. Evergreen Forest - Areas dominated by trees where 75 percent or more of the tree species "maintain
their leaves all year. Canopy is never without green foliage.

43. Mixed Forest - Areas dominated by trees where neither deciduous nor evergreen species represent
more than 75 percent of the cover present.

Shrubland - Areas characterized by natural or semi-natural woody vegetation with aerial stems, generally
less than 6 meters tall, with individuals or clumps not touching to interlocking. Both evergreen and
deciduous species of true shrubs, young trees, and trees or shrubs that are small or stunted because of
environmental conditions are included.

51. Shrubland - Areas dominated by shrubs; shrub canopy accounts for 25-100 percent of the cover.
Shrub cover is generally greater than 25 percent when tree cover is less than 25 percent. Shrub cover may
be less than 25 percent in cases when the cover of other life forms (e.g. herbaceous or tree) is less than 25
percent and shrubs cover exceeds the cover of the other life forms.

Non-Natural Woody - Areas dominated by non-natural woody vegetation; non-natural woody vegetative
canopy accounts for 25-100 percent of the cover. The non-natural woody classification is subject to the
availability of sufficient ancillary data to differentiate non-natural woody vegetation from natural woody
vegetation.

61. Orchards/Vineyards/Other - Orchards, vineyards, and other areas planted or maintained for the
production of fruits, nuts, berries, or ornamentals.

Herbaceous Upland - Upland areas characterized by natural or semi-natural herbaceous vegetation;
herbaceous vegetation accounts for 75-100 percent of the cover.
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71. Grasslands/Herbaceous - Areas dominated by upland grasses and forbs. In rare cases, herbaceous
cover is less than 25 percent, but exceeds the combined cover of the woody species present. These areas
are not subject to intensive management, but they are often utilized for grazing.

Planted/Cultivated - Areas characterized by herbaceous vegetation that has been planted or is intensively
managed for the production of food, feed, or fiber; or is maintained in developed settings for specific
purposes. Herbaceous vegetation accounts for 75-100 percent of the cover.

81. Pasture/Hay - Areas of grasses, legumes, or grass-legume mixtures planted for livestock grazing or the
production of seed or hay crops.

82. Row Crops - Areas used for the production of crops, such as corn, soybeans, vegetables, tobacco, and
cotton.

83. Small Grains - Areas used for the production of graminoid crops such as wheat, barley, oats, and rice.

84. Fallow - Areas used for the production of crops that do not exhibit visable vegetation as a result of
being tilled in a management practice that incorporates prescribed alternation between cropping and
tillage.

85. Urban/Recreational Grasses - Vegetation (primarily grasses) planted in developed settings for
recreation, erosion control, or aesthetic purposes. Examples include parks, lawns, golf courses, airport
grasses, and industrial site grasses.

Wetlands - Areas where the soil or substrate is periodically saturated with or covered with water as
defined by Cowardin et al.

91. Woody Wetlands - Areas where forest or shrubland vegetation accounts for 25-100 percent of the
cover and the soil or substrate is periodically saturated with or covered with water.

92. Emergent Herbaceous Wetlands - Areas where perennial herbaceous vegetation accounts for 75-100
percent of the cover and the soil or substrate is periodically saturated with or covered with water.

Reference

Cowardin, L.M., V. Carter, F.C. Golet, and E.T. LaRoe, 1979. Classification of Wetlands and Deepwater
Habitat of the United States, Fish and Wildlife Service, U.S. Department of the Interior, Washington,
D.C.

< http://landcover.usgs.gov/classes.php#similar >
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Similarities and differences between Anderson and NLCD systems are as follows:

Urban or built-up classes: Commercial, Industrial, Transportation, and Communications/Utilities (all
separate Anderson Level Il classes) were treated as one NLCD class
(Commercial/Industrial/Transportation). No attempt was made to derive Anderson Level 111 classes in
NLCD. “Recreational” grasses, such as those that occur in golf courses or parks (treated as an urban class
by Anderson) are considered to be a non-urban class in NLCD (a subdivision of “Herbaceous
Planted/Cultivated). Residential (an Anderson Level Il class) was divided into Low and High Intensity
classes in NLCD.

Water: Anderson Level 1l Water classes (Streams/Canals, Lakes/Ponds, Reservoirs, Bays, Open Marine)
were classed as a single class (Open Water) in NLCD.

Agriculture: Agricultural areas that are herbaceous in nature (Cropland and Pasture; Anderson Level 1)
are subdivided into four NLCD classes: Pasture/Hay, Row Crops, Small Grains and Fallow.

Rangeland: No rangeland class (Anderson Level 1) is identified by NLCD. Rather, “rangeland” is
subdivided by NLCD into Grasslands/Herbaceous and Shrubland classes.

Forest land: Evergreen Forest, Deciduous Forest and Mixed Forest are the same in both Anderson and
NLCD. Clearcut and burned areas are classed as “Transitional Bare” areas in NLCD.

Wetlands: Two classes are defined by NLCD. These are Woody wetlands and Emergent/Herbaceous
wetlands. These are very analogous to the Anderson Level Il wetland classes.

Bare: Three NLCD classes are recognized. These are: Bare Rock/Sand Clay, Quarries/Strip Mines/Gravel
Pits and Transitional Bare. These represent a consolidation of Anderson Level Il classes.

Tundra: While “tundra” is treated as a distinct Anderson Level | class, tundra (including arctic/alpine
vegetation) is considered to be either “Grasslands/Herbaceous” or “Shrubland” classes by NLCD.

U.S. Department of the Interior | U.S. Geological Survey
URL.: http://landcover.usgs.gov

Page Contact Information: LCl@usgs.gov

Page Last Modified: March 2007

< http://www.mrlc.gov/nlcd_definitions.asp >
NLCD 2001 Land Cover Class Definitions

11. Open Water - All areas of open water, generally with less than 25% cover of vegetation or soil.
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12. Perennial Ice/Snow - All areas characterized by a perennial cover of ice and/or snow, generally greater
than 25% of total cover.

21. Developed, Open Space - Includes areas with a mixture of some constructed materials, but mostly
vegetation in the form of lawn grasses. Impervious surfaces account for less than 20 percent of total
cover. These areas most commonly include large-lot single-family housing units, parks, golf courses, and
vegetation planted in developed settings for recreation, erosion control, or aesthetic purposes

22. Developed, Low Intensity - Includes areas with a mixture of constructed materials and vegetation.
Impervious surfaces account for 20-49 percent of total cover. These areas most commonly include single-
family housing units.

23. Developed, Medium Intensity - Includes areas with a mixture of constructed materials and vegetation.
Impervious surfaces account for 50-79 percent of the total cover. These areas most commonly include
single-family housing units.

24. Developed, High Intensity - Includes highly developed areas where people reside or work in high
numbers. Examples include apartment complexes, row houses and commercial/industrial. Impervious
surfaces account for 80 to100 percent of the total cover.

31. Barren Land (Rock/Sand/Clay) - Barren areas of bedrock, desert pavement, scarps, talus, slides,
volcanic material, glacial debris, sand dunes, strip mines, gravel pits and other accumulations of earthen
material. Generally, vegetation accounts for less than 15% of total cover.

32. Unconsolidated Shore* - Unconsolidated material such as silt, sand, or gravel that is subject to
inundation and redistribution due to the action of water. Characterized by substrates lacking vegetation
except for pioneering plants that become established during brief periods when growing conditions are
favorable. Erosion and deposition by waves and currents produce a number of landforms representing this
class.

41. Deciduous Forest - Areas dominated by trees generally greater than 5 meters tall, and greater than
20% of total vegetation cover. More than 75 percent of the tree species shed foliage simultaneously in
response to seasonal change.

42. Evergreen Forest - Areas dominated by trees generally greater than 5 meters tall, and greater than 20%
of total vegetation cover. More than 75 percent of the tree species maintain their leaves all year. Canopy is
never without green foliage.

43. Mixed Forest - Areas dominated by trees generally greater than 5 meters tall, and greater than 20% of
total vegetation cover. Neither deciduous nor evergreen species are greater than 75 percent of total tree
cover.

51. Dwarf Scrub - Alaska only areas dominated by shrubs less than 20 centimeters tall with shrub canopy
typically greater than 20% of total vegetation. This type is often co-associated with grasses, sedges, herbs,
and non-vascular vegetation.
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52. Shrub/Scrub - Areas dominated by shrubs; less than 5 meters tall with shrub canopy typically greater
than 20% of total vegetation. This class includes true shrubs, young trees in an early successional stage or
trees stunted from environmental conditions.

71. Grassland/Herbaceous - Areas dominated by grammanoid or herbaceous vegetation, generally greater
than 80% of total vegetation. These areas are not subject to intensive management such as tilling, but can
be utilized for grazing.

72. Sedge/Herbaceous - Alaska only areas dominated by sedges and forbs, generally greater than 80% of
total vegetation. This type can occur with significant other grasses or other grass like plants, and includes
sedge tundra, and sedge tussock tundra.

73. Lichens - Alaska only areas dominated by fruticose or foliose lichens generally greater than 80% of
total vegetation.

74. Moss - Alaska only areas dominated by mosses, generally greater than 80% of total vegetation.

81. Pasture/Hay - Areas of grasses, legumes, or grass-legume mixtures planted for livestock grazing or the
production of seed or hay crops, typically on a perennial cycle. Pasture/hay vegetation accounts for
greater than 20 percent of total vegetation.

82. Cultivated Crops - Areas used for the production of annual crops, such as corn, soybeans, vegetables,
tobacco, and cotton, and also perennial woody crops such as orchards and vineyards. Crop vegetation
accounts for greater than 20 percent of total vegetation. This class also includes all land being actively
tilled.

90. Woody Wetlands - Areas where forest or shrubland vegetation accounts for greater than 20 percent of
vegetative cover and the soil or substrate is periodically saturated with or covered with water.

91. Palustrine Forested Wetland* -Includes all tidal and non-tidal wetlands dominated by woody
vegetation greater than or equal to 5 meters in height and all such wetlands that occur in tidal areas in
which salinity due to ocean-derived salts is below 0.5 percent. Total vegetation coverage is greater than
20 percent.

92. Palustrine Scrub/Shrub Wetland* - Includes all tidal and non-tidal wetlands dominated by woody
vegetation less than 5 meters in height, and all such wetlands that occur in tidal areas in which salinity due
to ocean-derived salts is below 0.5 percent. Total vegetation coverage is greater than 20 percent. The
species present could be true shrubs, young trees and shrubs or trees that are small or stunted due to
environmental conditions.

93. Estuarine Forested Wetland™* - Includes all tidal wetlands dominated by woody vegetation greater than
or equal to 5 meters in height, and all such wetlands that occur in tidal areas in which salinity due to
ocean-derived salts is equal to or greater than 0.5 percent. Total vegetation coverage is greater than 20
percent.
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94. Estuarine Scrub/Shrub Wetland* - Includes all tidal wetlands dominated by woody vegetation less
than 5 meters in height, and all such wetlands that occur in tidal areas in which salinity due to ocean-
derived salts is equal to or greater than 0.5 percent. Total vegetation coverage is greater than 20 percent.

95. Emergent Herbaceous Wetlands - Areas where perennial herbaceous vegetation accounts for greater
than 80 percent of vegetative cover and the soil or substrate is periodically saturated with or covered with
water.

96. Palustrine Emergent Wetland (Persistent)* - Includes all tidal and non-tidal wetlands dominated by
persistent emergent vascular plants, emergent mosses or lichens, and all such wetlands that occur in tidal
areas in which salinity due to ocean-derived salts is below 0.5 percent. Plants generally remain standing
until the next growing season.

97. Estuarine Emergent Wetland* - Includes all tidal wetlands dominated by erect, rooted, herbaceous
hydrophytes (excluding mosses and lichens) and all such wetlands that occur in tidal areas in which
salinity due to ocean-derived salts is equal to or greater than 0.5 percent and that are present for most of
the growing season in most years. Perennial plants usually dominate these wetlands.

98. Palustrine Aquatic Bed* - The Palustrine Aquatic Bed class includes tidal and nontidal wetlands and
deepwater habitats in which salinity due to ocean-derived salts is below 0.5 percent and which are
dominated by plants that grow and form a continuous cover principally on or at the surface of the water.
These include algal mats, detached floating mats, and rooted vascular plant assemblages.

99. Estuarine Aquatic Bed* - Includes tidal wetlands and deepwater habitats in which salinity due to
ocean-derived salts is equal to or greater than 0.5 percent and which are dominated by plants that grow
and form a continuous cover principally on or at the surface of the water. These include algal mats, kelp
beds, and rooted vascular plant assemblages.

* Coastal NLCD class only
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“ Printed on 100% recycled/recyclable paper
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