Executive Summary

In natural landscapes such as forests, rainfall and snowmelt enter the soil and are either used by
plants or percolate into the deeper groundwater. Impervious surfaces prevent rainfall and snowmelt from
infiltrating the soil, causing the water to travel over the land's surface. Increased runoff associated with
the impervious cover may change the magnitude, frequency, duration, and/or timing of streamflows (EPA
2009). A signature hydrologic impact of impervious cover is increased flashiness (higher high flows,
lower low flows, and increased rate of change). It is plausible, however, that not all streams respond to
impervious cover in the same way, but this raises the question: which watershed characteristics make
streams most susceptible to the impacts of impervious cover?

To address this question, a two-phase project is being conducted by ICPRB that examines the
ability of various watershed characteristics to influence the impact that impervious cover has on
streamflow. The project builds on the results of the Middle Potomac River Watershed Assessment
(USACE et al. 2013), hereafter called Middle Potomac Study, which found significant alteration in
streamflow at impervious cover levels of 0.4% to 2.1%. Phase 1 is a proof of concept to finalize the
methodology at a geographically course scale. Phase 2 includes full implementation of the methodology
at a higher spatial resolution. This document presents the methods and findings of Phase 1 of the study
and lays out the proposed approach for Phase 2.

The project rationale is presented in Section 1 of this document. Section 2 describes the study
area, the Middle Potomac watershed plus the North Branch Potomac River watershed.

Section 3 details the Phase 1 methods. Specifically, Phase 5.2 of the Chesapeake Bay Program
Watershed Model was utilized to simulate streamflows under two scenarios. A baseline scenario was
developed to simulate reference conditions, or conditions that are minimally influenced by human
activities. The second scenario simulated current land use conditions, including human impacts such as
impervious cover. Prior to running the scenarios, efforts were undertaken to improve the baseline
scenario definitions to address weaknesses identified in the Middle Potomac Study (Section 3.1). Six
flow metrics (high flow index (MH21), high flow duration (DH17), high pulse count, flashiness, low
pulse duration, and 3-day maximum flow) (Section 3.2) and six watershed characteristics (area, karst,
precipitation, physiographic province, average watershed slope, and soil group) (Section 3.3) were
statistically evaluated using regressions and an RPART analysis to understand the relationships between
streamflow alteration caused by impervious cover and watershed characteristics.

Section 4 of this report highlights the findings of Phase 1. Namely, area, physiographic province,
and average watershed slope are significantly correlated with alteration in numerous streamflow metrics.
Percent karst is correlated with the alteration in high pulse count. Precipitation and soil group are not
significantly correlated to alteration in the selected streamflow metrics. The results of the RPART
analysis support the regression findings and strengthen confidence, especially that watershed area and
slope significantly influence streamflow alteration from impervious cover in the Potomac basin.

Phase 2 will apply the methodology at a higher spatial resolution, the 12-digit hydrologic unit
(HUC-12) scale to increase the sample size from 147 river segments to 361 HUC-12s. Section 5 of this
report describes the proposed approach for Phase 2 of the study including the method for calculating land
uses (Section 5.1) and current and baseline simulated flows (Section 5.2); tasks and products (Section
5.3), and the Phase 2 timeline (Section 5.4).

The findings from both phases of this study may inform land management decision-making and
proactive development strategies to meet the multiple, sometimes competing, water interests in the basin.
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When completed, the impervious cover study will provide a scientific rationale for basin-wide, state, and
local planning efforts.
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1 Introduction

In natural landscapes such as forests, rainfall and snowmelt enter the soil and are either used by
plants or percolate into the deeper groundwater. Impervious surfaces prevent rainfall and snowmelt from
infiltrating the soil, causing the water to travel over the land's surface. Increased runoff associated with
the impervious cover may change the magnitude, frequency, duration, and/or timing of streamflows (EPA
2009). A signature hydrologic impact of impervious cover is increased flashiness (higher high flows,
lower low flows, and increased rate of change). It is plausible, however, that not all streams respond to
impervious cover in the same way, but this raises the question: which watershed characteristics make
streams most susceptible to the impacts of impervious cover?

To address this question, a two-phase project is being conducted by ICPRB that examines the
ability of various watershed characteristics to influence the impact that impervious cover has on
streamflow. The project builds on the results of the Middle Potomac Study conducted by the Army Corps
of Engineers (USACE), ICPRB, and The Nature Conservancy (TNC) (USACE et al. 2013)! to assess
flows in streams and small rivers utilizing an adapted Ecological Limits of Hydrologic Alteration
framework (Poff et al. 2010).

The primary objectives of the Middle Potomac Study were to determine the ecological responses
associated with hydrologic alteration in the Middle Potomac basin, existing and future impacts of human
activities on flow, and the potential effects of climate change on the study area's hydrology. To
accomplish the project objectives, two model scenarios were generated to quantify changes in streamflow
under different amounts of impervious cover. A baseline scenario was developed to simulate reference
conditions, or conditions that are minimally influenced by human activities. The second scenario
simulated current land use conditions, including human impacts such as impervious cover. Baseline and
current flow regimes were simulated at 747 macroinvertebrate sampling locations. This allowed for the
subsequent assessment of flow alteration in relation to observed changes in ecological health. After
extensive evaluation of over 200 flow metrics, a subset was selected to represent different aspects of the
flow regime (including high-, mid-, and low-flows as well as flow duration, magnitude, and rate of
change) and show relationships with watershed and water use factors (land uses, impoundments,
withdrawals, and discharges). The watershed factor that had the strongest correlation with flow alteration
in the Middle Potomac study area was urbanization, specifically impervious cover. The Middle Potomac
Study found that alteration in many flow metrics begins to increase sharply when impervious surface
exceeds 0.4% to 2.1%.

The results from the Middle Potomac Study provided general information on the significance of
impervious cover as a driver of streamflow alteration; however, all streams may not respond to
impervious cover in the same way due to watershed conditions. For example, impervious cover in areas
with steep slopes or particular soil and geology types may be particularly prone to altering streamflows.
To this end, the objective of this study is to determine whether streamflow in the Potomac basin is more
susceptible to alteration from impervious cover in areas with certain watershed characteristics.

The project is designed 1) to assist land managers in identifying areas that are particularly
sensitive to physical degradation associated with development and 2) to provide a scientific rationale to
be utilized as part of the basin-wide, state, and local planning efforts. Numerous efforts are underway to

! This report assumes that the reader has some understanding of the Middle Potomac Study. The report and
supporting information is available at http://www.potomacriver.org/focus-areas/water-quality/middle-potomac-
sustainable-flow-and-water-resources-analysis/, accessed 10/5/2015.
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manage the effects of stormwater and impervious cover including the federal Energy Independence Act of
2007, the U.S. Clean Water Act’s National Pollution Discharge Elimination System (NPDES) permitting
program, and state regulations such as Maryland’s Stormwater Management Act of 2007 and the Virginia
Stormwater Management Act of 2004 as well as county and local stormwater controls.

This project includes two phases. Phase 1 is a proof of concept study to finalize the methodology
at a geographically courser scale. Section 2 through Section 4 of this report highlight the methods and
findings of Phase 1. Phase 2 will apply the methodology at a higher spatial resolution. Section 5 of this
report describes the proposed approach for Phase 2 of the study.

2  Study Area

For comparability, the study area is similar to the one used for the Middle Potomac Study. It
includes the Middle Potomac watershed plus the North Branch Potomac River watershed. The study area
includes portions of Virginia, Maryland, West Virginia, Pennsylvania, and the District of Columbia. Due
to its size, the study area is quite diverse in terms of geography, hydrology, and ecology.

The spatial resolution for Phase 1 of the study is the Chesapeake Bay Program Watershed Model,
hereafter called Watershed Model, river segments. There are 147 river segments in the study area.
Although river segments are not watersheds per se (i.e. they do not include the entire upstream drainage
area), flows are routed downstream through the river segments; therefore, simulated flows at the river
segment outlets do include flows from the entire upstream drainage area. Because of this, watershed
characteristics were able to be calculated for the entire drainage area upstream of each river segment
outlet. The total upstream area draining to a river segment outlet ranges from 3.1 square miles (sq. mi.) to
11,585 sq. mi. Impervious cover for those watersheds range from 0.03% to 35.7% (Figure 1).



Figure 1. River segments in the Phase 1 study area. Darker shades indicate higher percent impervious cover.
Impervious cover data source: 2006 NLCD, including 2011 edits (Fry et al. 2011).
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3 Methods

A combined geospatial, hydrologic simulation, and statistical approach was employed to
determine which watershed characteristics influence the impact of impervious surface on streamflow. To
implement this approach, the following steps were taken:

1. refined baseline and current land use scenarios,

2. used the Watershed Model to generate flow time series for both scenarios for each river
segment watershed,

3. selected flow metrics likely to reflect the influence of impervious cover on streamflow,

4. calculated flow metrics from modeled baseline and current time series,

5. quantified level of alteration by calculating the change between the flow metrics in the two
scenarios,

6. selected watershed characteristics to be evaluated for influence on hydrologic alteration
associated with impervious cover,

7. calculated value for each selected watershed characteristic in each river segment,

8. determined relationships between watershed characteristics and flow metrics, and



9. calculated thresholds for the watershed characteristics found to influence hydrologic alteration
associated with impervious cover.

The final products of these efforts, flow metrics, estimates of streamflow alteration, and
watershed characteristics for each CBPWM river segment watershed, were compiled into a master
spreadsheet that formed the basis of project analyses. Each of these steps is discussed in more detail in the
sections below.

3.1 Baseline and Current Scenario Flows

Phase 5.2 of the Watershed Model was selected for use in this effort as it is a fully calibrated,
community developed Hydrologic Simulation Program-FORTRAN (HSPF) model that includes the
Potomac basin (Linker et al. 1999). Further, the Middle Potomac Study used the same model, resulting in
fully complementary results. Two model scenarios were generated to quantify changes in streamflow
under different amounts of impervious cover. Specifically, a baseline scenario was developed to simulate
reference conditions, or conditions that are minimally influenced by human activities. The second
scenario simulated current land use conditions?, including human impacts such as impervious cover. In
both the current and baseline scenarios, withdrawals, discharges, and Best Management Practices (BMPs)
were not simulated; therefore, the alteration between scenarios is only based on the change in land use.
The scenarios were configured to simulate daily flows for the 1984 to 2005 time period. Except for the
described modifications, the model runs were initiated and executed as described in the Middle Potomac
Study (USACE et al. 2013).

The first step in the modeling process was to address a known weakness in the Middle Potomac
Study baseline model scenario (Section 3.1.1). The two scenarios were then executed and flow metrics
and associated alteration values were calculated for each watershed (Section 3.1.2). Each of these steps is
discussed in more detail below.

3.1.1 Improvement of the Middle Potomac Study Baseline Scenario

Baseline and current scenario flows were generated for 747 watersheds? in the Potomac basin as
part of the Middle Potomac Study. During that study, a weakness in the baseline model scenario was
identified. Specifically, the baseline scenario’s modeled flow metrics should have had a similar
distribution for reference watersheds* and for non-reference watersheds. That is, the baseline scenario
conditions should cause the hydrology to become reference-like in watersheds that are not reference under
current conditions. Figure 2 demonstrates the identified weakness in the baseline scenario. The bar on
the far right should be similar to the second and fifth bars.

2 Current land use conditions were represented using the Watershed Model’s land use inputs for the year 2002, the
most current year of the simulation period (1984-2005) for which land uses were available.

3 The Middle Potomac Study watersheds were delineated based on the location of the biological monitoring sites
used in that study. The 747 Middle Potomac Study watersheds, therefore, are different than the 147 river segment
watersheds for Phase 1 of this study.

4 Reference watersheds exhibit no or minimal anthropogenic impact. For the purposes of the Middle Potomac Study
and this study, reference watersheds exhibit no alteration in flow metrics between the current and baseline scenarios.
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Figure 2. Middle Potomac Study analysis for 3-day minimum flow demonstrates that under low flow
conditions, the baseline scenario does not create reference-like conditions for non-reference watersheds. If the
baseline scenario was performing adequately, the far right bar would be similar to the second and fifth bars.
Data source: Middle Potomac Study. Only watersheds with no karst and <9° channel slope were included.
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An analysis was undertaken to evaluate why the baseline scenario was not creating a reference-
like hydrology for non-reference watersheds. In the Middle Potomac Study, a CART analysis was
conducted to determine the land and water use thresholds® at which watersheds become hydrologically
reference-like (see Task A-8.3 project memo, dated 3/19/2010). These thresholds were utilized to
generate the Middle Potomac Study baseline scenario®. Upon further investigation of the Middle
Potomac Study results, it was noted that a wide range of land use conditions were classified as reference
(and whose current scenario conditions were set as equal to baseline scenario conditions).

To address this issue, the baseline definition was tightened to reduce the amount of spread in
reference watershed land use conditions. This was accomplished by setting the baseline scenario
definition at the median land use value of reference watersheds, not at the boundary condition identified
by the CART analysis. Further, constraints on pervious urban land uses were not imposed for the
baseline scenario in the Middle Potomac Study. In this study, however, the combined urban land uses
(including both impervious and pervious urban land uses) were set at the median reference watershed
value. The baseline scenario in Phase 1 of this study, therefore, was defined as impervious cover <0.10%,
urban area <1.76%, and forest >85.66%. The results of this change are described in Section 4.1.

3.1.2 Flow Time Series

After developing the baseline scenario land uses from the new criteria described in Section 3.1.1,
the Watershed Model was run for both baseline and current scenarios for the 147 river segments over

5> Thresholds were developed for percent forest, percent agriculture, percent impervious cover, discharges as a
function of 10th and 50th percentile flows, withdrawals as a function of 10th and 50th percentile flows, and volume
of impounded water as a function of 10th and 50th percentile flow volume.

¢ The thresholds used in the Middle Potomac Study baseline scenario were >78% forest, <0.35% impervious cover,
no impoundments, no withdrawals, and no discharges.



historic observed meteorological conditions. This resulted in daily baseline and current scenario flow
time series for each river segment watershed for the 1984 to 2005 simulation period.

3.2 Flow Metrics and Flow Alteration

Baseline and current scenario flow metrics were calculated for each river segment utilizing the
modeled flow time series described in Section 3.1.2. A myriad of flow metrics are available for potential
use in this type of analysis. For the purposes of this investigation, flow metrics were selected from the
Middle Potomac Study (USACE et al. 2013, Section 5.3) that were found to be well-simulated and useful
in describing the impacts of impervious cover on flow. These flow metrics are high flow index (MH21),
high flow duration (DH17), high pulse count, flashiness, low pulse duration, and 3-day maximum flow.
Definitions for these flow metrics are provided in Appendix A. A complete description of the evaluation
and selection of these metrics can be found in USACE et al. (2013) and in Buchanan et al. (2013).

Calculation of flow metrics was performed on the baseline and current scenario time series for
each river segment watershed using TNC’s Indicators of Hydrologic Alteration (IHA) (TNC 2007),
USGS’s Hydrologic Index Tool (HIT) (Henriksen et al. 2006), EPA’s DFLOW (Rossman 1990), and
Excel-based macros. Appendix B contains the IHA software settings used for metric calculation.
Default software settings were used when not explicitly noted otherwise. For each watershed, alteration
in the metric values between the current and baseline scenario was calculated as (current-
baseline)/baseline.

3.3  Watershed Characteristics

A number of watershed characteristics may influence the extent to which impervious cover alters
streamflow. Six characteristics were selected for evaluation based on professional judgement including
watershed area, karst geology, precipitation, soil characteristics, physiographic province, and slope. One
watershed metric was selected for each characteristic except for soil and slope which initially had three
and two metrics, respectively (Table 1). These characteristics were selected for the following reasons.

e Area: Smaller, headwater streams may be more susceptible to localized impacts of impervious
cover and scattered rainfalls may not have a significant impact on streamflow characteristics at
the outlet of very large watersheds.

e Karst geology: Karst geology is associated with an increased interaction of surface and
groundwaters and, therefore, may have a fundamentally different response to increased surface
runoff from impervious cover.

e Precipitation: Due to the natural properties of the fractured bedrock geology in the study area,
streamflows are highly dependent on precipitation (Searcy and Hardison 1960; Tiruneh 2007).
Precipitation characteristics may, therefore, be associated with streamflow alteration in areas
with impervious cover.

e Soil characteristics: Soil properties can help to promote or inhibit surface runoff depending, for
example, on the infiltration capacity.

e Physiographic province: Physiographic provinces are defined based on geology, physiography,
vegetation, climate, soils, land use, wildlife, and hydrology (Wood et al. 1999) and may be a
good indicator of the sensitivity of a stream to impervious cover. For example, the
hydrogeologic conditions represented in these physiographic provinces can be quite different
throughout the study area, ranging from confined aquifers consisting of alternating layers of



sand, gravel, silt, and clay in the Coastal Plan to typically unconfined fractured bedrock
aquifers.

e Slope: Higher slopes can promote surface runoff during precipitation events because gravity
may pull the water downhill before it has the opportunity to infiltrate the soil.

Table 1. Initial list of watershed metrics for evaluation.

Watershed Characteristic Description (Data Source)

Watershed Area Total watershed area (sq. mi.) (Watershed Model)

Karst Geology Percent of the watershed with underlying karst geology (USGS state geologic maps)
Precipitation Average annual precipitation (in.) (Watershed Model meteorological input files)
Mean Soil Erodibility Average KFACT by watershed (USGS)

Soil Erodibility Factor Average of KWFACT by watershed (NRCS SSURGO)

Soil Group Dominant soil group in the watershed (NRCS SSURGO)

Physiographic Province Numeric physiographic code (USGS)

Average Watershed Slope Average watershed slope (°) (USGS DEM)

Variation in Watershed Slope | Standard deviation of watershed slope (USGS DEM)

Correlations between watershed metrics were evaluated to eliminate redundancies in selected
factors (Table 2). The distribution of values for each watershed metric was also considered in the
selection process. Characteristics with high variability among the river segment watersheds were
considered to be more robust options for future statistical analysis.

Table 2. Correlation of watershed metrics. Red cells indicate a correlation of >0.5. Green cells indicate a
correlation of <-0.5.

Soil Average Variation in
Mean Soil | Erodibility | Physiographic | Watershed | Watershed Soil
Area | Karst | Precip | Erodibility Factor Province Slope Slope Group
Area 1 0.03 | -0.20 -0.15 -0.19 0.11 0.19 0.36 -0.20
Karst 1 -0.31 0.07 -0.05 0.06 -0.15 0.14 -0.19
Precip 1 0.14 0.22 0.19 -0.27 -0.32 0.19
Mean Soil
Erodibility 1 0.65 -0.59 -0.62 -0.63 -0.03
Soil Erodibility
Factor 1 -0.59 -0.75 -0.72 0.07
Physiographic
Province 1 0.56 0.53 0.10
Average
Watershed Slope 1 0.87 -0.16
Variation in
Watershed Slope 1 -0.24
Soil Group 1

Based on the correlations and the distribution of the watershed metric values, redundant metrics
were removed, and ultimately, one metric was selected to represent each watershed characteristic. The
final six watershed metrics were 1) area, 2) karst, 3) precipitation, 4) physiographic province, 5) average



watershed slope, and 6) soil group. Mean soil erodibility, the soil erodibility factor, and variation in
watershed slope were removed from further consideration.

3.4 Statistical Analyses

Two methods were employed to evaluate the relationship between watershed characteristics and
streamflow alteration associated with impervious cover; namely, a regression analysis and a Recursive
Partitioning and Regression Trees (RPART) analysis. The regression analysis utilized Excel’s regression
tool. The variability in each streamflow alteration metric that could be explained by the variability in a
particular watershed characteristic was calculated, represented by the R2. The significance of the
relationship, or p-value, was also evaluated.

The RPART package (Venables and Smith 2011) was utilized within R software to strengthen
confidence in identified relationships and identify physical thresholds of importance. RPART divides and
sub-divides the data until a user-defined minimum sample size is reached. For this study, the minimum
sample size required for a split was 20. The minimum terminal group size was 7. The thresholds of
independent variables (watershed characteristics) minimize the deviance of flow metric values within
each group. The first threshold, or primary break, is identified for the watershed characteristic that
optimizes homogeneity in the flow metric.

An RPART run consists of loading the dataset (flow alteration and watershed characteristic
values for each watershed), and executing in the R console the following R scripts:

e rpart (the rpart function),
e plot (produces a plot of the results of the rpart function), and
e summary (produces a text summary of the results of the rpart function).

An example RPART command utilized in this study is:

rpart(formula = MH21 ~ AREA_SQMI + PCNT_KARST + PRECIP_IN + FCODE + AVG_SLOPE +
SOIL_GROUP, data = ImpCvr, control = rpart.control(minsplit = 20, maxcompete = 3)).

This example command looks for thresholds in watershed characteristics (area, karst,
precipitation, physiographic province, slope, and soil group) to explain the variability in high flow index
(MH21). An example RPART plot is provided in Figure 3.



Figure 3. Example RPART tree.
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Only primary and secondary splits were used to evaluate the RPART results in an effort to
maintain adequate sample sizes in each group and to avoid creating relationships that are specific to this
data set rather than robust, generalizable results (Lawrence and Wright 2001).

Users build confidence in RPART results by identifying statistically and/or physically important
sub-groups of data and re-running the analysis. It is important to utilize multiple runs to build confidence
in the results and evaluate the credibility of a threshold, determining that it is not simply a product of the
data set. Because of this, multiple RPART runs were developed by 1) examining the statistical
distribution of the watershed characteristics and 2) conducting 20 initial RPART runs that divide and sub-
divide data sets to distinguish significant factors and thresholds using the master spreadsheet (Appendix
C). The results of these runs, in conjunction with maintaining as large of a sample size as possible and
using professional judgment to capture physically important drivers, eight RPART runs were generated
and implemented (Table 3).



Table 3. Conditions for each RPART run, associated number of river segments, and the rationale behind the
definition of the run.

River
Segments
Run | Conditions #) Rationale
Complete data set, no Coastal Plain Full data set without the hydrologically
1 physiographic province 146 different Coastal Plain’
Second highest number of splits for slope at
2 Run 1, average watershed slope >5° 109 5° in exploratory RPART runs
Third highest number of splits for slope at
3 Run 1, average watershed slope >7.3° 97 7.3° in exploratory RPART runs
Highest number of splits at 61% karst
4 Run 1, karst <61% 139 coverage in exploratory RPART runs
Run 1, Valley and Ridge and
Appalachian Plateau physiographic Highest number of splits in exploratory
5 provinces only 108 RPART runs

Highest number of splits to separate largest
watersheds in exploratory RPART runs and

6 Run 1, drainage areas <1,348 sq. mi. 114 statistical break in areas at 1,348 sq. mi.
Highest number of splits to separate
watersheds with highest precipitation in
exploratory RPART runs and statistical break

7 Run 1, precipitation <45 in. 135 in areas at 45 in.
Highest number of splits at 3.255° in
8 Run 1, average watershed slope >3.255° 138 exploratory RPART runs
4 Results

This section presents the results of Phase 1 of the impervious cover study including the model
enhancements, the master spreadsheet, and the identified relationships.

4.1 Model Enhancements

At the geographic resolution of the Phase 1 analysis (Watershed Model river segments), there are
only three watersheds that meet reference watershed criteria. Therefore, a similar analysis to the one in
the Middle Potomac Study is not statistically meaningful with this data set. Utilizing the Middle Potomac
Study data set for evaluation purposes, preliminary evidence suggests that the baseline scenario was
improved by the described modifications (Figure 4, Figure 5, and Figure 6). In these graphs, the first
bar displays the range of 3-day maximum flow values for all watersheds under the baseline scenario. The
second bar shows the distribution of the flow metric values for only the reference watersheds. Finally, the
third bar shows the distribution of the flow metric values for the non-reference watersheds. In an ideal
simulation, the third bar would be close or identical to the second bar. In Figure 4, Figure 5, and Figure
6, the third bar looks more like the second bar than the first bar, which says the non-reference watersheds
are similar to (but not identical to) the reference watersheds. This is an improvement to Figure 2 where
the fifth and sixth bars are quite different. Further testing of this conclusion can be conducted during
Phase 2 of this study if, due to the larger sample size, a statistically significant number of reference
watersheds are available for comparison purposes.

" The Coastal Plain is hydrologically different because the geology consists of alternating layers of sand, gravel, silt,
and clay in a confined aquifer system. The geology in the rest of the basin consists of typically unconfined fractured
bedrock aquifers.
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Figure 4. Baseline 3-day minimum flow for watersheds with <1.76% urban area (pervious and impervious).
Data source: Middle Potomac Study watersheds, flow metrics, and watershed characteristics to demonstrate
whether there is improvement in the baseline simulation with modification to the scenario definition. Only
watersheds with no karst and <9° channel slope were included to be directly comparable to the Middle
Potomac Study analysis.
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Figure S. Baseline 3-day minimum flow for watersheds with <0.1% impervious cover. Data source: Middle
Potomac Study watersheds, flow metrics, and watershed characteristics to demonstrate whether there is
improvement in the baseline simulation with modification to the scenario definition. Only watersheds with no
karst and <9° channel slope were included to be directly comparable to the Middle Potomac Study analysis.
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Figure 6. Baseline 3-day minimum flow for watersheds with >85.66% forest. Data source: Middle Potomac
Study watersheds, flow metrics, and watershed characteristics to demonstrate whether there is improvement
in the baseline simulation with modification to the scenario definition. Only watersheds with no karst and
<9° channel slope were included to be directly comparable to the Middle Potomac Study analysis.
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4.2  Master Spreadsheet

A master spreadsheet was prepared with all of the necessary data for statistical analysis
(Appendix C). The master spreadsheet included watershed characteristic values, baseline and current
scenario flow metrics, and the associated percent alteration for each flow metric between the baseline and
current scenarios.

4.3 Relationships: Streamflow Alteration, Impervious Cover, and Watershed Characteristics

The Middle Potomac Study found that streamflow alteration for selected flow metrics was
associated with urban areas, represented by impervious cover, among other factors (USACE et al. 2013).
When compared to baseline conditions, the following relationships were identified with urban areas:

e decreases in high flow index (MH21) and high flow duration (DH17),
e increases in high pulse count,

e increases in 3-day maximum,

e sharp increases in flashiness, and

e decreases in duration of low pulses.

The relationships between flow metrics and impervious cover identified in this study support the

findings of the Middle Potomac Study. The correlations for the Phase 1 river segment watersheds are
provided in Table 4.
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Table 4. Correlation (R) between alteration in flow metrics and percent impervious cover (n=147).

Alteration in Flow Metric (baseline-current)/current R

High flow index, MH21 (days) -0.70
High flow duration, DH17 (days) -0.79
High pulse count (#) 0.70
Flashiness (ratio) 0.89
Low pulse duration (days) -0.25
3-day maximum (cfs/sq. mi.) 0.86

Watershed characteristics that influence the relationship between streamflow alteration and
impervious cover were also evaluated. Area, physiographic province, and average watershed slope are
significantly correlated with alteration in streamflow metrics, meaning that the watershed characteristics
explain a portion of the variability in the streamflow alteration in a statistically meaningful way (i.e. it is
not due to chance). Slope and physiographic province are correlated with one another (Table 2), but were
both considered in this analysis to determine which would be a better predictor of streamflow alteration
from impervious cover. Both of these characteristics had significant relationships with all flow metrics
and all relationships had the same sign (positive or negative); however, average watershed slope
explained more of the variability for all flow metrics except low pulse duration. It can be interpreted,
therefore, that average watershed slope is a better predictor of flow alteration from impervious cover
overall while physiographic province may be a more useful indicator for management purposes under low
flow conditions. It may be helpful to evaluate additional low flow metrics in Phase 2 of this study to
determine whether this relationship holds for other low flow metrics. Percent karst is only correlated with
alteration in high pulse count. Specifically, increasing karst is associated with an increase in the number
of high pulses. Precipitation and soil group are not significantly correlated to alteration in the selected
streamflow metrics.

Table 5. Correlation between watershed characteristics and alteration in flow metrics. The value provided in
the table is the R? for all 147 river segment watersheds. An entry of “ns” indicates that the R? value is not
significant. For significant relationships, the superscript after the value indicates the level of significance (p-
value); <0.01=**; 0.01 to 0.05=*. Direct and indirect correlations are indicated by (+) or (-), respectively.

Average
Alteration in Flow Metric Physiographic | Watershed Soil
(baseline-current)/current Area Karst Precipitation Province Slope Group
High flow index, MH21
(days) 0.073** (+) ns ns 0.19%* (+) 0.41%* (+) ns
High flow duration, DH17
(days) 0.067* (+) ns ns 0.23** (+) 0.39%* (+) ns
High pulse count (#) ns 0.06* (+) ns 0.056** (-) 0.18%* (-) ns
Flashiness (ratio) ns ns ns 0.12%* (-) 0.26** (-) ns
Low pulse duration (days) 0.11%* () ns ns 0.095%* (+) 0.058** (+) ns
3-day maximum
(cfs/sq. mi.) ns ns ns 0.20%* (-) 0.20%* (-) ns

The results of the RPART analysis identified repeated breaks in watershed area and average
watershed slope, further strengthening confidence in their significance for altering streamflows in the
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Potomac basin (Table 6). Other risk factor thresholds were weaker, particularly karst, precipitation,
physiographic province, and soil group, and often varied between RPART analyses. This finding further
supports the conclusion from Table 5 that average watershed slope is a better overall indicator of
streamflow alteration from impervious cover than physiographic province.

Table 6. Results of RPART analysis across eight runs to build confidence in identified key watershed
characteristics and thresholds of importance.

Average
Physiographic Watershed Soil
Area Karst Precipitation Province Slope Group
High flow index, MH21 (days) il *
High flow duration, DH17 (days) T ¥
High pulse count (#) 1 *
Flashiness (ratio) 1 *
Low pulse duration (days) * il
3-day maximum (cfs/sq. mi.) il il i

f=identical RPART thresholds in primary split, >=5 runs

*=identical RPART thresholds in primary split, >=3 runs

t=identical RPART thresholds in primary or secondary split, >=3 runs
Gray=no primary or secondary splits

Thresholds of importance were identified for each watershed characteristic and are discussed
below. These thresholds indicate the level at which, for each watershed characteristic, a change in the
impact from impervious cover can be expected. In some cases, very similar although not identical
thresholds were identified. In those instances, a range is provided instead of a discrete threshold.

Area:

The sizes of the watersheds used in Phase 1 vary widely (3.1 sq. mi. to 11,585 sq. mi.). The
RPART analysis indicates that impervious cover has a greater influence on streamflow alteration in
smaller watersheds. In fact, the largest watersheds were separated as a primary break in all runs except
run 6 which excluded the largest watersheds. Area may not be as significant in Phase 2 because the range
of HUC-12 areas is smaller (12.4 sq. mi. to 63.5 sq. mi - see Section 5).

Thresholds

51.2-59.9 sq. mi.
Threshold is explained by high pulse count (secondary break)™™ ! 6 7: 3-day maximum
(secondary break)™™ -6 7; and flashiness (secondary break) - 67,

72.7 sq. mi.
Threshold is explained by high flow index, MH21 (secondary break)™ !¢ 7-8 and high flow
duration, DH17 (secondary break)™ -4 678,

463.9 sq. mi.
Threshold is explained by high flow index, MH21 (secondary break)™* and high pulse count
(secondary break) ™3,
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3,047-3,100 sq. mi.

Threshold is explained by low pulse duration (primary break)r s - 3. 4.5. 7.8,
Karst:

The relationship between karst and streamflow alteration is relatively weak; however, one
consistent threshold emerged, particularly in RPART runs that focus on watersheds with steeper slopes.
Specifically, increased streamflow alteration occurs at greater than 44% karst.

Threshold

44%
Threshold is explained by flashiness (primary and secondary breaks)™n3 run2 respectively and 3_day
maximum (secondary break)™. The 44% karst break was also identified in the Middle Potomac
Study Category and Regression Tree (CART)?® analysis (see Task A-8.3 project memo, dated
3/19/2010), explained by primary breaks in extreme low frequency in four runs.

Precipitation:
Like the karst threshold previously identified, precipitation is better at discerning the variability

in streamflows in areas with higher slopes 243 however, precipitation does appear as a break in
other runs as well. The most consistent break in precipitation occurs at high precipitation amounts
(47.875 in.). Only nine watersheds in the datasets have precipitation amounts greater than this identified
threshold. Increasing the sample size during Phase 2 of the analysis will provide an opportunity for
further evaluation of the statistical significance of this threshold.

Thresholds

41.31 in.
Threshold is explained by high flow index, MH21 (primary break and secondary break) ™3 rn2
respectively

47.875 in.
Threshold is explained by low pulse duration (secondary break)™ * ¢ and 3-day maximum
(primary and secondary breaks) ™2 runs 1. 5, 6 8, respectively,

Physiographic Province:

The consistent break found in physiographic province separates watersheds in the Piedmont
Uplands and Coastal Plain from those in the Piedmont Lowlands, Blue Ridge, Valley and Ridge, and the
Appalachian Plateaus.

Threshold

41.5
Threshold is explained by high pulse count (secondary break)™® and 3-day maximum (primary
and secondary breaks)mn 7 run 3, respectively

8 CART analysis is comparable to the RPART methodology but utilizes the SPLUS rather than R software.
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Slope:
The most common watershed characteristic identified for RPART breaks was average watershed

slope. A number of consistent breaks were identified in primary and secondary breaks, ranging from low
to high slopes.

Thresholds
3.925°
Threshold is explained by high pulse count (primary break)™™ ! %7 flashiness (primary break)™"

1.6.7.8 "and 3-day maximum (primary break)™ s 1678,

5.04°
Threshold is explained by high flow index, MH21 (primary break)™, high flow duration, DH17
(primary break) ™, high pulse count (primary break) ™, flashiness (primary break) ™", and 3-
day maximum (primary break) ™.

5.065°
Threshold is explained by high flow index, MH21 (primary break)™ ! %78 high flow duration,
DH17 (primary break)™ 4678 "and flashiness (secondary break)™ 68,

5.8°
Threshold is explained by low pulse duration (primary break and secondary breaks 6 run 1. 4.7,
respectively

7.345°
Threshold is explained by high flow index, MH21 (primary break and secondary breaks)™n % rnl: 4
6.8, respectively - f]ashiness (primary break and secondary break)™n 2 run 4 respectively

8.32°
Threshold is explained by high flow duration, DH17 (primary breaks and secondary breaks) ™" 2 >
run 1, 4, 7, 8, respectively

Soil Group:

Hydrologic soil groups range from high infiltration/low runoff (group A) to low infiltration/high
runoff (group D). Soil group did not have any repeating primary or secondary breaks. The only soil
group primary and secondary breaks are presented here for information purposes. In both cases,
hydrologic soil group A is separated from the other type. The secondary split separates soil groups A and
B from C and D.

Thresholds
2.5

Threshold is explained by high flow index, MH21 (primary break)™"3.
1.5

Threshold is explained by high pulse count (secondary break)™ .

5 Next Steps — Phase 2

The Phase 2 analysis is planned to run from October 2015 to September 2017 with continued
funding from a U.S. EPA Section 106 grant. The second phase will provide the opportunity to implement
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the methodology utilizing the most recently available land use data and a higher spatial resolution to
enhance confidence in the results.

The resolution of the Phase 2 analysis will be the 361 HUC-12s in the study area ranging from 12.4
sq. mi. to 63.5 sq. mi. Impervious cover at the HUC-12 scale ranges from 0.02% to 29% (Figure 7).

Figure 7. HUC-12s in the Phase 2 study area. Darker shades indicate higher percent impervious cover.
Impervious cover data source: 2006 NLCD, including 2011 edits.
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The Phase 1 approach to calculating flow metrics, development of the master spreadsheet, and
statistical analysis will remain the same in Phase 2 unless the data demonstrate the need for an alternate
approach. Where possible, the Watershed Model inputs and the EPA Recovery Potential Screening tool
(RPS) (EPA 2014), available at the HUC-12 scale for the Potomac basin, will be used to obtain the
selected watershed characteristic information. The primary benefits of the Phase 2 analysis include 1)
increased sample size for improved statistical evaluation (Figure 8 and Figure 9); 2) the use of updated
land use information from Phase 5.3.2 of the Watershed Model; and 3) increase in the variability of
watershed characteristics and flow metrics. The modified methods needed to use the new land use data
are described in the next section.
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Figure 8. Distribution of average watershed impervious cover in Phase 1 (left) and Phase 2 (right).
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Figure 9. Impervious cover values for HUC-12s and river segments, sorted low to high based on impervious
cover value.
100

10 -

@ -
e -
[z - o
4 - -
u - gt
- - g
K= - P o
o o pot
o - i
o~
z - e
o - ”/
. e
- /’
0.1 =
z
. + HUC-12
River Segment
0.01

Watersheds, Sorted Low to High by Impervious Cover Value

5.1 HUC-12 Land Uses

As with Phase 1 of this study, land use changes will drive the flow alterations between the
baseline and current scenarios. The most recent University of Maryland’s Regional Earth Science
Applications Center (RESAC) land use dataset, utilized in the development of the Phase 5.3.2 Watershed
Model, will be used to estimate HUC-12 land uses. The spatially explicit data is available in raster grid
format at 30 meter resolution from the CBP. Using spatial analysis techniques in GIS, a single number
for each of the 26 land use categories will be calculated for each HUC-12 watershed.
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The land use categories in the RESAC data set, however, do not match up with the land use
categories required for input to the Watershed Model (Figure 10). To calculate how much of each
Watershed Model land use category is contained in each HUC-12, an optimization routine will be
developed to convert RESAC land uses to Watershed Model land use categories while maintaining 1) the
total area of each HUC-12, 2) the total area of each major land use category (e.g. pasture, urban, forest),
and 3) the proportion of each major land use category. This approach for land use estimation is
documented in its entirety in ICPRB (2013).

Figure 10. Example land use designations in the spatially explicit RESAC data and the tabular Watershed

Model inputs.
RESAC Watershed Model
AG Cultivated Crops AG Concentrated Animal Feeding Operations
AG Scrub/shrub AG Hightill without Manure
DEV Developed Open Space (DOS) AG Hightill with Manure
DEV Low Intensity Developed (LID) AG Hay without Nutrients
DEV Medium Intensity Developed (MID) AG Hay with Nutrients
DEV High Intensity Developed (HID) AG Lowtill with Manure
DEV Barren AG Nutrient Management Alfalfa
DEV residential AG Nutrient Management Hightill with Manure
DEV Residential - DOS AG Nutrient Management Hightill without Manure
DEV Residential - LID AG Nutrient Management Hay with Nutrients
DEV Residential - MID AG Nutrient Management Lowtill with Manure
DEV Residential - HID AG Nutrient Management Pasture
DEV Rural Developed - DOS AG Pasture
DEV Rural Developed - LID AG Degraded Riparian Pasture
DEV Rural Developed - MID AG Nursery
DEV Rural Developed - HID DEV CSS Construction
EXT Extractive DEV CS8S Impervious Developed
FOR Deciduous Forest DEV CSS Pervious Developed
FOR Evergreen Forest DEV CS0
FOR Mixed Forest DEV Nonregulated Impervious Developed
WAT Water DEV Nonregulated Pervious Developed
WAT Unconsolidated Shore DEV Regulated Construction
WAT Woody Wetlands DEV Regulated Impervious Developed
WAT Emergent Wetlands DEV Regulated Pervious Developed
EXT CSS Extractive
EXT Nonregulated Extractive
EXT Regulated Extractive
FOR Forest
FOR. Harvested Forest
WAT Atmospheric Deposition
WAT Industrial Discharge
WAT  |Septic
WAT  |Municipal WWTP

19



The results of this optimization routine will be the current scenario land uses. Baseline scenario
land uses will be generated from current scenario values using the method discussed in Section 3.1.

5.2 Baseline and Current Scenario Flows

Baseline and current scenario flows will be generated using the land use inputs described in
Section 5.1 for each HUC-12. Specifically, flow contributions by land use category from within the
HUC-12 will be estimated using 1) the area of each modeled land use category in each HUC-12 and 2)
the flow/area contribution by land use estimated by the Watershed Model.

This approach to flow estimation does not include instream flow simulation. The influence of
instream flow at this spatial resolution is expected to be minimal (personal comm., R. Mandel, 5/6/2015).
Since percent alteration, used in the statistical analyses, is a comparison of the baseline and current
scenarios, it is important that the relative difference between scenarios is well simulated, not the actual
daily flow values. Since both scenarios do not include instream processes, it is expected that percent
alteration will not be compromised.

5.3 Phase 2 Tasks and Products

Phase 2 consists of seven major components; namely, 1) calculating land uses; 2) calculating
flows, flow metrics, and alteration; 3) calculating watershed characteristics; 4) developing the master
spreadsheet; 5) evaluating the model; 6) conducting statistical analyses; and 7) documenting the methods
and results. The sections below describe the tasks and anticipated products of each component.

5.3.1 Calculate Land Uses

Task 1: Calculate Phase 5.3.2 RESAC land uses for each HUC-12.
Product 1: Table containing RESAC land uses for each HUC-12.

Task 2. Convert Phase 5.3.2 RESAC land uses to Watershed Model land use categories for each HUC-12.
Product 2: Table containing land uses for each HUC-12 using the model land use categories.

5.3.2 Calculate Flows, Flow Metrics, and Alteration

Task 3: Multiply acres of each land use per area flow contribution for all land uses in each HUC-12 using
Phase 1 baseline and current scenario land outputs.
Product 3: Two flow time series for each HUC-12, one baseline and one current scenario.

Task 4: Calculate select flow metrics (high flow index (MH21), high flow duration (DH17), high pulse

count, flashiness, low pulse duration, and 3-day maximum flow) for each HUC-12 from baseline and

current scenario flow time series. Consideration will be given to adding additional low flow metrics to

further evaluate physiographic province and average watershed slope (see discussion in Section 4.3).
Product 4: Table containing flow metrics for each HUC-12.

Task 5: Calculate percent alteration in each flow metric (current-baseline)/baseline by HUC-12.
Product 5: Table containing calculated flow alteration values for each flow metric and HUC-12.

20



5.3.3 Calculate Watershed Characteristics

Task 6: Obtain watershed characteristic information utilizing the EPA RPS tool (EPA 2014) where
possible. If watershed characteristic information is not available via the tool, either tabular model input
data will be used or they will be calculated using GIS at the HUC-12 scale. Where possible, modeled
characteristics will be used so that the characteristics accurately complement the modeled flow time series
(e.g. impervious cover, area). Consideration will be given to adding additional watershed characteristics
to the evaluation.

Product 6: Table containing watershed characteristic information for each HUC-12.

5.3.4 Develop the Master Spreadsheet

Task 7: Create the master spreadsheet that includes watershed characteristics, flow metrics, and
streamflow alteration values.
Product 7: Master spreadsheet that combines products 4, 5, and 6 for each HUC-12.

5.3.5 Model Evaluation

Task 8: Confirm that the changes to the baseline scenario during Phase 1 adequately improved simulation
of non-reference watershed conditions under the baseline scenario.
Product 8: Comparison boxplots similar to Figure 2 through Figure 6 for poorly performing
Middle Potomac Study metrics (e.g. normalized 3-day minimum flow, baseflow index, 7Q10, and
median flow). Performance of these metrics is important especially if additional low flow metrics
are added to Task 4.

5.3.6 Statistical Analyses

Task 9: Conduct RPART exploratory runs, establish final run sequence, execute, and evaluate results.
Product 9: RPART model run outputs, summary tables, and written interpretation of results.

Task 10: Conduct additional statistical analyses (e.g. correlation tables, other).
Product 10: Summary tables and written interpretation of statistical results.

5.3.7 Documentation

Task 11: Prepare a journal article that documents project results.
Product 11: Submission of completed manuscript to a peer-reviewed journal.

5.4 Phase 2 Timeline

Phase 2 of this effort is scheduled to begin in October 2015 and proceed for two years, ending in
September 2017 (Table 7). Preparation of the necessary data, project components 1 through 4, will be the
primary focus of the first year. The statistical analysis and preparation of a manuscript for publication in
a peer-reviewed journal will occur in the second year.
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Table 7. Timeline for the Phase 2 study.

Year 1 Year 2
Project Components Ql Q2 Q3 Q4 Ql Q2 Q3 Q4
1. Calculate Land Uses

2. Calculate Flows, Flow Metrics, and
Alteration

3. Calculate Watershed Characteristics
4. Develop the Master Spreadsheet

5. Model Evaluation

6. Statistical Analyses

7. Documentation

6 Conclusions

Phase 1 of this study yielded preliminary evidence that the baseline scenario definition was
successfully refined to overcome problems identified in the Middle Potomac Study. Specifically, the new
baseline land use definitions resulted in non-reference watershed low flow metrics becoming more like
reference watershed low flow metrics. Further, methods were successfully defined and implemented to
develop the project’s master spreadsheet and statistically evaluate the influence of the watershed
characteristics on impervious cover’s propensity to alter streamflow.

The results of Phase 1 of the study will primarily be utilized to inform the execution of Phase 2,
following the task outline provided in Section 5.3. The results of Phase 1 also reveal management
implications. At the river segment watershed resolution, watershed area and slope are most correlated
with streamflow alteration from impervious cover; however, other watershed characteristics are correlated
with alteration for specific aspects of the flow regime.

Given the significant development pressures in the basin, the results of this study are meant to
inform land management decision-making and proactive development strategies to meet the multiple,
sometimes competing, water interests in the basin. For example, the results of this preliminary phase of
the study underscore the negative impacts of developing on steep slopes and in smaller, headwater
streams. Development on steep slopes was identified in a 2015 survey of ICPRB stakeholders as a water
resources challenge in the basin®. A repeating slope threshold found in this Phase 1 study was 7.345°.
Utilizing this information, geographic analyses can be conducted to identify impervious cover in
watersheds with slopes above this threshold. Figure 11 displays impervious cover greater than 2% in red
(the upper boundary at which alteration in many flow metrics began to increase sharply in the Middle
Potomac Study) in HUC-12 watersheds with average slopes greater than 7.345°. Planners and managers
in particularly susceptible areas such as these may wish to consider the added risk of streamflow
alteration as a result of development. Development on the steep slopes in these watersheds (and in
watersheds throughout the basin) may be avoided altogether or may benefit from implementing BMPs or
low impact development techniques. A number of locales in the Potomac basin already discourage
development on steep slopes (e.g. Franklin County, Pennsylvania; Fulton County, Pennsylvania; Loudoun
County, Virginia; and Page County, Virginia). Utilizing the Phase 1 results, similar spatial analyses can
be conducted for other watershed characteristics and thresholds of interest to inform planning and
management efforts.

9 http://www.potomacriver.org/focus-areas/water-resources-and-drinking-water/water-resources/planning/basin-
wide-comprehensive-plan/, accessed 8/19/2015.
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Figure 11. Impervious cover >2% in HUC-12 watersheds with average slope >7.345°.
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Baseline Flow Metrics (used in RPART)

Current Scenario Flow Metrics (used in RPART)

Alteration (calculated as (current-baseline)/baseline)

Normalized Normalized Normalized

3-day 3-day 3-day

High Maximum High Low | Maximum High Maximum

Pulse Low Pulse (cfs/sq. Pulse Pulse (cfs/sq. Pulse Low Pulse (cfs/sq.

River Segment MH21 | DHI17 | Count | Flashiness Duration mi.) | MH21 DH17 | Count | Flashiness | Duration mi.) | MH21 | DHI17 | Count | Flashiness Duration mi.)
PU3 4280 3860 61.77 | 24.14 8 0.38 9.25 87| 61.89 24.00 8 0.38 8 8.7 0% -1% 0% 0% -14% 0.1%
PU3 4450 4440 32.19 | 27.63 5 0.13 15 80| 31.98 27.63 5 0.13 51 7.0 -1% 0% 0% 1% 240% -12.2%
PU3 5210 5050 33.57 19.00 8 0.28 8.5 9.1 | 33.00 19.50 8 0.28 9 9.2 2% 3% 0% 0% 6% 0.6%
PU4 3780 3930 36.90 | 29.50 8 0.23 9 7.0 | 33.64 26.86 8 0.23 8 6.6 -9% -9% 0% 3% -11% -5.7%
PU4_3890_3990 35.00 | 29.00 8 0.23 9.5 7.3 | 33.61 27.56 8 0.24 7.5 6.9 -4% -5% 0% 3% -21% -5.3%
PU4 3970 3890 3537 2733 7 0.19 8.5 7.5 ] 33.11 27.14 8 0.19 6.5 7.2 -6% -1% 14% 3% -24% -3.6%
PU4 3990 3780 35.63 | 29.00 8 0.23 9.5 7.3 | 33.25 27.56 8 0.24 8 6.9 -71% -5% 0% 4% -16% -5.1%
PU4 4210 4170 54.10 | 23.86 7 0.26 12 7.1 ] 5195 22.14 7 0.26 12 7.0 4% -1% 0% 1% 0% -0.8%
PU4 4310 4210 5323 | 23.71 7 0.26 11 7.1 | 51.52 22.43 7 0.27 11.75 7.0 -3% -5% 0% 1% 7% -0.8%
PU4 4440 3970 3483 | 31.75 6 0.14 8 7.7 34.86 31.75 6 0.14 6 6.2 0% 0% 0% 1% -25% -20.5%
PU4 5050 4310 38.57 17.25 7 0.32 10 85| 37.38 17.00 8 0.32 10 8.5 -3% -1% 14% 2% 0% 0.8%
PUS 3930 4170 41.52 | 29.89 7 0.22 11.25 6.6 | 38.72 26.83 8 0.23 9 6.4 -71% -10% 14% 3% -20% -2.1%
PU5 4170 4020 4330 | 23.00 7 0.23 15 6.3 | 4248 23.00 7 0.23 11.75 6.3 2% 0% 0% 2% -22% -0.8%
PU6 3440 3590 60.22 | 35.86 6 0.22 18 59| 59.89 34.40 6 0.22 8 5.9 -1% -4% 0% 1% -56% -0.3%
PU6 3530 3440 59.07 | 35.86 7 0.22 20 6.0 | 5732 32.56 6 0.22 8 6.0 -3% -9% | -14% 1% -60% -0.6%
PU6 3590 3640 60.57 | 35.86 6 0.22 17 59| 61.25 34.83 6 0.22 7 5.8 1% -3% 0% 1% -59% -1.0%
PU6 3600 3602 63.19 | 39.33 6 0.21 17 57| 61.14 35.33 6 0.21 14 5.6 -3% -10% 0% 2% -18% -0.7%
PU6 3602 3730 63.67 | 39.50 6 0.21 16.5 5.6 | 62.16 35.00 6 0.21 14 5.6 2% -11% 0% 2% -15% -0.7%
PU6 3610 3530 58.84 | 35.86 7 0.22 20 6.0 | 57.11 32.56 6 0.22 8 6.0 -3% -9% | -14% 1% -60% -0.6%
PU6 3640 3600 62.58 | 35.86 6 0.21 18 57| 63.87 36.00 6 0.22 6 5.7 2% 0% 0% 2% -67% -0.5%
PU6 3690 3610 53.83 | 3543 7 0.21 18.25 59| 52.01 33.29 6 0.21 6.25 5.8 -3% -6% | -14% 2% -66% -1.7%
PU6_3730_3750 58.54 | 36.86 6 0.20 21.5 52| 59.33 41.20 6 0.20 11.5 5.2 1% 12% 0% 2% -47% 0.7%
PU6 3750 9915 59.17 | 37.14 6 0.19 20.5 5.1 ] 59.21 42.50 6 0.20 8.5 54 0% 14% 0% 2% -59% 4.1%
PU6 3752 4080 59.08 | 37.29 5 0.19 21.25 5.0 62.57 44.00 5 0.19 12 5.2 6% 18% 0% 2% -44% 4.6%
PU6 3870 3690 53.54 | 32.60 6 0.21 22 6.1 | 50.61 29.33 6 0.22 7.5 6.0 -5% -10% 0% 2% -66% -2.1%
PU6 4020 3870 46.65 | 26.86 8 0.23 14.75 6.0 | 44.22 23.57 7 0.24 0 6.0 -5% -12% | -13% 2% -100% -0.7%
PU6 4080 4180 59.62 | 37.29 5 0.19 21 5.0 | 63.17 46.50 5 0.19 11 5.2 6% 25% 0% 2% -48% 4.8%
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Baseline Flow Metrics (used in RPART)

Current Scenario Flow Metrics (used in RPART)

Alteration (calculated as (current-baseline)/baseline)

Normalized Normalized Normalized

3-day 3-day 3-day

High Maximum High Low | Maximum High Maximum

Pulse Low Pulse (cfs/sq. Pulse Pulse (cfs/sq. Pulse Low Pulse (cfs/sq.

River Segment MH21 | DHI17 | Count | Flashiness Duration mi.) | MH21 DH17 | Count | Flashiness | Duration mi.) | MH21 | DHI17 | Count | Flashiness Duration mi.)
PU6 4180 4150 60.02 | 40.00 5 0.18 19.75 49| 62.14 41.00 5 0.18 11.5 52 4% 3% 0% 2% -42% 6.3%
PU6 9915 3752 58.52 | 35.20 6 0.19 20.5 5.1 59.64 42.50 6 0.20 8.5 54 2% 21% 0% 2% -59% 4.2%

*: the baseline value is zero so the calculation results in a Divide-by-Zero error.

An actual value of zero is displayed as "0.0".
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