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Upstream Population Gradient Drives Freshwater

Salinization in the Occoquan Watershed

Melissa R. Stacy

(ABSTRACT)

Increased salinization of inland freshwater resources is present on a global scale, but is pro-
gressing rapidly in the densely populated Mid-Atlantic United States. This phenomenon
threatens aquatic health, ecosystem services and functionality, and can alter the percep-
tion of potable drinking water. The Occoquan watershed, located in Northern Virginia
has experienced rapid urbanization across recent decades and is now confronted with rising
salinization. Various stakeholders in the area have focused efforts to quantify the drivers of
salinization in order to take corrective action to preserve this resource. To aid these efforts,
urbanization’s relationship with in-stream salinity was analyzed, where its exerted influence
was found to be dependent upon overland hydrologic flowpaths which connect urban areas
to stream networks. The analysis was then broadened to Multiple Linear Regression models
of urban and climatological drivers to statistically quantify each driver’s relative influence on
in-stream salinity. The models demonstrated that urbanization is the primary driver, where
rainfall and roadway deicer application were also found to be significant. The model was then
used to predict the magnitude of salinization in the Occoquan watershed to a time horizon
of 2040 based on expected population growth as well as two anticipated climate scenarios.
Finally, the analytical framework produced in this research was generated with scalability
in mind, such that it can potentially be utilized as a watershed-scale screening tool accross

the Mid-Atlantic, to inform proactive, regionally appropriate management decisions.
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Melissa R. Stacy

(GENERAL AUDIENCE ABSTRACT)

Increased salinization of inland freshwater resources is present on a global scale, but is
progressing rapidly in the densely populated Mid-Atlantic United States. Driven by the
engineered systems that define our modern world, this phenomenon threatens aquatic health,
ecosystem services and functionality, and can alter the perception of potable drinking water.
The Occoquan watershed, located in Northern Virginia has experienced rapid urbanization
across recent decades and is now confronted with rising salinization. Various stakeholders in
the area have focused efforts to quantify the drivers of salinization in order to take corrective
action to preserve this resource. The analyses completed in this body of work act to model
and statistically analyze the drivers which foster salinization in the Occoquan. The analyses
demonstrated that while climatological factors drive salinity in the Occoquan, urbanization
is the primary driver, where its exerted influence is dependent upon overland hydrologic
flowpaths which connect urban areas to stream networks. Further analyses were completed
to project salinization to a time horizon of 2040 based on expected population growth as well
as two anticipated climate scenarios to predict the magnitude of salinization in the Occoquan
watershed in decades to come. These results indicated that anticipated levels of in-stream
salinity will increase across most sampling stations in coming years. Finally, the analytical
framework produced in this research was generated with scalability in mind, such that it
can potentially be utilized as a watershed-scale screening tool accross the Mid-Atlantic, to

inform proactive, regionally appropriate management decisions.
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Freshwater salinization syndrome (FSS), defined as concurrent increasing trends in specific
conductance (SC), base ion concentrations, pH, and alkalinity[17], is a phenomenon currently
impacting inland freshwater systems (rivers, lakes and streams) on a global scale. FSS
threatens ecosystem health where increased salinity impairs ecosystem goods and services[12,
33], makes freshwaters uninhabitable for salt-intolerant species[5, 11, 12], and also interferes
with natural biogeochemical processes[4, 18] which define healthy ecosystem functionality.
The syndrome also decreases public perceptions of water potability by altering the taste and

smell of treated drinking water[10].

Previously associated with arid regions, FSS has become more prevalent in the densely pop-
ulated Northeast and Mid-Atlantic United States (U.S.)[3, 13, 16, 18, 20, 28|, where heavily
urbanized areas meet colder climates. In this geographical region, rapid increases in human-
dominated land use types[8, 26], deicer application[7, 9, 13, 16, 20, 33], urban wastewater
discharge[2, 4, 11, 12], and industrial discharges are major anthropogenic drivers of the syn-
drome. It is currently estimated that freshwater salinization syndrome has impacted 37%
of the drainage area within the contiguous U.S. where 39% and 34% of these sites are ob-
served to have statistically increasing trends in SC and sodium, respectively[17]. A study

of over 400 streams across the U.S. found that inland freshwater systems proximal to all
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human-dominated land use types see rapid salinization[31]. Additionally, based on future
predictions of land use and climate change, more than half of U.S. streams are expected to

see a >b0% rise in SC by the year 2100[26].

Although FSS is threatening inland freshwaters on a broad scale, ecosystem and human
health protection by way of thresholds and standards is notably limited. Currently, in the
U.S., enforceable thresholds pertaining to the major ions associated with FSS are acute
and chronic in situ thresholds for chloride (860 mg/L and 230 mg/L), set in place by the
Virginia Department of Environmental Quality (DEQ)[38]. As for unenforceable regulation,
the U.S. Environmental Protection Agency (EPA) has established a secondary Maximum
Contaminant Level (MCL) of 250 mg/L for chloride to protect the taste of finished drinking
water[35]. Furthermore, the EPA has suggested taste thresholds for sodium in drinking
water at 30 mg/1 (lower) and 80 mg/l (upper)[34], as well as a Drinking Water Equivalent
Level (DWEL) of 20 mg/L to protect individuals on salt-restricted diets[35]. In the face of
the numerous perceived threats of FSS, researchers are calling for regionally-specific, ion-
specific regulations to protect ecosystem and human health[5, 6, 29]. Additionally, increased
FSS intensity due to population growth and climate change will only further exacerbate
these regulatory shortcomings, necessitating targeted regulations and proactive management

strategies to preserve the health of our water resources.

F'SS is not an isolated problem but rather a symptom of a broader issue called Urban Stream
Syndrome (USS), referring to a wide range of observed ecological and hydrological degrada-
tion in surface waters to which urban land drains[40]. As cities expand, natural landscapes
are replaced by impervious surfaces in the form of roads, parking lots, sidewalks and roofs,
impeding the natural flow of water and introducing pollutants to nearby freshwaters[1]. Re-
search has shown that formal drainage systems catalyze USS by routing stormwater runoff to

nearby streams, acting as efficient hydrologic flowpaths from urban areas to freshwaters [39],
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where USS is exacerbated in urban areas with greater total connected imperviousness|1].

Previous research has been tailored to illustrate the relationships between freshwater salin-
ization and a variety of drivers, often highlighting the spaciotemporal complexities of FSS.
However, limited research has been completed which links urban drivers and climatologi-
cal drivers together to model future projections of salinity in areas experiencing FSS, nor
has there been a focused attempt at identifying specific freshwaters which are vulnerable to
FSS. Furthermore, insufficient research has been completed which pairs urban drivers with

hydrologic flowpaths which describe their spacial proximity to nearby stream networks.

In this study we hypothesize that salinity in freshwater streams might be related to upstream
population gradient (UPG), climate events such as rainfall, and rates of deicer application.
Here, we define UPG as the number of people per overland hydrologic flow path distance
upstream of a given site. Specifically, we set out to determine if median specific conductance
measured at various stream sites in an urbanizing watershed in the Mid-Atlantic US could
be described by the following multiple linear regression model, where SC is observed specific
conductance, P is the population along a hydrologic flow path leading to the station, I
is the length of the overland hydrologic flow path from the centroid of each Transportation
Analysis Zone (TAZ) to the nearest stream, R is observed rainfall, and M represents Virginia

Department of Transportation (VDOT) roadway deicer mobilization days.

SC=a+bC:j—FI)+cR+dM (1.1)

More explicitly, this study sets out to achieve the following goals:

1.)Produce a spatially granular metric describing urbanization which also incorporates prox-
imity to nearby stream networks. 2.)Generate a model which statistically assesses urban

and climatological drivers of F'SS in the watershed so that relative significance of drivers
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can be known. 3.)Calculate predictions of FSS-specific water quality metrics in order to
gauge the expected magnitude of FSS in the watershed for decades to come. Finally, the
analytical frameworks developed in this study were generated with scalability in mind, such
that the methodology could later be expanded upon and utilized across the Mid-Atlantic as
an FSS screening tool to identify regions of future vulnerability, and to catalyze proactive

and locally appropriate management of salinization.

00 Ofboo bobot 00U 0bbioidbb oobooood

This study focuses on the Occoquan Watershed in Northern Virginia, located about 20 miles
Southwest of Washington, D.C.. The Occoquan a rapidly urbanizing freshwater system in the
Mid-Atlantic region with a drainage area of about 1,000 km? spread across seven jurisdictions.
The watershed is home to 574,000 people as of 2020 where its reservoir is heavily relied on as

a source of drinking water for almost one million people in its surrounding communities[14].

Approximately 95% of the water draining to the reservoir comes from its two main tributaries,
Occoquan River and Bull Run[2]. The Occoquan is also home to the United States’ first
planned application of indirect potable reuse (IPR), the Upper Occoquan Service Authority
(UOSA)[2]. Constructed in 1971, the reclamation facility serves to strengthen water security
by discharging highly-treated wastewater to the Bull Run stream network[14]. Salinity levels
in the Reservoir have been increasing since the mid-nineties|2], but due to the immense cost of
reverse osmosis installation within the reservoir’s Griffith water treatment plant, (roughly $1
Billion), management of rising salinity levels shifted towards a bottom-up approach targeting

sources in the watershed[30].

The Occoquan Watershed Monitoring Laboratory (OWML), established under the Occoquan
Policy in response to to the construction of UOSA[32], monitors water quality in the water-

shed by way of collecting and analyzing high-frequency samples from six stream sampling
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stations within the watershed. At these stations, OWML collects grab samples on a biweekly
basis to monitor baseflow conditions, and also collects composite samples after storm events
to monitor constituent introduction to the stream network via overland runoff. This abun-
dance of historical, high-frequency data from OWML allows for the analysis of long-terms
trends of water quality metrics. Within the scope of this research, constituents pertaining
to F'SS, namely Specific Conductance (SC), can be used to analyze past and present trends

in salinity.
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Booming population growth has been evident within the watershed in recent decades, where
residential population has increased by over 200,000 in the last 20 years. This rate of pop-
ulation growth far exceeds what local municipalities had in mind concerning the reservoir’s
original storage capacity. The Prince William Conservation Alliance reported that initial
proposals for safeguarding the reservoir limited the watershed’s residential population to
100,000 people [27]. To gain an understanding of how urbanization has influenced observed

FSS in the Occoquan, a spatially granular population metric is necessary.

Although conventional methods, such as utilizing city and county-based census population
metrics, are useful in many applications, those datasets are not spatially granular enough
to configure subbasin-scale population totals within the Occoquan. To move past this issue,
Cooperative Forecasting Documents generated by the Metropolitan Washington Council
of Governments (MWCOG) were utilized[22]. These documents, primarily utilized as a city
planning tool to anticipate future residential and commercial growth and their corresponding
infrastructure demands, are the byproduct of a combined top-down’ and ’bottom-up’ effort
between MWCOG committees and local jurisdictions. Using socioeconomic models, land
use and zoning information, these documents project populations (household, employment,

and group quarters) on a five year basis in spatially-granular Transportation Analysis Zones
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(TAZ) within the COG region|[22].

Population within the Occoquan watershed were constructed by pairwise intersecting a
shapefile of all COG region TAZ to the Occoquan’s delineated watershed boundary in Ar-
c¢GIS Pro. The same was completed for the jurisdictions within the Occoquan to illustrate
the increased granularity gained from the use of TAZs in the Occoquan (n = 438) compared

to the watershed’s jurisdictions (n = 7). (Figure2.1)

Figure 2.1: Spatial granularity comparison of population data in the Occoquan Watershed by
a.) jurisdictional boundaries and b.) Transportation Analysis Zones. Includes the Occoquan
Watershed’s major streams, and OWML stream sampling station locations.

0ooiD  0oobboot Lodoobiiog Loood

Occoquan TAZ population data from 2005 - 2040, gathered from MWCOG Cooperative
Forecasting rounds 8.0 (2005 population metrics only)[23] and 8.4 (2010 - 2040 population
metrics)[24], were used for the remaining analyses. Data prior to 2005 (Round 8.2), could
not be utilized as the COG region underwent a full-scale TAZ rezoning process between

cooperative forecasting rounds 7.2 and 8.0.
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Table 2.1: Total number of Transportation Analysis Zones (TAZs) by jurisdiction within the
Metropolitan Washington Council of Governments region.

OO0 Ooooo 000iboioonooo 0 OO00 oo
District of Columbia 394

Montgomery County 376

Prince George’s County 635

Arlington County 141

City of Alexandria 65

Fairfax Co./Fairfax City/Falls Church 549

Loudoun County 282

Prince William County/Manassas/Manassas Park 378

Frederick County 130
Howard County 68
Anne Arundel County 98
Charles County 113
Carroll County 58
Calvert County 47
St. Mary’s County 75
King George County 25
City of Fredericksburg 14
Stafford County 93
Spotsylvania County 62
Fauquier County 50
Clarke County 9
Jefferson County 13

L00i00 oot aoooo
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Reported data included in the MWCOG cooperative forecasting documents details three
types of population metrics: 1.) residential population, 2.) commercial population, and 3.)
residential + group quarter populations, where group quarter populations refer to shared
living spaces such as college dormitories and penitentiaries[22]. From this data, a new
population term, referred to as 'Total Population’ from this point forward, was generated
by summing ’population’ and ’employment population’, representing the total number of
individuals living, working, and residing in group quarter institutions within each TAZ.
Beyond the spatial resolution gained by using MWCOG TAZs, the documents also allow
a more holistic understanding of urbanization beyond residential density, as the ability to
incorporate commercial and group quarter populations broadens the scope of the metric’s

anthropogenic influence across the watershed.

Total population was then normalized by TAZ area [mi?] to produce plots of population
density [ppl/mi?] by TAZ for 2005, 2020, and 2040 across the watershed. The figures show
how population density has increased over the last fifteen years, and how it is anticipated to
change in the coming decades. Areas with consistently high population density are located
in the central and north-eastern portions of the watershed, across Prince William County,

Fairfax County, Manassas City/Manassas City Park, and Loudoun County (Figure 2.2).

Additonally, these highly urban areas also illustrate ’spreading’ of these population density
hotspots with time. This likely reflects the outward construction of commercial and residen-
tial areas surrounding those which see historically high levels of urbanization, as room for

development in these areas becomes increasingly limited with time (Figure 2.2).
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Figure 2.2: Population densities in the Occoquan Watershed by Transportation Analysis
Zone. 'Population’ in this case refers to calculated "Total Population’, including residential,
commercial and group quarter populations from MWCOG Cooperative Forecasting Docu-
ments. a.)2005 population density b.)2020 population density c.) 2040 projected popula-
tion density.Includes the Occoquan Watershed’s delineated boundary, major streams, and
OWML stream sampling station locations.

Ooooio  Ooobbbot jdbobdiouo »goodg

To assess another commonly used metric of urbanization, percent impervious cover by TAZ
was calculated in the Occoquan, using National Land Cover Database (NLCD) 30 meter
resolution land cover raster data for the continental United States (CONUS)[21]. The years
in which the NLCD land cover data was collected did not exactly align with those in the
MWCOG forecasting documents, so the closest years in the NLCD data record were taken
(2006 and 2019).

The raster data was imported into ArcGIS Pro, where spatial analysis tools were used to



oot Dooboidony o boo booodiod Qoobdoooo 11

convert the data from raster to polygon, where the polygon land use file was intersected
with the Occoquan TAZ layer. Impervious land cover types were selected by their attribute
codes, and a new polygon layer pertaining only to imperviousness was generated, where the
spatial analysis summarize within tool was used to calculate impervious area [mi?] within
each Occoquan TAZ. Impervious area was then divided by the total TAZ area [mi?], pro-

ducing percent impervious cover metrics for 2006 and 2019. Additionally, percent increase

in impervious cover was calculated by subtracting 2006’s values from 2019’s (Figure 2.3).

Unsurprisingly, the distribution of impervious cover within the Occoquan mirrors what is seen
in the population density figures (Figure 2.2), in terms of both the locations of impervious
cover ’hotspots’, and the outward expansion behavior of imperviousness with time (Figure

2.3).

Figure 2.3: Percent imperviousness in the Occoquan Watershed by TAZ for a.)2006 and
b.)2019 where increases in impervious cover between those two years is c¢.) percent imper-
vious cover from 2006 to 2019. Includes the Occoquan Watershed’s delineated boundary,
major streams, and OWML stream sampling station locations.
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Analysis of the relationship between population and impervious cover was completed by
cross-plotting log transformed 2020 total population [ppl.] and log transformed 2019 total
impervious area [mi?] for each TAZ in the watershed (n = 438) in Igor64 statistical software.
A linear regression was fit to the transformed data which illustrated positive correlation

between the two metrics (R?=0.54) (Figure2.4).

Log(Total Population)

1.5 _. Coefficient values + one standard deviation
00 a =3.5793 +0.0316
[©) @ b =1.1224 + 0.0498
1.0
® @
I I I I I
-1.5 -1.0 -0.5 0.0 0.5

Log(Total Impervious Area)

Figure 2.4: Log transformed 2020 total population vs. log transformed 2019 total impervious
area by TAZ in the Occoquan watershed, with linear fit (0 O 0 0 00) and fitting coefficients.

This relationship demonstrates how symptoms of urbanization (i.e. imperviousness) are
related to anthropogenic presence in a given area. In other words, the degree of human
occupancy in a given area, residential and commercial, molds that area’s built environment.
Therefore, to a certain extent, population can be understood as an umbrella terms which
represents general urbanization. This takeaway is an underlying assumption which is passed

along to the remaining analyses which utilize total population metrics.
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To analyze the influence of population on in-stream water quality, delineations of each
OWML stream sampling station were generated in USGS’s online StreamStats[37] appli-
cation using each station’s coordinate values(Table 2.2). Each delineated basin was then

imported into ArcGIS Pro where TAZs within each delineated basin were identified.

Seeing as the distribution of population within each TAZ is unknown, centroids for each
TAZ were configured in ArcGIS Pro using the Feature to Point Spacial Analysis tool, where
centroid longitude and latitude values were generated. The total population values were
then ’assigned’ to the centroids of each TAZ polygon, where each TAZ whose centroid fell
within a stations delineated basin was taken to be contributory, and was carried forward

into remaining analyses.

Using only TAZs whose centroids fall within a sampling station’s delineated basin as con-
tributory is based on the assumption that if there is not a significant enough amount of a
zone within the delineated basin such that its centroid falls within the drainage area, there
is not enough overlapping area to substantiate its having a significant role in the system’s
dynamics. The TAZs which did not meet this criteria were most often located along the
upstream-most edge of each delineated basin, so this decision was taken to be an appropri-

ate course of action.

In order to assess the how the distribution of population within the Occoquan influences
in-stream salinity, metrics describing overland hydrologic flowpaths were generated by in-
corporating raindrop flowpath distance (RFD). RED is a metric which describes the path
which a parcel of water would follow between a given set of user-specified upstream and
downstream coordinate points, reflecting landscape topology and stream flow networks be-

tween the points.
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Table 2.2: Occoquan Watershed Monitoring Laboratory stream sampling station IDs, station
name and location, and coordinates in decimal degrees.

0000000 fodo 000000o Oodo 000oooo - 0ob0Ooioooo
Occoquan River,

ST10 38.705167  -77.445483
near Manassas, VA
Cedar Run

ST25 38.615083  -77.553717
near Aden, VA
Broad Run

ST30 38.748883  -77.564217
near Bristow, VA
Bull Run

ST45 38.803117  -77.449617
near Manassas Park, VA
Cub Run,

ST50 38.820967  -77.466617
near Bull Run, VA
Bull Run,

ST60 38.889267  -77.570383
near Catharpin, VA
Broad Run,

ST70 38.780367  -77.6726

near Buckland, VA
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Overland raindrop flowpath distance (RFD) from each TAZ centroid to the nearest stream
was calculated in R-Studio by the United States Geological Survey’s (USGS) Andrew Sekel-
lick by using National Hydrography Dataset[36] to gather all flowlines upstream of a sampling
station, and all flowlines downstream of each TAZ centroid. The point of upstream/down-
stream flowline intersection designates the point where overland RFD meets the nearest

stream on it’s hydrologic trajectory.

Overland RFD was then calculated from each centroid to this critical flowline point and was
paired with each station’s group of upstream TAZs by TAZ ID. Overland RFDs for each
station’s TAZ were ranked from smallest to largest, to weight TAZ populations based on
proximity to nearby stream networks. From the RFD-ranked population data, columns of
cumulative total population were calculated from lowest to highest RFD across each year of

TAZ data (Figure 2.5).

Using IGOR 64 software, cumulative population was plotted against overland RFD for the
first four population years in TAZ population data. Seeing as RFD remains constant with
time for each TAZ, vertical assessment of these plots for any overland RFD value illustrates
temporal cumulative population changes from the perspective of a station’s any one given
TAZ. To quantify the characteristic amount of people proximal to stream networks, a linear
fit was applied to each curve from the origin to the initial slope break. The slope of each
curve fit is a new metric called upstream population gradient (UPG), illustrating the total
number of people per unit RFD across all years of focus. UPG can also be understood
as a one-dimensional form of the distribution of each stream sampling station’s upstream
population based on hydrologic flowpaths connecting these populations to nearby stream

networks (Figure 2.5).

The use of overland RFD assumes that once pollutants stemming from urban areas reach

a nearby stream, they will be carried downstream with marginal degradation or in situ
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Figure 2.5: Overland UPG example calculation, completed for every stream sampling station,
depicting a.) ranking overland raindrop flowpath distance from lowest to highest while
retaining the original pairing of TAZ 1D, RFD and total population, and then generating
cumulative total population columns for each TAZ year and b.) cross-plotting cumulative
total population and overland RFD, fitting a linear regression (0 O 0 O 00) to each data
curve by confining the applied fit from the origin to the first significant slope break along
the curve
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Table 2.3: Count of contributory upstream TAZs whose centroid falls within a given station’s
delineated basin and count of TAZs within the initial slope break of each station’s cumulative
population vs. RFD, across which UPG was regressed.

goiogn goooe - 0 oood 0 ogdo

goouiog Qoiioiuiod gooom Uod Ooiooitiod
gogo 147 12

gooo 15 14

gooo 25 16

gogd 153 71

gogg o8 37

gooo 14 13

gogo 8 5

reactions, such that the contaminants are still detectable at downstream sampling locations.
Total RFD metrics, the complete distance from centroid to stream sampling station, were also
generated but were ultimately found to be an insignificant metric to describe urbanization’s

spatial influence on in-stream water quality.

Plots depicting cumulative population vs. overland RFD for all sampling stations (for TAZ
total population years leading to the present: 2005, 2010, 2015, and 2020) can be found in
Figures 2.6 through 2.12. Additionally, n values of upstream, contributory TAZs within each
Station’s delineated basin, as well as the number of those TAZs contained within the TAZ

first slope break UPG curve fitting can be found in Table 2.1.
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Figure 2.6: ST10 cumulative upstream population vs. ranked overland RFD with UPG
initial slope regression (0 O 0 O 00), fit coefficients, and R? values for TAZ years 2005, 2010,

2015, and 2020.
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Figure 2.7: ST25 cumulative upstream population vs.
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ranked overland RFD with UPG

initial slope regression (0 0 0 O 00), fit coefficients, and R? values for TAZ years 2005, 2010,

2015, and 2020.
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