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(ABSTRACT)
The Occoquan Watershed is a 1515 km2 basin located in northern Virginia and contains
two principal waterbodies: the Occoquan Reservoir and Lake Manassas. Both
waterbodies are principal drinking water supplies for local residents and experience
eutrophication and summer algae growth. They are continuously threatened by new
development from the rapid expansion of the greater Washington D.C. region. The
Occoquan model, consisting of six HSPF and two CE-QUAL-W2 submodels linked in a
complex way, has been developed and applied to simulate hydrology and water quality
activities in the two major reservoirs and the associated drainage areas. The studied water
quality constituents include temperature, dissolved oxygen, ammonium nitrogen,
oxidized nitrogen, orthophosphate phosphorus, and algae. The calibration of the linked
model is for the years 1993-95, with a validation period of 1996-97. The results show that
a successful calibration can be achieved using the linked approach, with moderate
additional effort. The spatial and temporal distribution of hydrology processes, nutrient
detachment and transport, stream temperature and dissolved oxygen were
well-reproduced by HSPF submodels. By using the outputs generated by HSPF
submodels, the CE-QUAL-W2 submodels adequately captured the water budgets,
hydrodynamics, temperature, temporal and spatial distribution of dissolved oxygen,
ammonium nitrogen, oxidized nitrogen, orthophosphate phosphorus, and algae in Lake
Manassas and Occoquan Reservoir. This demonstrates the validity of linking two types of
state-of-the-art water quality models: the watershed model HSPF and the reservoir model
CE-QUAL-W2.
One of the advantages of the linked model approach is to develop a direct
cause-and-effect relationship between upstream activities and downstream water quality.
Therefore, scenarios of various land use proposals, BMP implementation, and point
source management can be incorporated into HSPF applications, so that the

CE-QUAL-W2 submodels can use the boundary conditions corresponding with these
scenarios to predict the water quality variations in the receiving waterbodies. In this
research, two land use scenarios were developed. One represented the background
condition assuming all the land covered by forest and the other represented the
environmental stress posed by future commercial and residential expansion. The results
confirm the increases of external nutrient loads due to urbanization and other human
activities, which eventually lead to nutrient enrichment and enhanced algae growth in the
receiving waterbodies. The increases of external nutrient loads depend on land use
patterns and are not evenly spread across the watershed. The future development in the
non-urban areas will greatly increase the external nutrient production and BMPs should
be implemented to reduce the potential environmental degradation. For the existing urban
areas, the model results suggest a potential threshold of nutrient production despite future
land development. The model results also demonstrate the catchment function of Lake
Manassas in reducing nutrient transport downstream.
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Chapter 1. Introduction
Among the various technical tools in water resources management strategies, modeling is
a specific tool that allows quick analysis of water quantity and quality under diverse
scenarios. It is an analytical tool that applies mathematical equations to represent and
predict the natural processes within watersheds and waterbodies. When direct
measurements are not available or cannot be completed, modeling provides best available
data that characterize temporal and spatial variation of water quality. It helps users to
understand the physical, chemical and biological processes within the watersheds, and
helps to identify the critical processes and areas that control the water quality in
watersheds and receiving waterbodies. It also predicts the impact of planned actions on
water quality and ecosystems. Another application of modeling is to run models under
diverse management scenarios. The results can provide a quick assessment of alternative
management programs and thus allow decision makers to estimate and evaluate the pros
and cons among different management strategies.
Mathematical models can be categorized based on different criteria. One fundamental
category is based on the physical subject that a model attempts to describe.
Rainfall-runoff models intend to depict the hydrological processes within a watershed.
They depict how the precipitation is transferred into surface flow, interflow and
groundwater flow. In many cases, they are able to estimate the sediment erosion and
overland transport during storm events, and describe the transport and fate of associated
water quality constituents. Unlike point source pollution, the runoff, sediment and
associated water quality components enter the watercourses in an indiscrete and diffuse
fashion. The models describing these processes are sometimes called nonpoint source
models or watershed models.
On the other hand, receiving water quality models describe the transport and fate of water
quality constituents in the receiving waterbodies, such as rivers, streams and reservoirs.
They simulate the phenomena such as lake stratification, dissolved oxygen (DO) sag and
eutrophication. The traditional applications of the receiving water quality models use
upstream observations as boundary conditions to reflect the impact of upstream activities
1

on downstream water quality. However, real-world data for these boundary conditions
are normally not collected at a frequency to fully describe the temporal variations of these
driving forces. In addition, the impacts of upstream activities are not dynamically
reflected in the model applications.
Recently, the contribution from nonpoint source pollution has been emphasized more and
more. The concepts as well as the related legislation practices affect model development
and applications. In the model development area, hybrid models are more and more
popular. They integrate the rainfall-runoff and the receiving water quality models into
one package and reflect the integral nature by describing a watershed and downstream
receiving waterbodies as a complete unit. Both point source and nonpoint source
pollution are considered. In the model application area, there are more and more linked
model practices. Based on characteristics of the local watersheds and waterbodies, the
nature of pollution sources and other specific considerations, the project managers,
shareholders and scientists choose the best available models that describe the processes in
each compartment. Then the modelers integrate these different models into one package
in order to describe the big picture. These practices make it easier for decision makers to
account for local specifications when evaluating water resources management plans, and
for the public to understand the decision-making procedures.

1.1 Model History
The Occoquan Model effort can be traced back to the late 1970s when the digital
revolution made mathematical simulation possible for a complex natural system. In
1977-1978, the mainframe model, named Occoquan Basin Computer Model (Hydrocomp
Inc. 1978), was developed from Hydrocomp Simulation Programming (HSP) and
Nonpoint Source Model (NPS). The modified HSP simulated hydrological processes
while NPS estimated sediment erosion and other nonpoint source loads. Later, receiving
water sub-models were added to represent Lake Manassas and Occoquan Reservoir as
two-layer lakes. After the Upper Occoquan Sewage Authority (UOSA) Advanced
Wastewater Treatment (AWT) plant went into operation, the model was modified in 1982
to account for the impact of UOSA. The discharge from UOSA was represented as a
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point source in the model. The model had several successful applications including in a
Fairfax County court case “Occoquan Basin Downzoning” in 1985 (NVPDC 1987).
The process to convert the mainframe model to a PC model was started in 1994, and
several model upgrade procedures were taken to provide an “up-to-date defensible tool to
review future conditions and the consequent requirements that may be indicated”
(NVPDC 1994). After a watershed model review, HSPF replaced NPS/HSP as a pollutant
loading and transport model. More importantly, a better reservoir model was decided
upon to replace the simplified two-layer model for the Occoquan Reservoir to fully
represent the reservoir water quality associated with stratification and dam operations.
After careful evaluation, CE-QUAL-W2 was added to the model application. The
resultant model proposed a simple linked model framework to enhance the accuracy of
reservoir responses to alternative control strategies and to provide technical information
on other management decisions such as BMP development. The simple linked model was
not completed until 2003.
However, Lake Manassas, another principal waterbody in the Occoquan Watershed and a
principal drinking water supply for the City of Manasssas, was not fully represented in
the model application. In the mainframe version of the Occoquan Model, Lake Manassas
was simulated as a two-layer lake. However, the details of the layers were not known due
to poor documentation. During the major model update in 1994, no additional effort was
taken to update the representation of Lake Manassas. As a result, the two-layer water
quality model for Lake Manassas was not converted into a better hydrodynamic water
quality model as was done for the Occoquan Reservoir. Instead, it was further simplified
in the linked model applications and was represented as a completely-mixed lake in
HSPF. Such simplification cannot fully represent the physical, chemical and biological
processes in Lake Manassas. Furthermore, it cannot accurately estimate its impact on the
downstream water quality. In the linked model application, Lake Manassas was a weak
link.
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1.2 Research Goal and Objectives
The principal goals of this research were to develop, calibrate and validate a complex
linked model to simulate hydrology and water quality in the Occoquan Watershed and its
principal waterbodies (Lake Manassas and Occoquan Reservoir), and to explore its
application to land use scenarios.
To achieve this, the following objectives were proposed:
1. To develop a complex linked hydrology and water quality model for the Occoquan
Watershed, which allows better representation of the physical, chemical and
biological processes in the watershed and two principal waterbodies: Occoquan
Reservoir and Lake Manassas;
2. To calibrate and validate the linked model, including hydrology, nutrients (nitrogen
and phosphorus), temperature, dissolved oxygen, and algae; and,
3. To investigate the potential impact of urbanization on nutrient enrichment in the
Occoquan Reservoir and to identify the critical land areas in the watershed.

1.3 Dissertation Outline
This dissertation includes an introductory chapter, a literature review chapter,
independent chapters in a technical paper format, a chapter on algae simulation, a
summary chapter, and a complete list of literature cited, followed by an appendix section.
Chapter 1: Introduction ⎯ This chapter provides an introduction to the current study,
including the background, and discusses research objectives.
Chapter 2: Literature Review ⎯ This chapter reviews literature related to hydrology and
water quality modeling, receiving water quality modeling, and linked model applications.
Chapter 3: The Hydrological Calibration and Validation of a Linked
Watershed-Reservoir Model for the Occoquan Watershed, Virginia ⎯ This paper
investigates the water budgets in the watershed and two waterbodies. Resulting data were
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compared with observed flow data and water surface elevation data to evaluate the
performance of the complex linked model.
Chapter 4: Temperature and Dissolved Oxygen Calibration and Validation of a Linked
Model for the Occoquan Watershed, Virginia ⎯ This paper investigates the capability of
the complex linked model to capture the spatial and temporal distribution of temperatures
and DO in streams and two principal waterbodies.
Chapter 5: Modeling Soluble Inorganic Nitrogen Transport and Fate, and the Impact of
Land Use Changes in the Occoquan Watershed Using a Linked Model Application ⎯
This paper investigates the transport and fate of two nitrogen species: ammonium
nitrogen and oxidized nitrogen in the watershed and two principal waterbodies. Two land
use development scenarios were developed and their impacts on nitrogen enrichment in
the Occoquan Reservoir were investigated.
Chapter 6: Modeling Phosphorus Transport and the Impact of Land Use Changes on
Receiving Water Quality in the Occoquan Watershed by Using a Linked Model
Application ⎯ This paper investigates the transport and fate of orthophosphate
phosphorus in the Occoquan Watershed and two principal waterbodies. Two land use
development scenarios were developed and their impacts on phosphorus enrichment in
the Occoquan Reservoir were investigated.
Chapter 7: Modeling Algae Dynamics and the Impact of Land Use Changes on Receiving
Water Quality in the Occoquan Watershed by Using a Linked Model Application ⎯ This
chapter investigates the algae dynamics in two principal waterbodies. The impact of
increased upstream nutrient loads due to land development on the algae growth in the
Occoquan Reservoir was investigated.
Chapter 8: Conclusions and Recommendations ⎯ This chapter provides a summary of
research results and reviews whether the objectives have been achieved.
Recommendations for future research and modeling improvement have also been
included.
5

Literature Cited: This section provides a complete list of literature references cited.
Appendices: These provide research results that were not included in previous chapters.
They include discussion on meteorological data collection and infilling; watershed
delineation and segmentation; bathymetry and segmentation of Lake Manassas and
Occoquan Reservoir; land use data; initial HSPF hydrology calibration using PEST; and
the impacts of land use development on nutrient load production in individual segments,
and hydrology activities in the Watershed.
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Chapter 2. Literature Review
This section provides a review of the science behind two types of water quality models:
rainfall-runoff models and receiving water models. Some widely-used public domain
water quality models and their applications are also discussed.

2.1 Rainfall-Runoff Models
Rainfall-runoff models describe hydrology and pollutant generation during rainfall
events, as well as transportation from source areas to the receiving waterbodies. In most
cases, rainfall-runoff models provide hydrographs and loading histograms to describe the
flow and load distribution over continuous hydrological events.
Rainfall-runoff models have a long history. The development of concepts and theories on
the hydrological system can be tracked back to the early period of human history when
the Greek philosopher Theophrastus described the hydrological cycle in the atmosphere
and the Roman engineer Marcus Vitruvius described the one in the soil profile (Chow, et
al. 1988). Since then, the study of hydrological systems has focused on concept
development, such as infiltration, evaporation and transpiration, surface runoff,
subsurface flow, and base flow.

2.1.1 Surface Water Hydrology
Hydrological modeling was originated in the 1850s when Mulvaney (1850) described the
peak flow discharge as the product of the rainfall intensity, the area of the catchment and
a coefficient dependent on the catchment characteristics. The method, also called the
rational method, introduced a mathematical approach to describe the rainfall-runoff
relationship. Although the rational method has been questioned due to its simplification,
it is still widely used in storm sewer design. In 1932, Sherman introduced the unit
hydrograph concept that results from one-inch excess rainfall in a specific drainage area
(Sherman 1932). The method describes a linear relationship between direct runoff and
excess rainfall, and is used to develop the direct runoff and streamflow hydrographs. In
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the same period, Horton introduced the concept of the infiltration capacity and described
it as “the maximum rate at which rain can be absorbed by a given soil when in a given
condition” (Horton 1933). He used this concept to estimate the excess precipitation over
infiltration and the resultant surface runoff (Horton 1940). In addition to Horton’s
infiltration theory, Green and Ampt (1911) proposed a physical-based model for
infiltration that has been widely used in rainfall-runoff modeling. They applied a
simplified concept of infiltration and developed a mathematical equation based on
hydraulic conductivity and porosity. Philip (1957) developed another popular infiltration
formula by solving the Richard’s equation under certain conditions. These mathematical
methods for infiltration have been used in rainfall-runoff modeling to estimate the surface
runoff by abstracting infiltration from precipitation. The resultant surface runoff
sometimes is referred to as the Hortonian overland flow. Table 2-1 below gives some
common methods for infiltration estimation.
Table 2-1: Equations for Infiltration
Infiltration Equations
Horton’s Equation

Phillip’s Equation
Green-Ampt Equation

Formulas

f (t ) = f c + ( f 0 − f c ) ⋅ e

1
⋅ S ⋅ t − 0.5 + K
2
⎡ψ ⋅ Δθ
⎤
f (t ) = K ⋅ ⎢
+ 1⎥
⎣ F (t )
⎦

f (t ) =

Coefficients
− k ⋅t

k

f 0 : Initial rate
f c : Constant rate
k : Decay constant
t : Time
S : Sorptivity
K : Hydraulic conductivity

ψ : Soil suction head
θ : Soil moisture content
K : Hydraulic conductivity
F : Cumulative infiltration

Source: Chow et al. 1988

There are methods to quantify other abstractions such as evaporation and transpiration,
interception, depression storage, etc. For instant, Thornthwaite and Holzman (1939)
developed one of the earliest equations for evaporation based on the humidity gradient
between land surface and the air, and wind speed across the land surface. This
aerodynamic method assumes no energy supply limitation for evaporation. Another
method, called the Energy Balance Method, describes the evaporation rate based on
energy balance and assumes no vapor transport limitation. However evaporation is
controlled by both processes: aerodynamics and energy supply. Therefore, it is
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appropriate to develop a combination formula that integrates both processes. Penman
(1948) proposed the first combination method for evaporation and its simplified formula
was derived by Priestley and Taylor later (1972). Table 2-2 lists some common equations
that are used in hydrological water quality models.
Table 2-2: Equations for Evaporation
ET Equations
ThornthwaiteHolzman Equation

Formulas

E a = B ⋅ (eas − ea )

Coefficients
B : Vapor transfer coefficient
eas : Vapor pressure at surface

ea : Ambient vapor pressure in air
Energy Balance
Method
Penman Evaporation
Equation

Priestley-Taylor
Equation

Er = 0.0353 ⋅ Rn

Rn : Net radiation

γ : Psychrometric constant
γ
Δ
⋅ Er +
⋅ Ea
Δ : Gradient of Saturated Vapor pressure at temperature Ta
Δ+γ
Δ+γ
Ea : Evaporation rate from the aerodynamic method
Er : Evaporation rate from net radiation
γ
: Psychrometric constant
Δ
E = 1.3 ⋅
⋅ Er
Δ : Gradient of Saturated Vapor pressure at temperature Ta
Δ +γ
Er : Evaporation rate from net radiation

E=

Source: Chow et al. 1988

In addition to the Hortonian method, another widely-used method to account for these
abstractions from precipitation is called the SCS curve number method, developed by the
Soil Conservation Service (SCS) (Mockus 1972). It assumes the ratio of actual surface
retention to the potential retention to be the same as the ratio between direct runoff and
potential runoff. The parameters required to calculate the surface runoff are precipitation
and curve numbers (Equation 2-1), which are tabulated by SCS based on surface land use
and coverage, soil type, and hydrological conditions. Although this approach was
developed to estimate the daily runoff from daily rainfall, it has been used in
rainfall-runoff models to estimate the infiltration and surface runoff in continuous
hydrological simulations.
Equation 2-1: SCS Curve Number Equation

( P − 0.2 ⋅ S ) 2
P + 0.8 ⋅ S
1000
where S =
− 10
CN
Pe =

Where P: Precipitation (inch) and CN: Curve Number
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2.1.2 Groundwater Hydrology
Henry Darcy (1856) introduced one of the fundamental equations in groundwater
hydrology. He developed the empirical equation that relates water movement in porous
saturated media to the hydraulic gradient. Modified formulas were developed by Dupuit
to estimate steady flow in an unconfined aquifer and by Thiem to estimate the steady
flow in a confined aquifer (Freeze and Cherry 1979). Based on the analogy between heat
flow and water flow, Theis (1935) derived an equation for unsteady flow in a confined
aquifer and provided the basis for quantitative groundwater hydrology. Jacob (1943)
proposed an “effective average rate of precipitation” method to determine the
contribution of precipitation to groundwater flow in streams. Later, Hantush and Jacob
introduced a solution to predict drawdowns for a two-layer aquifer system (Freeze and
Cherry 1979). These formulas have been used in watershed modeling to account for the
contribution from groundwater.

2.1.3 Open Channel Hydrology
Early in 1871, Barre de Saint-Venant introduced the continuity equation and momentum
equations to estimate the flow in an open channel (Table 2-3) (Chow, et al. 1988). These
equations provide the foundation for distributed flow routing methods such as the
kinematic wave, diffusion wave, and dynamic wave method. These methods have been
used to estimate the spatial and temporal distribution of the flow at an outlet with known
hydrographs. Lighthill and Whitham (1955) introduced the kinematic wave theory to
flow routing in a long river, and this has been widely used to predict overland flow,
channel flow, and other hydrological processes. Another popular kinematic wave
equation is called the Muskingum-Cunge method that is applied to linear hydrological
storage routing (Cunge 1969).
In addition to the distributed routing methods, there are lumped flow routing methods
based on the storage-outflow relationship. Lumped flow routing doesn’t consider the
spatial variances in a system. Some examples include the modified Puls method (Chow
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1951), the Muskingum method (Chow, et al. 1988) and linear reservoir method (Chow, et
al. 1988).
Although the concepts and components of rainfall-runoff modeling were under
development and improvement for a long time, rainfall-runoff modeling was made
possible in the 1960s due to the development of digital computers. Crawford and his
colleagues (1966) developed the Stanford Watershed Model that led to the Hydrological
Simulation Program–Fortran (HSPF), which probably represents the first attempt to
simulate different hydrological components in one system entity. During the same period,
the Hydrological Engineering Center (1986) of the U.S. Army Corps of Engineers
introduced HEC-1 to estimate the flood hydrograph. Since then, several rainfall-runoff
models have been developed and distributed to the public. These include AGNPS,
ANSWERS, GLEAMS, HSPF, PRMS, SWAT, SWMM, HEC-HMS and WEPP. A brief
review of these public domain hydrological models is given below.
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Table 2-3: Summary of Saint-Venant Equations
Continuity Equation
Conservation Form

Nonconservation Form
Momentum Equation
Conservation Form

V⋅

V : Flow Velocity at Point 1 (LT-1)
y : Water Depth (L)

∂V ∂y
∂y
+ y⋅
+
=0
∂x
∂x ∂t

∂y
1 ∂Q 1 ∂ ⎛ Q 2 ⎞
⎟⎟ + g ⋅ − g ⋅ ( S 0 − S f ) = 0
⋅
+ ⋅ ⎜⎜
A ∂t A ∂t ⎝ A ⎠
∂x
Convective
Local
Acceleration Acceleration
Term
Term

Nonconservation Form

Q : Flow Rate (L3T-1)
A : Cross Section Area (L2)

∂Q ∂A
=0
+
∂x ∂t

Pressure
Force
Term

Gravity Friction
Force Force
Term Term

Q : Flow Rate (L3T-1)
A : Cross Section Area (L2)
S 0 : Channel Bottom Slope (L/L)
S f : Friction Slope (L/L)

V : Flow Velocity at Point 1 (LT-1)
y : Water Depth (L)

∂y
∂V
∂V
+ g ⋅ − g ⋅ ( S0 − S f ) = 0
+V ⋅
∂x
∂x
∂t
Kinematic Wave

S 0 : Channel Bottom Slope (L/L)
S f : Friction Slope (L/L)

Diffusion Wave
Dynamic Wave
Source: Chow, et al. 1988
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The Agricultural Non-Point-Source Pollution Model (AGNPS) (Young, et al. 1994) is an
event-oriented distributed mathematical model developed by the United States
Department of Agriculture (USDA) in the late 1980s. It describes a watershed as square
grid cells with areas around 0.4-16 hectares. Twenty-two coefficients are used to
characterize the hydrology, sediment erosion and nutrient loads in each grid. The flow
and pollutants are routed through cells in a stepwise fashion to estimate the flow and
pollutant loads at a watershed outlet. In the hydrological module, the SCS Curve Number
method is used to estimate the surface runoff volume while the Smith algorithm is used to
estimate the peak flow rates. However, AGNPS doesn’t account for subsurface flows,
common phenomena in agricultural land areas. The Modified Universal Soil Loss
Equation (MUSLE) is applied to calculate sediment erosion from a single storm event.
The sediment transport capacities are estimated by a modified stream power equation for
five particle groups. AGNPS considers the transport of nitrogen, phosphorus and
chemical oxygen demand (COD), which are further divided into two groups: soluble and
particulate. The sediment-associated pollutants are related to the total sediment yield
while the soluble pollutants account for the contribution from rainfall, fertilizer, and
leaching. In 1998, AGNPS was modified into AnnAGNPS to expand its application to
continuous multi-event systems. It has also been linked to Geographic Resources
Analysis Support System (GRASS GIS) (GRASS Development Team 2005).
Areal Nonpoint Source Watershed Environment Response Simulation (ANSWERS) is a
distributed continuous watershed-scale model. Originally, it was designed to simulate
single storm events (Beasley, et al. 1980). The latest version ANSWERS 2000 has the
capability to describe continuous hydrological events on non-urban areas (Bouraoui
1994). In contrast to lumped models, ANSWERS is a distributed parameter model which
describes a watershed as homogeneous grid cells with uniform soil properties, slopes,
land use, management practice, etc. Different characteristics among neighbor grids
represent the heterogeneity of a watershed. This feature allows ANSWERS to identify the
critical areas within a watershed as well as evaluate the impact of BMP implementation.
The model simulates overland flow, infiltration, and channel flow within each grid by
using physically-based equations. It simulates erosion and transport of particles with
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various sizes. Because channel erosion isn’t included (Bouraoui 1994), the model might
under-predict the sediment erosion from land surfaces. The model describes the transport
and interaction of both dissolved and sediment-associated nutrients. These include four
nitrogen species (stable organic N, active organic N, nitrate and ammonium) and four
phosphorus species (stable mineral P, active mineral P, soil organic P and labile P).
The Groundwater Loading Effects of Agricultural Management Systems (GLEAMS)
model is another continuous field-scale model developed by USDA (Knisel and Davis
1999). As an extension of Chemicals, Runoff and Erosion from Agricultural Management
Systems (CREAMS), GLEAMS is designed to estimate the “edge-of-field and
root-of-bottom loadings of water, sediment, pesticides, and plant nutrients for complex
climate-soil-management interactions” (Knisel and Davis 1999). It has three basic
components: hydrology, sediment yield and chemical transport. In the hydrology part, a
modified SCS Curve Number method is used to estimate the surface runoff volume and
an empirical equation is applied to estimate the peak flow by using the hydraulic slope.
MUSLE is adapted to calculate sediment erosion while a modified Yalin equation is used
to estimate the sediment transport capacity. The nutrient transport part is further divided
into the plant nutrient part and the pesticide part. GLEAMS can simulate up to
366p esticides simultaneously. It not only considers the surface transport of pesticides
due to runoff and sediment, but also the movement within and through the root zones. In
the plant nutrient part, it simulates the nitrogen and phosphorus cycles in the soil layers
by estimating the transformation between organic and mineral nitrogen and phosphorus.
It also considers the contribution of agricultural activities to the nutrient loadings, such as
fertilizer application, animal waste application, and tillage.
Hydrological Simulation Program–Fortran (HSPF) is a conceptual lumped hydrological
model designed to simulate various hydrological and associated water quality
components in a watershed (Bicknell, et al. 2001). The origin of the model, called the
Stanford Watershed Model (SWM), was developed in the 1960s. After being
continuously updated, it is now the core program of the United States Environmental
Protection Agency (USEPA) Better Assessment Science Integrating Point and Nonpoint
Sources (BASINS) package. Different from single event simulation models, HSPF
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describes a continuous series of hydrological events by using intensive rainfall and other
meteorological data, such as temperature, solar radiation, wind speed, potential
evaporation, and cloud cover. Based on hydrological characteristics, HSPF defines two
types of land segments. The pervious land segments describe comprehensive
hydrological and water quality processes that occur in forest, agricultural or other
permeable land areas. Theoretical and empirical equations are applied to simulate
moisture allocation among surface flow, interflow and baseflow. It also describes the
sediment erosion, transportation and deposition on the land surfaces. Two methods are
provided to simulate the water quality constituents: a simple relationship with water and
sediment yield, or a detailed agricultural chemical approach. Impervious land segments
describe water movement, sediment transport and water quality in a much simpler system
based on similar concepts. Because pervious and impervious land areas are
mixed-distributed, the model has limited capability to identify critical areas in a
watershed. The runoff, along with associated water quality components, is passed to the
reach section, where transport and fate in well-mixed streams and rivers are described.
Diverse water quality constituents, including DO, carbonaceous biochemical oxygen
demand (CBOD), nitrogen, phosphorus, algae and phytoplankton, can be simulated.
The Precipitation Runoff Modeling System (PRMS) (Leavesley, et al. 1983) is a
distributed-parameter hydrological model designed to simulate the hydrographs of daily
flows as well as single storm events. It defines watersheds as a series of homogeneous
response units based on soil property, slope, vegetation, elevation, etc. It is developed in
a modular fashion in order to “evaluate the impacts of various combinations of
precipitation, climate, land-use or surface-water runoff” (Leavesley et al. 1983). For each
grid, water balance and energy balance are performed on a daily basis. Then the
contributions from each grid are area-weighted to produce the daily flow at the watershed
outlet. PRMS considers sediment detachment and transport processes in interrill as well
as rill areas, which are responsible for almost all sediment and sediment-associated
pollutant movement (Carey and Simon 1984). It applies the Smith method and Hjelmfelt,
Piest and Saxon method for rainfall detachment and flow detachment, respectively. The
transport capacity is assumed to be linear relative to the detachment capacity. There is no
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water quality module in PRMS. However, it has been linked to DAFLOW and
MODFLOW in the Modular Modeling System (MMS) package, which provides an
integrated watershed-modeling framework (Leavesley, et al. 1996).
Soil and Water Assessment Tool (SWAT) is a continuous physically-based watershed
scale model (Neitsch, et al. 2002), another core model in the EPA BASINS package. The
original model, called Simulator for Water Resources in Rural Basins (SWRRB), was
developed in the 1980s. It is designed to simulate the long-term impact of management
strategies on water quality issues on a relatively large-scale watershed. Based on land
uses, soil properties and other information, watersheds are delineated into several
subbasins. In each subbasin, daily precipitation and other meteorological data are applied
to simulate hydrological processes on different soil layers, including snowfall and
melting, surface runoff, infiltration, evaporation, subsurface flow, and groundwater flow.
The model provides two equations to estimate surface runoff: SCS curve number and
Green & Ampt infiltration method. A modified rational method is used to calculate runoff
volumes and peak runoff rates that would be used to estimate sediment erosion. SWAT
uses the MUSLE to estimate the long-term sediment erosion and yields. It simulates
various chemical and biological processes to estimate nutrient cycles in soil layers, which
include transformation and interaction among five nitrogen forms and six phosphorus
forms, respectively. The results, along with surface runoff and sediment, are passed to the
stream network that simulates the flow and water quality components in reservoirs or
main channels. Different routing approaches can be applied to flow, sediment, nutrient
and pesticide routing in reservoirs and main channels, which provide SWAT the
flexibility to simulate diverse features.
Storm Water Management Model (SWMM) is a dynamic model designed to simulate
water quality in urban areas (Huber and Dickinson 1988). It was developed in the early
1970s. After continuous updating over the years, it now has the capability to simulate
either single storm events or continuous hydrological processes. It defines watersheds as
homogeneous subcatchments with uniform land properties. Various hydrological
processes in pervious and impervious land areas are simulated in the runoff module.
Three methods (Horton, Green & Ampt, and Curve Number) are provided to estimate
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flow distribution over different soil profiles in pervious areas. Rainfall interception and
evaporation are accounted for in the depression storage. SWMM includes a flexible
hydraulic module to represent diverse structure facilities in storm sewers and combined
sewer systems, such as storage/treatment units, flow dividers, pumps, weirs, and orifices.
In the transport module, three flow routing methods are available to link the surface
runoff to the conveyance systems. As for the water quality aspect, SWMM has the
capability to handle any user-defined pollutants associated with runoff. It simulates three
activities that impact the pollutant loads in the land surface. These are buildup, washoff
and street cleaning. It accounts for the routing through the pipe/channel network by using
mass balance equations. In the storage-treatment module, SWMM considers the reduction
of water quality concentrations in operation or storage units. It has been used to simulate
water quality control facilities such as Best Management Practices (BMP).
The Hydrological Modeling System (HEC-HMS) is a physical based hydrological model
developed by the Hydrological Engineering Center (HEC) of the U.S. Army Corps of
Engineers (2000). It is designed for both event and long-term continuous simulations.
Watersheds are depicted as any combination of six hydrological elements that include
subbasin, river reach, reservoir, source and sink, junction, and diversion. It provides four
methods to describe the observed precipitation events and four methods to produce
hypothetic storm precipitation data that could be used to estimate direct runoff volumes.
Subbasins are categorized into pervious and directly-linked impervious land areas, and
three hydrological components (direct flow, base flow and flow losses) are simulated.
Four methods are provided to estimate the cumulative losses due to evaporation,
infiltration, interception, storage, etc. These are initial and constant-rate, deficit and
constant-rate, SCS curve number, and Green & Ampt methods. Base flows are estimated
by using the constantly varying method, exponential recession method or linear reservoir
model. Given the upstream hydrographs, HEC-HMS applies five routing methods to
solve the momentum and continuity equations to estimate the downstream hydrographs.
These are the lag method, the kinematic wave method, the Muskingum-Cunge method,
the Muskingum method, and the modified Puls method. These functions provide great
flexibility to simulate or predict hydrological events. However, the current version of
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HEC-HMS does not simulate snowfall and melting processes, which limits its application
in areas receiving snow. The model does not simulate any water quality components.
Water Erosion Prediction Project (WEPP) is a process-based distributed parameter
model, which was developed by the USDA Agriculture Research Service in the 1980s
(Flanagan and Nearing 1995). The model is designed to estimate soil erosion from
agricultural activities. It describes a watershed as a series of hillslopes that are linked by
channels. WEPP consists of twelve components that simulate the hydrology and sediment
processes in a watershed. The weather component generates the daily climate information
by using a stochastic model. The hydrology component has several process modules
including infiltration, overland flow hydraulics, water balance, subsurface hydrology,
hillslope erosion and deposition. The Green & Ampt equation and the kinematic wave
method are used in the hydrological components to estimate the surface flow volumes
and flow rates. Both interrill and rill sediment movement are considered under the
erosion component. Soil detachment capacity is based on hydraulic shear stress and
transport capacity is estimated by a simplified Yalin equation. The model has the
capability to represent the spatial variance of sediment erosion and transport, which
allows the capture of critical areas in a watershed that contribute mostly to the sediment
yields. WEPP does not have a water quality component.

2.2 Receiving Water Quality Models
Receiving water quality models are used to simulate the transport and fate of pollutants in
receiving waterbodies, such as streams, rivers, lakes, reservoirs and estuaries.
One type of receiving water quality model describes the processes in the mixing zone
when point source pollutants are discharged into receiving waters. A typical example is
CORMIX (Jirka, et al. 1991). It analyzes turbulent buoyant jet mixing patterns that
describe the flow and pollutant characteristics in discharge plumes. The model has the
capability to predict the mixing behavior of various discharge patterns, such as power
plant cooling water, desalinization plants and municipal wastewater. Other mixing zone
models include Plume and Visual Plume (Frick, et al. 2001).
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Unlike mixing zone models, the other type is capable of describing the transport and
movement of pollutants further downstream. These are sometimes called “far-field”
models (Novotny 2002). Usually they assume the system is mixed and there is no spatial
difference in contaminant concentration in a defined volume. They could be one-, two- or
three-dimensional. Because the natural system is described in a broader region, they are
often applied to simulate the water quality on a waterbody scale. The following is a
review of this type of receiving water quality models.
The early modeling effort can be traced back to the 1920s when the Ohio River
Commission performed a comprehensive survey to investigate the pollution and
self-recovery mechanism of the Ohio River. In this investigation, one of the most
significant water quality models, the Streeter-Phelps equation, was created (Streeter and
Phelps 1925). The equation described the variation of DO with water movement
downstream. The model considered two significant processes that controlled the overall
DO balance in the river system. One was the degradation of dissolved and suspended
organic materials that were discharged from sewage plants, and the other was the
atmospheric reaeration. These two opposing processes were combined to estimate the DO
deficit. The authors applied a first-order differential equation to describe the natural
system and provided an analytical solution to describe the DO balance over time. The
results showed that when dissolved and suspended organic materials entered the river,
they were consumed by organisms and thus reduced the DO concentrations in the river.
However, the concentration gradient between water and atmosphere was another driving
force and atmospheric oxygen entered the river system in order to compensate for the DO
deficit. There was a critical point when biochemical oxygen demand (BOD) decay and
reaeration were in balance and the DO deficit was at its highest. After this point, the river
eventually recovered to the unpolluted condition. A classic plot, known as the DO sag
curve, was developed.
In the 1960s, the Delaware Estuary Comprehensive Study (DECS) was undertaken to
investigate possible solutions to water quality problems in the Delaware Estuary (Udall,
et al. 1966). In this study, the classic Streeter-Phelps model was extended to a more
comprehensive one. The Delaware Estuary was mathematically represented as a
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30-segment system. BOD and DO mass balance equations were written for each section.
These differential equations were solved simultaneously and the results successfully
described the DO variation along the estuary. The model had the capability to simulate
the impact of time-dependent waste loads discharged at different locations. And it
represented the real system more closely by using spatially- and temporally-varying
decay and reaeration rates. The model was expanded to simulate other water quality
components such as chlorides and coliform bacteria. Another significant application of
the model was to execute it for various scenarios, such as changing loads at multiple
locations. These scenarios provided a rapid assessment of alternative management
strategies for pollution control and helped the decision makers to evaluate the different
approaches.
Due to the successful applications of mathematical models in water quality simulation,
government agencies and other scientific groups began to increasingly use this new
technology. Model applications were no longer restricted to DO and BOD simulations.
In the 1960s, a consulting company called Water Resources Engineers, Inc (WRE 1968)
and a group at the Massachusetts Institute of Technology (Huber, et al. 1972) applied
heat energy principles to impoundment systems and developed the first mathematical
scheme to describe vertical changes of temperature in one-dimensional reservoir models.
Later on, these models were extended to simulate other water quality components such as
DO and nutrients. In 1972, the Tennessee Valley Authority (TVA 1972) released a
comprehensive report and developed better formulae to represent air-water heat
exchanges. These empirical equations have been widely used in other water quality
models such as CE-QUAL-W2.
The mathematical models were extended to estimate the trophic state of a waterbody
because the extensive nutrient loadings into lakes and reservoirs altered the chemical and
biological characteristics dramatically and aroused significant environmental concerns. In
the 1970s, QUAL I was developed to simulate stream temperature and water quality
constituents such as DO and BOD. EPA specified it as the basis to develop other
advanced water quality models. QUAL II, an updated version released a few years later,
had the capability to describe the impact of nutrient loads on the DO balance in a more
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complicated stream. Due to its flexibility and good documentation, QUAL II was adopted
and improved by other agencies, such as the Southeast Michigan Council of
Governments (SEMCOG) and the National Council of the Paper Industry for Air and
Stream Improvement (NCASI). They adopted numerical solutions to simulate oxygen
demand, nutrient cycle, advection, and dispersion, which enhanced the simulation
capabilities and extended the application of QUAL II. In 1987, USEPA, NCASI and
Tufts University performed a cooperative program and developed QUAL2E, which has
been “widely used for waste load allocations, discharge permit determinations, and other
conventional pollutant evaluations in the United States” (Brown and Barnwell 1987).
QUAL2E is a steady-state one-dimensional water quality model available from the
USEPA. It applies a finite difference approach to solve mass transport equations
simultaneously. It is suitable for describing dendritic stream systems with point
discharge/withdrawal or distributed loads/losses. Although algae are simulated as
chlorophyll a, the model provides more accurate prediction of DO by including algae,
nutrient and DO interaction. In addition, it is able to simulate fifteen water quality
constituents, including nitrogen, phosphorus, coliform and CBOD. Typical applications
of QUAL2E include stream assimilative capacity, waste load allocation studies and
diurnal response to climatology (Brown and Barnwell 1987). Currently, it is included in
the BASINS package as an in-stream water quality model.
Unlike simple steady-state water quality models, hydrodynamic and water quality models
describe the spatial and temporal characteristics of rivers, lakes, reservoirs and estuaries.
The fundamental mechanisms behind the models are the conservation of mass, energy
and momentum (Equation 2-2).
Equation 2-2: Conservation Equation (Source: Martin and McCutcheon (1999)

Accumulati on = ±Transport ± Sources/Si nks
Where : Accumulati on =

[(

) ] , Δ[(ρ ) ⋅ V ] ,

Δ ρ ⋅ c p ⋅ T ⋅V
Δt
Heat

Δ[(C ) ⋅ V ]
[(ρ ⋅ u ) ⋅ V ]
, or
Δt
Δt
Δt
Water Mass Constituen t Mass Momentum
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The conservation of mass states that “all the materials can neither be created nor
destroyed, but merely transferred or transformed” (Martin and McCutcheon 1999). In
water quality models, it is applied to write the mass balance equations or
advection-dispersion equations for water quality constituents. Conservation of water mass
forms the basis for the continuity equation, which is applied to estimate flow volume.
Conservation of energy states that “the energy associated with matter entering any system
plus the net energy added is equal to the energy leaving the system, or the net work done
by the system, and the change in energy within the system” (Martin and McCutcheon
1999). It is the theory behind the heat balance for temperature estimation in water quality
modeling. It helps to simulate thermal stratification and related mixing energy in lakes
and reservoirs. In water quality models, temperature is normally used as a measure for
heat energy.
The conservation of momentum states “momentum can neither be created nor destroyed,
but merely transferred or transformed” (Martin and McCutcheon 1999). Unlike mass and
energy, momentum is a vector quantity. It has both magnitude and direction. The
conservation of momentum indicates that momentum is conserved in all three coordinate
axes (x, y and z). It is applied to estimate the flow velocity and direction.
To simulate the changes of energy, mass and momentum, the water system is normally
defined by a series of control volumes. A control volume is “an object for analysis
separated from all other objects by a known or defined boundary” (Martin and
McCutcheon 1999). A control volume with open boundary allows the transport of mass,
energy and momentum either into or out of the system. The size of a control volume
varies. It ranges from nearly 5003 m3 for large-scale systems to 503 m3 for smaller ones
(Martin and McCutcheon 1999), depending on system characteristics. If variables are
expressed as instantaneous terms in a control volume, six basic equations can be written
for conservation of mass, energy and momentum (Table 2-4).
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Table 2-4: Equations for Flow and Transport Written In Term of Instantaneous Variables
Continuity
Constituent
Transport

Momentum
x-direction
y-direction
z-direction

Equation of State

∂u ∂v ∂w
=q
+
+
∂x ∂y ∂z
∂C
∂
∂C
∂C
∂ (uC ) ∂ (vC ) ∂ ( wC ) ∂
∂
∂C
=−
−
−
+ ( Dm
) + ( Dm
) + ( Dm
) ± Sources / Sinks
∂x
∂y
∂t
∂x
∂y
∂z
∂x
∂y
∂z
∂z

∂u
∂
∂u
∂
∂u
∂ (uu ) ∂ (vu ) ∂ ( wu ) ∂
∂u
=−
−
−
+ (ψ
) + (ψ
) + (ψ
) + gx
∂x
∂y
∂t
∂x
∂y
∂z
∂x
∂y
∂z
∂z
∂v
∂v
∂ (uv) ∂ (vv) ∂ ( wv) ∂
∂v
∂
∂v
∂
=−
−
−
+ (ψ ) + (ψ ) + (ψ ) + g y
∂t
∂z
∂z
∂x
∂y
∂z
∂x
∂y
∂x
∂y
∂w
∂w
∂ (uw) ∂ (vw) ∂ ( ww) ∂
∂w
∂
∂w
∂
) + (ψ
) + (ψ
) + gz
=−
−
−
+ (ψ
∂t
∂z
∂z
∂x
∂y
∂z
∂x
∂y
∂x
∂y
ρ = f (C , T )

Source: Martin and McCutcheon. 1999.
Where:

u : Instantaneous Velocity Along x Axis (LT-1)
v : Instantaneous Velocity Along y Axis (LT-1)
w : Instantaneous Velocity Along z Axis (LT-1)
C : Concentration (M/L3)
T : Temperature

ρ : Density (M/L3)

Dm : Diffusion Coefficient (L2T-1)

ψ : Kinematic Viscosity of Water (L2T-1)
Due to the mathematical challenges in solving these equations, in the late 19th century,
Reynolds proposed a simplified method to split the instantaneous velocities into two
parts: mean values and the fluctuation from the mean values. By substituting
instantaneous velocities with these two components, the motion and constituent transport
equations are simplified because the average of the fluctuation values are zero by
definition. This simplified approach is known as the Reynolds average equations and is
widely used in water quality models such as CE-QUAL-W2. Table 2-5 shows the
simplified six basic motion and transport equations.
These equations could be used in three-dimensional, or two-dimensional systems if
variation of velocity in one axis is assumed to be negligible compared to the other two
physical axes. For example, for a long, narrow waterbody, flow variation could be
assumed to be relatively small along the lateral (y) axis. The simplified equations for this
case are shown in Table 2-6.
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Table 2-5: Reynolds Averaged Equations of Flow and Transport

Continuity

∂u ∂v ∂w
+
=q
+
∂x ∂y ∂z

Constituent Transport

∂
∂
∂
∂C
∂
∂C
∂
∂C
∂C
∂(uC) ∂(vC) ∂(wC) ∂
) + ( Dm
) + ( Dm
) ± Sources/ Sinks
=−
−
−
− u' C' − v' C' − w' C' + ( Dm
∂x
∂x ∂y
∂y
∂z
∂z
∂t
∂x
∂y
∂z
∂x
∂y
∂z

Momentum
x-direction
y-direction
z-direction

Equation of State

∂u
∂ (uu ) ∂ (vu ) ∂ ( wu ) ∂
∂
∂
∂
∂u
∂u
∂
∂u
∂
=−
−
−
− u ' u ' − v' u ' − w' u ' + (ψ
) + (ψ
) + (ψ
) + gx
∂t
∂x
∂z
∂y
∂z
∂x
∂y
∂z
∂y
∂x
∂x
∂y
∂z
∂
∂
∂
∂v
∂v
∂
∂v
∂
∂v
∂ (uv) ∂ (vv) ∂ ( wv) ∂
=−
−
−
− u ' v' − v' v' − w' v' + (ψ ) + (ψ ) + (ψ ) + g y
∂x
∂x
∂y
∂z
∂t
∂x
∂y
∂z
∂x
∂y
∂z
∂y
∂z
∂w
∂ (uw) ∂ (vw) ∂ ( ww) ∂
∂
∂
∂
∂w
∂w
∂
∂w
∂
=−
−
−
− u ' w' − v' w' − w' w' + (ψ
) + (ψ
) + (ψ
) + gz
∂t
∂x
∂z
∂y
∂z
∂x
∂y
∂z
∂y
∂x
∂x
∂y
∂z
ρ = f (C , T )

Source: Martin and McCutcheon 1999.
Table 2-6: Reynolds Average Equations for a Two Dimensional System Assuming Lateral (y-Axis) Homogeneity

Continuity

∂u ∂w
=q
+
∂x ∂z

Constituent Transport

∂(uC) ∂(wC) ∂
∂C
∂
∂
∂C
∂
∂C
− u' C ' − w' C ' + ( Dm
) + ( Dm
) ± Sources/ Sinks
−
=−
∂z
∂x
∂z
∂x
∂z
∂x
∂t
∂x
∂z

Momentum
x-direction
y-direction
z-direction

Equation of State

∂ (uu ) ∂ ( wu ) ∂
∂u
∂u
∂
∂
∂u
∂
∂u
∂
− u ' u ' − w' u ' + (ψ
−
=−
) + (ψ
) + (ψ
) + gx
∂z
∂x
∂z
∂x
∂y
∂x
∂z
∂z
∂t
∂x
∂y
---∂ (uw) ∂ ( ww) ∂
∂w
∂
∂
∂w
∂
∂w
∂w
∂
− u ' w' − − w' w' + (ψ
−
=−
) + (ψ
) + (ψ
) + gz
∂z
∂x
∂z
∂x
∂x
∂z
∂t
∂x
∂y
∂z
∂y
ρ = f (C , T )

Source: Martin and McCutcheon 1999.
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Analytical solutions provide a quick check for numerical solutions, and some typical
examples include Euler’s method, Heun’s method, and the Runge-Kutta method. Because
hydrodynamic and water quality models involve a series of differential equations, the
analytical approach is rarely used.
The more popular approaches include finite difference and finite element. Finite
difference is the analog of the derivative, and the difference approximations include
forward, backward and centered difference. Because the hydrodynamic models involve
both spatial and temporal variables, they are mixed to solve complicated equations. For
example, the forward-time/centered space (FTCS) method applies forward difference in
time variables and centered difference in spatial variables, while the forward
time/backward space (FTBS) method applies forward difference in time variables and
backward difference in spatial variables.
The finite element approach defines the system as “finite elements” (segments or
elements that are small in relation to the physical size of the system), which are
connected with each other through nodal points. The continuous quantities over the
elements are represented by assembling quantities at discrete points. It has the capability
to represent waterbodies with greatly complex geometries.
For water quality models of rivers and streams, flow characteristics are essential to the
systems. The Chezy equation and the Manning Equation are among the most widely used
empirical approaches to estimate the flow velocities that don’t vary over time (Table 2-7).
For channels with varying depths or cross sections in space, the Bernoulli energy
equation is able to estimate the relationship between flow velocity and energy losses due
to structures and irregular channels. Unsteady flow methods are used to predict dynamic
flow conditions when flows are varying over time and space (Table 2-7). Flow velocities
are predicted by solving the continuity and momentum equations simultaneously. In order
to reduce the complexity involved, some terms of the momentum equations are ignored
during calculation. The simplified methods include the kinematic wave method, diffusion
method and quasi-steady method.
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Table 2-7: Hydraulic Methods for Different Flows
Steady, uniform flow
Manning’s Equation

Chezy’s Equation

U=

δ
n

⋅ R2 / 3 ⋅ S1/ 2

U = Cz ⋅ R ⋅ S
Where : C z = 2 g / C D

Steady, Nonuniform Flow
Bernoulli Equation
U 12
U 2
n2
+ h1 = 2 + h2 + 2 4 / 3 ⋅ U 2 ⋅ Δx
2g
2g
δ ⋅R

Unsteady flow
Continuity Equation

Momentum Equation

∂Q ∂A
=0
+
∂x ∂t
∂γ
∂U
∂U
+U ⋅
+g⋅
− g ⋅ (S 0 − S f ) = 0
∂t
∂x
∂x

δ : Unit Conversion (L1/3T-1)
n : Manning Roughness (unitless)
R : Hydraulic Radius (L)
S : Channel Slope (L/L)
C z : Chezy Coefficient (LT-2)
C D : Drag Coefficient (unitless)
R : Hydraulic Radius (L)
S : Channel Slope (L/L)

U1 : Flow Velocity at Point 1 (LT-1)
U 2 : Flow Velocity at Point 2 (LT-1)
h1 : Water Surface Elevation at Point 1 (L)
h2 : Water Surface Elevation at Point 2 (L)
δ : Unit Conversion (L1/3T-1)
R : Hydraulic Radius (L)
n : Manning Roughness (unitless)
Δx : Channel Length Between Point 1 and Point 2 (L)
Q : Flow Rate (L3T-1)
A : Cross Section Area (L2)
U : Flow Velocity at Point 1 (LT-1)
γ : Water Depth (L)

Kinematic Wave S 0 : Channel Bottom Slope (L/L)
Diffusion Wave S : Friction Slope (L/L)
f
Dynamic Wave

Source: Chow, et al. 1988
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In water quality models for lakes and reservoirs, thermal stratification and mixing
mechanisms are of concern because they affect water quality in different limnetic zones.
There are two commonly-used methods to estimate the surface water temperature. One is
based on the heat exchange at the water surface. In general, the heat flux at the water
surface is considered to be the summation of solar radiation, back radiation from the
water surface, atmospheric radiation, evaporation heat loss and conduction. Either
physically- or empirically-based equations are used to estimate the contribution from
each energy source or sink. The resultant net thermal energy flux provides water surface
temperature information. The other method, called the equilibrium temperature method,
is simpler in concept. It assumes that the surface water temperature tends to approach an
equilibrium temperature based on meteorological conditions. So, if the water surface
temperature is less than the equilibrium temperature, there will be a heat gain in the water
system, and vice versa. Because analytical methods use more-direct calculation
processes, the equilibrium method requires less computation time and storage space.
In addition to the QUAL series, there are other receiving water quality models. Those in
the public domain include WASP, CE-QUAL-W2, EFDC/HEM3D, and RAM series.
The Water Quality Analysis Simulation Program (WASP) is a dynamic water quality
model that can simulate the transport and fate of conventional and toxic contaminants in
water columns as well as benthic segments (Wool, et al. 2003). By applying the
compartment approach, the model allows the application on one-, two- or
three-dimensional spaces. The model provides the linkage between hydrodynamic models
and water quality models. The hydrodynamic model DYNHYD5 originated from the
Dynamic Estuary Model (Feigner and Harris 1970). After several updates, the current
version applies the finite difference approach to solve the one-dimensional continuity
equation and momentum equations. The results allow the prediction of water velocities,
water heads, flows and volumes, which can be used in water quality models to calculate
the mass transport and contaminant concentrations. In addition to DYNHYD5, WASP
provides linkages to RIVMOD, a one-dimensional river hydrodynamic model, as well as
SED3D, a three-dimensional lake hydrodynamic model. WASP6 includes two kinetic
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water quality models, EUTRO4 and TOXI4. EUTRO can simulate conventional
pollutants such as DO, nitrogen, phosphorus, CBOD, and phytoplankton. It considers the
interaction and transport between waterbodies and benthic layers and has also been used
to investigate the eutrophication and nutrient loading to lakes and reservoirs. TOXI4 can
simulate the transport and transformation of toxic materials, such as metals and organic
chemicals. This module is used to simulate Polychlorinated Biphenyls (PCB), kepone and
volatile organic pollutants.
CE-QUAL-W2 is a two-dimensional hydrodynamic and water quality model sponsored
by the U.S. Army Corps of Engineers (Cole and Wells 2003). It describes the
longitudinal and vertical variations of flow and water quality characteristics while
assuming homogeneity along the lateral direction. Such considerations make the model
capable of describing water quality gradients in relatively long and narrow waterbodies
such as rivers, reservoirs, estuaries and lakes. Waterbodies are defined using variable grid
spacing. Six governing equations (the continuity equation, momentum equations for xand z-axis, free surface equation, state equation and hydrostatic pressure equation) are
written for each grid. A finite difference method with numerical schemes is applied to
solve these equations for each grid at each time step. The results describe the spatial and
temporal variance of the surface elevation, horizontal velocity, vertical velocity and
constituent concentrations. The model simulates diverse conventional water quality
constituents, such as temperature, DO, CBOD, nutrients, algae, etc. The latest version of
CE-QUAL-W2 is able to simulate multiple algae groups as well as epiphyton/periphyton
groups. These improvements increase its capability to represent the nutrient cycles and
eutrophication.
HEM3D is a three-dimensional hydrodynamic and water quality model. Its concept is
similar to that of WASP, which links a hydrodynamic model to a water quality model. A
model called the Environmental Fluid Dynamics Code (EFDC) was originally developed
for the Chesapeake Bay estuarine system. It defines the waterbodies as orthogonal
curvilinear horizontal grids and sigma-stretched vertical grids (Hamrick 1996), which
allows the model to represent irregular shoreline configurations. A second order accurate
spatial finite difference method is used to solve the governing momentum equations and a
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finite difference scheme with an internal-external mode splitting procedure is used for
time integration. This allows the model to describe physical processes like flow
circulation, tide and vertical mixing driven by wind. The momentum equations are
dynamically integrated with two transport-transformation equations (Eulerian and
Lagrangian), which describe the spatial and temporal distribution of temperature, salinity
and sediment. Later, a water quality model (TMP-VIMS), which was developed mostly
from the 3-D Chesapeake Bay water quality model CE-QUAL-ICM (Park, et al. 1995),
was included. The resultant model is known as HEM3D, which simulates the spatial and
temporal distribution of twenty one water quality constitutes that include DO, CBOD,
three suspended algae groups, nutrients, and silica. It also includes a sediment process
module to describe nutrient fluxes between water layers and sediment layers. These
features not only allow HEM3D to predict the eutrophication level of waterbodies, but
also to predict the long-term impact of upstream nutrient loadings.
The RMA series are one-, two-, or three-dimensional hydrodynamic and water quality
models originally developed by Resource Management Associates (RMA) and currently
maintained by U.S. Army Corps of Engineers Waterways Experiment Station (WES).
RMA2 (King, et al. 2001) is a two dimensional, vertically averaged hydrodynamic model
to estimate the surface elevation and horizontal velocity of free-surface flow systems.
The depth-averaged mass balance and momentum equation are solved by the finite
element method using the Galerkin method of weighted residuals. The Gaussian approach
and a nonlinear finite difference method are used to perform spatial and temporal
integration. RMA4 (King, et al. 2003) applies similar hydrodynamic concepts for flow
estimation. However, it has the capability to estimate the transport and fate of up to six
conservative or non-conservative constituents. RMA10 is a multiple-dimensional
hydrodynamic model that can perform either steady-state or dynamic simulation for flow
velocity, salinity and sediment transport. The finite element method is applied to solve
the governing equations. RMA11 is designed to accept the flow velocity and depth data
generated by RMA2 or RMA10 as input data. These inputs are used to estimate the
transport and fate of water quality constituents such as DO, BOD, ammonia, nitrate,
phosphate, algae, and suspended solids. The RMA series models are widely used to
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estimate the hydrodynamic and constituent fate in surface waters and have been
incorporated into the Surface Water Modeling System (SMS).

2.3 Linked Models
In the early period of water quality model development, most models were designed to
handle one particular system. For example, QUAL2E was developed to estimate the DO
and BOD variation along a stream at steady state while HSPF was created to simulate the
hydrological processes on land surfaces. So there are groundwater models, surface water
models, hydrological models, river models, etc. Each of them simulates different
compartments in the interrelated natural system and represents the impacts from
surroundings as boundary conditions and initial conditions. The assumption behind these
model applications is that each watercourse is independent and isolated from surrounding
systems. This allows the representation of specific characteristics associated with
individual waterbodies.
One reason for this was the limitation of computer resources. There was inadequate
storage and memory to perform simulation for complex systems. However, this has
become less and less important due to improvement in computation techniques and
resources. Although these models have the capability to predict and evaluate water
quality in individual waterbodies, they cannot address the interaction between different
waterbodies and surroundings. Thus they have limited applications in complex and
multi-purpose management programs.
The digital revolution of the late twentieth century in personal computers allowed
sufficient memory and storage space to perform high-resolution calculations. This made
mathematical simulation possible for complex and interdependent systems. At the same
time, more and more attention has been paid to integrated watershed management. Such
programs address the natural system from a big-picture point of view and treat a
watershed as a single entity. Individual waterbodies and processes in a watershed are
regarded as components of a larger system. The behavior of each waterbody and
interaction between various processes help to shape the whole system. When water
30

quality models play a role in these management programs, it requires the consideration of
how to represent such a complex condition correctly. A single model application might
not be appropriate. For example, a watershed model is designed to estimate the
hydrological processes over the land as well as through different soil layers. Most
watershed models provide stream routing functions to estimate flow distribution into
receiving waterbodies, which are generally assumed to be rivers or streams. However,
these simulations might not be as accurate as those done by special river or stream
models.
When the management objective is the water quality in the receiving streams, the
application of a watershed model might not be able to give predictions as accurately as
those from stream models. On the other hand, when a stream model is applied to perform
simulation for streams, it actually isolates the streams from the surrounding system and
the decision-makers end up treating the system piece by piece instead of as an
interdependent system.
Such dilemmas give rise to considerations of linked model application. In this case,
modelers can select an appropriate watershed model to estimate the hydrological
processes in the system and link it to a stream model that estimates the receiving stream
water quality. Thus, the physical and chemical processes described by the individual
models in a linked model application represent the inter-linkage in the natural system.
Model applications can be regarded as an analytical tool in integrated watershed
management strategies.
Linked model applications are particularly helpful to represent a more complex natural
system. A good example is the linkage of surface water models with groundwater
models. Interaction between groundwater and surface water has been intensively studied
(Freeze and Cherry 1979). In some areas, surface water quality is highly related to the
groundwater system, and vice versa. In some modeling applications, a state-of-the-art
groundwater model, MODFLOW, has been linked to other surface water models to
account for the interaction between groundwater and surface water (Jobson and Harbaugh
1999; Ramireddygari, et al. 2000; Sophocleous, et al. 1999; Swain and Wexler 1996). It
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has also been linked with an open channel flow model called UNET (Walton, et al.
2000). The coupled model, called MODNET, has been applied in the south Florida region
to estimate the transient flow between aquifer and streams. Table 2-8 gives some
examples of integrated model applications that link two or more models.
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Table 2-8: Linked Model Applications

Locations
― (Swain and Wexler 1996)
― (Jobson and Harbaugh 1999)
Back Bay Watershed, MS (MDEQ 2002)
Ballona Creek watershed, CA (Burian, et al.
2001)
Black Rock Forest, NY (Engel, et al. 2002)
Bluegrass Watershed, Iowa (Tim, et al. 1995)
Brandywind Creek Watershed, DE (USEPA
2001)
Calaveras River Watershed, CA (Anderson, et
al. 2000)
Cooper River, SC (Conrads and Roehl Jr. 1999)
Coosa River Basin, GA (GDNR 2003)
Dade County, FL (Walton, et al. 2000)
Estero-Imperial-Cocohatchee Watershed, FL
(Christierson, et al. 2001)
Grande Ronde River Basin, OR (Chen, et al.
1998b)
Higginsville River Basin, MI (Leung, et al.
2001)
Ipswich River Basin, MA (Zarriello, et al.
2001)
Klamath River, OR (Campbell, et al. 2001)
Lahn-Dill Hill-Country, Germany (Weber, et
al. 2001)
Lake Gaston, VA (Gatling, et al. 2000)
Lower Arkansas River Basin, CO (Dai and
Labadie 2001)
Lake Waco-Bosque River Basin, TX (Flowers,
et al. 2001)
Mill Creek, KS (York, et al. 2002)
Nepean-Hawkesbury River, Sydney, Australia
(Perrens, et al. 1991)
Norris and Melton Hill Reservoirs, TN

Models
MODFLOW→BRANCH
DADLOW→MODFLOW
NPSN→WASP
CIT→SWMM
SPA→TOPMODEL
ARC/INFO→AGNPS
HSPF→EFDC

Applications
To integrate groundwater and surface water models
To couple surface water and groundwater model applications
For Fecal Coliform TMDL program
To Estimate atmospheric deposition and storm water washoff of nitrogen
species
To estimate plant-water relations in a forest catchment
To evaluate the effectiveness of BMPs
To update flow and sediment transport routines in HSPF

MM5*→HEC-HMS

To predict the reservoir inflows resulting from watershed runoff

BRANCH→BLTM
LSPC→EFDC
MODFLOW↔UNET
MIKE SHE→MIKE 11

To simulate stream temperature and DO
For chlorophyll a TMDL program
To couple open channel and groundwater model applications
For flood management

SHADE→HSPF

Simulation of stream temperature on a watershed scale

SWAT→ Finite Element Lake
Model
STRMDEPL→HSPF

Simulation of atrazine transport

MODSIM→HEC-5Q
ProLand→SWMM
ProLand→ELLA
SWMM→QUAL2E
MODSIM↔QUAL2E

DO and temperature simulation.
Estimation of land use effect on agricultural economics, ecology and
hydrology.
To control water flow and TSS in the lake
Estimation of irrigation return flow

SWAT→HSPF

To evaluate phosphorus control strategies

ATMOS→VOS-MOD
TIDEWAY→HSPF

A coupled aquifer–land surface–atmosphere model
River system and catchment hydrology simulation

ADYN-RQUAL→CE-QUAL-W2

Linkage of two reservoirs for temperature and DO simulation

Estimation of groundwater contribution to stream flow
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(Hadjerioua, et al. 2001)
Northern Tampa Bay, FL (Ross, et al. 2004)
HSPF↔MODFLOW
Rattlesnake Creek Basin, KS (Sophocleous, et
SWAT → MODFLOW
al. 1999)
Salt Creek, IL (Ishii, et al. 1998)
HSPF→FEQ**
Tamil Nadu, India (Selvarajan, et al. 1995)
CAPSIM→ASIM→SAHEL
Texas Rivers (Lizarraga 1996)
QUALTX→DAFLOW/BLTM
Townbrook Watershed, NY (Cerucci and
SWAT→REMM
Conrad 2003)
Wet Walnut Creek Watershed, KS
MODFLOW→POTYLDR
(Ramireddygari, et al. 2000)
*Full Equation Model, a dynamic-wave routing model sponsored by USGS
** PSU/NCAR mesoscale model for precipitation forecas

Integrated surface/groundwater simulate
Simulation of surface water, groundwater and stream interaction
Real-time streamflow simulation
Evaluation of groundwater recharge through percolation ponds
TMDL evaluation for Texas rivers.
Investigation of impact of riparian buffer on sediment and phosphorus
load reduction
Integration of groundwater and surface water models
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Another benefit of a linked model application is the ability to address multidisciplinary
management objectives. Water quality models are not only used to simulate
straightforward water quality problems such as water quality standards violations and
eutrophication, but they are used in more complex management applications. For
example, the Chesapeake Bay watershed is a multi-state watershed and all states within
the watershed have some level of responsibility for water quality issues in the Bay. It is
important and necessary to identify the contribution from each potential source, so that
each state or jurisdiction is able to set allocation targets based on the overall pollution
reduction goal. This program, called the Tributary Strategy, had been carried out in the
Bay since 2000 (Chesapeake Bay Program Office 2000). The Bay model has been used to
determine the contributions from potential sources and thus provide pollution reduction
goals for each of them. It provides a scientific framework for stakeholder groups to
understand and contribute to the pollution reduction program.
Zhen et al. (2004) coupled a modified AGPNS to an optimization algorithm called the
scatter search methodology. The linked model application helped to identify the optimal
location and configuration for storm BMPs based on the long-term storm evaluation
within the studied watershed.
Another trend in modeling applications is to link water quality models with ecological
models. The purposes of such linked model applications are to estimate water quality
impact on ecological systems and associated costs and benefits that are of more concern
to stakeholders and more understandable by the public. For instance, a probability
network model was developed to estimate the nitrogen TMDL for the Neuse River
Estuary (Borsuk, et al. 2003). The model integrated an oxygen concentration module, a
benthic oxygen demand module and a shellfish survival model. Thus the output of the
model not only indicated the impact of nitrogen loads to DO and Chlorophyll a, but also
its impact on shellfish survival. Such ecological considerations provided a scientific
approach to TMDL decisions.

35

Saito et al. (2001) applied CE-QUAL-W2 to simulate the impact of the new temperature
control operation on Shasta Lake, California. The predicted phytoplankton production
generated by CE-QUAL-W2 was fed into a food web-energy transfer model that applied
stable isotope analysis with an optimization procedure for diet proportion. The results
from the interdisciplinary application addressed the impact of the new dam operation on
various fish species, which could not be achieved by stand-alone models.
Anderson et al. (1997) applied linked models to investigate salmon survival, growth and
migration in the Sacramento River and San Francisco Bay/Delta system. RAM-2 was
used to simulate the hydrodynamic characteristics in the system, which provided flow
information for RAM-11 to perform the water quality estimation. The output from the
combined RAM-2 and RAM-11 was fed into an ecological model called RMATRK,
which had the capability to estimate spatial and temporal distribution of salmon as well as
their population. This integrated model application allowed investigation of the impact
of flow, temperature and salinity on the aquatic ecosystem, which was represented by
salmon distribution in this case.
Water quality models are also linked with decision support systems (DSS), which
integrate hydrological, social, economic and ecological information into one system. It
helps the decision makers to evaluate alternative scenarios with respect to all these
considerations. For example, Bosch et al. (2003) linked HSPF to a statistical model to
evaluate the hydrological and economic impact of land use changes on the Back Creek
Basin, Virginia. Hydrological responses to various land use scenarios were simulated by
HSPF. The statistical economic model evaluated the impact of land use changes on land
values, tract development costs, as well as tax revenues. The results indicated the
environmental and economic tradeoff of different residential development scenarios. It
provided the best available information and helped decision makers to make desired
profit while still protect the environment.
Cerucci et al. (2003) estimated potential efficiency and budget to install riparian buffers
along a watershed in New York. SWAT and REMM were applied to simulate pollutant
loads from agricultural areas with or without buffers. The resultant pollution loads were
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used by a riparian decision support system (RDSS) to estimate the cost and width of the
riparian buffer zones.
Chen et al. (1999) proposed a decision support system to estimate TMDL for the
Catawba River Basin of South and North Carolina. A modified Integrated
Lake-Watershed Acidification Study model (ILWAS) was used to simulate hydrology,
nonpoint source load and water quality. This information was fed into a total maximum
daily load (TMDL) module that estimated the TMDL under different control levels. A
consensus module helped stakeholders to reach an agreement of watershed management
plans.
Geographic Information System (GIS) has been widely used with watershed model
applications. It links map products with water resource management and provides
variables that are difficult to obtain through traditional approaches. It improves database
storage and organization by incorporating diverse databases, such as digital elevation
model (DEM) products, State Soil Geographic (STATSGO) products and land use maps.
It helps to determine watershed characteristics as well as stream morphology (Miller, et
al. 2003) that can be used by other models. For example, ArcView has been used with
HSPF to predict the long-term impact of urbanization on surface water runoff (Brun and
Band 2000). Smith et al. (1992) linked GIS with a sediment erosion and transport model
to predict sediment yield for major single storm events in North Reelfood Creek
Watershed, Tennessee. Lunetta et al. (2003) applied GIS analysis to identify waterbodies
as salmon habitats in Oregon and Washington. The results provided management
guidance for salmon habitat preservation and restoration efforts. Dymond et al. (2004)
developed a GIS based spatial decision support system (SDSS) for Back Creek watershed
in Virginia. They applied GIS as a user interface to manage different spatial and temporal
information. Hydrological, economic and ecological models were integrated into one
system to provide a full estimation of the impact of alternative development scenarios.
Recognizing the benefits of integrated model applications in water resource management,
government agencies and other research groups have been involved in developing such
all-in-one models. Generally, such integrated models are designed for technical and
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non-technical people to address multi-disciplinary water resource management decisions.
A common user interface provides a straightforward way to manage disparate data and
operate individual processes in an integrated system. It also provides a framework to
integrate scientific models with management models such as economic, social and
ecological models. The results from these complex model applications would offer the
best available information for decision makers. Some examples include Better
Assessment Science Integrating Point and Nonpoint Sources (BASINS), Watershed
Modeling System (WMS), Surface Water Modeling System (SMS), Modules Modeling
System (MMS) and TMDL Modeling Toolbox (Table 2-9).
Table 2-9: Integrated Model Frameworks

Sponsors
BASINS

USEPA

WMS

DoD

System
Delineation
Automatic
and Manual
Automatic

SMS

DoD

Automatic

Watershed
Models
HSPF,
SWAT
HEC-1
(HEC-HMS)
TR-20
TR-55
Rational
Method,
NFF
MODRAT
HSPF
―

MMS

USGS

Automatic

PRMS

Toolbox

USEPA

Automatic
and Manual

LSPC
WAMView
SWMM

Receiving Water
Models
QUAL2E

Other
Models
PLOAD

HEC-RAS
CE-QUAL-W2

GSSHA

ADCIRC
STWAVE
CGWAVE
RMA2
RMA4
SED2D
RMA10-WES
FESWMS
HIVEL2D
DAFLOW
TOPFLOW

―

Free to DoD
employees

User
defined
modules
―

Free to the
public

EPDRiv1
QUAL2K
CONCEPTS
EFDC
WASP

Applications
Free to the
public
Free to DoD
and USEPA
employees

Free to the
public

BASINS is an EPA sponsored “multipurpose environmental analysis system for use by
regional, state, and local agencies in performing watershed and water quality based
studies” (USEPA 2004b). It was designed to meet three objectives: “(1) to facilitate
examination of environmental information, (2) to provide an integrated watershed and
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modeling framework, and (3) to support analysis of point and nonpoint source
management alternatives” (USEPA 2004b). It integrates a national environmental
database and a GIS database to provide input data for water quality models. It also
provides utilities to manage output information. It includes two watershed delineation
functions (manual and automatic). There are four models inside the BASINS package: an
in-stream water quality model (QUAL2E), two watershed water quality models (HSPF
and SWAT) and a simplified nonpoint source annual loading model (PLOAD). BASINS
is free to the public.
Watershed Modeling System (WMS) is sponsored by the Department of Defense. It is “a
comprehensive graphical modeling environment for all phases of watershed hydrology
and hydraulics” (EMS-I Inc. 2002b). It integrates a group of models behind a GIS-based
interface. It provides input and output utilities to facilitate database management. It
includes a drainage module that provides an automatic watershed delineation function
based on digital elevation, land use and soil data. The hydrological models include
HEC-1 (HEC-HMS), TR-20, TR-55, Rational Method, NFF, MODRAT, and HSPF. The
hydraulic models include HEC-RAS and CE-QUAL-W2. A two dimensional
hydrological model called GSSHA is also included in WMS to simulate the interaction
between surface water and groundwater. Users have great flexibility to combine
appropriate models for specific objectives. It is free to employees of the Department of
Defense, USEPA, or onsite contractors of these agencies.
Surface-Water Modeling System (SMS) is another model package sponsored by the
Department of Defense. It is a “comprehensive software package that facilitates the
understanding and management of coastal and inland waterways and wetland areas”
(EMS-I Inc. 2002a). It includes an automatic mesh/grid generation to create two- and
three-dimensional finite element meshes and finite difference grids for systems. It
provides a graphic interface to integrate various hydraulic and coastal models, which
include ADCIRC, STWAVE, CGWAVE, RMA2, RMA4, SED2D, RMA10-WES,
FESWMS, and HIVEL2D. These models have the capabilities to simulate surface
elevation and flow velocities for one-, two-, or three-dimensional systems. They are
suitable for both steady-state and dynamic systems. It is applied to simulate contaminant
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migration, salinity intrusion, sediment transport, etc. SMS is free to employees of the
Department of Defense.
Modules Modeling System (MMS) is “an integrated system of computer software that
has been developed to provide the research and operational framework needed to support
the development, testing, and evaluation of physical-process algorithms and to facilitate
the integration of user-selected sets of algorithms into an operational model” (Leavesley,
et al. 1996). The complex model system, developed by the US Geological Survey,
provides a GIS-based common user interface to facilitate pre-process and post-process
components. Models are available through a module library, which includes a variety of
mathematical formulae for water, energy and biogeochemical processes. Users have the
flexibility to represent systems of interest by combining any processes. It allows the users
to build their own models by using existing models. Currently, DAFLOW, TOPFLOW
and PRMS are included in the module library. MMS also allows users to write their own
modules by using preferred algorithms. A watershed delineation function for distributed
parameter models is included. MMS is free to the public.
TMDL Modeling Toolbox is another model sponsored by USEPA (USEPA 2004a). It
includes components from two other complex model applications: Watershed
Characterization System (WCS) and Watershed Assessment Model (WAMView). WCS
provides users initial data of the watershed characteristics such as watershed boundaries,
land uses, soil data, environmental monitoring data, etc. This information can be quickly
analyzed and used to generate a watershed characteristics report. In addition, WCS has
some extensions that can be used in TMDL programs, which include a sediment budget
model, mercury-loading model and LSPC/HSPF. Besides assessment tools, Toolbox
provides three watershed models and five receiving water models. They are LSPC,
WAMView, SWMM, EPDRiv1, QUAL2K, CONCEPTS, EFDC and WASP. All these
models are integrated into a GIS-based interface. Users have the flexibility to combine
desired models to perform estimation of TMDL for streams, lakes and estuaries.
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Chapter 3. The Hydrological Calibration and Validation
of a Linked Watershed-Reservoir Model for
the Occoquan Watershed, Virginia
3.1 Summary
Runoff models such as HSPF and reservoir models such as CE-QUAL-W2 are used to
model water quality in watersheds. Often, the models are independently calibrated to
observed data. When models are linked by using the model output from an upstream
model as input to a downstream model, the physical reality of a continuous watershed,
where the overland and waterbody portions are parts of the whole, is better represented.
There are some additional challenges in the calibration of such linked models, because
the aim is to simulate the entire system as a whole, rather than piecemeal. When public
entities are charged with model development, one of the driving forces is to use
publicly-available models. This paper describes the use of two such models, HSPF and
CE-QUAL-W2, in the linked modeling of the Occoquan Watershed located in northern
Virginia, USA. The description of the process is provided, and results from the
hydrological calibration and validation are shown. The Occoquan Model consists of six
HSPF and two CE-QUAL-W2 applications, linked in a complex way, to simulate two
major reservoirs and the associated drainage areas. The linked model was calibrated for a
three-year period and validated for a two-year period. The results show that a successful
calibration can be achieved using the linked approach, with moderate additional effort.
Overall flow balances based on the three-year calibration period at four stream stations
showed agreement ranging from −3.95% to +3.21%. Flow balances for the two
reservoirs, compared via the daily water surface elevations, also showed good agreement
(R2 values of 0.937 for Lake Manassas and 0.926 for Occoquan Reservoir), when missing
(un-monitored) flows were included. The models were adequately validated to represent
the general watershed behavior. One of the advantages of using the linked approach is to
develop a direct linkage between upstream activities and downstream water quality. This
make it easier for decision makers to evaluate the alternative watershed management plan
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and for the public to understand the decision making process. The successful calibration
on hydrology would provide a solid base for further model application.

3.2 Introduction
The modeling of watersheds for water quality (WQ) is typically performed using runoff
models such as Hydrological Simulation Program–Fortran (HSPF) (Bicknell, et al. 2001)
and Soil and Water Assessment Tool (SWAT) (Neitsch, et al. 2002), whereas WQ
modeling for receiving waterbodies uses models such as Water Quality Analysis
Simulation Program (WASP) (Wool, et al. 2003) and CE-QUAL-W2 (Cole and Wells
2003). When public entities are charged with model development, one of the driving
forces is to use publicly-available models. When a watershed drains to a single
waterbody, this process is fairly straightforward. In cases where there is more than one
major waterbody in a watershed, a decision must be made as to how to best represent the
physical reality in the entire watershed, even when the focus is principally on the WQ in
the most-downstream waterbody.
The Occoquan Watershed (Watershed) is such a system. The most-downstream
waterbody is the Occoquan Reservoir (Reservoir). However, in one of the sub-watersheds
draining to the Reservoir, there is another significant waterbody called Lake Manassas
(Lake). Both waterbodies serve as drinking water sources.
This paper describes the hydrological calibration and validation of a linked model for the
Occoquan Watershed. Linkage here is defined as the output of an upstream submodel
being used as input to the next downstream submodel (i.e., serial linkage). The
calibration of models linked in such a fashion presents some challenges that are different
from those encountered when submodels are independently calibrated using observed
data, rather than outputs from upstream submodels, as inputs. Specifically, the Occoquan
model (Model) consists of six HSPF and two CE-QUAL-W2 submodels linked together.
The initial calibration of the linked model is for the years 1993-95, with a validation
period of 1996-97. Land-use data are updated every five years; therefore the model years
were “centered” on 1995, when a land-use data update was issued. Similarly, the next
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five-year period, 1998-2002, spanning the land-use update for 2000, will be used for an
updated model in the future.
The major aims of this study are to better understand, from a modeling perspective, the
hydrologic processes occurring in the Watershed, and to establish a good flow simulation
for further investigation of water quality trends in the Watershed and receiving
waterbodies. This paper describes the general process of calibrating a model linked in
such a complex way, and reports on the hydrological calibration and validation of the
Model. Due to length considerations, the calibration of the WQ component of the Model
will be reported separately.

3.2.1 Study Area
The Occoquan Watershed is a 1,515 km2 basin located in northern Virginia, USA (Figure
3-1), and the mouth of the Watershed is located about 50 km southwest of Washington
D.C.
The Watershed is hydrologically divided into two major sub-watersheds: the Occoquan
River sub-watershed and the Bull Run sub-watershed. In the southern part of the
Watershed lies the Occoquan River sub-watershed, with two principal streams, Cedar
Run and Broad Run, and two principal waterbodies, Lake Manassas and Lake Jackson
(Figure 3-1). Below Lake Manassas, Broad Run, as well as other small tributary streams,
runs eastward until it confluences with Cedar Run just above Lake Jackson. Below Lake
Jackson lies the Occoquan River, which is part of the headwaters of the Reservoir. The
total drainage area of the Occoquan River is approximately 880 km2 (OWML 1998).
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Figure 3-1: Location of Occoquan Watershed in Virginia, USA, Showing Main Tributaries, Main
Waterbodies, Stream Stations and Rain Stations Used in This Study

The northern part of the Watershed comprises the Bull Run sub-watershed. The Upper
Occoquan Sewage Authority (UOSA) water reclamation facility (WRF) discharges into
Bull Run about 10 km above the point where Bull Run forms the other headwater of the
Reservoir (Figure 3-1). The UOSA WRF discharge is an important component of the
water quality management of the Reservoir (Randall and Grizzard 1995). Much of the
Bull Run sub-basin is rapidly urbanizing and drains close to 471 km2, about a third of the
Watershed (OWML 1998). Several small tributary streams scattered around the
Watershed make up the remaining 164 km2 drainage area. These include Sandy Run and
Hooes Run (Figure 3-2).
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Figure 3-2: Segmentation of Lake Manassas and Occoquan Reservoir and Selected Monitoring
Stations

There are two major drinking water sources within the Watershed. One is the Occoquan
Reservoir, which is part of the major drinking water supply for 1.3 million northern
Virginia residents served by Fairfax Water (FW). It is also a major recreation site. It was
created in 1950 when a 10-meter low head dam was constructed at the mouth of the
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Occoquan River (OWML 1998). In 1957, a higher dam, called the Upper Occoquan
Dam, was built approximately 900 m upstream from the lower dam. In 1980, the dam
elevation was extended by 0.6 m, increasing the storage capacity to 31.4×106 m3 and the
safe yield to 2.5×105 m3 per day (which includes the discharge from UOSA) (OWML
1998). Other characteristics of the Reservoir are listed in Table 3-1.
The other major waterbody, Lake Manassas, is located in the upper part of the
Watershed. It serves as the principal drinking water supply for the City of Manassas and
is also used for recreational purposes. Three golf courses are located on its north shore
(Robert Trent Jones, Virginia Oaks, and Par 3). The Lake was created by the damming of
Broad Run in the late 1960s. In 1997-98, an inflatable bladder was added to increase the
dam height by 1.52 m, although the pool elevation was not increased (by inflation of the
bladder) until 2000 (Johnston 2005). The storage capacity without the bladder is
15.4×106 m3 (Eggink 2001) with a safe yield of 6.4×104 m3 per day (Black & Veatch
2000). Other characteristics of the Lake are listed in Table 3-1.
Table 3-1: Summary of Occoquan Reservoir and Lake Manassas Characteristics

Waterbody Characteristics
Occoquan Reservoir
Lake Manassas
3
6
Volume (m )
31.4×10
15.4×106
Surface Area (ha)
616
282
5.97×103
Length (m)
2.25×104
Mean Depth (m)
5.1
5.5
Maximum Depth (m)
20
15
Mean Width (m)
150
353
Maximum Width (m)
275
724
2.5×105*
6.4×104
Safe Yield (m3/day)
1.6×106*
1.3×105
Average Inflow (m3/day)
Dam Crest Height above Mean Sea Level (m)
37.2
86.7
Hydraulic Residence Time (day)
19.6
118.5
*Includes daily discharge from UOSA WRF of 79,760 m3/day (1993-97 average)

3.2.1.1 Water Quality Issues
Summertime eutrophication was observed in the Reservoir in the late 1960s. At the time,
eleven small publicly-owned treatment works (POTWs) had discharges in the Watershed.
The Virginia State Water Control Board (VSWCB) commissioned Metcalf & Eddy Inc.
to investigate the water quality issues. The study showed that the eleven POTWs were the
primary cause of the eutrophication (Metcalf & Eddy 1970). Based on the
recommendations from the study, VSWCB developed the management plan for the
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Watershed and the Reservoir in 1971, known as the “Occoquan Policy” (VSWCB 1971).
The policy called for the elimination of the poorly-performing POTWs and the
construction of a state-of-the-art advanced wastewater treatment plant. As a consequence
of this, UOSA began operations in 1978. Initially, UOSA had a treatment capacity
of 28,400 m3/day, and currently it is at 204,400 m3/day. While this has substantially
improved the water quality of the Reservoir, eutrophication is still an issue and FW uses
copper compounds to control algae growth during summer months.
Lake Manassas has been nutrient enriched for a considerable time, and the limiting
nutrient is phosphorus (Eggink 2001; Laufer 1986; OWML 1991, 1996). It has high
biological productivity and copper compounds were applied for at least fourteen years
(1982-1995), typically four times a year (Eggink 2001).

3.2.2 Model History
The Occoquan Model effort started in the late 1970s. In 1977-78, a mainframe model,
named the Occoquan Basin Computer Model (Hydrocomp Inc. 1978), was developed
from a modified version of the Hydrocomp Simulation Programming (HSP) and
Nonpoint Source Model (NPS). The modified HSP simulated hydrological processes
while NPS estimated sediment erosion and other nonpoint source loads. Later, receiving
water sub-models were added to represent the Lake and the Reservoir as two-layer,
single-segment waterbodies. The model was used to estimate the runoff potential and
nonpoint pollution generation based on the projected land use development (NVPDC
1979). After the UOSA WRF went into operation, the model was modified in 1982 to
account for the presence of UOSA. The discharge from UOSA was represented as a point
source input in the model.
In 1994, a PC (personal computer) version of the Occoquan model was proposed to
replace the mainframe model to provide an “up-to-date defensible tool to review future
conditions and the consequent requirements that may be indicated” (NVPDC 1994). The
improvement included two parts. First, after a review of watershed models available in
the public domain, HSPF was proposed to replace NPS/HSP as the pollutant loading and
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transport model. Second, a more complex hydrodynamic reservoir model, CE-QUAL-W2
(W2), was proposed to replace the simple two-layer single-segment reservoir model for
the Reservoir. The applications of these models were proposed to be linked in a serial
manner. The overall objective was to improve mathematical representation of the reality
and thus to enhance the accuracy of reservoir responses to alternative control strategies
(Stein, et al. 1998). This modeling effort was not completed until 2003.
Starting in 2004, more improvements have been implemented. Firstly, W2 was applied to
fully represent the characteristics of the Lake. In the model update begun in 1994, the
two-layer single-segment water quality model for the Lake then existing in the original
Occoquan Basin Computer Model was not converted to a better hydrodynamic water
quality model as was proposed for the Reservoir. Instead, it was further simplified in the
1994 linked model application and was represented as a completely-mixed lake under
HSPF. Such simplification cannot fully represent the physical, chemical and biological
processes in the Lake. The 2004-05 updates improved this situation by using W2 for the
Lake. The resultant model is a complex linked model application (Figure 3-3). As a
further improvement, the Watershed and waterbodies have been represented at finer
scales (Figures 3-2 and 3-3). The watershed delineation was performed based on more
accurate and updated geographic information. Finer watershed and waterbody
segmentation were adopted to allow better representation of the hydrologic and
hydrodynamic activities.
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Figure 3-3: Occoquan Watershed Model Application Schema and Watershed Segmentation

3.3 Model Description
3.3.1 HSPF and CE-QUAL-W2
Hydrological Simulation Program–Fortran (HSPF) is a conceptual lumped hydrological
model designed to simulate various hydrological processes and associated water quality
components in a watershed (Bicknell, et al. 2001). After being continuously updated
since the 1960s, it is now the core program of the U.S. Environmental Protection Agency
(EPA) Better Assessment Science Integrating Point and Nonpoint Sources (BASINS)
package. HSPF simulates hydrologic and water quality processes in pervious and
impervious land surface, streams and well-mixed impoundments. It has been widely
applied in watersheds with diverse geographic characteristics (Albek, et al. 2004;
Hayashi, et al. 2001). HSPF is commonly used to evaluate the impacts of flow diversions,
land use changes (Brun and Band 2000), and point and nonpoint source treatment plans
(Rahman and Salbe 1995). It has been used in the Chesapeake Bay program to evaluate
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the impacts of nutrient and sediment reduction plans (Cerco, et al. 2002). The model
itself has been used with other models, such as SHADE (1998a; Chen, et al. 1998b) and
MODFLOW (Ross, et al. 2004).
CE-QUAL-W2 is a two-dimensional hydrodynamic and water quality model developed
by the U.S. Army Corps of Engineers (Cole and Wells 2003). It describes longitudinal
and vertical variations of flow and water quality characteristics while assuming
homogeneity along the lateral direction. The model is capable of describing water quality
gradients in relatively long and narrow waterbodies such as rivers, reservoirs, estuaries
and lakes. There are more than 1,000 applications worldwide (Wells 2005), including
those to predict impacts of management plans on water quality and ecosystems (Bowen
and Hieronymus 2003; Gunduz, et al. 1998; Sullivan, et al. 2003). The model has also
been used with other models, such as an ecological model (Saito, et al. 2001) and
ANDYN-RQUAL (Hadjerioua, et al. 2001).

3.3.2 Approach Used for the Linked Occoquan Model
In HSPF, land segments and reaches are used to represent a watershed. Based on different
hydrological characterizations, HSPF defines two types of land segments: PERLND and
IMPLND (Bicknell, et al. 2001). PERLND describes comprehensive hydrological and
water quality activities that occur in forest, agricultural or other permeable land areas.
PWATER in PERLND is the core section of HSPF where the water budget is allocated
among surface flow, interflow, baseflow and moisture storage. Due to the geographic
location of the Watershed, the SNOW section is turned on to simulate early spring storms
due to snow accumulation and melting. IMPLND describes water movement and
associated water quality in impervious land areas such as paved urban surfaces. The
IWATER section under IMPLND is included to account for interception, detention and
evaporation from impervious land surfaces. Because infiltration is negligible in
impervious areas, the hydrologic simulation formulas are much simpler than those in
PERLND.
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Processes in receiving streams and well-mixed impoundments are described in the
RCHRES unit. The processes in land segments are connected to reaches by a network
routine to represent a watershed as an entity. The HYDR section in RCHRES is used to
simulate hydraulic behavior in the streams using a storage volume relation defined in
FTABLEs. Contributions from precipitation and evaporation are also considered for
RCHRES. Because HSPF assumes reaches to be completely mixed and unidirectional,
RCHRES is suitable for simulating processes in streams, rivers and well-mixed lakes and
ponds. However, this assumption becomes restrictive when applied on watersheds where
water flows drain into receiving waterbodies such as reservoirs (stratification) and
estuaries (complex flow and stratification). It is inappropriate to represent those
waterbodies as RCHRES segments because processes such as thermal stratification and
tides cannot be described in HSPF.
To overcome the limitations of HSPF, one approach is to represent those complex
waterbodies with models that have the capability to describe them in an appropriate way.
In this study, the two major waterbodies in the Watershed were modeled by W2. In W2,
waterbodies are defined by a series of control volumes with vertical layers in each
longitudinal segment. Dam processes are represented by allowing water withdrawal
based on outlet geometry, upstream density gradient, or specified outflow. The structures
and functions of HSPF and W2 are further described elsewhere (Bicknell, et al. 2001;
Chen, et al. 1998b; Cole and Wells 2003; Donigian and Crawford 1976).
In this study, HSPF is linked with W2 for the modeling of the Watershed. The schema in
Figure 3-3 shows the HSPF and W2 submodels used, and how they are linked. In general,
three modules in HSPF (PERLND, IMPLND, and RCHRES) are used for the water
budget calibration, which account for all the inflows as either outflows or changes in
storage. Runoff from the Middle Broad Run and Lower Occoquan subbasins are assumed
to drain directly into the Lake and the Reservoir, respectively, and only PERLND and
IMPLND processes are used in these submodels. The output from these submodels serves
as input (as distributed tributaries along the waterbodies) for the W2 submodels. Output
from the Lake Manassas W2 application is used as input to the Lower Broad Run HSPF
application. Thus, the six HSPF submodels (Cedar Run, Upper Broad Run, Middle Broad
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Run, Lower Broad Run, Bull Run, and Lower Occoquan) and two W2 submodels (Lake
Manassas and Occoquan Reservoir) are linked, and the entire Model can be calibrated to
the basin outlet at the Occoquan Dam.
While the final calibration of the Model is done at the Occoquan Dam, initial and
intermediate calibrations are performed for the submodels using the observed data from
monitoring stations shown in Figures 3-1 and 3-2. Calibration is started with those
submodels at the most upstream end of the linked Model (Cedar Run, Upper Broad Run,
and Bull Run) by comparing simulated flow rates with those recorded at stations ST25,
ST70 and ST45, respectively (Figure 3-1). Output from the Upper and Middle Broad Run
submodels are used as input to the Lake Manassas W2 submodel, which is calibrated next
with water surface elevations at LM01 (Figure 3-2). Output from it is routed via the
Lower Broad Run submodel (ST30), which also receives the output from the Cedar Run
submodel. Lake Jackson, at the confluence of the Lower Broad Run and Cedar Run
subbasins, is a small lake, and is modeled as a completely mixed lake under HSPF. Just
downstream from Lake Jackson is the Occoquan River arm of the Reservoir, and this is
part of the mainstem of the W2 model for the Reservoir. Output from the Bull Run
submodel forms the Bull Run branch of the Reservoir W2 model at a point near station
ST40 (Figure 3-1). Finally, the Occoquan Reservoir submodel is calibrated using the
Occoquan Dam as the outlet. In calibrating the latter, a finer calibration of the entire
Model (all submodels) is performed in a feedback loop fashion.
The principal water budget variable in W2 is the water surface elevation (WSE), which is
highly dependent on the waterbody bathymetry and boundary conditions. To enhance
simulation accuracy, input flow includes all available water budget information, such as
simulated upstream flows from HSPF, distributed flow from HSPF, precipitation and
evaporation. Other flows, such as the daily water withdrawal, power generation (the
Reservoir only), bypass, and flows that don’t go over the dam, are obtained principally
from the water treatment plants and are included as specified outflows. Because the
waterbody submodels used simulated HSPF flows, rather than observed flows, as input,
some flow anomalies (both in timing and quantity) were noticed when observed flows
over the dams were used as specified outflows. These differences are to be expected even
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in well-calibrated HSPF applications, but could be substantial enough on certain days to
make a meaningful difference in observed and simulated WSE values. Observed WSE
data are daily averages collected using pressure transducers at the Lake Manassas dam.
At the Occoquan dam, these data are gathered manually once per day using a staff gauge.
Therefore, there are bound to be differences due to both the HSPF simulation and the
limits on gauged and ungauged flows. To resolve these issues, a modification was made
to the W2 code to incorporate elevation-discharge relationships for computing flow over
each dam. This modification worked well, and a successful calibration was achieved.

3.3.3 Watershed and Reservoir Segmentation
The process of watershed delineation and segmentation was performed using EPA
BASINS software based on local geographic characteristics. The boundaries of watershed
segments were defined based on the physical characteristics of the Watershed, such as
topography, geography, land use, soil properties, etc. Some site-specific features were
included in this process. For example, a relatively small segment was added to account
for the contribution from the UOSA WRF. Some additional segments were added to
prepare the Model to be used when future development plans are implemented. This
process resulted in the 1,515 km2 watershed being divided into 56 land (HSPF) segments
with an average size of 27.0 km2 each (Figure 3-3). The physical characteristics of these
land segments and reaches are listed in Table 3-2. Middle Broad Run and Lower
Occoquan have relatively short drainage paths and are assumed to drain directly into the
receiving waterbodies.
Table 3-2: Characteristics of Sub-Watersheds of the Occoquan Watershed and Their Reaches

Surface Area (km2)
Number of Segments
Average Segment Size (km2)
Average Elevation (m)
Average Slope (%)
Average Reach Length (m)
Average Reach Slope (%)
Average Reach Width (m)
Average Reach Depth (m)

Cedar Run

Bull Run

Upper Broad
Run

Middle
Broad Run

Lower
Broad Run

Lower
Occoquan

501.72
15
33.44
304.3
16.7
24.6
2.5
10.2
0.5

470.56
20
23.52
261.2
19.3
21.5
3.3
8.1
0.4

126.21
3
42.07
524.0
34.9
19.3
5.2
11.9
0.6

63.02
3
20.00
411.0
18.4
0.1
4.2
7.4
0.4

189.33
10
18.93
254.2
16.2
21.7
2.1
7.3
0.4

163.81
5
32.76
257.8
30.5
0.1
1.8
10.3
0.5
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The hydrodynamics and water quality in the Lake and the Reservoir were simulated by
W2. The original bathymetric data were determined from survey data collected using a
global positioning system and depth sounding technique. The data were processed using
SURFER (Golden Software Inc. 2002) to determine the sizes of the computational grids.
The modeled region of the Lake extends from just downstream of station ST70 to the
dam, a distance of 5.97 km. For modeling purposes, it is divided into four branches: the
mainstem, North Fork, and two unnamed arms, and has a total of 29 active computational
segments (Figure 3-2). The segment length varies from 173 m to 568 m. There are 4 to
28 computational layers, each 0.5 m thick. The orientation of each segment relative to the
north was determined based on the stream centerline. The average width of the top layers
is 297.2 m.
The Reservoir encompasses streams from approximately downstream of the Lake
Jackson dam (station ST10 in Figure 3-1) on the Occoquan River arm and from
approximately station ST40 on the Bull Run arm (Figure 3-1). This W2 model includes
four branches: Occoquan River (mainstem, Branch 1), Bull Run (Branch 2), Sandy Run
(Branch 3) and Hooes Run (Branch 4), and has a total of 69 active computational
segments. The average segment length is 583 m with a maximum of 838 m (segment 55
at the very upstream end of Bull Run) and a minimum of 74 m (Segment 32, at Ryan’s
Dam, a submerged feature with a narrow vertical opening). There are from 1 to
39 computational layers, each 0.5 m thick. The average width of the top layers is 149.7
m, about half of that for the Lake.
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3.4 Data Sources
3.4.1 Meteorological Data
Both models, especially HSPF, require intensive meteorological data to simulate
hydrological behavior (Table 3-3). The Washington Dulles International Airport weather
station (Dulles station) maintained by the National Oceanic and Atmospheric
Administration (NOAA) is the major weather station near the Watershed and provides
hourly time series of cloud cover, wind speed, wind direction, air temperature and dew
point temperature. Because potential evapotranspiration (ET) data required by HSPF
were not directly available, the modified Penman Pan empirical method (Kohler, et al.
1955) was used to estimate potential ET from maximum daily air temperature, minimum
daily air temperature, average daily dew point temperature, total daily wind movement
and total daily solar radiation obtained from the Dulles station. In W2, evaporation is
accounted for through a user defined formula (Cole and Wells 2003). Hourly solar
radiation data for the Dulles station were obtained from the Integrated Surface Irradiance
Study (ISIS) performed by NOAA’s Air Resources Laboratory (Hicks, et al. 1996). ISIS
started in August 1995, and solar radiation data for the period prior to that were estimated
from Hamon’s empirical function (Hamon, et al. 1954). The estimated data were
compared to the ISIS solar radiation data and correlated well, with an R2 of 0.994. Thus,
estimated solar radiation data were used up to the end of 1995, and ISIS data were used
afterwards.
Table 3-3: Meteorological Data Series for HSPF and CE-QUAL-W2

Air Temperature
Cloud Cover
Dew Point Temperature
Potential Evapotranspiration
Precipitation
Solar Radiation
Wind Speed
Wind Direction

HSPF Version 12
Required
Required
Required
Required
Required
Required
Required
Not Required

CE-QUAL-W2 Version 3.2
Required
Required
Required
Not Required
Required
Optional
Required
Required

One of the most important meteorological time series is precipitation, which is provided
by seven rain gauge stations (Figure 3-1). Except at Warrenton, these rain gauge stations
collected precipitation data on an hourly basis. The Warrenton gauge only had daily data,
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and these were distributed to hourly time series based on data from the neighboring
station at The Plains 2.

3.4.2 Land Use Data
Land use data were obtained from the Northern Virginia Regional Commission (NVRC),
which performs a land use survey every five years using the aerial-photography
technique. The land use data of 1995 were initially classified into fourteen land use
categories, which were then consolidated into nine categories based on imperviousness
and soil properties. These are forest, pasture, high tillage cropland, low tillage cropland,
townhouse/garden apartment, low density residential, medium density residential,
industrial/commercial, and institutional. The purpose of doing this was to reduce the
complexity of the HSPF applications without significantly affecting simulation results.
The summary of areas and land use categories for subbasins are shown and described in
Table 3-2 and Figure 3-4. The Bull Run subbasin and Lower Occoquan subbasin are
highly urbanized, with more than 30% and 50%, respectively, of land area falling into the
urban land type, while agricultural activities are more dominant in the Cedar Run and
Broad Run subbasins. The average coverage of forest in the entire Watershed was around
50% in the mid 1990s.
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Figure 3-4: Land Use Characteristics of Subbasins in the Occoquan Watershed

3.4.3 Initial and Boundary Conditions
In HSPF, initial hydrologic variables include moisture storage in interception, upper
zone, lower zone, surface flow, interflow and active groundwater flow. At first, these
were assigned reasonable values and the submodels were run through a one-year
simulation. The initial values were then adjusted based on the values at the end of the
simulation.
W2 requires initial water surface elevation in each segment to start velocity calculations.
They were set to be the values of the observed data on the starting date.
Time-varying boundary conditions for W2 include upstream flow, tributary flow,
distributed tributary flow, and water withdrawal. Water quality inputs for each of these
flows, as well as for rainfall, are also required, but are not discussed here because water
quality is not addressed in this paper. For the Lake, upstream flow data were based on
daily stream flow time series obtained from the Upper Broad Run subbasin HSPF
application, as calibrated against observed flows. Flows from ungauged small tributaries
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along the Lake were supplied by the Middle Broad Run HSPF submodel. Water
withdrawal data were provided by the water treatment plant of the City of Manassas.
However, those records were only available from October 1995 to February 1997.
Investigation of those data indicated that water withdrawal by the water treatment plant
was fairly constant. Missing water withdrawal records were filled in using the average
value. Other withdrawal data, such as by golf courses, were not known. Those missing
flows were estimated by a W2 utility called WaterBalance, which determines a water
balance based on the discrepancy between observed and simulated water surface
elevations.
A similar approach was adopted for the Reservoir. Daily upstream flows into the two
major branches of the Reservoir are provided by the HSPF applications for the Bull Run
and Lower Broad Run subbasins, respectively, which were calibrated against observed
data. For Hooes Run and Sandy Run, runoff from their drainage land segments is
estimated by the Lower Occoquan HSPF submodel. Other ungauged tributary flows are
also supplied by the Lower Occoquan HSPF application. Daily water withdrawals from
the Reservoir and water usage for power generation and bypass were provided by Fairfax
Water.

3.4.4 Calibration Criteria
Because there is no single accepted test to determine whether or not a model is calibrated,
both graphical and statistical methods were applied to evaluate model performance. In
addition to traditional statistical measures such as mean values, several other statistical
methods were also used.
The percentage difference (PD) between simulated and observed data is defined below:
PD =

100 ⋅ (Y − X )
%
X
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where X is the observed flow rate, and Y is the simulated flow rate. Donigian (2002)
suggested a value in the range of 10-15% for a good hydrology/flow calibration of HSPF
(Table 3-4).
Table 3-4: General Calibration/Validation Targets or Tolerance for HSPF Applications

% Difference Between Simulated and Recorded Values
Very Good
Good
Fair
<10
10-15
15-25
<20
20-30
30-45
<7
8-12
13-18
<15
15-25
25-35
<20
20-30
30-40

Hydrology/Flow
Sediment
Water Temperature
Water Quality/Nutrients
Pesticides/Toxic

R2
Daily Flows
Monthly Flows

0.6
Poor

0.7
Fair

Poor

0.8
Good

Fair

0.9
Very Good

Good

Very Good

Source: Donigian (2002)

The standard coefficient of determination (R2) is also used to evaluate model
performance. Donigian (2002) suggested a value greater than 0.8 for a good
hydrology/flow calibration based on monthly flow comparison (Table 3-4).

3.5 Results and Discussion
The hydrological calibration performance is evaluated by comparing simulated and
observed flow data, which are collected on a continuous basis at various stations
maintained by the Occoquan Watershed Monitoring Laboratory (Figure 3-1). Some other
aspects of calibration, including the statistics used, are described here. There is no single
accepted statistical test to determine whether or not a model is calibrated. Thus, in
addition to traditional statistical measures such as mean and median values, several other
statistical methods were used to evaluate the model calibration.

3.5.1 Model Calibration
For calibrating the HSPF submodels, the parameter estimation program PEST
(Watermark Numerical Computing 2004) was used to accelerate the calibration process
and to provide an initial calibrated parameter set. The coefficients were then manually
fine-calibrated to account for variance among different land uses. Daily flows measured
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at four principal stream stations were used and compared with the model outputs. For the
W2 applications, the WSE was the primary calibration parameter. The WaterBalance
utility, mentioned earlier, was used to account for missing flows. The average water
balance flow correction for the Lake and the Reservoir were 0.005 and 0.18 m3/s
respectively, accounting for 0.2 and 0.9 % of the average outflows. Calibration of the
overall water balance for the Model was focused on obtaining well-calibrated inflow and
tributary flow data from HSPF, obtaining accurate withdrawal data from water treatment
plants, and providing well-estimated missing flow data.
Table 3-5 indicates the seven primary parameters for rainfall-runoff calibration. The
values used in the HSPF submodels fall into the recommended value ranges (USEPA
2000). The ranges of individual parameter values correspond to the land use differences
and seasonal fluctuation in each segment. For example, LZETP represents the ET
capability of the lower zone and is a function of vegetation. Thus, monthly values were
used for each subbasin to adjust for seasonal variation. The differences among individual
subbasins reflect the physical variations in the watershed. For instance, 67% of soil in the
Upper Broad Run subbasin is categorized as B for SCS (Soil Conservation Society)
hydrological soil group, which features a moderate rate of infiltration capability. SCS
hydrologic soil group C is the dominant soil in the Lower Broad Run subbasin, which
accounts for more than 90% of the total area. The calibrated INFILT values are in
agreement with the difference in soil characteristics in these two subbasins, indicating
that the Lower Broad Run subbasin expresses a slower infiltration rate.
Table 3-5: Principal Hydrologic Calibration Parameters in HSPF Applications

HSPF
Parameters

Recommended
Value Range*

AGWRC
0.92-0.99
INFILT
0.01-0.25
INTFW
1.0-3.0
IRC
0.5-0.7
LZSN
3.0-8.0
UZSN
0.1-1.0
LZETP
0.2-0.7
*USEPA (2000)

Cedar Run
Subbasin

Bull Run
Subbasin

Upper Broad
Run Subbasin

Middle
Broad Run
Subbasin

Lower
Broad Run
Subbasin

Lower
Occoquan
Subbasin

0.92
0.11-0.16
3.0
0.5
5.0
0.50-0.67
0.50-0.70

0.92
0.10-0.15
2.0
0.5
5.0
0.43-0.67
0.27-0.70

0.92
0.13-0.18
3.0
0.5
3.8
0.50-0.72
0.50-0.80

0.92
0.05-0.10
3.0
0.5
4.5
0.50-0.72
0.50-0.80

0.98
0.05-0.10
3.0
0.7
5.0
0.50-0.66
0.40-0.60

0.92
0.1-0.15
2.0
0.5
5.0
0.50-0.66
0.40-0.60

The water budget of four major subbasins for the 1993-95 simulation periods is shown in
Table 3-6. The principal component of water input to the Watershed is precipitation. The
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Bull Run subbasin has another inflow source, the UOSA WRF discharge, which accounts
for 5.0% of its total flow. The average annual precipitation over the studied years was
around 110 cm. The years 1993 and 1994 are normal water years, while 1995 represents a
dry period with much less precipitation (85.9 cm). Water losses consist of three parts.
Based on the total volumes in the whole simulation period, approximately 35% of
precipitation became water runoff, and 62% turned into evapotranspiration back to the
hydrological cycle. The rest percolated into the deep aquifer and became lost from the
system. The slight discrepancy between input and outflow is due to various contributions
from individual land uses.
Table 3-6: Water Balance for Each Subbasin in HSPF Applications
Cedar Run Subbasin

Inputs
Precipitation
Point Discharge
Outflow
Runoff
Deep Groundwater
Losses
Evapotranspiration

Bull Run Subbasin

Upper Broad Run
Subbasin
Mean
Percentage
(cm)
(%)

Lower Broad Run
Subbasin
Mean
Percentage
(cm)
(%)

Mean
(cm)

Percentage
(%)

Mean
(cm)

Percentage
(%)

118.2

100.0

117.5
6.2

95.0
5.0

114.8

100.0

108.8

100.0

39.5
1.7

33.7
1.4

40.0
3.8

32.8
3.1

41.0
2.2

35.9
1.9

37.9
2.6

35.3
2.4

76.1

64.9

78.2

64.1

71.1

62.2

67.0

62.4

Figure 3-5 displays the yearly total flow volumes for the 1993-95 period for different
locations in the Watershed. Overall, the annual water balances were replicated well by
the HSPF applications and the percentage differences (PD) based on the total flow
volumes from the three-year simulation period ranged from −3.95% to +3.21% (Table
3-7). The PD values of the annual flows ranged from −5.84% to +6.26% for various
stations during the three-year simulation period except for ST70 in 1995, where it was
+21.14%. The relatively large error at ST70 in 1995 is due to three high precipitation
events, one in July and two in November. The July 1995 high precipitation event is
recorded in the precipitation time series and shows its influence in the simulated data.
However, the observed stream flow rate at ST70 does not show correspondingly high
flows for those events. It is assumed that this precipitation event was local to the gauge
and didn’t widely affect the Upper Broad Run subbasin. For the two closely-spaced high
precipitation events in November 1995, the HSPF submodel produced more runoff than
was recorded.
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Figure 3-5: Comparison of Annual Total Flow at Selected Stream Stations for Model Calibration
Table 3-7: Comparison of Annual and Three-Year Total Flow Volumes at Various Stream Stations

Station
ST25
ST70
ST30
ST45

Percentage Difference of Annual Flow Volume
(%)
1993
1994
1995
1993-95
+6.26
+0.09
−0.52
+2.30
+21.14
+3.21
−5.15
+3.96
−4.94
−1.54
−5.84
−3.95
+2.70
+0.73
−4.89
−0.90

The good agreement between observed and simulated data not only indicates that HSPF
submodels were well-calibrated to capture the principal hydrological characteristics in
those subbasins, but also proves the validity of the linkage between the two different
types of water quality models: the watershed model HSPF and the receiving waterbody
model W2. ST30 is the stream station located downstream of the Lake, and in terms of
model applications, it received the Lake outflow provided by W2. Even though flow
balances were generally under-predicted (Figure 3-5), the percentage differences were in
a reasonable range of −5.84% to −1.54% (Table 3-7). The calibration of water balance at
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ST30 not only depended on calibrating the Lower Broad Run HSPF submodel, but also
relied on the calibration of the Lake Manassas W2 submodel as well as the Upper and
Middle Broad Run HSPF submodels. Flows contributed by the Upper Broad Run
subbasin and Lake Manassas make up approximately 80% of the streamflow at ST30, and
therefore the impact of the upstream submodels on the calibration of the Lower Broad
Run (ST30) submodel is significant.
The hydrologic performance of the coupled model application was further investigated
using the daily and monthly flow comparisons for the Upper Broad Run (ST70) and
Lower Broad Run subbasins (ST30) (Figures 3-6 and 3-7). The submodels clearly
captured the rapid changes in stream flows throughout the simulation years, although a
few extreme events were not so well-reproduced. They showed high performance in the
hydrologic simulation for both subbasins with R2 values based on the monthly flows of
0.896 and 0.885, respectively (Table 3-8). R2 values for daily average stream flows are,
as expected, less than those of monthly flow, because the simulation accuracy of HSPF is
positively related to the length of the aggregation interval (Hayashi, et al. 2001; Laroche,
et al. 1996). The results indicated that the hydrological responses in the Lower Broad Run
subbasin were well-captured by the linked modeling approach.
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Figure 3-6: Comparison of Monthly (Top) and Daily (Bottom) Flow at Station ST70 in the Upper
Broad Run Subbasin
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Table 3-8: Comparison between Simulated and Observed Flow at Principal Stream Stations

Subbasins

Daily Mean Flow Rate
(m3/s)
Obs.**
Sim.***
PD****
(%)

Monthly Mean Runoff
(106 m3)
Obs.
Sim.
PD
(%)

R2*

Probability Values
Monthly Flow Rate

Daily
Flow
Rate

Monthly
Flow
Rate

T Test

Wilcoxon

Cedar Run (ST25)

4.944

5.057

+2.3

12.99

13.29

+ 2.3

0.523

0.857

0.050

0.065

Bull Run (ST45)

6.292

5.352

−14.9

17.61

16.02

−9.0

0.503

0.815

0.005

0.365

Upper Broad Run (ST70)

1.880

1.870

−0.6

4.98

4.55

−8.6

0.632

0.896

0.557

0.266

Lower Broad Run (ST30)

2.888

2.898

−0.3

7.59

7.62

+0.3

0.460

0.885

0.012

0.065

2

*
R is calculated using a zero intercept.
** Obs. stands for Observed values.
*** Sim. stands for Simulated values.
**** PD stands for Percentage Difference.

When comparing the statistics for flows at four stations (Table 3-8), it can be seen that
daily flow rates were well-simulated for the Cedar Run, Upper Broad Run and Lower
Broad Run subbasins, with absolute percent differences of 2.3% or less. The PD for Bull
Run was −14.9%. This relatively large difference is due to several high precipitation
events that were not captured adequately by the simulation. The PDs based on monthly
runoff comparisons varied from −9.0% to +2.3%.
The R2 values for daily flow rates at various stations were in the range of 0.460-0.632.
Because small shifts in the timing of storms, specially those that span the midnight
boundary between one day and the next, can impact the daily correlations adversely,
while being quite acceptable from a watershed modeling perspective, these correlation
coefficients are often low. When the aggregation period was increased to a month, the R2
values ranged from 0.815 to 0.896, showing good correlation. The relatively small errors
in percentage difference and large values of monthly R2 indicated that the Model
represented hydrologic activities well.
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Figure 3-7: Comparison of Monthly (Top) and Daily (Bottom) Flow at Station ST30 in the Lower
Broad Run Subbasin

This conclusion is also supported by other statistics (Table 3-8). Although
quantile-quantile plots (not shown) indicated that simulated and observed flow rates came
from a population with similar distributions, they were not normally distributed, as
expected for flow. Thus, log-transformations were performed before paired t-tests were
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applied. The results showed that, for Cedar Run and Upper Broad Run, simulated and
observed data sets have similar mean values, with probability (P) values greater than
0.05. However, for Lower Broad Run, the discrepancies occurred due to July-October
1993, when no overflows were observed at Lake Manassas (Figure 3-7). With
contribution only from the relatively small drainage area below the Lake and up to ST30,
the submodel didn’t capture some flow events observed at ST30 during those dry periods.
Although those months affected the difference between simulated and observed monthly
mean values, they had little impact on annual flow comparisons, because the flows in
these months were low. A similar explanation applied to Bull Run during low flow
months of 1993 (July, August and October) and 1994 (October). The results from
non-parametric testing (Wilcoxon signed-rank test) confirmed that simulated and
observed monthly flow data were highly related and showed no significant differences in
terms of median values at all four stations. From these statistical tests, it was concluded
that the model simulation results had excellent agreement with observed data.
Figures 3-8 and 3-9 present the comparison of WSEs at the Lake and the Reservoir,
including the three-year calibration and two-year validation periods. In both cases,
observed data were measured at the dams. It can be seen that the agreement between
observed and simulated values is excellent (the R2 values were 0.937 and 0.926,
respectively). Although the input flow data used were those generated by HSPF
applications, rather than those observed at the monitoring stations, W2 demonstrated its
ability to capture both the dry periods and flooding events in the three-year simulation
period. This well-simulated water budget for Lake Manassas provided a solid base for a
good performance by the next downstream HSPF submodel (the Lower Broad Run
subbasin).
These results indicate that it is possible to obtain a good hydrology calibration of a
complex linked model by using fairly simple intermediate calibration steps, followed by
an overall calibration. While the traditional method of calibrating individual models to
observed data works well, this approach demonstrates that with some additional effort the
models can be linked, all observed data are used in calibration (although some are used
only in the intermediate steps), and an excellent overall model can be the result.
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Figure 3-8: Comparison of Water Surface Elevation at Lake Manassas for Model Calibration and
Validation

Figure 3-9: Comparison of Water Surface Elevation at Occoquan Reservoir for Model Calibration
and Validation
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3.5.2 Model Validation
Simulated and observed stream flows for the years 1996 and 1997 were used for model
validation. Compared with the 51-year average, the year 1996 was an extremely wet year
with an annual precipitation of 45.13 inches (Table 3-9). The year 1997 was a relatively
dry year and shared a similar annual precipitation volume with the year 1995. Both the
calibration and validation period were combinations of wet and dry years and are
considered suitable for model calibration and validation purposes. Stream flows for these
two validation years were simulated using the same 1995 land use as for the calibration
period, along with the 1996 and 1997 meteorological data.
Table 3-9: Rainfall Summary (1993-1997)

Year
1993
1994
1995
1996
1997
Average (1951-2002)

Spring
14.03
9.90
7.45
11.41
7.76
10.37

Rainfall (inches)
Summer Fall Winter
7.11 12.23
8.65
17.87
5.44
9.25
7.50 12.02
6.84
11.60 12.81
9.31
6.43 10.97
5.34
11.61
9.74
8.16

Total
42.02
42.46
33.81
45.13
30.50
39.88

As in the model calibration process, the hydrological validation was also performed at
four levels: annual water balance, monthly flow rates, daily flow rates, and individual
storms. The results shown here include both calibration and validation periods so that
model validation can be seen in context. Table 3-10 and Figure 3-10 indicate relatively
high discrepancies for the simulation year 1996 because the model under-predicted some
closely-spaced storm events due to continuous low-intensity-precipitation events.
However, the model reproduced the annual flow balance of the year 1997 fairly well with
the percentage differences based on annual flow comparison ranging from −17.2 to
+21.0% for four principal monitoring stations. According to the scale used by Donigian
(2002), these are simulated as “fair” to “very good” (see Table 3-4).
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Table 3-10: Model Performance in Predicting Annual Flow Volumes at Various Stream Stations,
1993-1997

ST25
ST70
ST30
ST45
Cedar Run
Upper Broad Run
Lower Broad Run
Bull Run
1993
−0.5*
−5.2
−4.9
+0.7
Very Good*
Very Good
Very Good
Very Good
1994
+6.3
+4.0
−1.5
−4.9
Calibration
Very Good
Very Good
Very Good
Very Good
1995
+0.1
+21.1
−5.8
+2.7
Very Good
Fair
Very Good
Very Good
1996
−58.6
−39.1
−42.4
−31.8
Poor
Poor
Poor
Poor
Validation
1997
+21.0
+8.5
−17.2
+8.0
Fair
Very Good
Fair
Very Good
1993-1995
+2.3
+4.0
−4.0
−0.9
Summary
1993-1997
−19.9
+8.2
−16.4
−9.0
*Numbers are percent differences from observed data (%), and ratings are as based on Table 3-4

Figure 3-10: Comparison of Annual Flow Balance at Selected Stream Stations for Model Calibration
and Validation
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Compared with the calibration period (1993~1995), the validation period showed
relatively weaker correlations between simulated and observed data, which were due to
the discrepancies in the year 1996 (Table 3-11). The statistical analysis for the whole
five-year simulation period shows generally good correlations between simulated and
observed flow rates with R2 values in the range of 0.594~0.791 for monthly data.
Although the linked model was not well validated under extremely wet years, the model
output is useful as it can provide adequate representation of the general watershed
behavior.
Table 3-11: R2 Values based on Daily and Monthly Comparison of Flow Rates at Various Stream
Stations for Model Calibration and Validation

Daily

Monthly

ST25
Cedar Run
Calibration
0.857
93~95
Very Good*
Validation
0.382
96~97
Poor
Summary
0.594
93~97
Poor
Calibration
0.523
93~95
Poor
Validation
0.211
96~97
Poor
Summary
0.205
93~97
Poor
*Ratings are based on Table 3-4

ST70
Upper Broad Run
0.896
Very Good
0.389
Poor
0.746
Good
0.632
Fair
0.298
Poor
0.419
Poor

ST30
Lower Broad Run
0.885
Very Good
0.724
Fair
0.791
Good
0.460
Poor
0.298
Poor
0.405
Poor

ST45
Bull Run
0.815
Good
0.728
Fair
0.774
Good
0.503
Poor
0.444
Poor
0.455
Poor

The poor performance of the model for daily flow rates (Table 3-11) is probably due to
the timing shift between observed and simulated data. The timing and duration of a
simulated storm might be advanced or delayed by some hours (typically one to three
hours), compared to observed data, due to the uncertainty related to meteorological data
and the model itself. This can shift HSPF-predicted flows from one day to the next across
the midnight divide.
The HSPF submodels showed their capability of capturing the general trend of the
temporal and spatial distribution of daily flow rates (Figure 3-11). Even though the
submodels were capable in capturing both small and large storm events, they missed
some closely-spaced storm events caused by continuous low-intensity-precipitation
events. This helps to explain the relatively large discrepancies in the extremely wet year
1996.
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Figure 3-11: Daily Flow Rates Comparison at Four Principal Stations for Model Calibration and
Validation

The water surface elevation was well validated (Figures 3-8 and 3-9) for the Lake and the
Reservoir. In the validation period, the R2 values based on daily comparisons were 0.921
and 0.949 for the Lake and the Reservoir, respectively. At Lake Manassas, the observed
data were missing from 09/10/1997 to 12/31/1997 due to station reinstallation and the
W2 submodel filled the period with reasonable estimates, which were confirmed by the
flow comparison at ST30, the station downstream of the lake. A W2 utility called
WaterBalance was used to estimate the missing flows based on simulated and observed
flow volumes. It indicated that the average water balance flow correction for both
waterbodies was less than 0.005 m3/s for the five-year simulation period (1993-1997).
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3.6 Conclusions
A complex linked model, using six applications of HSPF and two of CE-QUAL-W2, was
created for the Occoquan Watershed. The procedure used in the model development and
calibration was described. The hydrological calibration of this linked model was
performed successfully, and, in spite of one very wet year, the validation was reasonably
good, thus indicating that linked models can be adequately calibrated with moderate
additional effort. The advantages of doing this are twofold: (i) the model behaves more as
a single entity and forces the modeler to look at approaches to calibration that benefit the
overall model rather than the individual components, and (ii) the resultant linked model is
more easily accepted by managers and the general public because it can be more readily
seen to represent a natural system which is not unlinked. The latter advantage can often
have greater weight than the former in many situations (management decision-making,
public information dissemination, to name two), because it focuses attention on the model
without leaving an impression that something might be inapt in how the natural system
was represented by submodels that are not linked.
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Chapter 4. Temperature and Dissolved Oxygen
Calibration and Validation of a Linked Model
for the Occoquan Watershed, Virginia
4.1 Summary
The Occoquan Watershed is a 1,515 km2 basin located in northern Virginia and contains
two principal waterbodies: the Occoquan Reservoir and Lake Manassas. Both
waterbodies are principal drinking water supplies for local residents and experience
eutrophication and summer algae growth. They are continuously threatened by new
development from the rapid expansion of the greater Washington D.C. region. The
Occoquan model, consisting of six HSPF and two CE-QUAL-W2 submodels linked in a
complex way, has been developed to simulate hydrology and water quality activities in
these two major reservoirs and the associated drainage areas. This paper describes the
application of the linked model to simulate the spatial and temporal distribution of
temperature and dissolved oxygen (DO) in the watershed and reservoirs. The models
were calibrated for a three-year simulation period and validated for a two-year simulation
period based on more than 8,000 field measurements. The results show that a successful
calibration can be achieved using the linked approach, with moderate additional effort.
The results showed strong correlation between simulated and observed values and the R2
values based on daily data were 0.882 or greater for temperature and 0.487 or greater for
DO at various steam stations. The differences of seasonal temperatures and DO
concentrations at various stream stations ranged from −1.87 °C to +0.38 °C and from
−0.53 mg/L to +1.75 mg/L, respectively. The hydrodynamic differences between the two
waterbodies, as well as spatial and temporal variations of temperatures and DO
concentrations in them, were well reproduced by the W2 submodels. The differences of
the average surface temperatures were less than 0.42 °C and 1.38 °C for Lake Manassas
and the Occoquan Reservoir, respectively, and the differences in surface DO
concentrations were less than 1.25 mg/L and 1.42 mg/L, respectively. The model was
adequately validated to represent the general trend of temperature and DO in the
watershed and waterbodies. The good calibration and validation of the linked model
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provide a direct linkage between upstream activities and downstream water quality, and
thus facilitate the ongoing DO TMDL project, which will evaluate alternative watershed
management plans to meet the TMDL goal.

4.2 Introduction
Temperature and dissolved oxygen (DO) are two fundamental factors in natural aquatic
systems. Due to urbanization and associated increase of imperviousness, stream
temperature and water quality have been greatly modified (Schueler 1994). According to
the U.S. Environmental Protection Agency (USEPA 2002), thermal modification and low
DO are ranked as the fourth and sixth reasons, respectively for impairment of streams and
rivers. In Virginia, approximately 53% of assessed waterbodies are impaired due to
organic enrichment and low DO concentrations (VA DEQ 2004). The Occoquan
Reservoir is listed as an impaired waterbody due to low DO concentrations in bottom
waters and a total maximum daily loads (TMDL) project is scheduled to be completed
before 2010 (VA DEQ 2004).
Because water quality problems result from various factors, including those related to DO
dynamics, water quality models have been widely used to determine the key processes
that control temperature and DO dynamics, so that alternative management scenarios can
be evaluated. Examples include watershed models, such as Hydrological Simulation
Program–Fortran (HSPF) (Bicknell, et al. 2001) and Soil and Water Assessment Tool
(SWAT) (Neitsch, et al. 2002), and receiving waterbody models, such as Water Quality
Analysis Simulation Program (WASP) (Wool, et al. 2003) and CE-QUAL-W2 (W2)
(Cole and Wells 2003). One of the difficult challenges with simulation of temperature
and DO in watershed models is insufficient description of physical, chemical and
biological processes in the receiving waterbodies. For example, HSPF assumes receiving
streams and reservoirs to be well mixed and unidirectional, thus thermal stratification
would not be appropriately reproduced. SWAT ignores the impact of solar radiation and
wind speed, and assumes air temperature to be the only factor determining stream water
temperature. On the other hand, receiving water quality models such as W2 and WASP
require time-varying boundary inputs that drive these models during the course of a
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simulation. They usually include inflows, outflows, temperature, water quality data, and
meteorological data. However, these boundary conditions, with the possible exception of
meteorological data, are normally not monitored at a frequency to provide a sufficient
temporal description of the driving forces. These shortcomings in common modeling
applications can be overcome by linking watershed models to receiving waterbody
models. This approach provides a more accurate representation of the real world and
allows integration of downstream water quality to upstream land activities. In addition, it
can be applied to complicated watersheds that have more than one major waterbody.
However, few researches have adopted this approach because of insufficient data support
and the complications involved with linking two or more state-of-the-art water quality
models.
Described in this paper are the calibration and validation of temperature and DO in the
Occoquan Watershed as well as two principal waterbodies, using a complex linked model
that consists of six HSPF and two W2 applications. The main objectives of this paper are
to 1) provide a good calibration of water temperature and DO in the streams;
2) demonstrate the capture of thermal stratification and DO depletion in the reservoirs;
3) provide a solid calibrated model for the DO TMDL development. The initial
calibration of the linked model was for the years 1993-95, with a validation period of
1996-97, a total five-year period spanning the land-use data update issued in 1995.
Land-use data are updated every five years. Due to length limitations, separate papers
will provide discussion on hydrology(Xu, et al. 2006), nutrient transport and fate, and
algae dynamics.

4.2.1 Study Area
The Occoquan Watershed (Watershed) is a 1,515 km2 basin in northern Virginia (Figure
4-1). It contains three major tributaries: Cedar Run, Broad Run and Bull Run, and two
major waterbodies: Occoquan Reservoir (Reservoir) and Lake Manassas (Lake).
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Figure 4-1: Location of Occoquan Watershed in Virginia, USA, Showing Main Tributaries, Main
waterbodies, Stream Stations and Rain Stations Used in This Study

The Reservoir is part of the drinking water supply for 1.2 million northern Virginia
residents and is a major recreation site. It receives flows from two principal tributaries,
Occoquan River and Bull Run. The Upper Occoquan Sewage Authority (UOSA) water
reclamation facility discharges into Bull Run, which is an important component of the
water quality management of the Reservoir (Randall and Grizzard 1995). Flows over the
Occoquan dam drain into the Potomac River after running approximately 8 km southeast.
The total capacity of the Reservoir is 31.4×106 m3 and the safe yield is 2.5×105 m3/d
(which includes the discharge from UOSA) (OWML 1998). The surface area at the
maximum elevation of 36.6 m above mean sea level is 616 hectare. The average depth of
the Reservoir is 5.1 m with a maximum of approximately 20.0 m near the dam. The
average residence time is 19.6 days. Based on Wetzel’s (2001) classification of the
trophic status of lakes, the Reservoir is mesotrophic with the limiting nutrient being
orthophosphate phosphorus (Randall and Grizzard 1995). Copper compounds are used to
control algae growth during summer months.
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Lake Manassas is another major waterbody in the Watershed. It serves as the principal
drinking water supply for the City of Manassas and is used for recreational purposes. The
total drainage area is approximately 189 km2. Three golf courses are located on the north
shore (Robert Trent Jones, Virginia Oaks, and Par 3). The City of Manassas withdraws
water from three water intakes at the dam (primarily from the top intake) for municipal
service. During dry periods, the golf courses withdraw water from the surface. The
natural storage capacity of the Lake is 15.4×106 m3 and the safe yield is 6.37×104 m3/d.
The surface area at the maximum elevation of 86.9 m above mean sea level is
282 hectare. The average depth is 5.5 m with a maximum depth of approximately 15.0 m
near the dam. Lake Manassas is classified as an eutrophic waterbody and the limiting
nutrient is phosphorus (Eggink 2001). It has high biological productivity and copper
compounds were applied for at least fourteen years (1982-1995), typically four times a
year.

4.3 Model Description
HSPF divides simulated watersheds into three blocks and simulates processes occurring
in: (1) pervious land areas (PERLND); (2) impervious land areas (IMPLND); and (3)
well-mixed streams and reservoirs (RCHRES) (Bicknell, et al. 2001). The heat budget is
simulated in the section PWTGAS under the module PERLND, IWTGAS under
IMPLND, and HTRCH under RCHRES. For pervious land segments, PWTGAS
computes water temperatures based on the assumption that the water temperatures from
each outflow are equal to the soil temperatures of the layer from which the flow is
generated, except that water temperatures cannot be less than freezing. Because extensive
measured soil temperature data are not available, the section PSTEMP is applied to
calculate soil temperatures for surface, upper, lower and groundwater layers of a pervious
land segment, based on which the water temperatures are estimated. For impervious land
segments, IWTGAS applies a similar method with PWTGAS to estimate the surface
runoff temperature. The heat content from PERLND and IMPLND are then supplied to
HTRCH to determine water temperatures in the well-mixed streams and reaches. In
HTRCH, the heat budget method is applied to estimate six important heat components to
determine the net heat exchange at the water surface. These are shortwave solar radiation,
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longwave radiation, conduction-convection, evaporative heat loss, heat content of
precipitation, and bed conduction. The water temperatures are then determined by the
heat content in a defined amount of water. The parameters in HTRCH generally play a
key role in water temperature calibration, and some important ones are listed in
Table 4-1.
Table 4-1: Key Parameters for Temperature and DO Simulation in HSPF

Parameter
CFSAEX

Definition
Ratio of radiation at water surface
to gage radiation value. Also
accounts for the shading of the
waterbody
KATRAD
Longwave radiation coefficient
KCOND
Conduction-convection heat
transfer coefficient
KEVAP
Evaporation coefficient
REAK
Empirical coefficient for aeration
equation
KBOD20
BOD decay rate at 20 ºC
KODSET
BOD settling rate
BENOD
Benthic oxygen demand at 20 ºC
KATM20
Nitrification rate at 20 ºC
*Bicknell et al. 2001
**Bowie et al. 1985

Unit
―

Typical Values
0-1.0*

Values Used
0.9-1.0

―
―

9.0**
1-20*

6.5-10
6.12

―
hr-1

1-5*
0.08-0.971**

2.24
0.2

hr-1
ft/hr
mg·m2/hr-1
hr-1

0.0004-0.04**
0.0004-0.06**
0.0917-1833**
0.004-0.008**

0.004-0.04
0.027-0.05
10
0.01-0.05

In HSPF, DO in surface runoff is calculated as a direct function of water temperature in
PWTGAS of PERLND and IWTGAS of IMPLND by the following equation (Bicknell,
et al. 2001):
SODOX = (14.652 + SOTMP⋅ (−0.41022 + SOTMP ⋅ (0.007991− 0.000077774⋅ SOTMP))) ⋅ ELEVGC
where: SODOX is DO concentration in surface runoff (mg/L)
SOTMP is surface outflow temperature (ºC)
ELEVGC is the correction factor for elevation above sea level.

DO concentrations in interflow and active groundwater flows are supplied as monthly
variables.
Section OXRX of the RCHRES module estimates DO concentrations in mixed streams,
which receive the DO inputs from upland segments. It determines oxygen balance from
several processes including reaeration, decay of organic matter and benthal oxygen
demand. In addition, the oxygen balance can be adjusted by other processes such as
nitrification, photosynthesis, and algae respiration, if applied. Some key parameters that
affect the oxygen balance are listed in Table 4-1.
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W2 is a two-dimensional hydrodynamics and water quality model suitable for long and
narrow waterbodies, such as reservoirs and lakes (Cole and Wells 2003). The mechanism
of the heat budget simulation in W2 is similar to that in HTRCH of HSPF. It applies the
energy budget accounting method to estimate the contribution from each heat component.
However, components such as shortwave radiation, longwave radiation, evaporation heat
loss, and heat conduction are estimated from different empirical equations. In addition, a
user-specified wind speed function is included to account for impacts from wind stress.
This function affects evaporation heat loss and surface heat conduction calculation and
plays an important role in the overall heat balance. Due to the geographic locations of the
waterbodies, the icing function is applied, which not only affects water temperature but
also oxygen concentrations.
W2 provides comprehensive calculations for DO simulation. It considers oxygen
consumption processes such as nitrification, decomposition of both dissolved and
particulate organic matter, and respiration and photosynthesis of algal species. The model
supports a wide range of reaeration formulas, including nine for river systems, fourteen
for lakes and reservoirs, and three for estuaries. In addition, W2 provides equations to
predict the oxygen entrainment at dams and weirs and allows users to select appropriate
equations to fit specific considerations. Both aerobic and anaerobic processes are
included to not only allow the capture of oxygen saturation in surface water but also the
oxygen depletion in metalimnetic and hypolimnetic layers. Detailed descriptions of both
models can be found elsewhere (Bicknell, et al. 2001; Chen, et al. 1998b; Cole and Wells
2003; Donigian and Crawford 1976).

4.3.1 Linked Model Approach
The Occoquan model is a complex linked model application, which includes six HSPF
and two W2 submodels. The schema of the linked model approach, as well as the
watershed segmentation, is shown in Figure 4-2. The Watershed is divided into six
subbasins, with a total of 56 land (HSPF) segments. The average segment size is
27.0 km2.
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Figure 4-2: Occoquan Watershed Model Application Schema and Watershed Segmentation

The bathymetries of the Lake and the Reservoir are shown in Figure 4-3. For modeling
purposes, the Lake is divided into four branches and has a total of 29 active
computational segments with lengths ranging from 173 m to 568 m. There are 4 to 28
computational layers, each 0.5 m thick. The Reservoir is also divided into four branches
with a total of 69 computational segments. The average segment length is 583 m with a
minimum of 74 m (Segment 32, at Ryan’s Dam, a submerged feature with a narrow
vertical opening) and a maximum of 838 m. There are from 1 to 39 computational layers,
each 0.5 m thick. A detailed description of the model development, watershed
segmentation and waterbody segmentation can be found elsewhere(Xu, et al. 2006).
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Figure 4-3: Segmentation of Lake Manassas and Occoquan Reservoir and Selected Monitoring
Stations

4.3.2 Boundary Conditions
In this model application, the boundary conditions required by W2, such as inflows,
temperature, and DO data, are provided by upstream HSPF submodels. For example, in
the Lake W2 submodel, the Upper Broad Run HSPF submodel not only provides daily
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time series inputs of direct inflows, but also temperature, DO and other water quality
concentrations (Figure 4-2). The ungauged distributed tributary flows along the Lake and
associated water quality are estimated by the Middle Broad Run HSPF submodel. The
outputs from the Lake W2 submodel serve as inputs for the Lower Broad Run HSPF
submodel. Similarly, the Lower Broad Run HSPF application, including the contribution
from the Cedar Run subbasin, provides flows and water quality time series for the
Occoquan River branch of the Reservoir. The input time series of the Bull Run branch are
provided by the Bull Run HSPF submodel. The Lower Occoquan HSPF submodel
provides the ungauged distributed tributary flows and associated water quality along the
Reservoir. Thus, six HSPF and two W2 submodels are linked together to fully represent
the hydrology and water quality activities in the Watershed and two principal
waterbodies.

4.3.3 Initial Conditions
The initial temperatures and DO concentrations in HSPF submodels were first assigned
reasonable values. Then the submodels were run through a one-year simulation. The
initial values were then adjusted based on the values at the end of the simulation.
The initial values for temperature and DO concentrations in W2 submodels were set to be
the same with the observed data available at the beginning of the simulation period at the
stations closest to the dams.

4.3.4 Observed Data
At stream stations (Figure 4-1), the temperature and DO data are available on a monthly
basis during the winter season and on a weekly basis during other seasons. Here, the
seasons are defined as winter (December, January, February), spring (March, April,
May), summer (June, July, and August), and fall (September, October, November). For
the Lake and the Reservoir stations (Figure 4-3), in-pool depth profile data of temperature
and DO are collected on a monthly basis during the winter season and on a weekly basis
during other seasons.
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4.3.5 Calibration Criteria
Because there is no single accepted test to determine whether or not a model is calibrated,
both graphical and statistical methods were applied to evaluate model performance. In
addition to traditional statistical measures such as mean values and the standard
coefficient of determination (R2), several other statistical methods were also used.
The percentage difference (PD) between simulated and observed data is defined below:
PD =

100 ⋅ (Y − X )
%
X

where X is the observed temperature or DO concentration, and Y is the simulated
temperature or DO concentration. Donigian (2002) suggested a value in the range of
15-25% for a good water quality/nutrient calibration and 8-12% for a good temperature
calibration of HSPF.
The absolute mean error (AME) indicates how far the simulated values are from the
observed data and is given by the following equation:

AME =

∑ | Predicted − Observed |
Number of Observations

The root mean square (RMS) indicates the spread of how far the computed values deviate
from the observed values and is given by the following equation:

RMS =

∑ (Predicted − Observed)

2

Number of Observations

4.4 Results and Discussion
When interpreting temperature and DO results from W2, several important points should
be considered. Firstly, W2 assumes uniform temperature and DO concentrations in each
computational grid. However, observed data are normally collected at one specific point
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within a waterbody. Secondly, although the observed data are normally taken around
noon, the exact times vary from 10:00 a.m. to 2:00 p.m. They are compared with the
model output at noon. Thirdly, the computed temperatures and DO concentrations in the
computational cells close to the headwaters are subject to large daily variations
depending on how rapidly inflows, outflows, and meteorological inputs change. Thus, in
this linked model application, the results of stations near headwaters of a waterbody rely
on the performance of upstream submodels.
Similarly, several points need to be considered when interpreting the results from HSPF.
Firstly, HSPF assumes streams and reaches to be well mixed and unidirectional, thus it
only provides a single value for temperature and DO concentration in a particular
segment. In reality, they vary along streams and the observed data are collected at
specific stream locations. Secondly, observed data, which are normally taken around
noon, are compared with model outputs based on daily averages. Finally, the channel
geometric and hydraulic characteristics were estimated from the local digital elevation
model because extensive field measurements were not available. This might have little
impact on overall watershed simulation, but might impact the heat budget on a local
basis. Therefore, the simulated outputs from W2 and HSPF applications are expected to
contain inaccuracies, and there are bound to be differences between observed and
simulated data.

4.4.1 Model Calibration
Table 4-2 provides the daily and seasonal comparisons of temperatures at five principal
stream stations. Results from ST25 and ST70 are used to evaluate HSPF performance of
the Cedar Run and Upper Broad Run subbasins. ST30 is located downstream of the Lake
and is used to evaluate the overall model performance up to this point, including the
Lake. ST40, located at approximately 5 km downstream of UOSA, is used to evaluate the
performance of the Bull Run subbasin. ST10 is located downstream of Lake Jackson and
is used to evaluate the joint performance of the Cedar Run and Broad Run subbasins. In
addition, ST10 and ST40 are stations at the headwaters of the Reservoir, where HSPF
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submodels were linked to the Reservoir W2 submodel, in terms of the linked model
application.
Table 4-2: Daily and Seasonal Temperature Comparisons at Various Stream Stations in the
Occoquan Watershed

R2 for Daily Values
Observed (ºC)
Simulated (ºC)
Spring
Difference (ºC)
PD* (%)
Observed (ºC)
Simulated (ºC)
Summer
Difference (ºC)
PD* (%)
Observed (ºC)
Simulated (ºC)
Fall
Difference (ºC)
PD* (%)
Observed (ºC)
Simulated (ºC)
Winter
Difference (ºC)
PD* (%)
* PD: Percentage Difference

ST25
0.930
13.92
14.25
+0.33
+2.37
24.23
24.61
+0.38
+1.57
13.87
13.44
−0.43
−3.10
2.47
1.72
−0.75
−30.36

ST70
0.933
12.82
12.96
+0.14
+1.09
23.71
24.09
+0.38
+1.60
13.70
13.23
−0.47
−3.43
3.67
4.01
+0.34
+9.26

ST30
0.882
13.63
11.85
−1.78
−13.06
24.14
24.03
−0.11
−0.46
13.62
13.48
−0.14
−1.03
3.39
1.96
−1.43
−42.18

ST10
0.934
14.65
14.00
−0.65
−4.44
25.47
25.20
−0.27
−1.06
16.59
14.72
−1.87
−11.27
3.67
2.54
−1.13
−30.79

ST40
0.957
14.58
13.89
−0.69
−4.73
25.20
24.75
−0.45
−1.79
15.84
14.00
−1.84
−11.62
3.27
1.91
−1.36
−41.59

Overall, HSPF reproduced the spatial and temporal distribution of stream temperatures
fairly accurately and the R2 values based on daily data are 0.882 or greater for five
principal stream stations. The lack of observed temperature data from the UOSA
discharge helps to explain the general under-prediction of temperature at station ST40.
The differences of seasonal average temperature ranged from –1.87 ºC to +0.38 ºC for all
seasons. Although the stream temperatures were not well reproduced in winter months,
the submodels were well calibrated in other seasons, according to the scale used by
Donigian (Donigian 2002) (see Table 3-4) and the absolute PD values were 12% or less
for most sites (less than 5%, actually, for all but three cases). The increase of
temperatures from upstream stations (ST25 and ST70) to downstream stations (ST10,
ST30 and ST40) was noticeable, and this is due to the increase of stream paths and
resultant increased exposure to solar radiation.
Similarly, the observed DO concentrations follow a seasonal pattern, which was well
reproduced by the model predictions. The lowest DO concentrations were found during
the summer season when stream temperatures were highest (Table 4-3). The differences
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of seasonal average DO concentrations ranged from −0.53 mg/L to +1.75 mg/L and the
observed and simulated DO showed strong correlations with R2 based on daily values
ranging from 0.487 to 0.725. Overall, the stream DO concentrations were very well
calibrated (Donigian 2002) (see Table 3-4) and the absolute PD values were less than
15% for most sites.
Table 4-3: Daily and Seasonal DO Comparisons at Various Stream Stations in the Occoquan
Watershed

R2 for Daily Values
Observed (mg/L)
Simulated (mg/L)
Spring
Difference (mg/L)
PD* (%)
Observed (mg/L)
Simulated (mg/L)
Summer
Difference (mg/L)
PD* (%)
Observed (mg/L)
Simulated (mg/L)
Fall
Difference (mg/L)
PD* (%)
Observed (mg/L)
Simulated (mg/L)
Winter
Difference (mg/L)
PD* (%)
* PD: Percentage Difference

ST25
0.639
9.75
10.22
+0.47
+4.82
6.42
7.66
+1.24
+19.31
7.86
9.61
+1.75
22.26
12.00
13.63
+1.63
+13.58

ST70
0.700
10.90
10.46
−0.44
−4.04
7.88
7.48
−0.40
−5.08
9.44
9.30
−0.14
−1.48
13.10
13.00
−0.10
−0.76

ST30
0.487
10.34
10.88
+0.54
+5.22
7.54
7.49
−0.05
−0.66
8.68
8.53
−0.15
−1.73
12.68
12.15
−0.53
−4.18

ST10
0.725
10.30
10.51
+0.21
+2.04
7.90
8.34
+0.44
+5.57
9.32
9.92
+0.60
+6.44
12.60
13.70
+1.10
+8.73

ST40
0.577
10.79
10.81
+0.02
+0.19
8.66
8.60
−0.06
−0.69
10.28
10.70
+0.42
+4.09
12.81
13.80
+0.99
+7.73

A closer investigation was performed for ST30, a stream station located downstream of
the Lake (Figure 4-1), which, in terms of the modeling application, received the inputs
generated by the Lake W2 submodel. The results indicated a strong correlation between
simulated and observed temperatures with an R2 value of 0.882 (Table 4-2). The seasonal
temperature variations were also captured well with differences ranging from −1.78 ºC to
−0.11ºC. The temperatures were generally under-predicted, and this is probably related to
the under-prediction of surface temperature at LM01 (Table 4-4), a station near the Lake
dam. Although the simulated and observed DO concentrations showed a relatively weak
correlation (R2 value of 0.487), the seasonal trend was well reproduced by the model and
the seasonal differences ranged from −0.53 mg/L to +0.54 mg/L (Table 4-3). The good
calibration of temperature and DO concentrations at this station not only indicates the
good performance of upstream submodels (the Lake W2, the Upper Broad Run, and
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Middle Broad Run HSPF submodels), but also proves the validity of the linkage between
the two different types of water quality models.
Table 4-4: Comparison between Simulated and Observed Daily Temperature and DO at Lake
Manassas Stations

Surface
Bottom

Surface
Bottom

R2
Difference (ºC)
R2
Difference (ºC)
R2
Difference (mg/L)
R2
Difference (mg/L)

LM01
LM03
Temperature
0.986
0.976
−0.12
−0.20
0.835
0.935
+0.51
−0.47
DO
0.559
0.521
−0.50
−0.27
0.855
0.828
+1.10
+1.11

LM04

LM05

LM06

0.985
−0.17
0.854
−0.25

0.984
−0.42
0.940
−0.71

0.956
−0.31
0.963
−0.18

0.535
−0.72
0.921
+0.20

0.532
−0.99
0.898
+0.46

0.529
−1.25
0.608
+1.65

The results from the W2 submodels show a good simulation of the spatial trends of
surface temperatures in the waterbodies (Figure 4-4). The absolute differences at surface
layers are less than 0.42 ºC and 1.38 ºC for the Lake and Reservoir, respectively (Tables
4-4 and 4-5). The general under-prediction of surface temperatures in the two
waterbodies is partially related to meteorological data. The surface temperatures are
affected primarily by surface heat and wind mixing. These data were derived from
meteorological data obtained from the Washington Dulles International Airport weather
station that is located approximately 28 km away for the Lake and 35 km from the
Reservoir. This might partially explain the discrepancies in surface temperature
simulation. The R2 values based on daily surface temperatures at various in-lake stations
were greater than 0.956 and 0.945 for the Lake and the Reservoir, respectively (Tables
4-4 and 4-5), showing strong correlations between simulated and observed data.
Table 4-5: Comparison between Simulated and Observed Daily Temperature and DO at Occoquan
Reservoir Stations

Surface
Bottom

Surface
Bottom

R2
Difference (ºC)
R2
Difference (ºC)
R2
Difference (mg/L)
R2
Difference (mg/L)

RE02
Temperature
0.975
−0.91
0.796
−1.41
DO
0.238
+0.22
0.825
+0.22

RE15

RE30

RE35

0.975
−0.95
0.676
+0.95

0.954
−1.38
0.825
−0.91

0.945
−0.55
0.811
+1.12

0.210
−1.42
0.730
+0.39

0.145
−1.24
0.362
−0.25

0.218
−1.61
0.651
+1.30
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Figure 4-4: Comparison of Surface and Bottom Temperature (Left) and Dissolved Oxygen (Right)
Concentrations along the Mainstems of Lake Manassas (Top) and Occoquan Reservoir (Bottom)

It also can be seen that these two waterbodies show different bottom temperature trends
(Figure 4-4). The observed temperatures in the bottom layers of the Lake tend to decrease
as water flows towards the dam, while the temperatures remain fairly constant along the
bottom layers of the Reservoir. This indicates the differences in hydrodynamic
characteristics of these two waterbodies due to lake morphology and boundary
conditions. The W2 submodels demonstrated the capability to reproduce different
hydrodynamics conditions. Although the simulated and observed bottom temperatures
showed weaker correlations than the surface ones, the R2 values based on daily bottom
temperatures at various in-lake stations were still 0.835 and 0.676 or better for the Lake
and the Reservoir, respectively (Tables 4-4 and 4-5).
Sensitivity analysis indicated that temperature simulation was sensitive to inflow
conditions. Therefore, a closer investigation was performed for stations close to the
headwaters (LM05 of the Lake and RE30 and RE35 of the Reservoir), which received
101

inputs generated by upstream HSPF submodels. In the Lake, the small differences
between simulated and observed temperatures at LM05 (0.42 ºC for surface and 0.71 ºC
for bottom) (Table 4-4) are mainly results of the good performance of the upstream
submodel: the Upper Broad Run HSPF submodel. This was confirmed by the results at
ST70 (the seasonal differences ranged from –0.47 ºC to +0.38 ºC) (Table 4-2). This helps
to confirm the validity of the linkage between the two different types of water quality
models: the watershed model HSPF and the receiving waterbody model W2. The
differences at the Reservoir headwaters were relatively large, which were partially due to
the differences at ST10 and ST40 (Table 4-2). For Branch 1 (RE35), the differences are
−0.55 ºC and +1.22 ºC for surface and bottom layers, respectively. For Branch 2 (RE30),
those differences are −1.38 ºC and −0.91ºC, respectively (Table 4-5).
The W2 submodels also captured the general trends of DO concentrations in the Lake and
Reservoir (Figure 4-4). Although the bottom DO concentrations were generally
over-predicted by less than 1.65 mg/L and 1.30 mg/L for the Lake and the Reservoir,
respectively, the simulated and observed bottom DO showed high correlations and the R2
values based on daily data were greater than 0.608 for the Lake and 0.651 for the
Reservoir (Tables 4-4 and 4-5). The exception was at RE30 (bottom DO R2 of 0.362),
which represented the water quality of the Bull Run branch. For surface DO, although the
results indicated strong correlations at stations in the Lake (R2 values greater than 0.521),
the surface DO concentrations in the Reservoir were not well captured (R2 values from
0.145 to 0.238). In the current study, only one algae species was modeled in the
Reservoir W2 submodel when the observed species count data suggest three dominant
algae species. Thus the timing and magnitude of algae growth were not well captured.
Because the surface DO dynamics are closely related to algae growth, this might cause
the DO discrepancies especially during summer months. The absolute differences of
average surface DO concentrations at various stations were less than 1.25 mg/L and
1.61 mg/L for the Lake and the Reservoir, respectively.
Further analysis was performed for stations near the dams (RE02 for the Reservoir and
LM01 for the Lake). This is because the surface conditions at these stations generally
represent the water quality flowing downstream over the dams. In addition, it also
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provides information on water quality into the water treatment plant of the City of
Manassas, because the plant withdraws waters primarily from the top intake. This
consideration does not apply to the Reservoir because Fairfax Water withdraws water
primary from the middle intake at the dam.
The W2 submodels demonstrated the ability to capture the seasonal variation patterns for
temperature and DO (Figure 4-5, which includes the validation period). Both surface and
bottom temperatures followed seasonal patterns that were well reproduced by the W2
submodels. The development of metalimnion zones during summer thermal stratification
and discontinuity during spring and fall turnover were captured well. It also can be seen
that during summer months the differences between surface and bottom temperatures
were smaller at RE02 (the Reservoir) than LM01 (the Lake), although the water at RE02
is approximately 5 m deeper than LM01. This is probably due to two reasons. Firstly, the
Reservoir has a smaller average retention time (19.6 days) than the Lake (118.5 days),
and thus experiences greater turbulence and flushing rates than the Lake. Therefore, more
mixing in the Reservoir reduces the temperature differences between surface and bottom
layers, and thus limits the development of thermal stratification. This is also confirmed
by results from other location in the Reservoir (Figure 4-4). In addition, the aeration
system implemented at the bottom (near the dam) in the Reservoir generated more
turbulence and thus reduced the thermal gradient between the surface and bottom layers.
This might also partially explain the under-prediction of the bottom temperature at RE02
(Table 4-5).
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Figure 4-5: Surface and Bottom Simulated and Observed Temperature and Dissolved Oxygen
Concentrations at Stations near Lake Manassas and Occoquan Reservoir Dams for Model
Calibration and Validation

The observed surface DO concentrations also followed a seasonal pattern, with the lowest
concentrations during summers when temperatures were highest and algae were most
active (Figure 4-5). This was well reproduced by the model. However, the surface DO
concentrations in the Reservoir were generally under-predicted during later spring and
summer seasons. This is probably related to algal dynamics and may be improved by
including multiple algae species in the W2 submodel. The bottom DO patterns were also
well-reproduced. The timing and duration of the onset of bottom oxygen depletion, the
development of the hypolimnetic anoxia zone, and the increase in DO during fall
overturn were well-simulated by the W2 submodels.
The vertical variations of temperature and DO concentrations at LM01 and RE02 were
also investigated (Figure 4-6). Although the vertical stratification during summer months
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was generally reproduced by the W2 submodels, the degree of stratification was quite
different in the two waterbodies. The Lake showed clear boundaries of epilimnion,
metalimnion, and hypolimnion. However, the Reservoir did not show strong stratification
and the differences among thermal layers were not as obvious as those in the Lake, which
has been explained above. The statistical analysis indicated that the AME values for
summer months are in the range of 1.13 ºC ~2.24 ºC for the Lake and 0.58~1.99 ºC for
the Reservoir during the three-year simulation period (Table 4-6). Most discrepancies
were due to the over-prediction of temperatures in the lower layers.
The vertical distributions of DO concentrations indicated that the oxygen depletion in the
hypolimnion zone of the Lake was captured by the W2 submodel. However, the
submodel tended to over-predict the DO concentrations in the metalimnion. This is
probably due to the oxygen produced by the algae with relatively slow settling rates. The
Reservoir W2 submodel did not reproduce the DO vertical distribution as well as the
Lake. The DO AME values for summer months ranged from 1.04 mg/L to 3.22 mg/L,
which were higher than those of the Lake (0.53 mg/L to 1.77 mg/L). The discrepancies
were mainly due to the over-prediction at the metalimnion zones in summer months,
which are possibly related to the insufficient description of algae/nutrient/DO dynamics
by the model (Cole and Tillman 2001; Giorgino and Bales 1997). Currently only one
lumped algae group was simulated in the Reservoir, although the algae count data show
three dominant algae species. This might be improved by including multiple algae
species in future simulations.
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Figure 4-6: Comparison of Vertical Profiles of Temperature and Dissolved Oxygen at Stations near
the Dams of Lake Manassas (Top) and Occoquan Reservoir (Bottom)
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Table 4-6: Statistical Analysis of Summer Temperature and DO Concentrations at the Stations Near
Lake Manassas and Occoquan Reservoir Dams

Date
06/10/93
07/19/93
09/01/93
06/08/94
07/07/94
08/31/94
06/07/95
07/19/95
08/30/95

Lake Manassas
Temperature
AME
RMS
1.88
2.46
1.37
1.55
1.53
1.69
1.18
1.40
1.95
2.10
2.24
2.42
1.13
1.23
1.88
2.19
1.20
1.51

DO
AME
1.76
0.53
0.96
0.85
0.93
1.77
1.20
1.22
0.58

Date
RMS
2.38
1.12
1.34
1.42
1.38
2.80
1.93
1.72
0.80

06/02/93
07/20/93
08/31/93
06/01/94
07/19/94
08/30/94
06/01/95
07/18/95
08/19/95

Occoquan Reservoir
Temperature
DO
AME
RMS
AME
RMS
1.17
1.52
2.51
3.14
1.38
1.62
1.43
2.14
1.99
2.22
1.45
2.19
1.41
1.54
2.55
3.17
0.87
1.01
2.22
2.83
1.65
1.94
1.62
2.02
1.55
1.84
3.22
3.92
1.69
1.94
2.49
3.23
0.58
0.84
1.04
1.50

4.4.2 Model Validation
Simulated and observed temperature and DO concentrations for the years 1996 and 1997
were used for model validation. Both the calibration and validation periods were
combinations of wet and dry years and are considered suitable for model calibration and
validation purposes. The simulated output for these two validation years were generated
using the same land use as for the calibration period (the year 1995), and the 1996 and
1997 meteorological data.
The results shown here include both the calibration and validation periods so that model
validation can be seen in context. For the validation period, the simulated and observed
temperature and DO at the stream stations indicate high correlations and R2 values (Table
4-7) are greater than 0.627 for temperature and 0.516 for DO. The exception was at
ST45, which was probably due to the lack of temperature and DO information for the
UOSA discharge.
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Table 4-7: R2 Values based on Daily Comparison of Temperature and DO at Principal Stations for
Model Calibration (1993-1995) and Validation (1996-1997)

ST25
ST70
ST30
ST45
ST10
ST40

Temperature
DO
Temperature
DO
Temperature
DO
Temperature
DO
Temperature
DO
Temperature
DO

1993~1995
0.930
0.639
0.933
0.700
0.882
0.487
0.751
0.386
0.934
0.725
0.957
0.577

1996~1997
0.709
0.568
0.911
0.607
0.637
0.522
0.577
0.248
0.638
0.557
0.627
0.516

1993~1997
0.829
0.605
0.924
0.646
0.767
0.492
0.685
0.334
0.815
0.650
0.827
0.540

Figures 4-7 and 4-8 show comparisons of daily temperature and DO at four monitoring
stations for the 5-year calibration and validation period. During the validation period, the
submodels reproduced the seasonal variation for temperature and DO fairly well.

Figure 4-7: Comparison of Daily Temperature (ºC) at Four Principal Stream Stations in the
Occoquan Watershed for Model Calibration (1993-1995) and Validation (1996-1997)
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Figure 4-8: Comparison of Daily DO Concentrations (mg/L) at Four Principal Stream Stations in the
Occoquan Watershed for Model Calibration (1993-1995) and Validation (1996-1997)

The temperature and DO concentrations were also validated for the Lake and the
Reservoir stations. The R2 values indicated that the Lake W2 submodel was well
validated, and simulated and observed values showed strong correlations at various
stations (R2 values greater than 0.820 for temperature and greater than 0.556 for DO)
(Table 4-8). The W2 submodel also captured the seasonal fluctuations of temperature and
DO, including summer thermal gradients, fall turnover, and bottom DO depletion
(Figure 4-5).
The W2 submodel for temperature of the Occoquan Reservoir was also considered to be
well validated and the R2 values were greater than 0.824 (Table 4-9). Both calibration and
validation results indicated weak correlation of surface DO concentrations, which is
perhaps due to algae simulation. However, the seasonal patterns in the Reservoir were
captured (Figure 4-5).The bottom DO concentrations were well validated with the R2
values equal to 0.521 or greater.
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Table 4-8: R2 Values based on Daily Comparison of Temperature and DO at Lake Manassas Stations
for Model Calibration (1993-1995) and Validation (1996-1997)

LM01
Surface (Calibration)
Surface (Validation)
Bottom (Calibration)
Bottom (Validation)

0.986
0.977
0.835
0.821

Surface (Calibration)
Surface (Validation)
Bottom (Calibration)
Bottom (Validation)

0.559
0.625
0.855
0.897

LM03

LM04
LM05
Temperature
0.976
0.985
0.984
0.975
0.984
0.983
0.935
0.854
0.940
0.952
0.820
0.953
Dissolved Oxygen
0.521
0.535
0.532
0.556
0.596
0.646
0.828
0.921
0.898
0.803
0.879
0.864

LM06
0.956
0.951
0.963
0.941
0.529
0.630
0.608
0.685

Table 4-9: R2 Values based on Daily Comparison of Temperature and DO at Occoquan Reservoir
Stations for Model Calibration (1993-1995) and Validation (1996-1997)

RE02
Surface (Calibration)
Surface (Validation)
Bottom (Calibration)
Bottom (Validation)

0.975
0.979
0.796
0.890

Surface (Calibration)
Surface (Validation)
Bottom (Calibration)
Bottom (Validation)

0.238
0.184
0.825
0.823

RE15
RE30
Temperature
0.975
0.954
0.973
0.947
0.676
0.825
0.824
0.853
Dissolved Oxygen
0.210
0.145
0.162
0.434
0.730
0.362
0.857
0.521

RE35
0.945
0.944
0.811
0.842
0.218
0.348
0.651
0.587

4.5 Conclusions
A complex linked model, using six applications of HSPF and two of CE-QUAL-W2, was
applied to simulate the temperature and DO in the Occoquan Watershed. The linked
model not only successfully simulated the temporal and spatial distribution of
temperature and DO in the upland streams, but also captured thermal stratification, spring
and fall turnover, and DO depletion in the waterbodies. The linked model was adequately
validated to capture the general trend of temperature and DO in the watershed and two
principal waterbodies.
One of the noteworthy features of this study was the application of the linked water
quality models. By linking the state-of-the-art watershed model HSPF with reservoir
model CE-QUAL-W2, the model represents the real world more as a single entity and
forces the modeler to look at approaches to calibration that benefit the overall model
110

rather than the individual components. Moreover, this approach develops a direct
cause-and-effect linkage between upstream activities and downstream water quality,
although it requires extra effort to develop and calibrate the linked model. This coupled
approach allows the assessment of thermal stress on stream habitat due to urbanization,
and allows prediction of possible impairment to fish communities. This advantage of the
linked model approach benefits the ongoing TMDL project, where various nutrient
reduction scenarios and/or land development scenarios are required to evaluate their
impacts on DO concentrations in the Occoquan Reservoir. Therefore, instead of using
assumed loading reduction rates, W2 could use the boundary conditions corresponding
with these scenarios to predict the water quality variations and propose appropriate
approaches to achieve the management goal set by the TMDL process.
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Chapter 5. Modeling Soluble Inorganic Nitrogen
Transport and Fate, and the Impact of Land
Use Changes in the Occoquan Watershed
Using a Linked Model Application
5.1 Summary
The Occoquan Watershed is a 1,515 km2 basin located in northern Virginia and contains
two principal waterbodies: the Occoquan Reservoir and Lake Manassas. Both of them are
principal drinking water supplies for local residents and experience eutrophication and
summer algae growth. They are continuously threatened by new development from the
rapid expansion of the greater Washington D.C. region. The Occoquan model, consisting
of six HSPF and two CE-QUAL-W2 submodels linked in a complex way, has been
developed and applied to simulate the hydrology and water quality activities of the two
major reservoirs and the associated drainage areas. This paper describes the application
of the linked model to simulate the transport and fate of ammonium-nitrogen (NH4-N)
and oxidized nitrogen (Ox-N) in the watershed and reservoirs. The models were
calibrated for a three-year simulation period and validated for a two-year simulation
period based on more than 12,000 field measurements. The results show that a successful
calibration can be achieved using the linked approach, with moderate additional effort.
The percentage difference values of load comparison based on the three-year study period
ranged from −3.95 to +10.22% for NH4-N loads and from −11.89 to +6.10% for Ox-N
loads. The differences of average simulated and observed NH4-N concentrations in flow
over the dams were equal to or less than 0.01 mg/L for both Lake Manassas and
Occoquan Reservoir. The differences of average Ox-N concentrations in flow over the
dams were equal to or less than 0.01 mg/L for Lake Manassas and 0.07 mg/L for
Occoquan Reservoir. The model was adequately validated to capture the nitrogen load
production from the drainage areas and temporal distribution of nitrogen species in the
waterbodies. Because the linked watershed-reservoir water quality model approach
provides a direct cause-effect relationship between upstream activities and downstream
water quality, the model was then used to predict the impact of alternative land use
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scenarios on water quality changes in the Occoquan Reservoir. The model predicted that
the annual NH4-N loads would be doubled due to future urban expansion. Although the
changes of land use patterns also suggest increases in Ox-N loads from drainage areas,
the impact on the Occoquan Reservoir water quality is masked by a wastewater treatment
plant that accounts for a significant portion of oxidized nitrogen loads into the Occoquan
Reservoir. The increases of external nitrogen loads lead to nutrient enrichment in the
Occoquan Reservoir. The NH4-N and Ox-N concentrations in the flow over the
Occoquan Reservoir dam would be increased by 100% and 43%, respectively, due to
future urbanization.

5.2 Introduction
Excess nutrient flux into streams, lakes and reservoirs is a leading source of waterbody
impairment in the USA (USEPA 2002). Large amounts of biologically available
nutrients, primarily nitrogen (N) and phosphorus, enhance the nutrient status of
waterbodies and trigger lake eutrophication. Common indicators of eutrophication
include dissolved oxygen depletion, water transparency decrease, undesired growth of
algae and aquatic weeds, and fish kills (Wetzel 2001). These problems will eventually
lead to degradation of ecological systems and threaten the public health.
Although it is clear that these issues are related to increased external nutrient fluxes due
to human activities, the knowledge of the quantification of these sources, especially
diffuse sources, and their effect on aquatic systems is needed to better understand the
transport and fate of nutrients in watersheds, so that nutrient reduction programs can be
better implemented to prevent undesired consequences to aquatic ecosystems. Therefore,
a total maximum daily loads (TMDL) program is required under the Clean Water Act
(40.C.F.R.§130.7.) for each impaired waterbody to improve water quality by reducing
point and nonpoint source loadings.
Water quality problems such as nutrient enrichment, eutrophication, and degradation of
aquatic ecosystems relate to various factors and N cycling is one of them. Because of the
complication of N dynamics, water quality models have been widely used to determine
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the key processes that control N transport and fate, so that alternative N load reduction
plans can be evaluated. Examples include the Water Quality Analysis Simulation
Program (WASP) (Borsuk, et al. 2003), CE-QUAL-W2 (W2) (Bowen and Hieronymus
2003), and Neu-BERN (Borsuk, et al. 2003). External N loads from point and/or
nonpoint sources are fed into these models as boundary conditions. However, these are
normally not monitored at a frequency to provide a sufficient description of driving
forces. Moreover, diffuse pollution, a major contributor of the excess loadings to
receiving waterbodies, is hard to quantify by using traditional engineering techniques.
Thus numerical methods have been applied to estimate the temporal changes of external
N fluxes (McIsaac, et al. 2002). When investigating the impact of alternative
management plans, N load reduction scenarios were developed by reducing the inflow N
concentrations (Bowen and Hieronymus 2003; Imteaz, et al. 2003). Although this
approach does answer the questions on the potential impact of external N load reduction
on aquatic systems, it does not provide a practical guide to implement those load
reduction programs and thus does not fully answer the management questions posed by
TMDL programs.
Watershed models are also used in TMDL programs, such as spatially referenced
regression model (SPARROW) (McMahon, et al. 2003), Soil and Water Assessment Tool
(SWAT) (Jayakrishnan, et al. 2005), and Hydrological Simulation Program–Fortran
(HSPF) (Merrill, et al. 2002). One of the difficult challenges regarding simulation of N
dynamics in watershed models is insufficient description of the physical characteristics of
receiving waterbodies as well as associated processes. For example, although HSPF
considers several different routines to simulate soluble inorganic nitrogen (SIN) in
reaches, it assumes streams and reservoirs to be well-mixed (Bicknell, et al. 2001). Thus,
it cannot fully represent the spatial distribution of inorganic N due to phytoplankton
accumulation in the epilimnion and oxygen depletion in the hypolimnion. SWAT makes
a similar assumption for reservoirs (Neitsch, et al. 2002). In addition, it assumes no
transformation or degradation of nutrients in channels.
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These shortcomings in common modeling applications can be overcome by linking
watershed models to receiving waterbody models (DePinto, et al. 2004). This approach
provides a more accurate representation of the real world and allows integration of the
downstream water quality to upstream land activities. In addition, it can be applied to
complicated watersheds that have more than one major waterbody. However, few
researchers have adopted this approach because of insufficient data availability and
complications involved with linking more than two state-of-the-art water quality models.
In this paper, a complex linked model consisting of six HSPF and two W2 applications is
applied to simulate SIN dynamics in the Occoquan Watershed as well as its receiving
waterbodies: Occoquan Reservoir and Lake Manassas. While the objectives of the
research are broader, the main objectives of this paper are to 1) provide a good calibration
of SIN detachment and transport in the drainage areas; 2) capture the temporal and spatial
distribution of SIN in the reservoirs; 3) provide a solid calibrated model for further
Dissolved Oxygen (DO) TMDL development due to the interrelation of
algae/nutrient/DO dynamics; 4) evaluate the impacts of alternative land use scenarios on
nitrogen loadings and water quality in the Occoquan Reservoir. The initial calibration of
the linked model is for the years 1993-95, with a validation period of 1996-97; a total
five-year period spanning a land-use data update issued in 1995. The years 1993, 1994
and 1996 had annual precipitation of 106.7 cm, 107.8 cm, 114.5 cm respectively, and are
considered to be average-to-somewhat-wet years based on a 51-year average of 101.3 cm.
The years 1995 and 1997 were dry years with total rainfalls of 85.9 cm and 77.5 cm
respectively. Due to length limitations, separate papers will provide discussion on
hydrologic activities (Xu, et al. 2006), DO and temperature, soluble inorganic phosphorus
and algae activities.

5.2.1 Study Area
The Occoquan Watershed (Watershed) is a 1,515 km2 basin in northern Virginia (Figure
5-1). It contains three principal tributaries—Cedar Run, Broad Run and Bull Run; and
two major waterbodies—Occoquan Reservoir (Reservoir) and Lake Manassas (Lake).
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Figure 5-1: Location of Occoquan Watershed in Virginia, USA, Showing Main Tributaries, Main
Waterbodies, Stream Stations and Rain Stations Used for This Study

The Reservoir is part of the drinking water supply for 1.2 million northern Virginia
residents and is a major recreation site in the northern Virginia area. It receives flows
from two principal tributaries: Occoquan River and Bull Run. The Upper Occoquan
Sewage Authority (UOSA) water reclamation facility discharges into Bull Run. Its
effluent is cooler than the water in the Reservoir during the warmer months and rich in
nitrate-nitrogen. Thus, when this stream reaches the main body of the Reservoir, the
nitrate-rich water flows toward the bottom due to density differences. This has a
significant impact on water quality in the Reservoir and is an important component of the
management of the Reservoir (Randall and Grizzard 1995). Flows over the Occoquan
dam drain into the Potomac River after running approximately 8 km southeast. The total
capacity of the Reservoir is 31.4×106 m3 and the safe yield is 2.5×105 m3/d (which
includes the discharge from UOSA)(OWML 1998). The surface area at the maximum
elevation of 36.6 m above mean sea level is 616 hectare. The average depth of the
Reservoir is 5.1 m with a maximum depth of approximately 20.0 m near the dam. The
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average residence time is 19.6 days. Based on Wetzel’s (2001) classification of the
trophic status of lakes, the Reservoir is mesoeutrophic with the limiting factor being
orthophosphate phosphorus (Randall and Grizzard 1995). Copper compounds are used to
control algae growth during summer months.
Lake Manassas is another major waterbody in the Watershed. It serves as the principal
drinking water supply for the City of Manassas as well as for recreational purposes. The
total drainage area is approximately 189 km2. Three golf courses are located on the north
shore (Robert Trent Jones, Virginia Oaks, and Par 3). The City of Manassas withdraws
water from three water intakes at the dam (primarily the intake at the top) for municipal
service. During dry periods, the golf courses withdraw water from the surface. The
natural storage capacity of the Lake is 15.4×106 m3 and the safe yield is 6.37×104 m3/d.
The surface area at the maximum elevation of 86.9 m above mean sea level is
282 hectare. The average depth is 5.5 m with a maximum depth of approximately 15.0 m
near the dam. Lake Manassas is classified as an eutrophic waterbody and the limiting
nutrient is phosphorus (Eggink 2001). It has high biological productivity and copper
compounds were applied for at least fourteen years (1982-1995), typically four times a
year.

5.3 Model Description
HSPF divides simulated watersheds into three blocks and simulates processes occurring
in: (1) pervious land areas (PERLND); (2) impervious land areas (IMPLND); and
(3) well-mixed streams and reservoirs (RCHRES) (Bicknell, et al. 2001). The nutrient
loads carried by runoff from pervious land areas are the summation of loads from surface
runoff, interflow and groundwater, and can be estimated using two different methods.
One of the methods assumes simple relationships with water and/or sediment yield. An
empirical factor, called washoff potency factor (POTFW), is used to relate the nutrient
yield to sediment removal. N yields from land surfaces can also be assumed to be a
function of water flow and storage quantity. During dry periods, HSPF assumes a linear
relationship of N storage with a user-specific accumulation rate (ACQOP) and maximum
storage capacity (SQOLIM). The N removal during wet periods is simulated based on an
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exponential function, where a user-defined parameter called WSQOP is used to relate the
washoff rate to the surface runoff rate. N fluxes in interflow and active groundwater are
estimated by multiplying flow rates by user-specified concentrations.
The other method to estimate N loads from pervious land segments is under the NITR
section, where transformation among nitrate-nitrogen, ammonium-nitrogen and organic
nitrogen is simulated in each soil layer. Processes important to agricultural fields include
plant uptake, fixation, immobilization, mineralization, denitrification,
adsorption/desorption, and volatilization. Although this method provides a more
process-oriented approach to simulate N cycling, it is suitable for agricultural areas where
corresponding monitoring data are available. The approach for N fluxes from impervious
land areas (IMPLND) is similar to the method in PERLND, where simple relationships
with flow and sediment yield are used. In this model application, two inorganic nitrogen
species: ammonium nitrogen (NH4-N) and oxidized nitrogen (Ox-N) were simulated
under PERLND (the simple method) and IMPLND. The contribution from wet and dry
atmospheric deposition was supplied as monthly fluxes for the entire studied watershed.
After the N fluxes are transported from pervious and impervious lands to the aquatic
systems, several physical and biochemical processes take place under the RCHRES
module to further simulate soluble inorganic N transformation in streams and reservoirs.
These include advection, benthal release, ammonia ionization, ammonia vaporization,
nitrification and denitrification, adsorption and desorption to inorganic sediment,
deposition and scour of adsorbed nitrogen, and mineralization. In addition, processes
related to consumption by plankton and benthic algae are addressed in separate modules.
W2, a two-dimensional hydrodynamic and water quality model, provides a detailed
description of algae/nutrient/DO dynamics in long and narrow waterbodies such as lakes
and reservoirs (Cole and Wells 2003). The simulated variables included temperature, DO,
ammonium, nitrate+nitrite, orthophosphate phosphorus, BOD, organic matter and algae.
The processes that affect sinks and sources of NH4-N include growth and respiration of
algae, nitrification, denitrification, anaerobic release from the sediment, and decay of
organic matter. Simulation of internal fluxes of nitrate and nitrite is relatively simpler
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because it is not directly associated with decay of algae or organic matter. The
biochemical reactions for Ox-N include photosynthesis of algae, nitrification,
denitrification, and sediment diagenesis. Detailed descriptions of both models can be
found elsewhere (Bicknell, et al. 2001; Chen, et al. 1998b; Cole and Wells 2003;
Donigian and Crawford 1976).

5.3.1 Linked Model Approach
The Occoquan model is a complex linked model application, which includes six HSPF
and two W2 submodels. The schema of the linked model approach, as well as the
watershed segmentation, is shown in Figure 5-2. The Watershed is divided into six
subbasins, with a total of 56 land (HSPF) segments. The average segment size is
27.0 km2.

Figure 5-2: Occoquan Watershed Model Application Link Schema and Watershed Segmentation

The bathymetries of the Lake and the Reservoir are shown in Figure 5-3. For modeling
purposes, the Lake is divided into four branches and has a total of 29 active
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computational segments with lengths ranging from 173 m to 568 m. It has 4 to 28
computational layers, each 0.5 m thick. The Reservoir is also divided into four branches
with a total of 69 computational segments. The average segment length is 583 m with a
minimum of 74 m (Segment 32, at Ryan’s Dam, a submerged feature with a narrow
vertical opening) and a maximum of 838 m. There are from 1 to 39 computational layers,
each 0.5 m thick. A detailed description of model development, watershed segmentation
and waterbody segmentation can be found elsewhere (Xu, et al. 2006).

5.3.2 Boundary Conditions
In this model application, the boundary conditions required by W2, such as inflows,
temperature and water quality data, are provided by upstream HSPF submodels (Figure
5-2). For example, in the Lake W2 submodel, the Upper Broad Run HSPF submodel not
only provides daily time series inputs of direct inflows, but also SIN concentrations and
other water quality components. The ungauged distributed tributary flows along the Lake
and associated water quality are estimated by the Middle Broad Run HSPF submodel.
The outputs from the Lake W2 submodel serve as inputs for the Lower Broad Run HSPF
submodel. Similarly, the Lower Broad Run HSPF application, including the contribution
from the Cedar Run subbasin, provides flows and water quality time-series for the
Occoquan River branch of the Reservoir. The input time series for the Bull Run branch
are provided by the Bull Run HSPF submodel. The Lower Occoquan HSPF application
provides the ungauged distributed tributary flows as well as associated water quality
along the Reservoir. Thus, six HSPF and two W2 submodels are integrated together to
fully represent the hydrology and water quality activities in the Occoquan Watershed and
two principal waterbodies.
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Figure 5-3: Segmentation of Lake Manassas (top) and Occoquan Reservoir (bottom), Showing
Selected Monitoring Stations

5.3.3 Initial Conditions
The initial SIN concentrations in HSPF submodels were first assigned reasonable values.
Then the submodels were run through a one-year simulation. The initial values were then
adjusted based on the values at the end of the simulation.
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The initial concentrations of SIN in W2 applications were set to be the same as observed
data at the beginning of the simulation period at the stations closest to the dams.

5.3.4 Monitoring Data
For the stream stations (Figure 5-1), SIN data in base flow water quality samples were
available on a biweekly basis during the winter season and on a weekly basis during other
seasons. Composite flow-weighted storm water quality samples were also collected
automatically for most storms. However, no automatic sample collection system was
installed at ST10 due to the absence of stream flow measurements in the study period,
and instead of composite flow-weighted samples, grab samples were collected during
storm events.
For the Lake and the Reservoir (Figure 5-3) stations, near-surface and near-bottom water
quality samples were available on a biweekly basis during the winter season and on a
weekly basis during other seasons.
The monitored SIN components were nitrate-nitrogen, nitrite-nitrogen and
ammonium-nitrogen. Samples were filtered through Whatman 934AH (1.5μm) filters
before being analyzed by using standard EPA methods (1983).

5.3.5 Calibration Criteria
Because there is no single accepted test to determine whether or not a model is calibrated,
both graphical and statistical methods are applied to evaluate the model performance. In
addition to traditional statistical measures such as mean values and the standard
coefficient of determination (R2), several other statistical methods, such as paired t-test,
were also used.
The percentage difference (PD) between simulated and observed data is defined below:
PD =

100 ⋅ (Y − X )
%
X
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where X is the observed load or concentration, and Y is the simulated load or
concentration. Donigian (2002) suggested a value based on an annual comparison in the
range of 15-25% for a good water quality/nutrient calibration of HSPF.

5.4 Results and Discussion
The model results are presented in two sections. The first section describes the capability
of the linked model to reproduce water quality conditions in the Watershed by comparing
model results with the existing data for calibration (the January 1993 to December 1995
simulation period) and validation (the January 1996 to December 1997 simulation
period). The second section describes the results of two land use development scenarios.

5.4.1 Current Case Simulation Results
5.4.1.1 Calibration
The simulated SIN loads from HSPF were compared with observed loads of individual
storms, aggregated on both a monthly and an annual basis. Figures 5-4 and 5-5 show the
annual load comparisons at four principal stream stations in the Watershed. According to
the scale used by Donigian (2002), the results indicate good model performance and the
PD values based on the three-year calibration period ranged from −3.95 to +10.22% for
NH4-N and from −11.89 to +6.10% for Ox-N (Table 5-1). The absolute PD values based
on annual loads are less than 25% for most sites (Table 5-1). The exceptions mostly
occurred in the year 1995 (ST25 and ST70 for NH4-N, ST25 and ST30 for Ox-N).
However, because 1995 was a dry year and produced less flow volumes, the annual
NH4-N and Ox-N loads of 1995 are generally small compared to the other two simulation
years (Figures 5-4 and 5-5), and thus have limited impact on the three-year totals.
Although HSPF can address manure and fertilizer application under the Special Action
block in the HSPF programs, the function was not used in this model application due to
lack of records of application quantities and rates. This might partially explain the general
under-prediction of oxidized nitrogen loads at the Cedar Run subbasin (ST25) where
agricultural activities are significant.
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Figure 5-4: Comparison of Annual Ammonium Nitrogen Loads at Principal Stream Stations, 1993-95

Both annual and monthly loads of NH4-N and Ox-N show positive relationships with
drainage areas except for Ox-N loads at ST45 (Figures 5-4 and 5-5, Table 5-2). This is
because the nitrate-rich effluent from UOSA, located upstream of ST45, contributed
approximately 75% of Ox-N loads at ST45.
Table 5-1: Comparison of Annual and Three-Year Totals of Soluble Inorganic Nitrogen Loads at
Various Stream Stations

Percentage Difference of
Annual NH4-N Loads (%)
ST25
ST70
ST30
ST45

1993
+23.93
+12.24
+13.15
+33.92

1994
−0.44
+9.27
−0.80
+10.05

1995
−32.47
−37.00
−10.41
−18.63

1993-95
+2.79
−3.95
+3.74
+10.22

Percentage Difference of
Annual Ox-N Loads (%)
1993
−1.05
−5.80
−3.49
+1.40

1994
−6.48
+12.76
+4.63
+1.18

1995
−40.81
+18.88
−34.24
−4.83

1993-95
−11.89
+6.10
−5.37
−0.74
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Figure 5-5: Comparison of Annual Oxidized Nitrogen Loads at Principal Stream Stations, 1993-95
Table 5-2: Comparison between Observed and Simulated Monthly Average Loads for NH4-N and
Ox-N at Stream Stations

Drainage
Area
(km2 )

Observed
(×106 g)
ST25
396
0.86
ST70
126
0.13
ST30
228
0.53
ST45
373
0.68
*PD: Percentage Difference

NH4-N
Simulated
(×106 g)
0.88
0.13
0.55
0.75

Ox-N
PD*
(%)
+2.3
0.0
+3.8
+0.3

R2
0.225
0.531
0.710
0.785

Observed
(×106 g)
9.14
3.23
3.47
55.37

Simulated
(×106 g)
8.06
3.43
3.29
54.96

PD*
(%)
−11.8
+6.1
−5.2
−0.7

The load analyses based on monthly average values also confirm the good match between
observed and simulated loads with absolute PD values equal to or less than 3.8% for
NH4-N and 11.8% for Ox-N (Table 5-2). The R2 values based on monthly loads were
0.531 or greater for NH4-N and 0.606 for Ox-N, and thus indicated high correlations
between simulated and observed values. The exception was NH4-N at ST25, which was
due to the differences in 1993 and 1994. During November 27-28, 1993, a storm with a
precipitation volume of 10.9-13.3 cm was recorded at seven rain gauge stations and was
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R2
0.617
0.887
0.843
0.606

confirmed by rapid responses in the hydrograph at ST25. The records indicated it as a
major storm event that accounted for 85% of the flow volume of the whole month.
However, no storm sample was collected and thus the event mean concentrations (EMCs)
were missing. The missing pollutant loads were estimated from a regression relationship
between storm flow volumes and EMCs developed for the 1990-1994 period. Even
though this method provides a reasonable estimation of nutrient loads during missing
storm events, the potential error associated with high flow events like this one could have
significant impact on monthly, even annual, nutrient balances (Longabucco and Rafferty
1998). This might explain the over-prediction of NH4-N during November 1993. A
similar reason applies to the over-prediction in July and August of 1994 when samples
from three storm events were missing. The under-prediction of NH4-N loads in March
1994 was due to under-prediction of flow rates during a 5-day storm event. The R2 of
monthly loads at ST25 would be improved from 0.225 to 0.558 without those storms.
The empirical method to estimate the nutrient loads from missing storm events was also
applied to the year 1995, where EMCs were developed based on the 1995-1999 period.
The potential error associated with this method partially explained the relatively large
differences between simulated and observed loads (Table 5-1). However, as mentioned
earlier, the annual loads of the year 1995 were relatively small compared to the other two
simulation years, thus they had limited impact on the comparison based on the three-year
totals.
A closer investigation was performed for ST30, a stream station located downstream of
the Lake (Figure 5-1), which, in terms of modeling application, received the inputs
generated by the Lake W2 submodel. The results show good agreement between
simulated and observed loads. The PD values based on annual loads ranged from
−10.41% to +13.15% for NH4-N and from −34.24% to +4.63% for Ox-N (Table 5-1).
The relatively large differences occurred in the year 1995, which has been explained
above. The large R2 values based on monthly comparison (0.710 for NH4-N and 0.843
for Ox-N) (Table 5-2) show strong correlations between simulated and observed loads.
The good calibration of SIN at this station not only indicates the good performance of
upstream submodel applications (the Lake W2, the Upper Broad Run and Middle Broad
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Run HSPF submodels), but also proves the validity of the linkage between the two
different types of water quality models.
Unlike most HSPF applications, the calibration procedure in this model application not
only focused on nutrient loads, but also on nutrient concentrations. This is because the
W2 submodels, which use the outputs of upstream HSPF submodels as inputs, perform
the mass balances based on concentrations. The comparison of SIN concentrations was
performed for stations located at the headwaters of the Reservoir (ST10 and ST40),
where HSPF submodels were linked to the Reservoir W2 submodel. There were a total of
132 and 294 observed data samples for ST10 and ST40, respectively. Because less than
ten grab storm samples were collected at ST10 during the three-year calibration period,
they were not included in this analysis.
Tables 5-3 and 5-4 show the average concentrations at two stream stations located at the
headwaters of the Reservoir. The results indicate that the absolute differences between
average simulated and observed NH4-N concentrations were 0.01 mg/L at ST10
(baseflow) and 0.01 mg/L at ST40 (both baseflow and storms). The absolute differences
between average simulated and observed Ox-N concentrations were 0.10 mg/L at ST10
(baseflow) and 1.94 mg/L and 1.39 mg/L at ST40 (baseflow and storms, respectively). It
is notable that at ST40, the Ox-N concentrations in storm flows were generally smaller
than those from base flow. This was because the UOSA effluent with an average Ox-N
concentration of 22 mg/L was diluted by the upland storm runoff that has lower Ox-N
concentrations.
Table 5-3: Comparison of NH4-N Baseflow and Stormflow Concentrations at Stream Stations at the
Headwaters of the Occoquan Reservoir (ST10 and ST40)

ST10
Baseflow
Mean
SD*
Observed (mg/L)
0.06
0.05
Simulated (mg/L)
0.05
0.05
–
Difference (mg/L)
−0.01
*SD: Standard Deviation

ST40
Baseflow
Storm Flow
Mean
SD*
Mean
SD*
0.02
0.02
0.04
0.03
0.03
0.02
0.05
0.03
–
–
+0.01
+0.01
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Table 5-4: Comparison of Ox-N Baseflow and Stormflow Concentrations at Stream Stations at the
Headwaters of the Occoquan Reservoir (ST10 and ST40)

ST10
Baseflow
Mean
SD*
Observed (mg/L)
0.20
0.21
Simulated (mg/L)
0.30
0.12
–
Difference (mg/L)
+0.10
*SD: Standard Deviation

ST40
Baseflow
Storm Flow
Mean
SD*
Mean
SD*
6.88
4.20
2.11
1.51
8.82
4.65
3.50
2.04
–
–
+1.94
+1.39

The simulated baseflow Ox-N values at ST10 did not show as large a variation as
observed data did (Table 5-4 and Figure 5-6). This was partially due to using fairly
constant user-defined monthly concentration values in interflow and active groundwater.
Because a significant portion of pollutants in base flows originated from interflow and
active groundwater, the simulated base flow concentrations varied within a relatively
small range. At ST40, NH4-N concentrations show a greater variation during storm
events than in base flow events. This is because storm flow quality was affected by
various factors such as precipitation duration and intensity, surface runoff and land uses.
However, Ox-N concentrations at ST40 showed an opposite trend: greater variations
during baseflow than storm flow. This is due to the dilution of nitrate-rich UOSA
effluents by storm runoff that has lower Ox-N concentrations. The results also suggest
good performance in capturing the seasonal trends for both base flow and storm events
(Figure 5-6).
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Figure 5-6: Seasonal Comparison of Baseflow and Stormwater NH4-N and Ox-N Concentrations at
Stations near the Headwaters of the Occoquan Reservoir. Each box graphs the quartiles with the lower
and upper edges representing the 25th and 75th percentiles, respectively. The midline is the median. The
upper and lower points (asterisks) are the maximum and minimum values.

Figures 5-7 and 5-8 show the comparisons of average NH4-N and Ox-N concentrations
along the mainstems of the Lake and the Reservoir as a function of distance upstream of
the respective dams. The results indicate that the W2 submodels capture longitudinal
distribution of SIN fairly well. In both waterbodies, the average concentrations of NH4-N
tend to be similar among different sites in the surface layers, while increasing toward the
dams in the bottom layers. At the various Lake stations, the absolute differences are equal
to or less than 0.01 mg/L and 0.11 mg/L for surface and bottom NH4-N concentrations,
respectively. Although the Reservoir W2 submodel reproduced the surface NH4-N
concentrations fairly well (absolute differences are less than 0.02 mg/L for various sites),
it under-predicted NH4-N concentrations along bottom layers except at the location close
to the dam. W2 denitrifies a fraction of Ox-N to NH4-N and computes another fraction
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that leaves the system (while not explicitly stated that it leaves as nitrogen gas, this is
assumed). Therefore, the relatively high bottom NH4-N in the Reservoir might be related
to denitrification accelerated by higher Ox-N concentrations due to UOSA effluent.
Although this process is more likely to occur in the lacustrine zones than the riverine
zones, W2 (Version 3.2) only allows a single value for each waterbody. This might
partially explain the differences in NH4-N concentrations in the bottom layers in the
Reservoir.

Figure 5-7: Comparison of Spatial Distributions of Ammonium Nitrogen and Oxidized Nitrogen
along the Mainstem of Lake Manassas, 1993-95
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Figure 5-8: Comparison of Spatial Distributions of Ammonium Nitrogen and Oxidized Nitrogen
along the Mainstem of the Occoquan Reservoir, 1993-95. (Ox-N values shown for Bull Run to illustrate
the significant differences between the branches upstream of the confluence.)

In the Lake (Figure 5-7), differences between observed and simulated average surface
Ox-N concentrations are less than 0.01 mg/L except for the location close to the
headwater, which is over-predicted by 0.04 mg/L. This is probably due to over-prediction
in the Upper Broad Run HSPF submodel (Table 5-1), which generated the inputs for the
Lake W2 submodel. The near-bottom Ox-N was generally under-predicted by
approximately 0.04 mg/L. The good agreement between simulated and observed NH4-N
and Ox-N at surface layers of the Lake confirmed the good calibration of the Upper
Broad Run HSPF submodel. It also provided a solid base for a good performance of the
Lower Broad Run HSPF submodel.
In the Reservoir (Figure 5-8), the Ox-N concentrations in the Bull Run branch (Branch 2)
were significantly higher than those in the Occoquan River (Branch 1). This is due to the
contribution from UOSA nitrate-rich effluence. This explains the increase of the
mainstem Ox-N concentrations after the confluence of Bull Run and Occoquan River
(approximately 15 km upstream from the Reservoir dam). Although both surface and
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bottom Ox-N concentrations from Branch 2 were over-predicted due to the
over-prediction of the Bull Run HSPF submodel (Table 5-4, ST40), such differences
between simulated and observed Ox-N concentrations were reduced after nitrate-rich
flow from Branch 2 was mixed and diluted by the flow from Branch 1, which carried
much lower nitrate concentrations. The differences in Ox-N concentrations near the
Reservoir dam were 0.07 mg/L for surface and 0.37 mg/L for bottom (Table 5-5).
Table 5-5: Comparison of Surface and Bottom NH4-N and Ox-N Concentration at Monitoring
Stations near the Lake Manassas (LM01) and Occoquan Reservoir (RE02) Dams

NH4-N (mg/L)
Ox-N (mg/L)

Observed
Simulated
Difference
Observed
Simulated
Difference

LM01
Surface
Bottom
0.05
0.73
0.04
0.62
−0.01
−0.11
0.14
0.16
0.15
0.12
+0.01
−0.04

RE02
Surface
Bottom
0.04
0.58
0.03
0.82
+0.24
−0.01
0.97
0.90
0.90
0.53
−0.07
−0.37

Further investigations were performed for stations near the dams (RE02 for the Reservoir
and LM01 for the Lake) (Tables 5-5 and 5-6). This is because the surface concentrations
at these stations generally represent the water quality flowing downstream over the dams.
In addition, it also provides information on water quality into the water treatment plant of
the City of Manassas because the plant withdraws waters primarily from the top intake at
the Lake Manassas dam. At LM01 (the Lake), the NH4-N concentrations were well
reproduced by the W2 submodel and the differences were 0.01 mg/L and 0.11 mg/L for
surface and bottom layers, respectively. The paired t-test results (Table 5-6) confirmed
that there was no significant differences between observed and simulated data in term of
the mean values with the probability values (p values) greater than 0.05. Although paired
t-tests showed differences between the mean values of simulated and observed Ox-N
concentration (p values less than 0.05), the differences were 0.01 mg/L for surface and
0.04 mg/L for bottom. The submodel also captured the seasonal nitrogen cycle in the
Lake very well and correctly simulated both timing and magnitude of the seasonal cycle
at both surface and bottom layers (Figure 5-9).
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Table 5-6: Probability Values from Paired t-test Analysis at In-lake Monitoring Stations near the
Lake Manassas (LM01) and Occoquan Reservoir (RE02) Dams

NH4-N
Ox-N

Number of Samples
Probability Value
Number of Samples
Probability Value

LM01
Surface
Bottom
57
56
0.31
0.07
57
57
<0.05
<0.05

RE02
Surface
Bottom
111
112
0.38
<0.05
112
113
0.38
<0.05

At the RE02 station, although the bottom values are not well reproduced (p values less
than 0.05), the simulated surface NH4-N and Ox-N concentrations show no significant
differences with the observed values in term of the mean values (p values greater than
0.05) (Table 5-6). The average surface Ox-N concentrations were under-predicted by
0.07 mg/L, and large differences of Ox-N occurred in summer and fall months. The
timing and magnitude of seasonal nitrogen cycles in the Reservoir is not well captured
(Figure 5-9). This is likely related to algae simulation. In the current study, only one
lumped algae species was modeled in the Reservoir W2 submodel although the observed
species count data suggest three dominant algae species (blue green algae, green algae,
and diatoms). The prediction of surface nitrogen concentrations would probably be
improved in both timing and magnitude by including multiple algal species in the W2
submodels. The over-prediction of bottom NH4-N and under-prediction of bottom Ox-N
in fall and summer months are possibly related to sediment diagenesis and denitrification.
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Figure 5-9: Comparison of Temporal Distributions of Ammonium Nitrogen (Left) and Oxidized
Nitrogen (Right) at the Stations near the Dams of Lake Manassas (LM01) and Occoquan Reservoir
(RE02), 1993-95

5.4.1.2 Validation
Simulated and observed nitrogen data for the years 1996 and 1997 were used for model
validation. Both the calibration and validation periods were combinations of wet and dry
years and are considered suitable for model calibration and validation purposes. Nutrient
loads and concentrations for these two validation years were simulated using the same
land use as for the calibration period (the year 1995) and the 1996 and 1997
meteorological data.
As done for model calibration, the validation of HSPF submodels was also performed on
three levels: annual production, monthly production and individual storms. The results
shown here include both calibration and validation periods so that model performance for
two periods can be easily compared. Figures 5-10 and 5-11 show the annual nutrient load
comparisons for the five-year simulation period including the two-year validation period.
During the validation period, major discrepancies for the nutrient load production mainly
occurred in the wet year 1996, where simulated nitrogen loads were greatly
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under-predicted partially due to the difference in hydrologic systems (Xu, et al. 2006).
The validation results of the relatively dry year 1997 are better with the percentage
differences in the range of –32.4% ~ –0.6% for NH4-N and –33.5%~ +9.2% for Ox-N
nitrogen (Table 5-7), which are considered to be “fair” or “very good” simulations,
according to the scale used by Donigian (2002) (see Table 3-4).

Figure 5-10: Comparison of Annual Ammonium Nitrogen Loads for Model Calibration and
Validation
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Figure 5-11: Comparison of Annual Oxidized Nitrogen Loads for Model Calibration and Validation
Table 5-7: Performance of the Occoquan Model in Simulating Annual Soluble Inorganic Nitrogen
Loads at Various Stream Stations

ST25

NH4-N
ST70
ST30

Ox-N
ST45

ST25

ST70

ST30

ST45

+33.9
Fair

−1.1
Very
Good
−6.5
Very
Good
−40.8
Poor

−5.8
Very
Good
+12.8
Very
Good
+18.9
Good

−3.5
Very
Good
+4.6
Very
Good
−34.2
Fair

−55.8
−48.0
−64.2
−51.2
Poor
Poor
Poor
Poor
Validation
1997
−0.6
−12.8
−26.5
+9.2
Very
Very
Fair
Very
Good
Good
Good
1993-1995
+
2.8
+
2.4
+
3.7
+
10.2
−
11.9
+2.4
Summary
1993-1997
−20.4
−12.7
−15.5
−10.9
−31.3
−12.7
*Values are percent differences from observed data (%), and ratings are as per Table 3-4

−69.7
Poor
−33.5
Fair

+1.4
Very
Good
+1.2
Very
Good
−4.8
Very
Good
−20.2
Good
+3.7
Very
Good
−0.7
−5.0

1993

+23.9*
Good*

1994

−0.4
Very
Good
−32.5
Fair

+12.2
Very
Good
+9.3
Very
Good
−37.0
Poor

−64.6
Poor
−23.0
Good

−44.3
Poor
−32.4
Fair

Calibration
1995

1996

+13.1
Very
Good
−0.8
Very
Good
−10.4
Good

+10.5
Very
Good
−18.6
Good

−5.4
−29.3
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Observed and simulated data for UOSA are also shown in Figures 5-12 and 5-13 for
station ST45, as UOSA forms a significant component of the nitrogen load at this station,
especially for the oxidized nitrogen. It can be seen that although the discrepancies for the
validation year 1996 was the largest, the model captured the temporal fluctuations in
validation year 1997.

Figure 5-12: Comparisons of Monthly Ammonium Nitrogen Loads (lbs) at Four Principal Stream
Stations in the Occoquan Watershed for Model Calibration (1993-1995) and Validation (1996-1997)
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Figure 5-13: Comparisons of Monthly Oxidized Nitrogen Loads (lbs) at Four Principal Stream
Stations in the Occoquan Watershed for Model Calibration (1993-1995) and Validation (1996-1997)

Tables 5-8 and 5-9 show the validation results from the Lake W2 submodel. The
comparison of average NH4-N concentrations at major Lake Manassas stations indicated
that the W2 submodel captured the spatial distribution of surface NH4-N concentrations
fairly well. The differences at the bottom layer (−0.03 mg/L ~ +0.53 mg/L) are relatively
large, especially at the LM01 stations.
The W2 submodel also captured the spatial distribution of Ox-N. In the validation period,
the differences between observed and simulated concentrations are in the range of
−0.09 mg/L ~ −0.04 mg/L for surface layers and −0.20 mg/L ~ −0.07 mg/L for bottom
layers. The general under-prediction of Ox-N concentrations is possibly related to the
under-prediction of the Upper Broad Run HSPF submodel, especially during the year
1996.
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Tables 5-10 and 5-11 show the comparison of average surface and bottom NH4-N and
Ox-N concentrations at major Occoquan Reservoir stations. The validation results show
that the W2 submodel captured the spatial distribution of NH4-N as well as it did for the
calibration period. Both surface and bottom NH4-N concentrations are well reproduced
with the difference in the range of −0.02 mg/L ~ +0.01 mg/L and −0.13 mg/L ~
+0.28 mg/L, respectively.
The W2 submodel also captured the spatial distribution of Ox-N at the Occoquan
Reservoir. The validation results indicated that the differences between observed and
simulated concentrations are in the range of −0.51 mg/L ~ +0.74 mg/L for surface layers
and −1.04 mg/L ~ +0.14 mg/L for bottom layers. These are comparable to the results
obtained for the calibration.
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Table 5-8: Comparison of Average Surface and Bottom NH4-N Concentrations (mg/L) at Major Lake Manassas Stations (1993-1997)

Calibration
(1993-1995)
Validation
(1996-1997)

Observed
Simulated
Difference
Observed
Simulated
Difference

LM01
Surface Bottom
0.05
0.73
0.04
0.62
−0.01
−0.11
0.04
0.49
0.04
1.02
0.00
+0.53

LM03
Surface Bottom
0.05
0.09
0.04
0.09
0.00
−0.01
0.04
0.08
0.04
0.11
0.00
+0.03

LM04
Surface Bottom
0.04
0.38
0.04
0.44
0.00
+0.06
0.04
0.31
0.04
0.61
0.00
+0.30

LM05
Surface Bottom
0.03
0.13
0.03
0.19
0.00
+0.06
0.03
0.12
0.03
0.19
0.00
+0.07

LM06
Surface Bottom
0.03
0.05
0.03
0.03
0.00
−0.02
0.03
0.06
0.03
0.03
0.00
−0.03

Table 5-9: Comparison of Average Surface and Bottom Ox-N Concentrations (mg/L) at Major Lake Manassas Stations (1993-1997)

Calibration
(1993-1995)
Validation
(1996-1997)

Observed
Simulated
Difference
Observed
Simulated
Difference

LM01
Surface Bottom
0.14
0.16
0.15
0.12
+0.01
−0.04
0.23
0.26
0.15
0.13
−0.08
−0.13

LM03
Surface Bottom
0.12
0.14
0.17
0.17
+0.05
+0.03
0.22
0.24
0.18
0.17
−0.04
−0.07

LM04
Surface Bottom
0.14
0.20
0.15
0.16
+0.01
−0.04
0.23
0.27
0.15
0.13
−0.08
−0.14

LM05
Surface Bottom
0.15
0.19
0.16
0.15
+0.01
−0.04
0.24
0.28
0.15
0.15
−0.09
−0.13

LM06
Surface Bottom
0.16
0.20
0.20
0.20
+0.04
0.00
0.26
0.41
0.21
0.21
−0.05
−0.20

Table 5-10: Comparison of Average Surface and Bottom NH4-N Concentrations (mg/L) at Major Occoquan Reservoir Stations (1993-1997)

Calibration
(1993-1995)
Validation
(1996-1997)

Observed
Simulated
Difference
Observed
Simulated
Difference

RE02
Surface Bottom
0.04
0.58
0.03
0.82
+0.24
−0.01
0.05
0.52
0.03
0.80
+0.28
−0.02

RE15
Surface Bottom
0.04
0.56
0.03
0.25
−0.01
−0.30
0.04
0.41
0.03
0.28
−0.01
−0.13

RE30
Surface Bottom
0.03
0.14
0.03
0.06
−0.00
−0.08
0.04
0.12
0.02
0.09
−0.02
−0.03

RE35
Surface Bottom
0.03
0.22
0.05
0.08
+0.02
−0.14
0.04
0.17
0.05
0.06
+0.01
−0.11
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Table 5-11: Comparison of Average Surface and Bottom Ox-N Concentrations (mg/L) at Major
Occoquan Reservoir Stations (1993-1997)

Calibration
(1993-1995)
Validation
(1996-1997)

Observed
Simulated
Difference
Observed
Simulated
Difference

RE02
Surface Bottom
0.97
0.90
0.90
0.53
−0.07
−0.37
1.33
1.18
0.98
0.57
−0.35
−0.61

RE15
Surface Bottom
1.28
2.06
1.54
1.11
+0.26
−0.95
1.66
2.06
1.15
1.02
−0.51
−1.04

RE30
Surface Bottom
4.36
4.89
6.38
5.63
+2.02
+0.74
4.23
4.44
4.97
4.30
+0.74
+0.14

RE35
Surface Bottom
0.28
0.29
0.26
0.27
−0.02
−0.02
0.45
0.51
0.25
0.30
−0.20
−0.21

Figure 5-14 shows that both the W2 submodels reproduce the temporal distribution of
NH4-N and Ox-N concentrations. Although the Lake submodel tended to over-predict the
bottom NH4-N concentrations during the validation period, it reproduced the seasonal
variations fairly well. Otherwise, both W2 submodels are well validated for soluble
inorganic nitrogen concentrations.

Figure 5-14: Comparison of Observed and Simulated Daily NH4-N and Ox-N Concentrations at
LM01 and RE02 Stations for Model Calibration and Validation
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5.4.2 Alternative Land Use Development Scenario Results
One of the advantages of linking watershed models to reservoir models is to develop a
direct cause-effect relationship between upstream activities and downstream water
quality. Therefore, W2 can use the boundary conditions corresponding with land
development scenarios to predict the resultant water quality variation. This approach is
different from that of most studies to quantify the nutrient load allocation to meet TMDL
goals. Instead of reducing the inflow nutrient concentrations (Bowen and Hieronymus
2003; Imteaz, et al. 2003), alternative scenarios can be developed by investigating
external nutrient load variation due to land development or best management practices
(BMPs) implementation. Therefore, this approach can not only be used to investigate the
impact of alternative land use development plans, but also can provide a practical guide
of BMP implementation to meet the TMDL goals.
In this section, land use scenarios based on various time periods were developed and the
impact of urbanization was investigated. The watershed segments, waterbody
bathymetries, and all the input parameters, except the land use data, were the same as the
current case (calibration). The land use changes developed for the two management
scenarios are shown in Table 5-12.
Table 5-12: Percentage of Different Land Use Categories for Various Development Scenarios

Cedar Run
Broad Run
Bull Run

Agriculture
36.7
25.6
12.5

Current
Forest
56.3
58.3
54.9

Urban
7.1
16.1
32.6

Agriculture
0.0
0.0
0.0

Forest
Forest
100.0
100.0
100.0

Urban
0.0
0.0
0.0

Future
Agriculture Forest
36.7
28.2
25.6
29.2
12.5
28.2

5.4.2.1 Forest Scenario
One scenario (Forest) was developed wherein all the lands were assumed to be covered
by forests. It represents the background condition with no impact from human activities
before the Colonial history and can be used to evaluate the long-term impact of human
activities on the water resources. The contribution of UOSA is eliminated in this
scenario. With all the land areas covered by forests, natural processes such as organic
matter decay and atmospheric deposition produce 16.6×106 g NH4-N and 266.3×106 g
Ox-N per year (Table 5-13). As expected, these nutrient loads from the land segments are
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Urban
35.3
43.3
60.1

much lower than the current condition (the Current case) and the model output suggests
11.9×106 g/year (71.5%) and 597.4 ×106 g/year (324.3%) increase of annual NH4-N and
Ox-N load production, respectively, since the pre-Colonial period. They are the joint
results from land development and UOSA operation. The nutrient loads from UOSA
effluent are 3.7×106 g/year and 506.6×106 g/year for NH4-N and Ox-N respectively.
UOSA was built to replace eleven major wastewater treatment plants that were
responsible for serious eutrophication in the Reservoir during the 1960s. It applied
advanced techniques to reduce nutrient loads into the Reservoir and studies have shown
that the water quality in the Reservoir has been substantially improved since the
operation of UOSA (Randall and Grizzard 1995). Although UOSA effluent accounts for
85% of Ox-N load increase, studies have shown its benefit to the Reservoir water quality.
The nitrate-rich discharge has maintained the bottom sediment layers in an oxidized state
to prevent the phosphorus release during anoxic conditions. Thanks to UOSA, the point
source pollution has had insignificant impact on NH4-N enrichment in the Occoquan
Reservoir. The analysis of land development since pre-Colonial days suggests that the
coverage of forest has been halved and agricultural and urban development has been
more dominant in the current condition. These changes on land use patterns account for
more than 70% of NH4-N loads increases.
Table 5-13: Annual NH4-N and Ox-N Loads for Major Subbasins for Various Land Development
Scenarios under 1993-1995 Flow and Weather Conditions

Cedar Run
Broad Run
Bull Run
Total

Annual NH4-N loads (×106 g)
Forest
Current
Future
7.9
11.8
32.8
6.1
8.1
9.7
2.6
8.6
10.8
16.6
28.5
53.3

Annual Ox-N loads (×106 g)
Forest
Current
Future
88.7
114.9
156.6
34.1
50.2
52.3
143.5
698.5
712.1
266.3
863.6
921.0

Because land uses are not evenly spread across the watershed, the increase of nutrient
loads due to land development varies in each subbasin. Figure 5-15 shows the NH4-N
and Ox-N load production under the three different land use scenarios. The contribution
from UOSA effluent is not included in this plot so that the changes of water quality due
to land use development would not be masked by other factors. Although the background
ammonium yields (Forest) is similar among different subbasins, background Ox-N yields
are different. Overall, the Broad Run subbasin shows the smallest Ox-N yields in the
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Forest scenario. This is possibly due to the catchment function of the Lake. The relatively
high Ox-N yield in the Bull Run subbasin might be related to relatively high interflow
and groundwater concentrations.
It is clear that different subbasins show different increase rates due to site characteristics.
The Broad Run subbasin (Figure 5-15) shows the lowest increase of yield production for
both NH4-N (10.3%) and Ox-N (5.1%) since the pre-Colonial period, where Lake
Manassas probably traps these nutrients and reduces transport downstream. The Bull Run
region shows the greatest increases in nitrogen load production (87.9% for NH4-N and
33.8% for Ox-N) due to its greater urbanization.

Figure 5-15: Comparison of the Impact of Different Land Development Scenarios on Simulated
Ammonium Nitrogen and Oxidized Nitrogen Load Yields for 1993-95 Flow and Weather Conditions

The increases of external nitrogen loads since the pre-Colonial period lead to increases of
nitrogen concentrations delivered to the Reservoir. On the other hand, if the land use
pattern is restored from the Current scenario to the Forest scenario, the reduced nitrogen
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loads would reduce the nitrogen concentrations into the Reservoir (Table 5-14). For
Branch 1 (Occoquan River), the average concentrations would decrease by 40.0% and
27.8% for NH4-N and Ox-N, respectively. The water chemistry into Branch 2 (Bull Run)
has shown more dramatic changes, which are the results of both land development and
UOSA operation. The average concentrations of NH4-N and Ox-N would be reduced by
0.02 mg/L (66.7%) and 6.64 mg/L (88.4%), respectively, compared to the Current
scenario.
Table 5-14: Comparison of Inflow NH4-N and Ox-N Concentrations into the Occoquan Reservoir for
Various Land Development Scenarios

NH4-N
Branch 1
Branch 2
(mg/L)
PD* (%)
(mg/L)
PD* (%)
Current
0.05
0.03
Forest
0.03
–40.0
0.01
–66.7
Future
0.09
+80.0
0.03
0.0
* Percentage Difference from the Current Scenario
Scenarios

Ox-N
Branch 1
(mg/L)
PD* (%)
0.36
0.26
–27.8
0.48
+33.3

Branch 2
(mg/L)
PD* (%)
7.51
0.87
–88.4
7.70
+2.5

Not surprisingly, if the land use pattern is restored from the Current scenario to the Forest
scenario, decreases of external nitrogen loads from drainage areas will eventually lead to
nutrient reduction in the Reservoir. Although the Reservoir W2 submodel results suggest
a slight decrease of average NH4-N concentrations at the bottom layers near the dam
(15.5%), the surface NH4-N increases by 0.01 mg/L (Table 5-15). This is likely related to
algae dynamics. The decreases of external biological available nutrient would reduce the
algae growth, and thus reduce the consumption of NH4-N, the nitrogen species preferred
by algae. The seasonal patterns of in-lake NH4-N concentrations are shown in Figure
5-16, where spring and summer seasons show relatively greater consumption of NH4-N
by algae. On the other hand, due to the elimination of UOSA, the in-lake Ox-N has been
dramatically reduced.
Table 5-15: Comparison of NH4-N and Ox-N Concentrations at the Station near the Occoquan
Reservoir Dam (RE02) for Various Land Development Scenarios

NH4-N
Surface
Bottom
(mg/L)
PD* (%)
(mg/L)
PD* (%)
Current
0.03
0.84
Forest
0.04
+33.3
0.71
–15.5
Future
0.06
+100.0
0.78
−7.1
* PD: Percentage Difference from the Current Scenario
Scenarios

Ox-N
Surface
(mg/L)
PD* (%)
0.90
0.30
–66.7
1.29
+43.3

(mg/L)
0.53
0.22
0.71

Bottom
PD* (%)
–58.5
+34.0
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5.4.2.2 Future Scenario
The second scenario (Future) was developed by converting 50% of the existing forested
areas in each segment to residential and commercial development. This is based on the
rapid urbanization in northern Virginia, which is ranked as one of the fastest-growing
regions in the United States. The region has been, and will very likely continue to be,
facing substantial residential and commercial development. This scenario represents the
expansion of the current urban lands by about 141.2, 129.2, and 110.4 km2 in the Cedar
Run, Broad Run, and Bull Run subbasins, respectively. Although it is highly possible that
UOSA would expand as population grows, the contribution from UOSA is assumed to be
unchanged in this scenario so that the changes of water quality due to land use
development would not be masked.
The results indicate that the projected land use development would almost double the
annual NH4-N production to 53.3 ×106 g/year, compared to the current condition
(Table 5-13). However, annual Ox-N loads only show slightly increases (6.7%) because
UOSA effluent dominates the loads. The Cedar Run subbasin shows the greatest increase
in NH4-N (177.4%) and Ox-N (36.3%) production (Figure 5-15) because the dominant
land use would shift from non-urban development to urban development. This suggests
that BMPs must be incorporated into future land use development plans to reduce
dramatic increases in nitrogen production.
On the other hand, the Bull Run subbasin appears to have slower yield increase rates,
especially Ox-N, compared with the pre-Colonial period (Figure 5-15). The investigation
of land uses in the Bull Run subbasin indicates an existing high urban development with
more than 30% of the land categorized as urban. Therefore, future expansion does not
result in a significant increase of Ox-N load production. Also, compared to UOSA, Ox-N
loads generated from drainage areas only account for a small portion of Ox-N loads
delivered to the Reservoir. Although the contribution from UOSA is assumed to be
constant in this scenario, it is highly possible that the capacity and water chemistry from
UOSA discharge will be changed with the plant expansion and possible application of

147

new treatment techniques. Therefore, scenarios based on these considerations might
provide a more realistic forecast of water quality changes in the Reservoir.

Figure 5-16: Comparison of Impact of Different Land Development Scenarios on Temporal
Distributions of Ammonium Nitrogen (Left) and Oxidized Nitrogen (Right) at the Station near the
Occoquan Reservoir Dam Using 1993-95 Flow and Weather Conditions

The dramatic change of the land use pattern in the Cedar Run subbasin due to urban
expansion would increase NH4-N and Ox-N concentrations delivered into the Reservoir
Branch 1 (Occoquan River) by 80.0% and 33.3%, respectively (Table 5-14). At the same
time, the concentrations into Branch 2 (Bull Run) have shown no changes in NH4-N and
a slightly increase (2.5%) in Ox-N.
As expected, the increase of external nutrient loads leads to the accumulation of nutrients
in the Reservoir and the model results suggest a doubling of the surface NH4-N
concentrations near the dam (Table 5-15). The high surface NH4-N concentrations would
very likely stimulate algae growth and worsen the water quality issues due to oxygen
depletion. However, the average bottom NH4-N concentration near the dam is suggested
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by the model application to decrease by 0.06 mg/L. The seasonal pattern shown in Figure
5-16 indicates an unusual decrease of bottom NH4-N during the fall months. This might
be related to the mixing of bottom water with surface water during fall turnover. Both
surface and bottom Ox-N concentrations are increased by 43.3% and 34.0% respectively
due to the increase of external loads. The increased bottom Ox-N would play an
important role in preventing OP and metal releases from the sediment. As expected,
future land use development would play an important role in the nutrient enrichment and
eutrophication in the Reservoir.

5.5 Conclusions
A complex linked model, using six applications of HSPF and two of CE-QUAL-W2, was
applied to simulate the transport and fate of soluble inorganic nitrogen species in the
Occoquan Watershed. The linked model not only successfully simulated the detachment
and transport of the inorganic nitrogen in the watershed, but also captured the temporal
and spatial variations in the waterbodies, both for the calibration and validation periods.
There were several noteworthy features of this model application. One was the
application of the linked water quality models. By linking the watershed model HSPF
with the reservoir model CE-QUAL-W2, the resultant complex linked model provides a
direct linkage between upstream activities and downstream water quality. Although the
linked model requires extra effort for development and application, it has a great
advantage when investigating the responses of water quality to alternative land use
development plans. Many modeling studies have been implemented for similar purposes,
especially for TMDL programs. The projected nutrient reduction scenarios were
developed by arbitrarily reducing the inflow nutrient concentrations. However, both land
use development and BMP implementation would very likely change both flow rates and
nutrient concentrations. A simple change in nutrient concentrations would not fully
predict the impact of these activities. In addition, it does not answer the question as to
how to achieve these reductions and thus would be difficult to use to propose the
management plans to meet the TMDL goals. These problems could be solved by using a
linked water quality model approach described above. The scenarios of various land use
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proposals, BMP implementation, and point source management could be incorporated
into HSPF applications. Therefore, by using the boundary conditions provided by HSPF,
W2 can predict the water quality variations corresponding with alternative scenarios. This
approach provides decision makers a straightforward approach to assess the impact of
point and nonpoint sources on the downstream water quality.
The results from the model application indicate the increases of ammonium nitrogen and
oxidized nitrogen loads due to future urban expansion, which leads to nutrient enrichment
and enhanced algae activity in the Reservoir. The nitrate-rich effluent from UOSA
accounts for a significant portion of oxidized nitrogen loads into the Reservoir and thus
poses an important role in the management of the Watershed. In this model application,
the contribution from UOSA is assumed to be unchanged in the Future scenario so that
the impact of land use changes will not be masked. However, due to the significance of
this point source, future work that includes an expanded UOSA scenario will provide a
more realistic prediction of water quality changes in the receiving waterbody due to
human activities.
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Chapter 6. Modeling Phosphorus Transport and the
Impact of Land Use Changes on Receiving
Water Quality in the Occoquan Watershed by
Using a Linked Model Application
6.1 Summary
The Occoquan Watershed is a 1,515 km2 basin located in northern Virginia and contains
two principal waterbodies: the Occoquan Reservoir and Lake Manassas. Both
waterbodies are principal water supplies for local residents and experience eutrophication
and summer algae growth. They are continuously threatened by new development from
the rapid expansion of the greater Washington D.C. region. A complex linked model,
which consists of six HSPF and two CE-QUAL-W2 submodels, was developed to
simulate the hydrology and water quality activities in the watershed and to evaluate the
impact of land use development on the water quality of the drinking water sources. This
paper describes the application of the linked model to simulate phosphorus transport and
fate in the watershed and reservoirs. The models were calibrated for a three-year
simulation period and validated for a two-year period based on more than 8,000 field
measurements. The results show that a successful calibration can be achieved using the
linked approach, with moderate additional effort. The percentage difference (PD) values
for three-year total loads ranged from −12.62% to −2.13% for four principal monitoring
stream stations. The differences of surface orthophosphate phosphorus (OP)
concentrations at various in-lake stations were 1 μg/L or less for Lake Manassas and
7 μg/L for Occoquan Reservoir. The model was adequately validated to capture the
nutrient load production for drainage areas and the temporal distribution in the
waterbodies. The advantage of the linked modeling approach is to represent the
watershed and downstream waterbodies as a coupled system, instead of treating them as
independent compartments. This allows integrating upstream activities to downstream
water quality. Two land use scenarios were developed to evaluate impacts of land
development on water quality. The results confirm the degradation of water quality due to
urbanization and the increase of external OP loads due to future land development could
result in a 65.0% increase of OP concentrations in the flow over the Occoquan Reservoir
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dam. It also suggests a potential threshold of phosphorus loading production despite
future land development.

6.2 Introduction
Phosphorus (P) is an essential nutrient for crops and aquatic organisms. However, excess
amounts of phosphorus in lakes and reservoirs can enhance the nutrient status of
waterbodies and trigger the undesired growth of algae and aquatic weeds, which
eventually lead to dissolved oxygen depletion and fish kills (Wetzel 2001). For example,
large amounts of P loads entering into the Chesapeake Bay play a significant role on
eutrophication, oxygen depletion and increasing biomass production in the Bay (Boesch,
et al. 2000) and a phosphorus load reduction program has been implemented. The
improvement of water quality in the Bay will benefit boating, fishing and beach visiting
(Morgan and Owens 2001).
Because of the potential impact on ecological systems, many researchers focus on aquatic
P cycling processes, such as biological uptake, sediment release, adsorption and
desorption, and release from organic matter. P is chemically reactive and the dynamics of
P transport and fate within aquatic systems are complex, thus water quality models have
been widely used to quantify the key processes as well as the impact on eutrophication
(Chen, et al. 2002; Mostaghimi, et al. 1997; Wade, et al. 2001). The external nutrient
loads from point and/or nonpoint sources are fed into these models as boundary
conditions. However, those data are normally not monitored at a frequency to provide a
sufficient description of driving forces. Moreover, diffuse pollution, a major contributor
of excess P loadings to receiving waterbodies, is hard to quantify by using traditional
engineering techniques. Thus both physical-based and empirical-based nonpoint source
pollution models have been used to assess the temporal change of external P loadings to
reservoirs and lakes. Some studies developed empirical relationships between P loads and
sediment yield based on local physical characteristics and concerns (Garnier, et al. 2005;
Jordan, et al. 2001). Others applied state-of-the-art models to estimate external P loads
and linked them to receiving water quality models. For example, a watershed-scale
model, Agricultural Nonpoint Source (AGNPS), has been applied to estimate nonpoint
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source pollution loads, which were inputs to reservoir water quality models (Kao, et al.
1998; Mankin, et al. 2003; Martin and McCutcheon 1999; Young, et al. 1990). Although
the model is capable of estimating external loads carried by runoff, it is a single-event
model and thus does not account for base-flow yields.
On the other hand, watershed models have been applied to estimate the external P sources
as well as their potential impact on ecological systems (Chun, et al. 2001; Francos, et al.
2001; Gassman, et al. 2002; Whittaker 2005). However, many of them have insufficient
description of physical characteristics of receiving waterbodies as well as associated
processes. For example, although Hydrological Simulation Program–Fortran (HSPF)
contains several different routines to simulate soluble inorganic P in reaches, it assumes
streams and reservoirs to be well mixed (Bicknell, et al. 2001). Thus, it cannot fully
represent the spatial distribution of P due to phytoplankton accumulation in the
epilimnion and sediment release due to oxygen depletion in the hypolimnion. Soil and
Water Assessment Tool (SWAT) makes a similar assumption for reservoirs. In addition,
it assumes no transformation or degradation of nutrients in channels (Neitsch, et al.
2002). Thus important processes associated with internal P loads are not fully addressed.
These common modeling limitations can be overcome by linking state-of-the-art
watershed models to receiving water quality models. This approach provides a more
accurate representation of the real world and allows integration of downstream water
quality to upstream land activities. Thus the temporal and spatial changes of P loads due
to land development and the resultant ecological impact on lakes and reservoirs can be
investigated. However, due to insufficient data availability and the complications
involved with linking two or more state-of-the-art models, few studies have adopted this
approach.
In this research, six HSPF and two CE-QUAL-W2 (W2) applications were linked to
simulate the Occoquan Watershed as well as its receiving waterbodies: Occoquan
Reservoir and Lake Manassas. While the objectives of the research are broader, the main
objectives of this paper are to 1) provide good spatial and temporal estimation of
orthophosphate phosphorus (OP) loads generated from land areas; 2) provide a good
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calibration of OP concentrations in the streams; 3) capture the temporal and spatial
distribution of OP in the major waterbodies; 4) evaluate the impacts of alternative land
use scenarios on OP loadings and water quality in the Occoquan Reservoir. The initial
calibration of the linked model is for the years 1993-95, with a validation period of
1996-97; a total five-year period spanning a land-use data update issued in 1995. The
years 1993, 1994 and 1996 had annual precipitation of 106.7 cm, 107.8 cm, 114.5 cm
respectively, and are considered to be average-to-somewhat-wet years based on a 51-year
average of 101.3 cm. The years 1995 and 1997 were dry years with total rainfalls of
85.9 cm and 77.5 cm respectively. A previous paper described the results obtained from a
hydrologic analysis (Xu, et al. 2006). Other accompanying papers will provide results on
dissolved oxygen, temperature, inorganic nitrogen, algae, and other water quality
components in the watershed and the major waterbodies.

6.2.1 Study Area
The Occoquan Watershed (Watershed) is a 1,515 km2 basin in northern Virginia (Figure
6-1). It contains three major tributaries: Cedar Run, Broad Run and Bull Run, and two
major waterbodies: Occoquan Reservoir (Reservoir) and Lake Manassas (Lake). The
Reservoir is part of the drinking water supply for 1.2 million northern Virginia residents
and is a major recreation site. It receives flows from two principal tributaries: Occoquan
River and Bull Run. The Upper Occoquan Sewage Authority (UOSA) water reclamation
facility discharge to Bull Run is cooler than the water in the Reservoir during the warmer
months, and is rich in nitrate-nitrogen. Thus, when this stream reaches the main body of
the Reservoir, the nitrate-rich water flows toward the bottom due to density differences.
This has a significant impact on water quality in the Reservoir and is an important
component of the management of the Reservoir (Randall and Grizzard 1995). Flows over
the Occoquan dam drain into the Potomac River after running approximately 8 km
southeast. The total capacity of the Reservoir is 31.4×106 m3 and the safe yield is
2.5×105 m3/d (which includes the discharge from UOSA) (OWML 1998). The surface
area at the maximum elevation of 36.6 m above mean sea level is 616 hectare. The
average depth of the Reservoir is 5.1 m with a maximum depth of approximately 20.0 m
near the dam. The average residence time is 19.6 days. Based on Wetzel’s (2001)
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classification of trophic status of lakes, the Reservoir is mesoeutrophic with the limiting
factor being OP (Randall and Grizzard 1995). Copper compounds are used to control
algae growth during summer months.

Figure 6-1: Location of Occoquan Watershed in Virginia, USA, Showing Main Tributaries, Main
waterbodies, Stream Stations and Rain Stations Used in This Study

Lake Manassas is another major waterbody in the Watershed (Figure 6-1). It serves as the
principal drinking water supply for the City of Manassas as well as for recreational
purposes. Its total drainage area is approximately 189 km2. Three golf courses are located
on the north shore (Robert Trent Jones, Virginia Oaks, and Par 3). The City of Manassas
withdraws water from three water intakes at the dam (primarily the top intake) for
municipal service. During dry periods, the golf courses withdraw water from the surface.
The natural storage capacity of the Lake is 15.4×106 m3 and the safe yield is
6.37×104 m3/d. The surface area at the maximum elevation of 86.9 m above mean sea
level is 282 hectare. The average depth is 5.5 m with a maximum depth of approximately
15.0 m near the dam. Lake Manassas is classified as an eutrophic waterbody and the
limiting nutrient is phosphorus (Eggink 2001). It has high biological productivity and
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copper compounds were applied for at least fourteen years (1982~1995), typically four
times a year.

6.3 Model Description
HSPF divides simulated watersheds into three blocks and simulates processes occurring
in: (1) pervious land areas (PERLND); (2) impervious land areas (IMPLND); and (3)
well-mixed streams and reservoirs (RCHRES) (Bicknell, et al. 2001). It provides two
methods to estimate nutrient loads in pervious land segments. The total P loads in runoff
are then the summation of loads from surface runoff, interflow and groundwater. One
method assumes simple relationships with surface runoff and/or sediment yield. An
empirical factor, called washoff potency factor (POTFW), is used to relate the nutrient
yield to sediment removal. When P yields from land surfaces are assumed to be a
function of water flow and storage quantity, two types of weather conditions are
addressed. During dry periods, HSPF assumes a linear relationship of P storage with a
user-specified accumulation rate (ACQOP) and maximum storage capacity (SQOLIM).
The P removal during wet periods is simulated based on an exponential function, where a
user-defined parameter called WSQOP is used to relate the washoff rate to the surface
runoff rate. P fluxes in interflow and active groundwater are estimated by multiplying
flow rates by user-specified nutrient concentrations. The other method of estimating P
loads is under the PHOS section, which simulates transformation and movement between
inorganic and organic P in different soil layers. Processes important to agricultural fields
include plant uptake, immobilization, mineralization, and adsorption/desorption.
Although the latter method provides a more process-oriented approach to simulate P
cycling, it is suitable for agricultural areas where corresponding monitoring data are
available. In this model application, the former method is used. The approach for P
fluxes from impervious land areas (under the IMPLND module) is similar to the simple
method used in PERLND, where simple relationships with flow and sediment yield are
used. The contributions from wet and dry atmospheric deposition are supplied as monthly
fluxes for the entire studied watershed.
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After the P fluxes are transported from pervious and impervious lands to the aquatic
systems, several physical and biochemical processes take place under the RCHRES
module to simulate transformation of inorganic and organic P species in well-mixed
streams and reservoirs. These include advection, benthal release, decay of organic matter,
adsorption and desorption to inorganic sediment, deposition and scour of adsorbed
phosphorus, and mineralization. In addition, processes related to consumption by
plankton and benthic algae are addressed in separate modules.
W2, a two-dimensional hydrodynamic and water quality model (Cole and Wells 2003),
provides a detailed description of algae/nutrient/dissolved oxygen dynamics in long and
narrow waterbodies, such as lakes and reservoirs. The simulated variables include
temperature, dissolved oxygen, ammonium, nitrate+nitrite, OP, biological oxygen
demand, organic matter, and algae. The processes that affect sinks and sources of OP
include growth and respiration of algae, anaerobic release from the sediment, decay of
organic matter, adsorption, and settling. Detailed descriptions of both models can be
found elsewhere (Bicknell, et al. 2001; Chen, et al. 1998b; Cole and Wells 2003;
Donigian and Crawford 1976).

6.3.1 Linked Model Approach
The Occoquan model is a complex linked model application, which includes six HSPF
and two W2 submodels. The schema of the linked model approach, as well as the
watershed segmentation, is shown in Figure 6-2. The Watershed is divided into six
subbasins, with a total of 56 land (HSPF) segments. The average segment size is
27.0 km2.
The bathymetries of the Lake and the Reservoir are shown in Figure 6-3. For modeling
purposes, the Lake is divided into four branches and has a total of 29 active
computational segments with lengths ranging from 173 m to 568 m. There are 4 to 28
computational layers, each 0.5 m thick. The Reservoir is also divided into four branches
with a total of 69 computational segments. The average segment length is 583 m, with a
minimum of 74 m (Segment 32, at Ryan’s Dam, a submerged feature with a narrow
vertical opening) and a maximum of 838 m. There are from 1 to 39 computational layers,
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each 0.5 m thick. A detailed description of model development, watershed segmentation,
and waterbody segmentation can be found elsewhere (Xu, et al. 2006).

Figure 6-2: Occoquan Watershed Model Application Schema and Watershed Segmentation
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Figure 6-3: Segmentation of Lake Manassas and Occoquan Reservoir and Selected Monitoring
Stations
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6.3.2 Boundary Conditions
In this model application, the boundary conditions required by W2, such as inflows,
temperature and water quality data, are provided by upstream HSPF submodels. For
example, in the Lake W2 submodel, the Upper Broad Run HSPF submodel not only
provides daily time series inputs of direct inflows, but also OP concentrations and other
water quality components. The ungauged distributed tributary flows along the Lake and
associated water quality are estimated by the Middle Broad Run HSPF submodel. The
outputs from the Lake W2 submodel serve as inputs for the Lower Broad Run HSPF
submodel (Figure 6-2). Similarly, the Lower Broad Run HSPF submodel, including the
contribution from the Cedar Run subbasin, provides flows and water quality time-series
for the Occoquan River branch of the Reservoir. The input time series of the Bull Run
branch are provided by the Bull Run HSPF submodel. The Lower Occoquan HSPF
application provides the ungauged distributed tributary flows and associated water quality
along the Reservoir. Thus, six HSPF submodels and two W2 submodels are linked to
represent hydrology and water quality activities in the Watershed and the two
waterbodies.

6.3.3 Initial Conditions
The initial OP concentrations in HSPF submodels were first assigned reasonable values.
Then the submodels were run through a one-year simulation. The initial values were then
adjusted based on the values at the end of the simulation.
The initial concentrations of OP in W2 applications were set to be the same as the
observed values at the very beginning of the simulation period at the stations near the
dams.

6.3.4 Monitoring Data
For the stream stations (Figure 6-1), OP data in base flow water quality samples are
available on a biweekly basis during the winter season and on a weekly basis during other
seasons. Composite flow-weighted storm water quality samples are also collected
automatically and analyzed for most storms. However, no automatic sample collection
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system was installed at ST10 due to the absence of stream flow measurements during the
study period, and, instead of composite flow-weighted samples, grab samples were
collected during storm events.
For the Lake and the Reservoir (Figure 6-3) stations, near-surface and near-bottom water
quality samples are available on a biweekly basis during the winter season and on a
weekly basis during other seasons. Samples for OP were filtered through Whatman
934AH (1.5μm) filters before being analyzed using EPA standard methods (1983).

6.3.5 Calibration Criteria
Because there is no single accepted test to determine whether or not a model is calibrated,
both graphical and statistical methods were applied to evaluate model performance. In
addition to traditional statistical measures such as mean values and the standard
coefficient of determination (R2), several other statistical methods, such as t-test, were
also used.
The percentage difference (PD) between simulated and observed data is defined below:
PD =

100 ⋅ (Y − X )
%
X

where X is the observed load or concentration, and Y is the simulated load or
concentration. Donigian (2002) suggested a value based on annual comparison in the
range of 15-25% for a good water quality/nutrient calibration of HSPF (see Table 3-4).

6.4 Results and Discussion
The model results are presented in two sections. The first section describes the capability
of the linked model to reproduce water quality conditions in the Watershed by comparing
model results with the existing data for calibration (the January 1993 to December 1995
period) and validation (the January 1996 to December 1997 period). The second section
describes the results of two land use development scenarios.
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6.4.1 Current Case Simulation Results
6.4.1.1 Calibration
The observed daily OP loads used to evaluate model performance are estimated by
multiplying flow rates by OP concentrations. Although daily flow rates are automatically
recorded at principal stations, daily baseflow concentrations were not available for the
three-year simulation period and thus load estimation have to be made when
measurements were not taken. Flow-weighted storm samples are automatically collected
for most storms. However, there are bound to be some missing flow events due to
unexpected situations such as equipment failure. Because the precision of the load
estimation depends on the calculation estimates made for the periods without sampling,
two empirical methods were developed to estimate loads for baseflow and storm events,
respectively. A daily-flow-data integration method (Johnston 2005) was used to fill in
missing baseflow concentrations by assuming a linear relationship on the baseflow
sampling array. Although this method provides a good estimation of baseflow loads, it
only partially incorporates missing stormflow loads by interpolating daily concentration
values. To estimate the event mean concentrations (EMCs) for missing storms more
accurately, empirical regression relationships between storm flow volumes and EMCs
were developed for different time frames (1986~1989, 1990~1994 and 1995~1999). Even
though this method provides a reasonable estimation of nutrient loads during storm
events, the potential error associated with high flow events could have significant impacts
on monthly, even annual, nutrient balances (Longabucco and Rafferty 1998).
The simulated OP loads from HSPF were compared with observed loads of individual
storms, aggregated on both a monthly and an annual basis. Figure 6-4 and Table 6-1
provide the comparison of OP loads at principal monitoring sites. The results show good
model performance. R2 values based on monthly loads are 0.520 or greater, except at
ST30. Percentage difference (PD) values for three-year totals range from −12.62% to
−2.13% for four principal stream monitoring stations. Although HSPF can address
manure and fertilizer application under the Special Action block of the HSPF program,
this function was not used in this model application due to lack of records on application
quantities and rates. This might partially explain the overall under-prediction of
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phosphorus loads, especially in those portions of the watershed where the agricultural
activities are significant (Cedar Run and Broad Run).

Figure 6-4: Comparison of Annual Orthophosphate Phosphorus Loads at Principal Stream Stations
Table 6-1: Comparison of the Three-Year Total, Annual, and Monthly OP Loads at the Principal
Stream Stations in the Watershed

Percentage Difference for
Annual Loads (%)
1993
1994
1995
ST25
ST70
ST30
ST45

+9.33
+13.29
−17.03
+25.26

−12.01
−11.04
−1.99
−18.94

−48.25
−46.73
−5.44
−13.72

Total Loads for the Three-Year
Simulation Period
Observed Simulated
PD
(%)
(×106 g)
(×106 g)
30.39
27.02
−10.51
3.45
3.01
−12.62
11.60
10.44
−9.99
13.87
13.58
−2.13

Monthly
Loads
R2
0.520
0.709
0.276
0.712

The PD values based on annual OP load analysis range from −18.99% to +25.26%,
except at ST25 and ST70 in 1995 (Table 6-1). This is because a few storm samples were
unavailable, and the EMCs for those storms were missing. The missing loads were
estimated from the method described above which, in this study, used an empirical
regression relationship developed for the 1995-1999 period. This might explain the
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relatively large PD values at those stations in 1995. However, because 1995 was a dry
year and produced less flow volumes, the annual OP loads of 1995 are generally small
compared to the other simulation years (Figure 6-4) and thus have limited impact on the
three-year totals.
A closer investigation was performed for ST30, the stream station located downstream of
the Lake. In terms of model application, it received the Lake outflow provided by the
Lake W2 submodel. Therefore, the calibration of OP loads at ST30 not only depends on
calibrating the Lower Broad Run HSPF submodel, but also the Lake W2, the Upper
Broad Run, and the Middle Broad Run HSPF submodels. The results indicate that even
though the OP loads were generally under-predicted, the percentage differences based on
annual OP loads were in a reasonable range of −17.03% to −1.99% (Table 6-1). The low
R2 value for monthly loads at ST30 was partially due to missing storm EMCs in May and
November 1993. The R2 value would be improved to 0.602 without the contribution from
these months. The good agreement between observed and simulated data at ST30 not
only indicates that HSPF submodels were well-calibrated to capture the P transport in
those subbasins, but also proves the validity of linking the two different types of models:
the watershed model HSPF and the receiving waterbody model W2.
Unlike most HSPF applications, the calibration procedure in this model application
focused not only on loads, but also on concentrations. This is because the W2 submodels,
which use the output of HSPF submodels as input, perform mass balances based on
concentrations. Comparisons of OP concentrations were performed for two stream
stations located at the headwaters of the Reservoir, where HSPF submodels were linked
to the Reservoir W2 submodel. When compared to observed values from storm samples,
the computed concentrations were flow-weighted values based on the simulated values
on the day before, day of, and the day after the corresponding storm events. Due to the
uncertainty related to meteorological data and the model itself, the timing and duration of
a simulated storm might be advanced or delayed by some hours (typically one to three
hours), compared to observed data. Therefore, this method was used to diminish the
effect of these timing differences.
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Because less than ten grab storm samples were collected at ST10 during the three-year
study period, they were not included in the analysis (as explained earlier, there was no
automated station at this location during the study period).
The results in Table 6-2 indicate that the absolute differences between average simulated
and observed OP concentrations were less than 6 μg/L for ST10 (baseflow) and less than
6 μg/L and 1 μg/L for ST40 (baseflow and storms respectively). As expected, both
simulated and observed storm data show greater variation than baseflow data. This is
because storm flow quality is affected by various factors such as precipitation duration
and intensity, surface runoff and land uses. The submodels also demonstrated good
performance in capturing the seasonal trends for both base flows and storm flows (Figure
6-5). At ST10, fall and winter season data show relatively large differences in terms of
mean values. For ST40, the simulated concentrations, especially those from storm events,
showed less spread than the observed concentrations. This is probably due to the
flow-weighted calculation method that is likely to reduce the variation in storm
concentrations.
Table 6-2: Comparison of OP Baseflow and Stormflow Concentrations at Stream Stations at the
Headwaters of the Occoquan Reservoir (ST10 and ST40)

ST10
Baseflow
Mean
SD*
14
11
Observed (μg/L)
20
16
Simulated (μg/L)
Difference (μg/L)
+6
*SD: Standard Deviation

ST40
Baseflow
Mean
SD*
13
12
19
7
+6

Storm Flow
Mean
SD*
32
24
31
18
−1
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Figure 6-5: Comparison of Orthophosphate Phosphorus Concentrations in Base Flow and Storm
Flow Samples at Stations ST10 and ST40
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Figures 6-6 and 6-7 show the comparisons of near-surface and near-bottom OP
concentrations (three-year average) as a function of distance upstream from the dams of
the Lake and the Reservoir, respectively. At the Lake, the near-surface concentrations
remain fairly constant along the waterbody and differences between simulated and
observed values are less than 1 μg/L. Although the W2 submodel captured the increasing
trend of the bottom concentrations, it tended to over-predict them except for the location
near the dam. This is probably due to the bottom release under anoxic hypolimnetic
conditions especially during summer months. This process is more likely to occur in the
lacustrine zones than the riverine zones, but W2 allows only one sediment release rate for
each waterbody. This might partially explain the differences at near-bottom layers along
the waterbody.

Figure 6-6: Comparison of Spatial Distributions of Orthophosphate Phosphorus along the Mainstem
of Lake Manassas

169

The trend of surface concentrations at the Reservoir is similar to that of the Lake,
although the Reservoir W2 submodel tends to over-predict the concentrations by nearly
6 μg/L. As mentioned earlier, the effluent from UOSA is nitrate rich and tends to flow
along the bottom due to its cooler temperature and higher density. Therefore, the average
bottom nitrate-nitrogen concentrations in the Reservoir are greater than 0.8 mg/L. The
nitrate serves as an electron acceptor when oxygen is depleted and thus prevents the OP
bottom release from the sediment under anoxic conditions (Randall and Grizzard 1995).
However, the current version of W2 (Version 3.2) does not consider nitrate as a
secondary oxygen supplement under anoxic conditions and thus will not prevent OP
release from sediment even when sufficient nitrate is present. In order to simulate the
oxidized sediment condition maintained by nitrate, the OP release rate is set to zero in the
Reservoir W2 submodel. Although the near-bottom OP concentrations are still
over-predicted in upstream sections of the Reservoir, the general bottom OP
concentrations near the dam are reproduced well. The observed non-zero bottom OP
concentrations might be related to the activities of benthic organisms (Wetzel 2001).

Figure 6-7: Comparison of Spatial Distributions of Orthophosphate Phosphorus along the Mainstem
of Occoquan Reservoir
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More detailed investigations were performed for stations near the dams (RE02 for the
Reservoir and LM01 for the Lake). This is because the surface concentrations at these
stations represent the water quality flowing downstream over the dams. In addition,
LM01 also provides information on water quality into the water treatment plant of the
City of Manassas because the plant withdraws waters primarily from the top intake at the
Lake Manassas dam. The results in Table 6-3 indicate small absolute differences between
simulated and observed average OP concentrations (≤3 μg/L for the Lake and ≤ 6 μg/L
for the Reservoir). It also can be seen that the Reservoir, which has a drainage area ten
times that of the Lake, has lower bottom OP concentrations. This confirms the reduced
OP sediment release due to the oxidized zone maintained by the nitrate-rich discharge
from UOSA.
Table 6-3: Comparison of OP Concentrations at In lake Stations near the Lake Manassas (LM01)
and Occoquan Reservoir (RE02) Dams

Surface (μg/L)
Bottom (μg/L)

Observed
9
34

LM01
Simulated
9
31

Difference
0
−3

Observed
14
27

RE02
Simulated
20
23

Difference
+6
−4

Overall, the W2 submodels capture the OP seasonal fluctuation that follows the annual
cycle of phytoplankton production: the lowest surface concentrations and highest bottom
concentrations found during the summer blooms (Figures 6-8 and 6-9, which includes the
1996-97 validation period). Although the Lake submodels under-predicted some
relatively high OP concentrations observed at the bottom, both W2 submodels captured
well the timing of bottom release and surface consumption by phytoplankton. The results
from paired t-tests (Table 6-4) also indicate that simulated and observed OP
concentrations have no significant differences in term of mean values (probability values
greater than 0.05). The exception was at the RE02 surface where the probability value is
less than 0.05. This is probably due to several extremely high simulated OP
concentrations during August 1994, which is possibly related to algae simulation (Figure
6-9). In the current study, only one lumped algae species is modeled in the Reservoir W2
submodel although the observed species count data suggest three dominant algal species
(blue green algae, green algae, and diatoms). The prediction of surface OP concentrations
might be improved by including multiple algal species in the W2 submodels.
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Figure 6-8: Comparison of Temporal Distributions of Orthophosphate Phosphorus at the Stations
near the Dams of Lake Manassas for Model Calibration (1993-1995) and Validation (1996-1997)

Figure 6-9: Comparison of Temporal Distributions of Orthophosphate Phosphorus at the Stations
near the Dams of Occoquan Reservoir for Model Calibration (1993-1995) and Validation (1996-1997)
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Table 6-4: Probability Values from t-test Analysis for In-lake Monitoring Stations near the Lake
Manassas (LM01) and Occoquan Reservoir (RE02) Dams

LM01
RE02

Number of Samples
Probability Value
Number of Samples
Probability Value

Surface
56
0.62
109
0.03

Bottom
56
0.52
113
0.17

6.4.1.2 Validation
Simulated and observed OP data for the years 1996 and 1997 were used for model
validation. Both the calibration and validation periods were combinations of wet and dry
years and are considered suitable for model calibration and validation purposes. Nutrient
loads and concentrations for these two validation years were simulated using the same
land use as for the calibration period (the year 1995), and the 1996 and 1997
meteorological data.
Similar to model calibration, the validation of HSPF submodels were also performed on
three levels: annual production, monthly production and individual storms. The results
shown here include both calibration and validation periods so that model validation can
be seen in context. Figure 6-10 shows the annual OP load for the five-year simulation
period, including the two-year validation period. During the validation period, major
discrepancies for the nutrient load production mainly occurred in the wet year 1996,
where simulated nutrients loads were greatly under-predicted partially due to the
difference in hydrologic systems (Xu, et al. 2006). The validation results of the relatively
dry year 1997 are better with the percentage differences in the range of –44.1% ~ –6.3%
(Table 6-5), which are considered to be “poor” or “very good” simulated, according to
the scale used by Donigian (2002) (See Table 3-4). The validation of the HSPF
submodels captured the general trend of OP load production from the drainage areas.
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Figure 6-10: Comparison of Annual OP Loads at Principal Stream Stations for Model Calibration
and Validation
Table 6-5: Comparison of Annual OP Loads at the Principal Stream Stations for Model Validation

ST25

ST70

ST30

ST45

+9.3*
+13.3
−17.0
+25.3
Very Good*
Very Good
Good
Fair
1994
−
12.0
−
11.0
−
2.0
−
18.9
Calibration
Very Good
Very Good
Very Good
Good
1995
−48.2
−46.7
+5.4
−13.7
Poor
Poor
Very Good
Very Good
1996
−65.5
−65.9
−39.2
−27.8
Poor
Poor
Poor
Fair
Validation
1997
−33.2
−44.1
−20.2
−6.3
Fair
Poor
Good
Very Good
1993-1995
−10.5
−12.6
−10.0
−2.1
Summary
1993-1997
−29.2
−31.7
−16.6
−9.2
*Numbers are percent differences from observed data (%), and ratings are as based on Table 3-4.

1993

The monthly load comparisons for the validation years at various stations are added to the
calibration data and are shown in Figure 6-11. It can be seen that, although the
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discrepancies for the year 1996 was the greatest, the model captured the temporal
fluctuation in the validation year 1997.

Figure 6-11: Comparisons of Monthly OP Loads (lbs) at Four Principal Stream Stations in the
Occoquan Watershed for Model Calibration and Validation

The validation results for stations in the Lake and the Reservoir indicated that the
simulated OP concentrations in the surface layers of the waterbodies were similar to their
respective observed values (Tables 6-6 and 6-7). The differences ranged from −3 μg/L to
−1 μg/L for the Lake and from −2 μg/L to +6 μg/L for the Reservoir. The differences in
the bottom layers are relatively large (ranging from −2 μg/L to +8 μg/L for the Lake and
from −5 μg/L to +7 μg/L for the Reservoir). The results indicate that the W2 submodels
are adequately validated to capture the spatial distribution of OP concentrations.
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Table 6-6: Comparison of Surface and Bottom OP Concentration at Monitoring Stations near the Lake Manassas (LM01) Dam for Model Calibration
and Validation

Calibration
(1993-1995)
Validation
(1996-1997)

Observed
Simulated
Difference
Observed
Simulated
Difference

LM01
Surface Bottom
9
34
9
31
0
−3
7
29
6
37
+8
−1

LM03
Surface Bottom
8
9
8
13
0
+4
7
8
5
11
+3
−2

OP Concentrations (μg/L)
LM04
LM05
Surface Bottom Surface Bottom
9
21
8
8
9
22
7
17
0
+1
+9
−1
7
28
8
10
5
27
5
14
+4
−2
−1
−3

LM06
Surface Bottom
7
9
6
7
1
−2
7
8
6
6
−1
−2

Table 6-7: Comparison of Surface and Bottom OP Concentration at Monitoring Stations near the Occoquan Reservoir (RE02) Dam for Model
Calibration and Validation

Calibration
(1993-1995)
Validation
(1996-1997)

Observed
Simulated
Difference
Observed
Simulated
Difference

RE02
Surface Bottom
14
27
20
23
+6
−4
15
26
13
21
−2
−5

OP Concentrations (μg/L)
RE15
RE30
Surface Bottom Surface Bottom
13
17
13
16
18
23
20
27
+5
+6
+7
+11
14
20
12
14
16
21
18
21
+2
+1
+6
+7

RE35
Surface Bottom
15
17
21
23
+6
+6
16
15
19
20
+3
+5
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The comparisons of surface and bottom OP concentrations at the stations near Lake
Manassas and Occoquan Reservoir dams for validation periods are included in Figures
6-8 and 6-9. They indicate that the W2 submodels reproduced the seasonal patterns
during the validation period and the lowest surface concentrations and highest bottom
concentrations found during the summer blooms. The bottom OP concentrations in the
Reservoir are generally less than those in the Lake, which confirms the oxidized sediment
zone due to the nitrate-rich effluent from UOSA.

6.4.2 Alternative Land Use Development Scenario Results
Due to the total maximum daily loads (TMDL) program, the impact of land use on water
quality has been intensely studied. In most research, when investigating the impact of
alternative management plans, nutrient load reduction scenarios are developed by
arbitrarily reducing the inflow nutrient concentrations until the TMDL goals are met
(Bowen and Hieronymus 2003; Imteaz, et al. 2003). Although this approach does answer
the questions on the potential impact of external nutrient load reduction on the aquatic
systems, it may not provide a practical guide to implement those load reduction
programs, and thus does not fully answer the management questions posed by the TMDL
programs. By using the linked model approach described above, a direct cause-effect
relationship is developed between upstream activities and downstream water quality.
Thus, instead of using arbitrary loading reduction rates, W2 can use the boundary
conditions corresponding with these land development scenarios to predict the water
quality variation.
In this section, results based on two land use scenarios are presented. The watershed
segments, waterbody bathymetries, and all the input parameters, except the land use data,
were the same as the current case (calibration). The land use changes developed for the
two management scenarios are shown in Table 6-8.
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Table 6-8: Percentage of Different Land Use Categories for Various Development Scenarios

Cedar Run
Broad Run
Bull Run

Current
Agriculture Forest
36.7
56.3
25.6
58.3
12.5
54.9

Urban
7.1
16.1
32.6

Agriculture
0.0
0.0
0.0

Forest
Forest
100.0
100.0
100.0

Urban
0.0
0.0
0.0

Future
Agriculture Forest
36.7
28.2
25.6
29.2
12.5
28.2

Urban
35.3
43.3
60.1

6.4.2.1 Forest Scenario
One scenario (Forest) was developed wherein all the lands were assumed to be covered
by forests. It represents the background condition with no impact from human activities
before Colonial history and can be used to evaluate the long-term impact of human
activities on the water resources. The contribution of UOSA is eliminated in this
scenario. With all the land areas covered by forests, natural processes such as organic
matter decay and atmospheric deposition produce OP loads of 3.2~7.5×106 g/year on
various subbasins (Table 6-9). As expected, these OP loads from the land segments are
much lower than the Current condition and the model output suggests that current human
activities have caused a 7.0×106 g/year (45.1%) increase of OP loading production
compared to the pre-Colonial period.
Table 6-9: Annual OP Loads at Major Subbasins for Various Land Development Scenarios Under
1993-1995 Flow and Weather Conditions

Cedar Run
Broad Run
Bull Run
Total

Annual P loads (×106 g)
Forest
Current
Future
7.5
10.4
27.6
3.2
4.0
6.2
5.1
8.4
10.4
15.8
22.8
44.2

Figure 6-12 shows the OP load production under the three different land use scenarios. It
is clear that the increase of external OP production is related to population growth and
urbanization. However, different subbasins show different increase rates due to site
characteristics. The Broad Run subbasin shows the lowest increase in OP yield
production (26.5%) since the pre-Colonial period, because Lake Manassas probably traps
this nutrient and reduces transport downstream. The Bull Run region shows the greatest
increases in P production (67.1%) due to its greater urbanization.
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Figure 6-12: Comparison of the Impact of Different Land Development Scenarios on
Orthophosphate Phosphorus Load Production

The increases of external OP loads since the pre-Colonial period lead to increases of OP
concentrations delivered to the Reservoir. On the other hand, if the land use pattern is
restored from the Current scenario to the Forest scenario, the reduced OP loads would
reduce the OP concentrations into the Reservoir (Table 6-10). Average concentrations
would be decreased by 41.7% and 25.0% for Branches 1 and 2, respectively, compared
with the Current scenario.
Table 6-10: Comparison of Inflow OP Concentrations into the Occoquan Reservoir for Various Land
Development Scenarios

Branch 1
Branch 2
PD* (%)
PD* (%)
(μg/L)
(μg/L)
Current
24
20
Forest
14
–41.7
15
–25.0
Future
44
+83.3
22
+10.0
* PD: Percentage Difference from the Current scenario

Although compared with the Current scenario, the external OP loads suggest significant
decrease if the land use pattern is restored to the pre-Colonial period, the Reservoir W2
submodel results suggest only slight decreases of average OP concentrations near the
dam (2 μg/L or 10.0% for surface and 3 μg/L or11.5% for bottom) (Table 6-11). This is
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likely due to the nitrate-rich UOSA discharge that maintains an oxidized sediment zone
to prevent bottom phosphorus release. The seasonal patterns of in-lake OP concentrations
are shown in Figure 6-13, where spring and winter seasons show relatively greater
increases in OP concentrations.
Table 6-11: Comparison of OP Concentrations at the Station near the Occoquan Reservoir Dam
(RE02) for Various Land Development Scenarios

Surface
Bottom
PD* (%)
PD*(%)
(μg/L)
(μg/L)
Current
20
26
Forest
18
–10.0
23
–11.5
Future
33
+65.0
35
+34.6
* PD: Percentage Difference from the Current scenario

Figure 6-13: Comparison of Impact of Different Land Development Scenarios on Temporal
Distributions of Orthophosphate Phosphorus at the Station near the Dam of Occoquan Reservoir

6.4.2.2 Future Scenario
The second scenario (Future) was developed by converting 50% of the existing forested
areas in each segment to residential and commercial development. This is based on the
rapid urbanization in northern Virginia, which is ranked as one of the fastest-growing
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regions in the United States. The region has been, and will very likely continue to be,
facing residential and commercial development. This scenario represents the expansion
of the current urban lands by about 141.2, 129.2, and 110.4 km2 in the Cedar Run, Broad
Run, and Bull Run subbasins, respectively. Although it is highly possible that UOSA
would expand as the population grows, the contribution from UOSA is assumed to be
unchanged in this scenario so that the changes of water quality due to land use
development would not be masked by other factors.
The results indicate that the projected land use development would double the total OP
production to 44.2 ×106 g/year, compared to the current condition (Table 6-9). The Cedar
Run subbasin shows the greatest increase in OP production (165.5%) (Figure 6-12)
because the dominant land use would shift from non-urban development to urban
development. The urban land areas in the Cedar Run subbasin would be increased
five-fold based on the projected scenario. This results in doubling the OP yield over the
Current condition and tripling that over the Colonial period. This suggests that best
management practices (BMPs) must be incorporated into the future land use development
plans to reduce the dramatic increases of OP production.
On the other hand, the Bull Run subbasin appears to have a slower OP yield increase rate
(23.1%), compared with the pre-Colonial period (Figure 6-12). The investigation of land
uses in the Bull Run subbasin indicates an existing high urban development with more
than 30% of the land categorized as urban. Therefore, future expansion does not result in
a significant increase on the already high values of OP load production. This suggests a
threshold for OP load production despite land development, and a future study of land
development scenarios could provide more insight on this issue.
The dramatic change of the land use pattern in the Cedar Run subbasin due to urban
expansion would increase OP concentrations delivered into the Reservoir Branch 1
(Occoquan River) by 83.3% (Table 6-10). At the same time, OP concentrations into
Branch 2 (Bull Run) show a 10% increase due to the increase of external OP loads from
the Bull Run subbasin. As expected, the increase of external OP loads leads to the
accumulation of nutrients in the Reservoir and the model results suggest a 65.0% and
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34.6% increase of surface and bottom OP concentrations in the Reservoir, respectively
(Table 6-11). The comparison of seasonal patterns (Figure 6-12) indicates that increases
of external OP loads have greater impacts on spring and winter OP concentrations than
on those of summer and fall. The suggested high OP concentrations during winter and
spring months would very likely stimulate algae growth and worsen the water quality
issues such as oxygen depletion. Based on the model results, it is clear that the future land
use development will play an important role in the nutrient enrichment and eutrophication
of the Reservoir.

6.5 Conclusions
A complex linked model, using six applications of HSPF and two of CE-QUAL-W2, was
applied to simulate the OP transport and fate in the Occoquan Watershed. The procedures
and results of the model calibration and validation were described. In addition, two land
use scenarios were developed and their impacts on the water quality of the Occoquan
Reservoir were investigated.
There were several noteworthy features of this model application. One feature was the
linkage of the water quality models. By linking two state-of-the-art water quality models,
the modeled system behaves more as a single entity, even though this approach requires
extra effort for development and application. The advantage of such an approach is to
establish a direct cause-and-effect relationship between upstream activities and
downstream water quality, which makes it easier for decision makers to evaluate future
land use management plans and for the public to understand the decision making
procedures.
The model application successfully captured the temporal and spatial distribution of OP
in the watershed and the receiving waterbodies. The percentage difference values for
three-year (calibration) OP loads ranged from −12.62% to −2.13%. The differences
between simulated and observed OP concentrations are ≤1 μg/L at the outlet of Lake
Manassas and ≤7 μg/L for that of the Occoquan Reservoir. The model was adequately
validated to capture the transport and fate in the Watershed and two major waterbodies.
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Two land use scenarios were developed to evaluate the impact of human activities on the
water quality. This type of research has been intensely investigated, especially for TMDL
programs. Many researchers focus on the changes in downstream water quality by using
assumed nutrient loading reductions. This approach does not answer the question of how
to achieve these reductions and thus does not provide full suggestions on regulation of
upstream activities and land development. However, this problem can be addressed by
linking the watershed model HSPF to the reservoir model CE-QUAL-W2. The scenarios
of various levels of land use and BMP implementation could be incorporated into HSPF
applications and thus, instead of using assumed loading reduction rates, W2 can use the
boundary conditions corresponding with these scenarios to predict the variation in water
quality.
The results verify that the increase of external OP loads into the reservoir due to human
activities plays an important role in the nutrient enrichment and eutrophication of the
Reservoir. The future development in the non-urban areas will greatly increase the
external OP production and BMPs should be implemented to prevent potential
environmental degradation. For the existing urban areas, the model results suggest a
potential threshold of phosphorus loading production despite future land development.
However, its impact on the receiving waterbodies might not be negligible and additional
controls will probably be required.
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Chapter 7. Modeling Algae Dynamics and the Impact of
Land Use Changes on Receiving Water
Quality in the Occoquan Watershed by Using
a Linked Model Application
7.1 Calibration and Validation
Algae are important components in any water quality model due to their interaction with
nutrients and DO. In the Lake and the Reservoir, the observed algae concentrations (in
mg/L) were calculated by multiplying measured chlorophyll a concentrations (in μg/L)
by a conversion factor. A value of 65 was used for this factor.
Currently, only one algae species is included in both W2 submodels. However, the algae
count data indicated three dominant algae species (green algae, blue green algae, and
diatoms) in the Reservoir.
In the Lake, results from the calibration and validation periods indicate that the W2
submodel tended to under-predict the algae activities with a difference in average
concentrations of about −0.60 mg/L (Table 7-1). The differences are relatively large in
the spring and winter seasons, which suggests possible diatom growth because diatoms
grow in cooler waters than do blue green or green algae. These trends are also clearly
shown by Figure 7-1.
The algae growth in the Reservoir was generally over-predicted by 0.28 mg/L for the
calibration period and 0.40 mg/L for the validation period (Table 7-2). However, similar
to the Lake, the model under-predicted the algae concentrations during the winter and
spring seasons (Table 7-2 and Figure 7-1). It also suggests that diatoms, which grow in
cooler waters, should be considered in the model application. The W2
submodels’ performance will probably be improved by including multiple algae species
in the simulation.
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Table 7-1: Comparisons of Algae Concentrations at LM01 Station for Model Calibration and
Validation

Calibration
Validation

Observed (mg/L)
Simulated (mg/L)
Difference (mg/L)
Observed (mg/L)
Simulated (mg/L)
Difference (mg/L)

Spring
0.77
0.04
−0.73
0.96
0.06
−0.90

Summer
0.55
0.45
−0.10
0.67
0.41
−0.26

Fall
0.98
0.47
−0.51
1.01
0.45
−0.56

Winter
2.07
0.10
−1.97
1.08
0.12
−0.96

Average
0.93
0.32
−0.61
0.90
0.30
−0.60

Table 7-2: Comparisons of Algae Concentrations at RE02 Station for Model Calibration and
Validation

Calibration
Validation

Observed (mg/L)
Simulated (mg/L)
Difference (mg/L)
Observed (mg/L)
Simulated (mg/L)
Difference (mg/L)

Spring
0.74
0.15
−0.59
1.02
0.00
−1.02

Summer
0.82
0.86
+0.04
0.87
1.42
+0.55

Fall
0.50
2.04
+1.46
0.45
1.94
+1.49

Winter
0.46
0.18
−0.28
0.30
0.01
−0.29

Average
0.66
0.94
+0.28
0.69
1.09
+0.40
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Figure 7-1: Comparison of Algae Concentrations at Stations near the Dams of Lake Manassas and
Occoquan Reservoir for Model Calibration and Validation

7.2 Algae Simulation under Different Scenarios
An investigation was performed for algae growth under the different land scenarios. A
detailed description of land development scenarios can be found in previous sections
(Chapters 5 and 6).
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Table 7-3 shows the comparison of average algae concentrations under the various
scenarios. It indicates that the increases of external nutrient loads not only result in
nutrient enrichment of the receiving waterbody, but also stimulate algae growth. Future
development (represented by the Future scenario) would dramatically increase average
algae concentrations by 105.3%, which is partially due to the significant increase of
nutrient production in the Cedar Run subbasin. On the other hand, if the land use pattern
is restored from the Current scenario to the Forest scenario, the reduced nutrient
concentrations in the Reservoir would result in a 17.0% decrease in the average algae
concentration.
Table 7-3: Comparison of Algae Concentrations at the Station near the Occoquan Reservoir Dam
(RE02) for Various Land Development Scenarios

Algae (mg/L)
PD (%)*
Current
0.94
Forest
0.78
–17.0
Future
1.93
+105.3
*PD: Percentage Difference from Current scenario

Further investigation of the impact on the seasonal variation of algae growth was
performed at station RE02 (Figure 7-2). The results indicate that the increases of algae
concentrations due to excess external nutrient loads were not evenly distributed across the
seasons. The warm seasons, especially the early fall season, show greater increases than
the spring and fall seasons. The algae concentrations almost doubled for the summer and
fall seasons. This suggests that future land development could worsen the water quality
and result in degradation of aquatic systems. Careful management plans are needed for
future land use development proposals.
In the current model application, one lumped algae species was simulated in the
Reservoir even though the algae species count data suggest three dominant species (blue
green, diatoms, and green). Thus the growth of diatoms, a species preferring cool
temperatures, was not well captured. When multiple algae species are included in the W2
submodels, the timing and magnitude of algal growth probably will be better captured
under the different scenarios.
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Figure 7-2: Seasonal Comparison of Impact of Different Land Development Scenarios on Algae
Concentration at the Station near the Occoquan Reservoir Dam (RE02)
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Chapter 8. Conclusions and Recommendations
8.1 Summary of Objectives Attained
This research forms a part of an ongoing study to perform continuous improvements to
the Occoquan model. The principal goal of the Occoquan model project is to develop and
apply the best possible model science to improve modeling of the Occoquan watershed
and associated waterbodies.
The principal goals of this research were to develop, calibrate and validate a complex
linked model to simulate hydrology and water quality in the Occoquan Watershed and its
principal waterbodies, and to explore its application to land use scenarios. These goals
were achieved by completing the following objectives:
1. To develop a complex linked hydrology and water quality model for the Occoquan
Watershed, which allows better representation of the physical, chemical and
biological processes in the watershed and two principal waterbodies: Occoquan
Reservoir and Lake Manassas;
2. To calibrate and validate the linked model, including hydrology, nutrients (nitrogen
and phosphorus), temperature, dissolved oxygen, and algae; and,
3. To investigate the potential impact of urbanization on nutrient enrichment in the
Occoquan Reservoir and to identify the critical land areas in the watershed.

8.1.1 First Objective
The first objective was to develop a complex linked hydrology and water quality model
for the Occoquan Watershed. This was achieved by 1) performing finer segmentation for
the Watershed and two waterbodies based on high-resolution data; 2) collecting required
input data, 3) building user control files and linking individual submodels into an entity.
1) The watershed delineation and segmentation was completed by using an EPA BASINS
utility based on local 1:24,000 scale (7.5 minute) Digital Elevation Model data,
1:100,000-scale National Hydrography Dataset data, local land use data, etc. Some
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site-specific features were included in this process: a relatively small segment was added
to account for the contribution from the UOSA WRF, and additional segments were
added to prepare the model to be used when future development plans are implemented.
The 1,515 km2 (584.8 square miles) watershed was divided into six subbasins with a total
of 56 land (HSPF) segments, which approximately tripled those in the previous model
application. The average segment size was 27.0 km2 (10.4 square miles).
Similarly, the Occoquan Reservoir and Lake Manassas were defined by finer
computational grids. Bathymetry survey data were collected by OWML using an
integrated differential global positioning system and depth sounding system, which
provided high-resolution bathymetry data (less than 3.0 feet for horizontal positioning
and less than 0.1 feet for depth measurement). The data were then processed using
SURFER to determine the size of the computational grids.
The modeled region of Lake Manassas extended from just downstream of station ST70 to
the dam, a distance of 5.97 km. It was divided into four branches: the mainstem, North
Fork, and two unnamed arms, and had a total of 29 active computational segments. The
segment length varied from 173 m to 568 m. There were 4 to 28 computational layers,
each 0.5 m thick. The average width of the top layers were 297.2 m
The Reservoir encompassed streams from approximately downstream of the Lake
Jackson dam (station ST10) on the Occoquan River arm and from approximately station
ST40 on the Bull Run arm. It was divided into four branches: Occoquan River
(mainstem, Branch 1), Bull Run (Branch 2), Sandy Run (Branch 3) and Hooes Run
(Branch 4). It had a total of 69 active computational segments. The average segment
length was 583 m with a maximum of 838 m (segment 55 at the very upstream end of
Bull Run) and a minimum of 74 m (Segment 32, at Ryan’s Dam, a submerged feature
with a narrow vertical opening). There were from 1 to 39 computational layers, each
0.5 m thick. The average width of the top layers was 149.7 m, about half of that for the
Lake.
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The resultant finer segmentation of the Occoquan Watershed and two waterbodies
allowed more precise representation of hydrology, hydrodynamics, and associated water
quality activities in the whole watershed.
2) The required data for HSPF and CE-QUAL-W2 include meteorological data, land use
data, water withdrawal from the waterbodies, etc. Extensive efforts were made to collect,
analyze, and infill the meteorological data because they are significant driving factors in
hydrological and water quality models. These included precipitation, temperature, wind
speed, cloud cover, and potential evapotranspiration. In HSPF, these time series were
stored in a utility called Watershed Data Management Utility (WDMUtil). For
CE-QUAL-W2, these input time series were stored in text format.
Land use data for 1995 for the HSPF submodels were obtained from the Northern
Virginia Regional Commission, and were initially classified into fourteen land use
categories. They were then consolidated into nine categories based on imperviousness
and soil properties to reduce the complexity of the HSPF applications without
significantly affecting simulation results.
Daily water withdrawals from the Reservoir, water usage for power generation and
bypass flow were provided by Fairfax Water. Water withdrawal data from the Lake were
provided by the water treatment plant of the City of Manassas with missing values filled
in with average values.
Time-varying boundary conditions for W2 include upstream flow, tributary flow,
distributed tributary flow, and water withdrawal. Water quality inputs for each of these
flows, as well as for rainfall, were also required. This information was provided by the
upstream HSPF submodels.
3) After the input time series were prepared, user control files were created for each
submodel with most coefficients set at default values, and these were linked into the
complex linked model framework.
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The Upper Broad Run HSPF submodel provided direct input (including daily inflows,
temperature, DO and other water quality concentrations) to the Lake W2 submodel. The
ungauged distributed tributary flows along the Lake and associated water quality were
estimated by the Middle Broad Run HSPF submodel. The outputs from the Lake W2
submodel served as inputs for the Lower Broad Run HSPF submodel. Similarly, the
Lower Broad Run HSPF application, including the contribution from the Cedar Run
subbasin, provided flows and water quality time series for the Occoquan River branch of
the Reservoir. The input time series of the Bull Run branch were provided by the Bull
Run HSPF submodel. The Lower Occoquan HSPF submodel provided the ungauged
distributed tributary flows and associated water quality along the Reservoir. Thus, six
HSPF (Cedar Run, Bull Run, Upper Broad Run, Middle Broad Run, Lower Broad Run,
Lower Occoquan) and two W2 (Lake Manassas and Occoquan Reservoir) submodels
were linked together to fully represent the hydrology and water quality activities in the
Watershed and two waterbodies.

8.1.2 Second Objective
The second objective was to calibrate the linked model for 1) hydrology; 2) ammonium
nitrogen (NH4-N) and oxidized nitrogen (Ox-N); 3) orthophosphate phosphorus (OP);
4) temperature and dissolved oxygen; and 5) algae. The second component of this
objective was to 6) validate the model
Model calibration was performed for the years 1993-1995 to establish good
representation of the hydrology and water quality activities in the Watershed and two
waterbodies. The calibration period was a combination of wet and dry years. Model
coefficients were adjusted within a meaningful range to provide the best match between
simulated and observed data.
The comparison of simulated and observed data for HSPF submodels were performed
primarily at ST25 (the Cedar Run subbasin), ST70 (the Upper Broad Run subbasins),
ST30 (the Lower Broad Run subbasin), and ST45 (the Bull Run subbasin). In addition,
data at ST10 and ST40, two stations at the headwaters of the Reservoir, were also
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examined because they represented the water quality that was generated by upstream
HSPF submodels and fed into the Reservoir W2 submodel. In the Lake and the Reservoir,
comparisons were performed primarily at in-lake stations. In the Lake, these were LM01
(near the dam), LM04, LM05, and LM06 (headwater of the mainstem). Those in the
Reservoir included RE02 (near the dam), RE15, RE30 (headwater of Branch 2), and
RE35 (headwater of Branch 1). Both graphical and statistical methods were used to
evaluate model performance.
1) The hydrological calibration performance of HSPF submodels was evaluated by
comparing simulated and observed flow data on a daily, monthly and annual basis. The
water budgets in the W2 submodels were evaluated by comparing simulated and
observed daily water surface elevations. The results indicated that the overall flow
balances based on the calibration period at four principal stream stations showed
agreement ranging from −3.95% to +3.21%. According to the scale used by Donigian
(2002), the HSPF submodels were generally calibrated “very good” based on annual flow
balances, and the percentage difference values ranged from –5.84% to +21.14%. The
HSPF submodels were calibrated “good” based on monthly flow balances and the R2
values were 0.815 or greater. The water surface elevations at Lake Manassas and
Occoquan Reservoir were well calibrated, and the R2 values based on daily comparisons
were 0.937 and 0.926, respectively. Missing flows estimated by a W2 utility called
WaterBalance accounted for 0.2% and 0.9% of the average outflows of Lake Manassas
and Occoquan Reservoir, respectively.
2) The simulated NH4-N and Ox-N loads from HSPF were compared with observed
loads of individual storms, aggregated on both a monthly and an annual basis. The results
indicated good model performance and the PD values of four principal stream stations
based on the three-year simulation period ranged from −3.95% to +10.22% for NH4-N
and from −11.89% to +6.10% for Ox-N. Based on annual load comparisons, the HSPF
submodels were generally “good” to “very good” calibrated and the absolute percentage
difference values were less than 25% for most sites. The R2 values based on monthly
loads were equal to or greater than 0.531 for NH4-N and 0.606 for Ox-N for most sites.
The W2 submodels captured the temporal and spatial variation of the nitrogen species.
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The results indicated that the differences of average simulated and observed NH4-N
concentrations in flow over the dams were equal to or less than 0.01 mg/L for both Lake
Manassas and Occoquan Reservoir. The differences of average Ox-N concentrations in
flow over the dams were equal to or less than 0.01 mg/L for Lake Manassas and
0.07 mg/L for the Occoquan Reservoir.
3) The simulated OP loads from HSPF submodels were also compared with observed
loads of individual storms, aggregated on both a monthly and an annual basis. The results
indicated good model performance on OP loads and the PD values based on the
three-year simulation period ranged from −12.62% to −2.13% for four principal stream
stations. The annual OP loads were generally “good” to “very good” calibrated and the
percentage difference values ranged from −18.99% to +25.26% for most sites. R2 values
based on monthly load comparisons were equal to or greater than 0.520 for most sites.
The spatial and temporal variations in the Lake and the Reservoir were well reproduced
by the W2 submodels. The absolute differences between simulated and observed average
OP concentrations were equal to or less than 1 μg/L for the Lake and 7 μg/L for the
Reservoir.
4) The simulated temperature and DO from HSPF submodels were compared on a daily
and seasonal basis. The results indicated that R2 values based on comparison of daily data
were greater than 0.882 for temperature and 0.487 for DO. The differences of seasonal
averages ranged from –1.87 ºC to +0.38 ºC for temperature and from –0.53 mg/L to
+1.75 mg/L for DO. According to the scale used by Donigian (2002), these HSPF
submodels were well calibrated for both temperature and DO for most sites. The
longitudinal and vertical variations of temperature and DO in the Lake and Reservoir
were generally well reproduced by the W2 submodels. The differences of temperatures at
surface layers are less than 0.42 ºC and 1.38 ºC for the Lake and Reservoir, respectively.
The differences of surface DO concentrations at various stations were less than
1.25 mg/L for the Lake and 1.42 mg/L for the Reservoir. The hydrodynamic differences
between these two waterbodies were also well-captured by the W2 submodels.
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5) The timing and magnitude of algae growth were generally captured reasonably well by
the W2 submodels. The seasonal differences were equal to or less than 1.97 mg/L for the
Lake and 1.46 mg/L for the Reservoir. In this application, only one lumped algae species
was modeled in both submodels. However, the observed species count data suggest three
dominant algae species (diatoms, green algae, and blue green algae) in the Reservoir. The
W2 submodels’ performance might be improved by including multiple algae species in
the simulation.
6) Model validation was performed for the year 1996-1997 with the same parameter set
to verify the reliability of model performance under difference conditions. The validation
period was a combination of wet and dry years with the year 1996 being a very wet year.
The validation results indicated that in the HSPF submodels, although the hydrology and
nutrient production from drainage areas were not well validated for the very wet year
1996, the HSPF submodels validated generally well for the relatively dry year 1997. The
W2 submodels were adequately validated to capture the temporal and spatial distribution
of temperature, DO, and nutrients.

8.1.3 Third Objective
The third objective was to develop two land use scenarios to investigate the potential
impact of urbanization on nutrient enrichment in the Occoquan Reservoir and to identify
the critical land areas in the watershed. One scenario (Forest) was developed wherein all
the lands were assumed to be covered by forests. It represented the background condition
with no impact from human activities before Colonial history and can be used to evaluate
the long-term impact of human activities on the water resources. The contribution from
UOSA was eliminated in this scenario. The other one (Future) was developed by
converting 50% of the existing forested areas in each segment to residential and
commercial development. It represented the potential environmental stress from future
urbanization. The contribution from UOSA was assumed to be unchanged. The changes
of nutrient yields from land areas were investigated for each scenario and their potential
impact on water quality in the Reservoir were demonstrated.
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As expected, these nutrient loads from the land segments in the Forest scenario were
much lower than the Current condition. The model output suggested 11.89×106 g/year
(71%), 597.35 ×106 g/year (224%), and 7.11 ×106 g/year (45%) increase of annual
NH4-N, Ox-N, and OP load production, respectively, over the pre-Colonial period. The
significant increase of Ox-N loads was due to the nitrate-rich UOSA effluent. The
increase of external nutrient loads since the pre-Colonial period suggested nutrient
enrichment and enhance algae activities. On the other hand, if the land use pattern is
restored to the pre-Colonial period, the average surface concentrations near the Reservoir
dam would be reduced by 10.0% (2 μg/L) for OP and 66.7% (0.60 mg/L) for Ox-N. The
average surface NH4-N concentrations would be increased 33.3% (0.01mg/L) probably
due to reduced algae activities. The results indicated that the average algae concentration
would decrease by 17.0% (0.16 mg/L).
The comparison between the Current condition and the Future condition confirmed the
increasing trend of external nutrient loads due to human activities. The results indicated
that the annual NH4-N and OP production based on the Future scenario would be almost
doubled, compared to the current condition. The slight increase of Ox-N load production
(6.7%) was due to the dominance of the UOSA contribution. Future development would
cause nutrient enrichment and enhance algae activities. The results indicated that the
average surface concentrations near the Reservoir dam would increase by 65.0% for OP
(13 μg/L), 43.3% (0.39 mg/L) for Ox-N, 100.0% (0.03 mg/L) for NH4-N, and
105.3% (0.99 mg/L) for algae.
Investigation of the nutrient yields from each land segment indicated that the increases of
external nutrient loads were not evenly distributed across the Watershed. From the Forest
scenario to the Current condition, the Bull Run region showed the greatest increases in
nutrient load production (87.9% for NH4-N, 33.8% for Ox-N and 67.1% for OP) due to
its greater urbanization. The Broad Run subbasin showed the lowest increase in yield
production (10.3% for NH4-N, 5.1% for Ox-N, and 26.5% for OP) because Lake
Manassas probably trapped these nutrients and reduced transport downstream. From the
Current condition to the Future condition, the Cedar Run subbasin showed the greatest
increase in nutrient production (177.4% for NH4-N, 36.3% for Ox-N, and 165.5% for
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OP) because the dominant land use would shift from non-urban development to urban
development. The Bull Run subbasin appeared to have a slower increase rate for
nutrients, compared with the pre-Colonial period. The investigation of land uses in the
Bull Run subbasin indicated an already existing high urban development with more than
30% of the land categorized as urban. Therefore, future expansion might not result in a
significant increase on the already high values of nutrient load production. This suggested
a threshold for nutrient load production despite land development, and a future study of
land development scenarios could provide more insight on this issue. Based on the
comparison of nutrient changes over the three scenarios, the critical areas in the
Watershed have been identified and future BMP plans should be considered in these
locations in future land use development.

8.2 Contributions
Few studies have been performed to link two or more state-of-the-art water quality
models due to the complications involved and insufficient data availability. In this
research, a complex linked hydrology and water quality model has been developed to
simulate the important processes in the Occoquan Watershed and two principal
waterbodies (Lake Manassas and Occoquan Reservoir). The linked model has been
successfully calibrated and validated, thus indicating that the linked models can be
adequately calibrated with moderate additional effort.
One of the advantages of such a complex linked model application is to better represent
the physical reality in the Occoquan Watershed, which consists of two principal
waterbodies. The interaction between drainage areas and receiving waterbodies was
represented by linking individual submodels into an entity. The results from such
applications would be more easily accepted by managers and the general public because
it can be more readily seen to represent a natural system that is not unlinked.
Another advantage is to develop a direct cause-effect relationship between upstream
activities and downstream water quality. The scenarios of various levels of land use,
BMP implementation, and point source reduction could be incorporated into HSPF
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applications, and thus W2 submodels can use the boundary conditions corresponding
with these scenarios to predict the variation in water quality. This makes it easier for
decision-makers to evaluate alternative management plans. In addition, it also makes it
easier for the public to understand and accept the decision-making processes without
leaving an impression that something might be inapt in how the natural system is
represented by submodels that are not linked.
The complex linked model can serve as a useful scientific tool for local parties. The
possible applications of the complex linked model are, but not limited to:
•

Due to the advantages of the complex linked model, it could be used in the future DO
TMDL project for the Occoquan Reservoir.

•

Alternative land use scenarios could be developed for local groups to investigate the
impacts on water quality in neighborhood streams.

•

A short-term prediction based on the projected meteorological data could be applied
to forecast the hydrology and water quality activities in the watershed and the
waterbodies. Such information could be used by water treatment plans on dam
operation and water withdrawal.

•

Alternative scenarios could be developed for UOSA to investigate the environmental
responses to its future expansion.

8.3 Future Research
Several questions have been left uninvestigated by this research. Potential research topics
derived from this work can be grouped into immediate and long-term projects.

8.3.1 Potential Immediate Projects
1. Multiple algae species should be included in the W2 submodels, especially for the
Reservoir because the algae count data indicate three dominant algae species.
2. A detailed investigation of the impact of upstream land development on the water
quality in Lake Manassas could be performed.
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3. A modified W2 program with a special code to account for the algae kill by copper
compound should be used to account for the application of copper compounds in the
Lake and the Reservoir.

8.3.2 Potential Long-Term Projects
1. The complex linked model could be updated to the current years when land-use data
and meteorological data have been updated.
2. In HSPF, the agri-chemical section could be considered to replace the simple method
used in this study to estimate nutrient load production from drainage areas. This is
because the agri-chemical section provides a process-oriented method to estimate the
nutrient cycling in the soil profiles. This would be particularly helpful to simulate
nutrient production from the Cedar Run subbasin, where the agricultural activities are
significant.
3. A scenario with expanded UOSA capacity should be considered. In the Future
scenario in this study, the contribution from UOSA was assumed to be constant.
However, it is highly possible that the capacity and water chemistry from UOSA
discharge will be changed with the plant expansion and possible application of new
treatment techniques. Due to the significance of this point source, a scenario with
expanded UOSA capacity and future land use development would provide a more
realistic prediction of water quality changes due to human activities in the receiving
waterbody.
4. The current version of W2 model (Version 3.2) does not consider nitrate as a
secondary electron acceptor when oxygen is depleted, which is an important process
in the Occoquan Reservoir due to the nitrate-rich UOSA effluent. Studies have shown
its significant impact on the water quality management in the Reservoir. A specific
code should be developed and incorporated in the W2 model to account for this
phenomenon in the Reservoir. This would provide better simulation of nitrogen and
phosphorus dynamics, especially in the bottom layers of the Reservoir.
5. In Lake Manassas, an inflatable bladder has been applied since 2000 to adjust the
water surface elevation based on precipitation. Because this process would have an
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impact on the water balance calculation in Lake Manassas, a code corresponding with
this procedure should be developed and incorporated into the W2 submodel.
6. In the current study, Ryan’s dam was represented as a relatively short and narrow
segment based on the bathymetry. The submerged dam function in the W2 model
could be applied to provide a better representation of the hydrodynamics and water
quality activities around Ryan’s dam.
7. This study suggests a threshold for nutrient load production for existing urban areas
despite future land development, and a further study of land development scenarios
should be performed to provide more insight on this issue.
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Appendix A. Meteorological Data Collection and Infilling
Methods for the Occoquan Model
This Appendix discusses data beyond the 1993-97 period of the research reported in this
dissertation because the Occoquan model project is an ongoing effort. However, only
data from the 1993-97 period were used in the current study. Other data are mentioned in
the appendix to provide a complete documentation of steps taken in the overall Occoquan
model project.
Efforts were made to collect, analyze, and infill the meteorological data, because these
are some of the most significant driving factors in hydrological and water quality models.
Because the simulation periods will be extended into 2001 for coming model updates, the
corresponding meteorological data need to be updated. To obtain consistency in
meteorological data from different simulation periods, similar refinement methods have
to be adopted. This document includes the discussion of the availability of meteorological
data for extended simulation periods. To estimate some meteorological constituents that
weren’t measured routinely, algorithm methods based on the available meteorological
data were applied. At the same time, the infilling and disaggregation methods to complete
the gaps in meteorological data time series are also discussed in detail.

Required Meteorological Data
The meteorological time series that are required by HSPF (Bicknell, et al. 2001) and
CE-QUAL-W2 (Cole and Wells 2003) are as following:
Table A-1: Meteorological Data Required by HSPF and CE-QUAL-W2

Air Temperature
Cloud Cover
Dew Point Temperature
Potential Evapotranspiration
Precipitation
Solar Radiation
Wind Speed
Wind Direction

HSPF
Version 12
Required
Required
Required
Required
Required
Required
Required
Not Required

CE-QUAL-W2
Version 3.11
Required
Required
Required
Not Required
Required
Optional
Required
Required
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There are some differences in meteorological data formats between these two models:
Units: In HSPF, the units are user-specified. Either English or Metric unit systems could
be specified for input and output time series. CE-QUAL-W2 applies the metric unit
system to both input and output data. To maintain consistency with other input data, such
as distributed flow, withdrawal, land use area, dry/wet atmospheric deposition, the
English system was adopted in HSPF for the Occoquan Model.
Time-step: Hourly meteorological input time series are applied by HSPF in order to
precisely simulate the hydrological processes and water quality. The meteorological data
interval and simulation time step can vary in CE-QUAL-W2, which makes the simulation
process more flexible.
Data management and storage: In order to manage and manipulate a considerable
amount of meteorological data, Watershed Data Management Utility (WDMUtil), a
HSPF utility developed by AQUA TERRA (Hummel et al. 2001), is used to develop and
store the time series input files for HSPF. There is no such software available for
CE-QUAL-W2; all the input time series are stored in text format.

Estimation Methods for Some Meteorological Constituents
Since not all the meteorological data required by the model are routinely measured at
weather stations, WDMUtil provides some calculation methods that estimate various
meteorological data based on the available meteorological data. The methods that were
used in the Occoquan Model are discussed below:

Cloud Cover
The hourly cloud cover data are available for two weather stations: Dulles International
Airport and Reagan National Airport. But the data are not available at these two stations
after 1996/05/01 (yyyy/mm/dd format used) and 1998/01/01 respectively, due to
termination of cloud cover data collection.
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Since 1996/05/01, Dulles International Airport weather station has recorded hourly cloud
cover conditions as 5 categories. They are SKC/CLR (Clear, 0/8), FEW (few, 2/8), SCT
(scattered, 4/8), BKN (broken, 6-7/8), OVC (overcast, 8/8). Such records have been
converted into cloud cover in tenths, based on the corresponding value ranges in eighths.
However, such a conversion might give rise to some inaccuracy in the model simulation
and this impact is hard to predict. The data were obtained from the State Climatology
Office, University of Virginia (Stenger 2004).

Solar Radiation
Solar radiation data are required by HSPF, and are optional but desirable in
CE-QUAL-W2. For missing data, both models provide some methods to calculate solar
radiation from cloud cover. In WDMUtil, latitude and daily cloud cover information are
required by Hamon’s empirical function (Hamon, et al. 1954) to calculate the daily solar
radiation (in langleys), which, in turn, are disaggregated to hourly solar radiation time
series. In CE-QUAL-W2, either the user supplies measured solar radiation data or they
are calculated from cloud cover and geographic information, such as latitude. Although
the cloud cover data are not fully recorded due to the reasons discussed above, NOAA’s
Air Resources Laboratory has performed an Integrated Surface Irradiance Study (ISIS) to
collect solar radiation data nationwide since August 1995. The hourly solar radiation data
are available at Sterling, Virginia since 1995/08.
Correlation coefficient comparisons were performed for a nine-month period (1995/08/01
to 1996/04/31) to evaluate the temporal and spatial consistency of solar radiation based
on the Hamon’s calculation method (Dulles and Reagan) and those from direct
observations (Sterling). The results are given in Table A-2.
Table A-2: Correlation Coefficients of Solar Radiation Data from Direst Measurement and
Estimated from Hamon’s Empirical Method
Correlation Coefficient
(Hourly/Daily)
Sterling (Direct)
Dulles (Hamon’s)
Reagan (Hamon’s)

Sterling
(Direct)
0.918/0.918
0.921/0.929

Dulles
(Hamon’s)
0.918/0.918

Reagan
(Hamon’s)
0.921/0.929
0.994/0.982

0.994/0.982
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From Table A-2, the spatial difference among stations seems to be negligible. Hamon’s
method provided by WDMUtil appears to be quite suitable to calculate the solar radiation
data when the direct measurements are not available. Since the Dulles Airport station is
closer to the watershed, its data were used to calculate the solar radiation data to
1995/12/31. After 1996/01/01, the direct measurements from Sterling station were
applied to the whole watershed.

Evaporation and Transpiration
HSPF requires the potential ET (evapotranspiration) for the water budget. Since direct
measurement data are usually not available, WDMUtil provides three empirical methods
to calculate the potential ET. These are the Jensen formula, Hamon formula and Penman
Pan formula (Hummel, et al. 2001). For the Penman Pan method, maximum daily air
temperature, minimum daily air temperature, average daily dew point temperature, total
daily wind movement and total daily solar radiation time series are needed in order to
calculate the evaporation from open waterbodies. They are used to account for the water
lost due to evaporation in the RCHRES modules. The Jensen formula and Hamon
formula are for the potential ET calculation. The results from the two methods indicated
that the potential ET based on the Hamon formula is slightly smaller than from the
Jenson formula. Because both methods tend to underestimate potential ET, especially for
winter months (Hummel et al. 2001), the potential ET from the Jensen method might
represent the reality better, and it was used in the model applications.
In CE-QUAL-W2 Version 3, evaporation is used in the heat and water budget. Six
empirical functions are provided to perform evaporation calculations based on the wind
speed, and other meteorological information. The default formula is adapted from
Edinger et al.(1974). In the current model application, the default formula was applied.

Simulation Periods
Four simulation periods were chosen for the Occoquan Model. They are 1982-1987,
1988-1992, 1993-1997 and 1998-2001. The criteria for selecting simulation time periods
are based on the availability of data and update of land use information. The land use
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data, which are updated every five years, are available for 1984, 1989, 1995, and 2000.
The simulation periods were chosen to be four-to-six-year periods approximately
centered on the land use update years.

Meteorological Data Sources, Coverage and Infilling Methods (except
Precipitation)
Data Sources and Coverage
The meteorological data (except precipitation) were collected from several data sources.
These include NOAA’s National Climatic Data Center (NCDC), NOAA’s Integrated
Surface Irradiance Study (ISIS) and Virginia State Climatology Office (VSCO).
Table A-3: Meteorological Data (except Precipitation) Coverage for Period One
(1982/01/01- 1987/12/31)

1

Units

Time Step

Location

Air Temperature

°F

Hourly

Cloud Cover

Tenths

Hourly

Dew Point
Temperature
Wind Speed/ Wind
Direction
Max. Air Temperature

°F

Hourly

Knots/–

Hourly

°F

Daily

Min. Air Temperature

°F

Daily

Reagan
Dulles
Reagan
Dulles
Reagan
Dulles
Reagan
Dulles
Reagan
Dulles
Reagan
Dulles

Solar Radiation1

Langley

Hourly

Data
Source
NCDC
NCDC
NCDC
NCDC
NCDC
NCDC
NCDC
NCDC
NCDC
NCDC
NCDC
NCDC

Missing
Hours/Days
1
0
0
23
2
27
0
23
0
0
0
0

Coverage
(%)
99.9
100.0
100.0
99.9
99.9
99.9
100.0
99.9
100.0
100.0
100.0
100.0

Refer to the discussion in the solar radiation section.
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Table A-4: Meteorological Data (except Precipitation) Coverage for Period Two
(1988/01/01- 1992/12/31)
Units

Time
Step
Hourly

°F

Air Temperature
Cloud Cover

Tenths

Hourly

Dew Point
Temperature
Wind Speed/ Wind
Direction
Max. Air Temperature

°F

Hourly

Knots/–

Hourly

°F

Daily

Min. Air Temperature

°F

Daily

Solar Radiation2

Langley

Hourly

Location
Reagan
Dulles
Reagan
Dulles
Reagan
Dulles
Reagan
Dulles
Reagan
Dulles
Reagan
Dulles

Data
Source
NCDC
NCDC
NCDC
NCDC
NCDC
NCDC
NCDC
NCDC
NCDC
NCDC
NCDC
NCDC

Missing
Hours/Days
0
2
0
1
0
15
0
4
0
0
0
0

Coverage
(%)
100.0
99.9
100.0
99.9
100.0
99.9
100.0
99.9
100.0
100.0
100.0
100.0

Table A-5: Meteorological Data (except Precipitation) Coverage for Period Three
(1993/01/01- 1997/12/31)
Units

Time Step

Location

Air Temperature

°F

Hourly

Cloud Cover

Tenths

Hourly

Dew Point
Temperature
Wind Speed/
Wind Direction
Max. Air
Temperature
Min. Air
Temperature
Solar Radiation

°F

Hourly

Knots/–

Hourly

°F

Daily

°F

Daily

Langley

Hourly

Reagan
Dulles
Reagan2
Dulles3
Reagan
Dulles
Reagan
Dulles
Reagan
Dulles
Reagan
Dulles
Sterling

Data
Source
NCDC
NCDC
NCDC
NCDC
NCDC
NCDC
NCDC
NCDC
NCDC
NCDC
NCDC
NCDC
ISIS4

Missing
Hours/Days
1
0
5817
5
3
62
3
4
7
0
0
0
0

Coverage
(%)
99.9
100.0
86.7
99.9
99.9
99.8
99.9
99.9
99.5
100.0
100.0
100.0
100.0

2

Refer to the discussion in the solar radiation section.
Data after 1996/05/01 are recorded as five descriptive categories. Refer to the discussion in cloud cover.
4
Before 1996/01/01 solar radiation data are calculated from cloud cover, and after 1996/01/01 solar
radiation data from Sterling are used.
3
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Table A-6: Meteorological Data (except Precipitation) Coverage for Period Four
(1998/01/01- 2001/12/31)
Units

Time Step

Location

Air Temperature

°F

Hourly

Cloud Cover
Dew Point
Temperature
Wind Speed/ Wind
Direction
Max. Air
Temperature
Min. Air
Temperature
Solar Radiation

Tenths
°F

Hourly
Hourly

Knots/–

Hourly

°F

Daily

°F

Daily

Langley

Hourly

Reagan
Dulles
Dulles
Reagan
Dulles
Reagan
Dulles
Reagan
Dulles
Reagan
Dulles
Sterling

Data
Source
NCDC
NCDC
VSCO
NCDC
NCDC
NCDC
NCDC
NCDC
NCDC
NCDC
NCDC
ISIS

Missing
Hours/Days
25
53
0
60
54
49
54
7
12
0
7
0

Coverage
(%)
99.9
99.8
100.0
99.8
99.8
99.8
99.8
99.5
99.1
100.0
99.5
100.0

Infilling of Missing Data (except Precipitation)
Based on the spatial and temporal characteristics of the data, the availability of alternative
data sources, and the extent of missing or invalid periods, the applied substitution
procedures of the missing data are described below:
If the missing data gap was less than or equal to 6 hours, then linear interpolation was
applied.
If the missing data gap was greater than 6 hours, then data for the corresponding period at
the alternative weather station were used to fill the gap.
This procedure was based on the classification of the gaps in meteorological data ((Latini
and Passerini 2004)). Usually, the data gaps are classified into four categories, based on
the gap duration. They are: very short gaps (1-2 hours); short gaps (up to 4 hours);
medium gaps (up to 8 hours) and long gaps (up to 80 hours). There are several common
techniques to handle the medium gaps, including the interpolation, mean or medium
imputation, nearest neighbor techniques, etc. Based on the recommendation from EPA
(USEPA 2000), linear interpolation is considered to be the “best estimator” and thus was
adopted to fill the medium gaps in the meteorological data.
An evaluation of the validity of the substitution by data from the neighbor weather station
data was done (Table A-7). The R2 values of one-year data (1995/01/01-1995/12/31)
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from Dulles and Reagan were analyzed in order to evaluate the validity of restoring
missing data in Dulles by filling the data from Reagan, or vice versa.
Table A-7: R2 Values of Meteorological Data (except Precipitation) between Dulles and Reagan
Weather Stations
Data
Air Temperature
Cloud Cover
Dew Point Temperature
Wind Speed
Max. Air Temperature
Min. Air Temperature

Unit
°F
Tenths
°F
Knots
°F
°F

Time Step
Hourly
Hourly
Hourly
Hourly
Daily
Daily

R2
0.987
0.880
0.989
0.672
0.996
0.981

From Table A-7, it can be seen, except for the wind speed, other meteorological data in
these two stations were highly correlated and thus it would be reasonable to infill the
missing data of one station by using the corresponding data from the other one. For wind
speed data, these two stations were considered to be weakly positively correlated.
However, the data coverages for the four periods are all above 99.8% (Tables A-3−A-6),
that it was still reasonable to use this substitution method for the remaining 0.2% of
missing data.

Precipitation Data Sources, Coverage and the Infilling Methods
Data Sources
Precipitation is one of the most important components in hydrological processes. The
quality and quantity of the precipitation data are the key factors to calibration and
validation of the hydrological and water quality models. After realizing the lack of
adequate precipitation information, more rain gauge stations were established in the
Occoquan Watershed during calendar year 2001. Before 2001, there were nine rain gauge
stations located in or close to the watershed. Of them, rain gauge stations at OWML,
Lake Manassas, and Lake Jackson, Prince William County Regional Landfill and Balls
Ford Road Yard Waste Facility are located within the watershed, and are operated by
OWML. The Lorton station is located just outside the watershed and is operated by
Fairfax Water. The rain gauge stations at Dulles International Airport, the Plains and
Warrenton are operated by the National Weather Service (NWS).
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In 2001, another 8 rain gauge stations were installed by OWML within the watershed.
These are Airlie (operating since Jan, 2001), C. Hunter Ritchie Elementary School (Feb,
2001), Clifton Elementary School (Feb, 2001), Crockett Park (Apr, 2001), Cedar Run
Wetlands (Feb, 2001), Fair Oaks Police Department (Feb, 2001), Evergreen Fire
Department (Jun, 2001) and Camp Snyder Wetlands (Mar, 2001). All these stations are
shown in Figure A-1. Although data are available for these new stations, they will not be
used in the current model application until the period after 2002 is simulated. This
decision was based on the consideration of consistency of maintaining the same Thiessen
Polygons for the whole simulation period (1998-2001).
The availability of the data for the periods of interest (1982-2001) from each station is
given below (Table A-8).
Table A-8: Total Precipitation Data Coverage at Various Rain Gauge Stations
Location
Balls Ford Road Waste Yard Facility
Dulles International Airport
Lake Jackson
Lake Manassas
Lorton
OWML
Prince William County Regional Landfill
The Plains
Warrenton

Hourly data
1995-2001
1997-2001
1993-2001
1990-2001
1989-2001
1995-2001
1982-2001
-

Daily data
1995-2001
1982-2001
1993-2001
1985-2001
1982-2001
1982-2001
1995-2001
1982-2001
1982-2001

The coverage of the precipitation data from each simulation period from each station are
given below (Table A-9).
Table A-9: Precipitation Data Coverage for Four Simulation Periods
Coverage (%)
Balls Ford Road Waste Yard Facility
Dulles International Airport
Lake Jackson
Lake Manassas
Lorton
OWML
Prince William County Regional Landfill
The Plains
Warrenton

1982-1987
100
91.7
95.1

1988-1992
100
91.1
99.6

1993-1997
60.0
96.5
78.7
100
90.1
60.0
96.3
99.7

1998-2001
100
>95
100
43.8
100
96.7
100
87.1
98.5
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Figure A-1: Rain Gauge Station Map
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Missing Data Infilling Strategy
The infilling of missing rainfall data was a challenge. Due to the complicated spatial and
temporal distribution of the rainfall events, there is no uniform distribution pattern that
can be applied to missing rainfall events at each individual station. Even at the same
station, the distribution of the rainfall varies for discrete rainfall events.
The basic assumption behind the infilling strategy was that the hourly distribution of a
rainfall event at one station is similar to that at the neighbor station. So if hourly rainfall
data were missing at one station when daily rainfall records showed non-zero rainfall
events, the hourly distribution data from the nearby station were adopted to fill in the
missing rainfall data. This suggested that even if the daily rainfall might vary at two close
stations, the distribution of the rainfall event was assumed to be similar. This assumption
might be reasonable if there was no temporal difference between these two stations. But
during the summer time, when thunderstorm events or other extreme events are not
unusual in this region, such an assumption might be questionable.
For each of the specific stations, the strategies are discussed below.

OWML
Situation I: if there was 0.0 inch rainfall recorded in the electronic daily rainfall
database (EDRD), then the missing hourly rainfall data for this specific date were filled
with 0.0.
Situation II: if there was non-zero data recorded in the EDRD, then the total daily rainfall
in OWML was disaggregated into hourly data before filling in the missing data. The
hourly distribution pattern was based on that of the neighbor rain gauge station. In this
case, it was Lake Manassas, for which data were available back to 1990.
Two full months of data (Feb. and March) were missing in 1989, when the data from
Lake Manassas were also not available. The infilling method for missing data for this
period hasn’t been decided yet.
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Situation III: if there was no record in the EDRD, then daily rainfall summary sheets
were consulted. If zero rainfall was recorded in the paper sheets, then the missing hourly
rainfall data on this specific date were filled with 0.0. If a non-zero rainfall event was
recorded, then the filling method would be similar to Situation II.
Situation IV: if the records were missing both in the EDRD and the daily summary sheets,
then data from the nearby station (Lake Manassas) were used directly without
modification.

Lake Manassas
The infilling methods were similar to those for the OWML station. For Lake Manassas,
there was more than one station that could possibly be used in filling missing data. They
were the OWML, Balls Ford and Robert Trent Jones Golf Course station (RTJ). Due to
their distance from Lake Manassas, the priority of the alternative stations was: RTJ>
Balls Ford>OWML. That meant that if the data from RTJ were available, then they
would be applied to fill the missing data. If they were not, then the data from Balls Ford,
if available, were used to fill the missing data at Lake Manassas.
The biggest rainfall gap at Lake Manassas was from 1997/01/01 to 1999/03/31 when no
hourly data were available (the station was being relocated). For this period, the RTJ data
was used to fill in this gap.
Since the hourly precipitation data from Lake Manassas were only available after 1990,
how to use the uncompleted data set in the simulation of Period Two (1988-1992) hasn’t
been decided yet.

Lake Jackson
The infilling methods were similar to those for the OWML station. But the alternative
rain data source for missing data infilling was usually OWML, because it is the closest
station to Lake Jackson.
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Because the hourly precipitation data from Lake Jackson were only available after 1993,
it might only be used in the Model for Period Three and Period Four.

Dulles International Airport
Hourly precipitation data were only available for the period 1998-2001. For the other
three simulation periods, only daily data were available. This means disaggregating of the
daily data into the hourly data was done before its application to modeling.
For the simulation periods I to III, the infilling of missing data included two steps:
Step one: filling the missing data in the daily rainfall data records.
If the daily data were missing, then the data at Dulles station in the EDRD file were
consulted. If there were data recorded for the specific date, then the data from the EDRD
were used. Otherwise, the daily data from the closest station (OWML, in this case) were
used.
Step two: disaggregating the daily data into hourly data.
The WDM utility provides the function to distribute the daily data into hourly data based
on the distribution of the neighbor stations. The distribution method is similar to what
was suggested above. If the daily rainfall data were recorded as zero, then all the hourly
data at that day were assigned 0.0. If the daily rainfall data were non-zero, then the
distribution was following that of the neighbor stations whose total daily rainfall data
were closest to the daily total. If the difference of daily rainfall data between these two
stations was out of a user-specified tolerance, the triangular distribution method with the
center at noon was used. Because the triangular method was not accurate, a high
tolerance value (95%) was used. OWML and Lake Manassas station were chosen to be
the secondary stations for the Dulles station.
In order to investigate the validation of this method, desegregation for the Dulles station
(Period Four) was performed. In this four-year period (1416 days), 458 days were
recorded as rain days. The triangular method was used 70 times and the remaining rain
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days were distributed based on the secondary station (OWML). Among these 70 rain
events, 49 of them had a total daily rainfall less than 0.05 inches, 13 of them had a total
daily rainfall 0.05-0.1 inches. Eight out of 70 rainfall events had daily rainfall records
greater than 0.1 inches and might have some impact on the later model applications.
These eight events are shown in the table below.
Table A-10: Daily Precipitation Events Distributed by the Triangular Method
Precipitation Range
(inches)
0.1~0.2

Counts

Date

3

0.2~0.3

2

0.3~0.4
0.4~0.5
>0.5

0
1
2

2001/08/17
1999/07/06
1999/08/27
1998/06/02
1999/07/07
--2000/06/25
2000/01/25
2001/06/13

Precipitation
(inches)
0.16
0.16
0.17
0.23
0.21
--0.49
0.84
0.65

The Plains
Hourly data from The Plains were available for the four simulation periods. The missing
data infilling methods were similar to that for the OWML station, but the alternative
stations were Lake Manassas and OWML, based on the availability of the data. Lake
Manassas was preferred due to its proximity.
For the missing data before 1989, the restoration methods haven’t been decided yet.

Warrenton
Only daily data were available for the four simulation periods. The missing daily data
substitution approach was similar to that for Dulles, but the alternative station is The
Plains.

Lorton
Only daily data were available for the four simulation periods. The missing daily data
substitution approach was similar to that for Dulles, but the alternative stations are Lake
Jackson and OWML.
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The Resultant Hourly Precipitation Time Series
Table A-11 shows the resultant precipitation time series based on the above suggestions.
The checked boxes indicate that the hourly precipitation time series in the specific
location and period were ready to be used.
Table A-11: Hourly Precipitation Time Series at Various Rain Gauge Stations in the Four Simulation
Periods
Hourly Precipitation
Time Series
Dulles
Lake Jackson
Lake Manassas
Lorton
OWML
The Plains
Warrenton

1982-1987

1988-1992

N/A

N/A

Υ
Υ

Υ
Υ

1993-1997

1998-2001

Υ
Υ
Υ
Υ
Υ
Υ
Υ

Υ
Υ
Υ
Υ
Υ
Υ
Υ

For the earlier periods (1982-1987 and 1988-1992), the daily data were available at most
of the locations. However, only The Plains station (1982-1987, 1988-1992) and OWML
(1989-1992) had the hourly precipitation data. That implies the distribution from the
daily data in other locations into the hourly data was based only on these two stations.
Because The Plains is located in the Bull Run mountain region outside the watershed, its
temporal distribution of rainfall events might be different from stations located on the
other side of the mountain. It is questionable to apply its distribution to other stations as
the only secondary station. Plus the concerns of this study are on the simulation period
1993-1997, and more efforts are focused on the latest periods. For the earlier periods, the
daily data were ready. After the distribution patterns are chosen, the hourly precipitation
time series will be ready with some extra work.
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Appendix B. Watershed Delineation and Segmentation
Watershed delineation and segmentation was the first step in HSPF model setup. This
appendix provides general background information about watershed delineation and
segmentation. In addition to spatial data and their sources, this appendix summarizes the
results of Occoquan Watershed delineation and segmentation.

Definitions
Watershed delineation is the process to define the boundaries of a watershed.
Watershed segmentation is the process to divide a watershed into smaller sub-watersheds
and generate watershed segments for model applications.
Five characteristics that play an important role in watershed segmentation are “1) rainfall
or important meteorological data; 2) soil type; 3) land use conditions; 4) reach
characteristics; 5) any other important physical characteristic (infiltration, overland slope,
etc.)” (USEPA 2004a).

Software
USEPA BASINS package (Version 3.1), ArcView (Version 3.11) and Spatial Analyst
(Version 1.1) were used in watershed delineation and segmentation. ArcGIS (Version
8.2) was also used in spatial data analysis.

Data and Their Sources
Both regional and local data were used in watershed delineation and segmentation. These
are described in greater detail below.

Regional Data
A BASINS extension, Data Extraction function, was used to extract regional data from
the EPA web site (http://www.epa.gov/waterscience/ftp/basins/gis_data/huc/), which was
organized by the U.S. Geological Survey (USGS) eight-digit Hydrological Unit Code
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(HUC). The data set for the Middle Potomac-Anacostia-Occoquan Watershed (HUC
02070010) was downloaded.
This data set includes four types of data: base cartographic data, environmental
background data, environmental monitoring data and point sources/loading data. Table
B-1 lists some BASINS data products that are available from the EPA web site. These
data are at the regional or state level and most of them are provided by USGS, USEPA,
and NOAA.
Table B-1: BASINS Data Products
Type of Data
Base Cartographic Data
Environmental Background Data
Environmental Monitoring Data
Point Sources/Loading Data

BASINS Data Products
Hydrological Unit Boundary, Major Roads, State and County
Boundaries, etc.
Reach File Version 3 (RF3), National Hydrography Database (NHD),
Digital Elevation Model (DEM), etc.
Water Quality Monitoring Stations and Data Summaries, Gage Sites,
National Sediment Inventory (NSI) Stations and Database, etc.
Permit Compliance System (PCS) Sites and Annual Loadings,
Industrial Facilities Discharge (IFD) sites, Toxic Release Inventory
(TRI) Sites, etc.

These data provided necessary information for the Occoquan Model application and
facilitated watershed delineation and segmentation.
Table B-2: Local Spatial Data for the Occoquan Watershed
Spatial Data
Digital Elevation Model (DEM)
National Hydrography Database
(NHD)
Road Map
Land Use Map

Water Quality Monitoring Station
Map
Point Discharge Map
Weather Station Sites Map
Precipitation Station Sites Map

Description
1:24,000 Scale DEM for the Northern Virginia
Region
NHD Waterbody and waterbody reach themes
for the Occoquan Watershed
Road Map for the Northern Virginia Region
1995 Land Use Map (14 Land Use Categories
with forest/idle as default) for the Occoquan
Watershed
Long-term Stream Water Quality Stations in the
Occoquan Watershed
UOSA Discharge Location in the Occoquan
Watershed
Weather Stations in the Occoquan Watershed
Rainfall Gauge Stations in the Occoquan
Watershed

Source
NVRC
NVRC
NVRC
NVRC

OWML
UOSA
OWML, NOAA
OWML
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Local Data
Local spatial data were preferred over regional or state data in watershed delineation and
segmentation. This is because they provide more accurate and detailed information about
the watershed. Table B-2 lists the local data and their sources that were used in this
model application.

Methodology
The BASINS package provides two delineation functions: automatic and manual
delineation. The manual delineation tool allows users to apply their knowledge of the
watershed topography to manually disaggregate watersheds into smaller sub-watershed,
while the automatic delineation tool allows users to delineate the watershed based on a
DEM file. In this model application, the automatic delineation function was used because
it provided fast results and reduced uncertainty during the delineation process. Then,
manual delineation function was used for specific considerations (see discussion below).

Step One: Projection and Coordinate System Definition
Before ArcView and BASINS were applied for watershed delineation and segmentation,
all spatial distribution maps were assigned with the same projection and coordinate
system. This process is extremely important because ArcGIS will not perform geographic
transformation if the coordinate systems are not defined. More importantly, spatial data
will not display or overlay properly if an appropriate projection and coordinate system
are not used. In addition, because the unit systems are different for each projection
system, it might result in confusion in spatial analysis. For example, NAD 1983 State
Plane uses the metric system and measures surface areas as square meters. However, the
NAD 1927 State Plane applies the English system, and the surface areas are described as
square feet. Therefore, one specific projection system has to be applied to all spatial data
to avoid mistakes.
In this model application, the spatial data from NVRC were in digital map formats and
the original projection and coordinate systems were lost during the transfer, and were
provided by NVRC later. The maps were defined in NAD 1983 State Plane Virginia
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North FIPS 4501 as the projection coordinate system and GCS North American 1983 as
the geographic coordinate system.
The spatial data from OWML were created from dBASE tables with corresponding
geographic information. ArcGIS was used to convert dBASE format to shape files that
could be used by BASINS. The projection coordinate system for these shape files was
defined as NAD 1983 State Plane Virginia North FIPS 4501 and the geographic
coordinate system as GCS North American 1983.

Step Two: DEM Set Up
The basis of the automatic delineation tool is related to flow direction and accumulation
based on topographic characteristics. DEM is a raster file that represents surface
characteristics with regular size cells. For example, the DEM for the Northern Virginia
Region is a 1:24K DEM coverage map that has a grid spacing resolution of 30 m and
vertical resolution of 1 m. ArcView and Spatial Analyst used the DEM file to determine
the flow direction and accumulation for each grid cell. These data helped to identify
boundaries, inlets, outlets, channel lengths and slopes for each segments. The NHD file
provided by NVRC was used to adjust stream locations by forcing flow directions to
match observed stream sites.

Step Three: Stream Definition
In this process, the minimum size of the subbasins was defined, which helped to
determine the size and the total number of the created sub-watersheds. The suggested
threshold area was 1,500 hectares that was adopted in the following processes. The
resultant number of sub-watersheds was 63. Compared with the current watershed model
application with 20 subbasins, the updated watershed segmentation tripled the number of
the subbasins and was expected to enhance the resolution of the model application.
Smaller threshold areas could be applied in the watershed segmentation. This will result
in smaller segment sizes and more segment numbers. However, due to the consideration
of availability of meteorological data, this is not adopted in the current model application
(detailed explanation given later in this appendix).
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Step Four: Outlet and Inlet Definition
After the subbasin threshold area was defined, the outlets for each subbasin were
generated based on flow direction and accumulation. The accurate definition for outlets
in this process is the “stream junction points” (USEPA 2004b). They include both the
most downstream and upstream points of a segment.
The total number of the outlets depends on the subbasin threshold and DEM. When the
suggested threshold area was applied, the resultant outlets were 30. However, some
outlets were very close to each other and thus the correspondent subbasins areas would be
too small to be properly simulated in HSPF. For example, there were two outlets located
in the upper Bull Run region, and the drainage area between these outlets was less than 4
hectares. Because the duration of hydrologic activities in such a small area was so short,
compared to available meteorological data, the change of runoff would not to be captured
by HSPF. Thus, these tiny subbasins will not increase the accuracy of HSPF. Instead,
they would complicate the user control files of HSPF and increase the simulation time.
Due to these considerations, such outlets were deleted from future procedures. In total,
three such outlets were deleted.
The process allows for adding or deleting outlets and inlets based on site-specific
considerations. Several considerations contributed to this process. First were the water
quality stations. Because model calibration and validation are based on the comparison
between observed and simulated water quantity and quality data, it is reasonable to adjust
outlet locations of sub-watersheds so that the most downstream sites match with water
quality stations. Thus, the simulated stream data can be directly compared with those
from water quality stations. Table B-3 lists the stream sampling stations that were defined
as outlets in the Occoquan Watershed segmentation.
However, some water quality stations were very close to the outlets generated by the
program. For example, there was one outlet located within 1 mile upstream of ST60, and
the correspondent drainage area was less than 5 hectares. Such a small subbasin would
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give rise to problems similar to those mentioned earlier. Because the water quality station
would provide observed data for calibration and validation, the outlet was deleted.
Table B-3: Stream Sampling Stations Used in the Occoquan Watershed Segmentation
Station ID
ST01
ST10
ST25
ST30
ST40
ST45
ST60
ST70

Locations
Occoquan Reservoir near the Dam
Occoquan River near Manassas
Cedar Run near Aden
Broad Run near Bristow
Bull Run near Clifton
Bull Run near Manassas Park
Broad Run near Catharpin
Broad Run near Buckland

Latitude
38° 41.633´ N
38° 42.310´ N
38° 36.905´ N
38° 44.933´ N
38° 45.983´ N
38° 48.187´ N
38° 53.348´ N
38° 46.822´ N

Longitude
77° 16.633´ W
77° 26.729´ W
77° 33.223´ W
77° 33.853´ W
77° 24.900´ W
77° 26.977´ W
77° 34.234´ W
77° 40.356´ W

The second concern was point source input. The UOSA discharge enters into Bull Run
and drains approximately 1.0 stream miles before passing the water quality station ST45.
This provides sufficient mixing opportunity before it reaches the water quality station.
From the modeling point of view, the UOSA discharge should be represented as a point
discharge in a specific land segment so that the discharge will be completely mixed with
upstream flows before reaching a segment outlet.
The first consideration was to assign UOSA as an inlet in the watershed. Inlets are
defined as “either the outlet of draining watersheds (part of the overall watershed that is
not intended to be simulated) or point sources of discharge”. The resultant inlet for
UOSA was located inside a subbasin. However, a point discharge is added directly to a
completely mixed stream in HSPF. The stream routing could not distinguish the location
of the point discharge and it is assumed to be at the very upstream end of the stream.
Thus, although UOSA was represented as a point discharge in the middle of the stream in
the watershed segment, it was actually assumed to be located at the upstream end of the
watershed segment in HSPF. Thus, the location of UOSA was moved a few miles
upstream in HSPF. Because the relative upper stream location of UOSA would provide
more detention time in the stream segment, it probably will increase the potential for
physical and chemical reactions such as settling, nitrification and denitrification. The
resultant water quality changes due to UOSA location adjustment are hard to predict.
Previous experience indicated that UOSA has a significant influence on the water quality
in the Occoquan Reservoir. Thus, the accurate description of UOSA in the model would
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provide more confidence on the model application. As the result, the idea to represent
UOSA as an inlet was aborted.
Because UOSA could not be represented as an inlet in the watershed segmentation, the
next consideration was to describe it as an outlet. As mentioned earlier, outlets in this
process are locations where streams join. They link the upper stream segments to the
lower stream segments. When UOSA was defined as an outlet, a segment was generated
between UOSA and ST45. In this segment, the UOSA outflow was discharged at the
starting point of the stream and well mixed before reaching the outlet (ST45). Thus the
location of UOSA accurately represented the physical location of UOSA. The segment
area was relatively small (around 115 hectares or 0.5 square miles) and overland
hydrological activities would not be accurately represented. However, this small segment
is kept in the watershed segmentation. There were two reasons for this. Firstly, the major
purpose of this segment was to represent UOSA as a point source discharge, and it was
achieved by this segmentation. At the same time, the mixture of UOSA discharge with
the stream flow would also be represented. Secondly, because the segment area was so
small, the surface and subsurface flow generated in this area would be relatively small
when compared with upstream inflow. Thus, its impact on overall simulation would
probably be ignored.
The third concern in the outlet definition was the land use patterns. Although HSPF
distinguishes physical properties associated with different land uses, there is no
mechanism to specify locations for each land use at each segment. For example, if a
segment has 1000 acres of forest and idle area, HSPF assumes that all of these 1000 acre
forest and idle area are evenly distributed inside the segment. This could lead to some
potential inaccuracies.
A tributary of Bull Run River, Flat Branch, provides a good example. Upstream of Flat
Branch lies the Manassas National Battlefield Park and Bull Run Regional Park, with
more than 5000 acres covered by forest vegetation. It is called “one of the region’s most
unspoiled areas”, and the stream is protected from nonpoint source pollution (NPS 2004).
However, before draining into Bull Run, Flat Branch passes the relatively highly
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developed Cities of Manassas and Manassas Park. Such urbanized areas modify the
hydrological systems by reducing pervious land surface, and thus increase the potential
for nonpoint source pollution for receiving streams. Thus, these two land pieces in the
Flat Branch drainage area are expected to have different impacts on water quality of
neighborhood streams. However, such impacts cannot be appropriately characterized if
they are represented by one big land segment in HSPF, because HSPF would assume that
the vegetated parks and urban areas are evenly distributed in this land segment. Such an
assumption might moderate impacts from urbanized area before Flat Branch drains into
Bull Run. When individual segments are assigned for these two land pieces, even though
this will be undistinguishable in term of water quality of the Occoquan Reservoir, it is
expected to show differences on the neighborhood stream water quality.
Another example was segments 40 and 55 in the Cedar Run Subbasin. An outlet was
manually added to separate these two segments. One reason was to break a large segment
into two, so that these two segments had average sizes. Another reason was to account for
their different land uses. The 1995 land use map indicated that the dominant land use
categories for subbasin 40 are forest (42.4%) and high till crop (31.3%). However, forest
(55.9%) was the dominant land use for subbasin 55 and the high till crop areas only
accounted for 13.1% of this subbasin. Because the agricultural land uses were located
more downstream on Cedar Run (segment 40), more agricultural-related pollution such as
sediment and nutrients were expected in the receiving streams, especially during spring
and fall. However, if these two segments were assumed to be one big segment as they
originally were, HSPF would evenly distribute these agricultural land uses into the one
big segment. Thus, the impact of the agricultural activities on the receiving streams
probably would have been moderated. Because no other specific consideration was
accounted for to add this outlet, the location was somewhat arbitrary.

Step Five: Main Watershed Outlet Selection and Definition
The most downstream outlet (close to ST01) was selected as the main watershed outlet. It
defined the total drainage area of the watershed. After the main watershed outlet was
selected, the program automatically performed the calculation of geomorphic parameters
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for each subbasin and associated stream reach. The parameters calculated for the
subbasin included the area, perimeter, length, stream length, etc. (Table B-4). These data
were used to select physical coefficients for HSPF.
Table B-4: Subbasin Theme Data Generated by BASINS (Source: USEPA 2004a)
Field Name
GRIDCODE
SUBBASIN
AREA
LEN1
SLO1
SLL
CSL
WID1
DEP1
LATITUDE
ELEV

Description
ArcView internal field
Subbasin number
Subbasin area
Stream reach length
Subbasin slope
Field slope length
Reach (longest path) slope
Reach width
Reach depth
Latitude of the subbasin centroid
Elevation of the subbasin centroid

Unit
–
–
Hectares
Meters
%
Meters
%
Meters
Meters
Decimal degrees
Meters

Summary
The resultant final number of segments was 56 and this is approximately triple that in the
previous model application. The average subbasin area was reduced to 2704 hectares
(10.4 square miles) and the total area was 151467.8 hectares (584.8 square miles). Tables
B-5 and B-6 give a detailed summary of the Occoquan Watershed segmentation. Figure
B-1 gives the segmentation map.
Table B-5: Occoquan Watershed Segmentation Summary
Parameters
Subbasin Area (hectares)
Stream Reach Length (meters)
Subbasin Slope (%)
Field slope length (meters)
Reach (longest path) slope (%)
Reach width (meters)
Reach depth (meters)
Elevation (meters)

Average
2704.8
12100.6
19.9
19.2
2.9
8.9
0.5
293.27

Maximum
6989.5
20230.4
54.0
61.0
13.4
16.5
0.7
632

Minimum
64.0
1547.5
7.91
0.05
1.0
1.0
0.1
146

Sum
151467.8
677634.7
1111.4
1073.8
161.2
495.7
25.7
16423.0
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Table B-6: Summary of Occoquan Watershed Subbasins
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Figure B-1: Occoquan Watershed Subbasins
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Appendix C. Lake Manassas and Occoquan Reservoir
Bathymetry and Segmentation
Waterbody bathymetry and segmentation was the first step in CE-QUAL-W2 (Cole and
Wells 2003) model setup. This appendix provides general background information about
waterbody segmentation for two principal waterbodies in the Occoquan Watershed:
Occoquan Reservoir and Lake Manassas. In addition to spatial data and their sources, this
appendix summarizes the results of waterbody segmentation.

Definitions
Waterbody segmentation is the process to define the length, depth and width dimensions
of each computational cell. This is an iterative procedure where the calculated
volume-area-elevation table generated by the process is compared and adjusted with the
observed one to provide a better match.
There are several factors that play important roles in this process. These are 1) areas with
greatest gradients; 2) computational and memory requirement; 3) bottom slope; and
4) results. The recommended horizontal spacing ranges from 100 to 10,000 m and the
vertical grid spacing ranges from 0.2 to 5.0 m.
Some restrictions in grid sizing are 1) cell widths cannot increase with depth; 2) a branch
cannot enter or leave itself; 3) two branches might not connect at the same segment of
another branch (Cole and Wells 2003).

Software
SURFER (Version 8.0) (Golden Software 2002) was used to calculate the average
cross-sectional widths for each cell, based on projected horizontal and vertical cell
dimensions. ArcGIS (Version 8.2) was also used in spatial data analysis. Several public
ArcGIS utilities were used to facilitate the process.
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Data and Their Sources
The waterbody boundaries and its centerlines are obtained from USGS 1:100,000
National Hydrography Dataset (NHD) provided by NVRC. The data set used is Middle
Potomac-Anacostia-Occoquan catalog unit (HND 02070010).
OWML collected bathymetry survey data using an integrated differential global
positioning system and depth sounding system, which provided high resolution
bathymetry data (less than 3.0 feet for horizontal positioning and less than 0.1 feet for
depth measurement) (OWML 2000, 2002). These data provided necessary information
for the Occoquan Model application and facilitated waterbody segmentation.

Methodology
Step One: Determination of Horizontal Grid Spacing
The first step to create the bathymetric data for CE-QUAL-W2 was to determine the
horizontal grid spacing. The initial horizontal spacing was set to be 1,000 ft for Lake
Manassas and 2,000 ft for Occoquan Reservoir. A public ArcGIS utility called ET
GeoWizard (Version 8.0) (ET SpatialTechniques, 2004) was used to split the waterbody
centerlines into evenly spaced segments. The results from the previous model application
indicated that Ryan’s dam had a significant impact on the hydrodynamics and water
quality transport in the Occoquan Reservoir. Thus, in this bathymetry update process, the
potential impact of Ryan’s dam was considered and a relatively short grid segment
(approximately 300 ft) was manually created. The segment boundaries were defined by
two slices perpendicular to the centerlines, which were performed by using the Editor
function under ArcGIS (Figure C-1).
In this process, the Occoquan Reservoir is divided into four branches: Occoquan River
(mainstem, Branch 1), Bull Run (Branch 2), Sandy Run (Branch 3) and Hooes Run
(Branch 4). It has a total of 69 computational segments and the average segment length is
583 m with a maximum of 838 m (segment 55 at the very upstream end of Bull Run) and
a minimum of 74 m (Segment 32, at Ryan’s Dam, a submerged feature with a narrow
vertical opening).
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Figure C-1: Top View of Lake Manassas and Occoquan Reservoir Bathymetries

Lake Manassas is also divided into four branches: the mainstem, North Fork, and two
unnamed arms, and has a total of 29 active computational segments. The horizontal grid
spacing ranges from 173 m to 568 m.
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Step Two: Determination of Vertical Grid Spacing
The vertical grid spacing was set to be 0.5 m for both waterbodies. Compared with the
previous CE-QUAL-W2 application for the Occoquan Reservoir, the grid depth was
reduced 50% to provide output with higher resolution (Figures C-2 and C-3). Lake
Manassas has 4 to 28 computational layers, each 0.5 m thick. Occoquan Reservoir has 1
to 39 layers, each 0.5 m thick.

Figure C-2: Side View of Lake Manassas Bathymetry
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Figure C-3: Side View of Occoquan Reservoir (Mainstem) Bathymetry

Step Three: Determination of Average Cross-Section Width
This step was the most critical and time-consuming step in the waterbody segmentation
process. The transects along the waterbody centerline were transferred from ArcGIS to
Surfer, thanks to a public Arc script called shapes2points (Rathert, 2004). The original
bathymetry was split into individual segments based on these transects. Then the Volume
function under Surfer was used to determine the volumes between specified upper surface
and lower surface elevations. Based on the corresponding horizontal and vertical grid
spacing, the averaged cross-section widths were calculated (Figures C-4 and C-5). The
average width of the top layer in Occoquan Reservoir was 149.7 m, which is
approximately half of that for Lake Manassas (331.2 m).
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Figure C-4: Width of Individual Grids in Lake Manassas
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Figure C-5: Width of Individual Grids in Occoquan Reservoir (Mainstem)
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Step Four: Determination of Segment Orientation
The orientations of each segment were determined by using the Edit function under
ArcGIS. Unit conversion from degrees to radians was necessary.

Summary
The resultant final numbers of grids including boundary grids were 1147 for Lake
Manassas and 3157 for Occoquan Reservoir. Compared to the previous CE-QUAL-W2
application for Occoquan Reservoir, the grid numbers from the updated bathymetry were
almost tripled. The comparison between observed and calculated storage capacity of both
waterbodies is shown in Figure C-6. The excellent match between observed and
simulated storage capacity indicated that the resultant bathymetries truly represent the
physical characteristics of the waterbodies.
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Figure C-6: Comparison of observed and calculated storage capacity of Lake Manassas and
Occoquan Reservoir
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Appendix D. Land Use Analysis
HSPF defines two types of land segments: PERLND and IMPLND. PERLND represents
comprehensive hydrological and water quality processes occurring in the pervious land
areas, such as agriculture and forest. IMPLND describes a much simpler system in
impervious land segments, such as paved urban areas. Each land segment is made up of
different land use categories.
The land use map of 1995 was provided by NVRC. The map was generated by an
aerial-photography approach. The land use has been classified into 14 land use categories
and they are estate residential, low density residential, medium density residential,
townhouse and garden apartment, commercial, industrial, institutional, golf courses,
conventional tillage grain, mixed conventional tillage grain, conservation (minimum)
tillage, mixed conservation (minimum)tillage, livestock & pasture, and forest & idle. The
map had thirteen land use categories with forest/idle as default. ArcGIS software has
been used to produce the 1995 land use map with all fourteen-land use categories.
However, since some land uses share the similar impervious percentages and soil
properties, it is appropriate to merge them into one land use category. Such process can
reduce the complexity of HSPF applications without significantly affecting simulation
results. Based on investigation by NVRC, the resultant land use categories that were used
in model applications are shown in Table D-1 and Figure D-1.
The definition of the impervious percentages varies based on technical approaches and
statistical methods involved. Dougherty (2004) compared two different methods for the
Cub Run watershed: a traditional aerial-photography/land use approach and a satellite
imagery/land cover approach. After comparing the results with a reference data set, he
provided a list of expected range of impervious cover estimates for the Cub Run
watershed, which was used as a starting point for the model applications (Table D-2).
There was another concern on impervious cover estimation. The impervious percentage
used by HSPF is sometimes called “effective imperviousness”. It only accounts for the
impervious land surface that directly drains into neighborhood streams. When impervious
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land areas drain into adjacent pervious lands, HSPF assumes such impervious areas don’t
directly affect downstream water quality and would classify them into pervious land use
segments. However, both estimation methods account for total impervious surfaces
instead of effective ones. This will probably lead to some inaccuracies in model
applications.
Table D-1: Land Use Classification
Land Use Categories in 1995 Map

Characteristics

Estate

Estate Single Family Housing
(0.05-0.2 DU*/acre)
Large-Lot Single Family
Housing
(0.5-2.0 DU/acre)
Medium Density Single Family
Housing
(3.0-6DU/acre)
Multi-Family Housing
(>6DU/Acre)

Low Density Residential

Medium Density Residential

Townhouse/Garden Apartment
Industrial
Institutional
Commercial
Forest/Idle
Golf
Livestock/Pasture
Conventional Tillage Grain
Mix Conventional Tillage Grain
Min. Tillage Grain
Mixed Min. Tillage

Land Use Categories in Model
Applications
Low Density Residential

Medium Density Residential

Townhouse/Garden Apartment
Industrial
Institutional
Commercial
Forest/Idle

Golf Courses
Pasture
High Tillage Cropland
Low Tillage Cropland

* DU: Dwelling Units
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Figure D-1: 1995 Land Use Map for the Occoquan Watershed
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Table D-2: Impervious Coverage Summary
Land Use Categories

Impervious
Coverage*

Impervious
Coverage**

Impervious
Coverage***

Low Density Residential
1.5-18%
12%
5%
Medium Density Residential
20-35%
41%
23%
Townhouse/Garden
35-50%
82%
41%
Apartment
Industrial
80-90%
87%
48%
Institutional
50-60%
87%
48%
Commercial
80-90%
87%
48%
Forest/Idle
–
0%
3%
Pasture
–
0%
3%
High Tillage Cropland
–
0%
3%
Low Tillage Cropland
–
0%
3%
*(NVPDC and ESI 1992) and (NVRC 1992)
**(Dougherty 2004) Based on Aerial Photography 1979-1988 for Cub Run watershed
*** (Dougherty 2004) Based on Planimetric data 1997 for Cub Run watershed
****(Dougherty 2004) Recommended by Dougherty

Impervious
Coverage****

Impervious
Coverage in
Previous Model
Application (1989)

5-10%
20-25%
35-45%

7.3-12%
25%
40%

Impervious
Coverage in
Current Model
Application
(1993-97)
5-10%
20-25%
35-40%

35-55%
35-55%
35-55%
2-7%
2-7%
2-7%
2-7%

70%
35%
90%
1.1%
1.1%
1.1%
1.1%

50%
35%
50%
1.0%
2.0%
3.0%
3.0%
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The summary for each land segment is given in Table D-3 and Figure D-2. The ten land
use categories were summarized into three principal land use categories (agriculture,
forest and urban) for analysis purposes. It can be seen that the dominant land use
category in the Occoquan Watershed is forest. However, the watershed is highly
urbanized and approximately 22% of the land areas fall into the “urban” category, which
includes residential, commercial, institutional and industrial areas.
Table D-3: Land Use Summary for Individual Land Segments

The eastern part of the watershed shows rapid urbanization due to the short distance from
Washington DC. The Lower Occoquan, Bull Run, and Lower Broad Run subbains have
23.7~51.4% of land areas categorized as urban usages. The Upper Broad Run and Cedar
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Run subbasins have experienced great agricultural activities, and 38.0 and 36.7% of the
surface areas are used for agricultural practice, respectively.

Figure D-2: Land Use Summary for Each Subbasin
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Appendix E. Initial HSPF Calibration Performed by PEST
Introduction of PEST
Different from the previous Occoquan model calibration approach, the linked model
applied PEST to perform initial hydrologic calibration for each sub-basin. PEST (WNC
2004) is an automatic Parameter ESTimation software which optimizes model parameters
based on observed data. The objective goal of PEST is to minimize the weighted
correlation coefficient (R2) of simulated and observed data by using the
Gauss-Marquardt-Levenberg optimization method. Because PEST adjusts model
parameters only based on comparison between observed data and model-generated data,
it can be applied to any kind of mathematical model as long as input and output files are
in ASCII format.
Besides appropriate input and output files, PEST has to be informed of characteristics of
parameters to be adjusted in order to optimize HSPF under PEST. Each parameter could
follow into three categories: relative, absolute and rel_to_max. If a parameter is defined
as “absolute”, its value is fixed during optimization. This function can be used to
accelerate optimization speed by freezing relatively insensitive parameters. When a
parameter is “relative”, the increment of the parameter is calculated as a fraction of
current parameter value. For “rel_to_max” parameters, the increment is calculated as a
fraction of the current highest absolute value. Different from relative parameters, the
increments of “rel_to_max” vary from iteration to iteration. Because most model
parameters wouldn’t have any physical meanings outside certain ranges, such value
ranges have to be supplied to PEST in order to have a calibrated model with appropriate
physical meaning. All this information is stored in a separate file and can be called by the
PEST control file.
When HSPF is run by PEST, PEST reads these parameters and initial values and then
writes them into HSPF control files. After HSPF is executed with those values, PEST
calculates the weighted R2 of simulated and observed data. Then the parameter values are
adjusted based on their characteristics and new values replace corresponding values used
in the previous model run. Then HSPF is run with the updated parameter values and the
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R2 is calculated and compared with the previous model run. The process is iterated until
the minimum R2 value is found. The parameter value set corresponding to the minimum
R2 value is called the optimal parameter set because it minimizes the gap between
observed and simulated data. For the linked Occoquan model, PEST was used to perform
the initial hydrological calibration. The parameter adjustment was to minimize the
discrepancy between observed and simulated daily flow rates.

Supplementary Input Files and Corresponding UCI Files
A supplementary file, supplied to HSPF along with its normal UCI files, contains a series
of lines pertaining to lines of data read from a UCI file. An “array identifier” in front of
each pair of lines is used to locate the relevant lines in the UCI file (Figures E-1 and E-2).
Seven principal hydrological parameters (Table E-1) were optimized in this PEST-HSPF
application.
Table E-1: Calibrated HSPF Parameters
Parameters
LZSN
INFILT
AGWRC
INTFW
IRC
MON-UZSN
MON-LZETPARM

Definition
Lower zone nominal storage (inches)
Infiltration rate
Groundwater recession rate
Interflow inflow parameter
Interflow recession rate
Monthly upper zone nominal storage
Monthly Lower zone ET

Unit
Inch
Inch/interval
1/day
–
1/day
Inch
–

Suggested Range
3.0-8.0
0.01-0.25
0.92-0.99
1.0-3.0
0.5-0.7
0.1-1.0
0.2-0.7
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Figure E-1: An Example of a Supplementary Input File

Parameter Pre-Processing
A PEST utility called PAR2PAR is used to manipulate and adjust parameters before
providing them to the model. When used with HSPF, a template file is created so that the
current values of these parameters can be replaced by values generated from PAR2PAR
(Figures E-3 and E-4). The initial values and parameter characteristics are provided by
separate files (Figures E-5 and E-6). Four of the seven principal HSPF hydrology
parameters were calibrated without transformation. The other three, IRC, MONTH
USZN, and MON-LZETPARM, were not directly calibrated. Instead of IRC, PEST
adjusts a parameter called IRCTRANS, which defined IRC through the following
equation:
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IRC =

IRCTRAN
1 + IRCTRAN

This parameter transformation reduced nonlinearity and thus reduced the execution time.
MON-UZSN and MON-LZETPARM were calibrated through a similar approach. Instead
of assigning different values to each month, it was assumed that those monthly variables
were in a sinusoidal waveform dependent on time of year. So only two values (mean
value and amplitude), instead of twelve values were needed to define those monthly
values. This approach reduced the PEST execution time greatly.

MONV = MV + A ⋅ sin(( J − 270) ⋅ 01721
.
)
Where MONV is Monthly value; MV is Mean Value; A is Amplitude and J is the starting
Julian Day of the month.
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Figure E-2: An Example of Part of a Modified UCI file
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Figure E-3: An Example of a Template for a UCI File
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Figure E-4: An Example of a PAR2PAR Template File

Figure E-5: An Example of a Parameter Initial Values File
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Figure E-6: An Example of a Parameter Group File

Post-processing Analysis
The purpose of this PEST-HSPF application was to minimize the discrepancy between
observed and simulated daily flow rates. A PEST utility called TSPROC is used to
quantify the difference between observed and simulated data, including volumetric
evaluation, basic statistical analysis, and exceeding time calculation. It is able to generate
an optimized parameter set based on these comparisons. TSPROC receives instruction
from a user-defined input file, shown as follow:
########################################################################
### The settings block
########################################################################
START SETTINGS
DATE_FORMAT mm/dd/yyyy
# CONTEXT model_run
CONTEXT pest_prep
END SETTINGS
########################################################################
##########
##########
########## The use of TSPROC as a model post-processor is
##########
########## programmed.
##########
##########
##########
########################################################################
### Model-generated flows are extracted from the WDM file.
########################################################################
START GET_SERIES_WDM
CONTEXT all
FILE cedar.wdm
DSN 471
NEW_SERIES_NAME nflow
END GET_SERIES_WDM
########################################################################
### Model-generated flows are time-interpolated to the times at which
### flows were observed. Note that this is not really required in the
### present instance due to exact coincidence of the model-generated and
### observed time series. However it is included for illustrative purposes.
### First the observed flows are read from the wdm file so that the time
### base of this series is known.
########################################################################
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START GET_SERIES_WDM
CONTEXT all
FILE cedar.wdm
DSN 51
NEW_SERIES_NAME oflow
END GET_SERIES_WDM
START NEW_TIME_BASE
CONTEXT all
SERIES_NAME nflow
TB_SERIES_NAME oflow
NEW_SERIES_NAME mflow
END NEW_TIME_BASE
########################################################################
### Monthly volumes are calculated from the modelled flows.
########################################################################
START VOLUME_CALCULATION
CONTEXT all
SERIES_NAME mflow
DATE_FILE dates.dat
NEW_V_TABLE_NAME mvol
FLOW_TIME_UNITS seconds
END VOLUME_CALCULATION
########################################################################
### Exceedence times for various flows of the modelled time series are
### next calculated.
########################################################################
START EXCEEDENCE_TIME
CONTEXT all
SERIES_NAME mflow
EXCEEDENCE_TIME_UNITS days
NEW_E_TABLE_NAME mtime
FLOW 1.0
FLOW 5.0
FLOW 10.0
FLOW 20.0
FLOW 50.0
FLOW 100.0
FLOW 200.0
FLOW 500.0
END EXCEEDENCE_TIME
########################################################################
##########
##########
########## The next part of the TSPROC input file is for the ##########
########## use of TSPROC in PEST file preparation.
##########
########## Observed flows are processed in exactly the
##########
########## same way as modelled flows for comparison with
##########
########## the latter.
##########
##########
##########
########################################################################
### Monthly volumes are calculated from the observed flows.
########################################################################
START VOLUME_CALCULATION
CONTEXT pest_prep
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SERIES_NAME oflow
DATE_FILE dates.dat
NEW_V_TABLE_NAME ovol
FLOW_TIME_UNITS seconds
END VOLUME_CALCULATION
########################################################################
### Exceedence times for various flows of the observed time series are
### next calculated.
########################################################################
START EXCEEDENCE_TIME
CONTEXT pest_prep
SERIES_NAME oflow
EXCEEDENCE_TIME_UNITS days
NEW_E_TABLE_NAME otime
FLOW 1.0
FLOW 5.0
FLOW 10.0
FLOW 20.0
FLOW 50.0
FLOW 100.0
FLOW 200.0
FLOW 500.0
END EXCEEDENCE_TIME
########################################################################
##########
##########
########## The model output file is now written.
##########
########## This has to be done immediately preceeding the
##########
########## block which generates the PEST input dataset.
##########
##########
##########
########################################################################
START LIST_OUTPUT
CONTEXT all
FILE tsproccedar.out
SERIES_NAME mflow
V_TABLE_NAME mvol
E_TABLE_NAME mtime
SERIES_FORMAT short
END LIST_OUTPUT
########################################################################
##########
##########
########## The PEST input dataset is now prepared.
##########
##########
##########
########################################################################
START WRITE_PEST_FILES
### General information is supplied.
CONTEXT pest_prep
NEW_PEST_CONTROL_FILE cedar.pst
TEMPLATE_FILE par2par.tpl
MODEL_INPUT_FILE par2par.dat
NEW_INSTRUCTION_FILE model.ins
PARAMETER_DATA_FILE cedar_initpar.dat
PARAMETER_GROUP_FILE cedar_groups.dat
MODEL_COMMAND_LINE cedar.bat
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### Information pertaining to flow time series is supplied.
OBSERVATION_SERIES_NAME oflow
MODEL_SERIES_NAME mflow
SERIES_WEIGHTS_EQUATION 1.0/(@_abs_value+0.001)
SERIES_WEIGHTS_MIN_MAX 1e-5 1000
### Information pertaining to flow volumes is supplied.
OBSERVATION_V_TABLE_NAME ovol
MODEL_V_TABLE_NAME mvol
V_TABLE_WEIGHTS_EQUATION 1.0e-2/sqrt(@_abs_value)
### Information pertaining to exceedence probablilities is supplied.
OBSERVATION_E_TABLE_NAME otime
MODEL_E_TABLE_NAME mtime
E_TABLE_WEIGHTS_EQUATION 300.0
END WRITE_PEST_FILES
########################################################################

Each block in the TSPROC input file contains commands to perform specific time series
manipulation. In the SETTING block, users specify the application to be used either to
optimize parameters or to generate input files for later PEST runs. Simulated and
observed time series are identified in the GET_SERIES WDM block. Under the
NEW_TIME_BASE block, a new time series is generated to the dates and times with
corresponding observed data, so that paired observed and simulated data can be
compared directly. Monthly flow volumes are accumulated in
VOLUME_CALCULATION, where the date intervals are provided by the dates.dat file.
The exceedence times for various flow thresholds are calculated under the
EXCEEDENCE_TIME block. The output files are specified in the LIST_OUTPUT
block. The WRITE_PEST_FILES block is used to generate PEST input files.
By using PEST, the hydrological calibration process was simplified. Instead of manually
adjusting parameters in each HSPF run, PEST allows multiple HSPF runs with
automatically-optimizing model parameters. For example, the initial PEST run for the
Cedar Run subbasin included a total of 100 HSPF runs. Then, PEST was run another six
times to adjust parameter ranges, initial values, and so on. The results of
continuously-optimized parameters are shown in Figure E-7.
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Figure E-7: An Example of Parameter Optimization Results and Correspondent Sensitivity Analysis

Although PEST facilitated the hydrological calibration process, it was not the ultimate
calibration step. One reason was that PEST tended to adopt the maximum or minimum
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value of the value range as the optimized value. In order to reduce the uncertainty
associated with these extreme values, HSPF was further calibrated manually. The other
reason was that the physical differences among different land uses were not distinguished
in the initial PEST calibration. This was to reduce the complication of PEST required
input and control files. After PEST generated an optimal set of parameters, finer
calibrations were performed to distinguish diverse land uses. Those calibrations not only
examined the moisture distribution among surface flow, interflow, groundwater flow and
ET but also distinguished the hydrological activities on different land use types. The
PEST optimized parameters served as a starting point for those detailed adjustments.
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Appendix F. The Impact of Land Use on Nutrient Load
Production and Potential BMP Locations
An investigation of the water quality response to land use development has shown that
increase in external nutrient loads has been a major contributor to eutrophication of the
Occoquan Reservoir. In addition, nutrient load increases are not evenly distributed across
the watershed due to various land use patterns, soil properties, and segment
characteristics such as slopes. A closer investigation was performed to estimate the
changes of nutrient loads from each land segment due to land development and human
activities. This process helps to identify the critical areas in the watershed so that future
BMP programs would be better implemented to reduce nutrient loads into the Occoquan
Reservoir.
Nutrient loads from each segment were estimated based on three land use scenarios. The
Forest scenario was developed wherein all the lands were assumed to be covered by
forests. This scenario represents the background condition prior to the Colonial history,
with no impact from human activities, and can be used to evaluate the long-term impact
of human activities on water resources. The contribution of UOSA was eliminated from
this scenario. The Current scenario represents the nutrient load distribution based on the
current (1995) land use condition. The Future scenario was developed by converting
50% of the existing forested areas in each segment to residential and commercial
development. This helps to forecast the impact of future development. The UOSA
contribution was kept the same as the Current scenario in order to ensure that any
increases from the Current conditions were due solely to land use changes. In reality, it is
expected that UOSA will expand to serve the larger development, and it is recommended
that those loads should also be increased in a modified Future scenario. Note that the
inclusion, or otherwise, of UOSA does not impact anything discussed in this appendix, as
discussion here is confined to loads generated from the land, rather than in-stream
concentrations.
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The loads produced from these three scenarios were estimated by HSPF submodels.
Nutrient loads generated in individual land segments were calculated by subtracting the
nutrient loads generated from immediately-upstream segments from nutrient loads up to
the end of the current segment. Nutrient yield generated in individual land segments was
calculated by dividing nutrient loads by the corresponding land areas. Nutrient loads
computed as less-than-zero indicate that loads were reduced when delivered downstream,
due to, for example, nutrient trapping in ponds.
The nutrient yield data from each land use scenario were then transferred into three
separate dBASE-format databases, which were used in a GIS application to visualize and
identify the critical areas in the watershed. This helps to identify future BMP locations
for nutrient load reduction programs.
Table F-1 shows the average nutrient yields in three major subbasins for the three land
use scenarios. Here, the Broad Run subbasin represents a greater area and includes the
Upper, Middle and Lower Broad Run subbasins, and also Lake Manassas. As expected, it
is clear that land use development has caused increases in nutrient yields and such
increases are not evenly distributed across the whole watershed.
Table F-1: Average Nutrient Yields from Major Subbasins for Three Land Use Scenarios

NH4-N
(kg/km2/year)
Ox-N
(kg/km2/year)
OP
(kg/km2/year)

Forest
Current
Future
Forest
Current
Future
Forest
Current
Future

Cedar Run
15.8
23.6
65.4
176.7
229.0
312.2
15.0
20.7
55.1

Broad Run
14.8
16.4
24.6
152.2
159.9
240.4
8.4
10.6
16.2

Bull Run
5.6
10.5
15.0
304.9
408.1
437.0
10.7
17.9
22.1

Figure F-1 shows the changes in NH4-N yields from the three land use scenarios. The
impact of land use on nutrient yields can be clearly seen. The NH4-N yield would be
dramatically increased in the Cedar Run subbasin because the dominant land use would
shift from non-urban development (Forest) to urban development (Future). The nutrient
yields from segment 29 and 44 have shown dramatic increases from
25.0-50.0 kg/km2/year (Forest) to more than 80 kg/km2/year (Future). Appropriate BMP
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implementation in these segments would reduce nutrient generation. Based on the
potential increase of NH4-N yields from land use development, the desirable BMP
locations in the Cedar Run subbasin would include segments 29, 37, 42, and 47.
Although NH4-N loads from the Bull Run subbasin have increased since the pre-Colonial
period (Table F-1), they have not shown as dramatic an increase as that in the Cedar Run
subbasin. The desired BMP locations in the Bull Run subbasin might include segments 1,
2, 6, and 14.
In the Broad Run subbasin, segments 21 and 22 have shown high increases in NH4-N
loads when compared to pre-Colonial days. Because Lake Manassas drains into segment
22, the contribution from flow over the dam was subtracted to get the nutrient yields from
the land area. It is possible that the nutrient loads from the Lake Manassas overflow were
not captured adequately in the simulation, and the Lake itself serves as a BMP.
Although the figures are not shown in Table F-1, an examination of Figure F-1 indicates
that the other areas that might need BMPs to reduce NH4-N loads in the Lower
Occoquan subbasin are segments 27 and 45.
Figure F-2 shows the changes of Ox-N yields from the three land use scenarios. Again, it
is clear that the impact of land use on nutrient yields is not evenly distributed across the
watershed. The Cedar Run subbasin, currently the least developed, shows a general
increasing trend across the three scenarios. Segment 37 in the northern part, the southern
part (segments 37, 40, 43, 42, and 44), and eastern part (segments 35 and 36) of the
subbasin might be good locations for BMPs to reduce Ox-N load into the Reservoir.
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Figure F-1: NH4-N Yield Distribution in Each Land Segment Based on Three Land Use Scenarios

Even though the Ox-N yields from the Upper Broad Run subbasin show significant
increases in the Future scenario, the Lower Broad Run subbasin does not show a
corresponding increase in response. This is probably related to the trapping function of
Lake Manassas.
The Bull Run region also shows dramatic increases due to land use development,
especially on the northern and eastern parts of the subbasin. Future BMP implementation
might be considered in those areas. The segments in the Lower Occoquan subbasin also
show great increases in Ox-N loads. Because they directly drain into the Occoquan
Reservoir, future BMPs should be included in any land development plans. A portion of
segment 28 (northern shores of the Occoquan Reservoir) is currently in the downzoned
area of Fairfax County, and it is unlikely that this will be developed any more intensely.
However, the scenarios show the potential if development were to occur.
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Figure F-2: Ox-N Yield Distribution in Each Land Segment Based on Three Land Use Scenarios

The OP load yield distribution across the watershed is shown in Figure F-3. As the land
uses changes from the Forest to the Current and then the Future scenario, OP loads from
the Cedar Run subbasin also generally increase. Segments 37 and 44 show relatively
large increases and BMP plans would need to be considered in these two segments if
development occurs. Segment 22 in the Lower Broad Run subbasin shows high OP
production even under the pre-Colonial (Forest) scenario. As explained earlier, the loads
in segment 22 were estimated by subtracting the loads up to this segment from the loads
carried by Lake Manassas overflow. It is possible that the nutrient loads from Lake
Manassas overflow were not simulated well enough to capture this difference with
accuracy. Finally, the Bull Run subbasin also shows a generally increasing trend for OP
yields due to land use development, especially in the northern part of the subbasin.
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Figure F-3: OP Yield Distribution in Each Land Segment Based on Three Land Use Scenarios

It is understood that the three scenarios discussed here contain some simplifications of
reality. For example, both Lake Manassas and the Occoquan Reservoir did not exist in
pre-Colonial times, as they are man-made impoundments. So, their BMP functions did
not really exist in pre-Colonial times. Also, it is not expected that all parts of the Cedar
Run subbasin, for example, might face development in 50% of the forested areas. The
southern portions of the Cedar Run subbasin are part of the Quantico Marine Base, and
are not expected to be developed. Similarly, not all areas of the watershed were forested
in pre-Colonial times, and there were bound to be small areas of exposed rocks, etc.
Thus, the hypothetical scenarios (not including the Current one) are good approximations
with some limitations. Nevertheless, the scenarios help in envisioning the changes from
an undeveloped to a highly-developed state, and provide a good indication of the
increased loads to be expected when development occurs.
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Appendix G. The Impact of Land Use on Hydrology
Activities in the Watershed
In this section, the investigation of the impact of land use development on the hydrology
activities in the Occoquan watershed is described. A detailed description of land use
scenarios can be found in a previous section (Appendix F).
As expected, with the increases of imperviousness from the Forest scenario, to the
Current scenario, and then to the Future scenario, the flow rates at various stream stations
showed an increasing trend (Table G-1). Compared with the current condition, the flow
rates at ST45 showed the greatest increase (37.53%) due to the greater urbanization in the
Bull Run subbasin. With the Future development, the increase of flow rates at ST45
showed a reduced rate. This is because the Bull Run subbasin in the Current condition
has an existing high urban development with more than 30% of the land categorized as
urban. Therefore, future expansion does not result in a significant increase in flow rates.
The flow rates at ST30 also showed a reduced increase rate when the land use pattern
changed from the Current condition to the Future scenario. This is probably due to the
catchment function of Lake Manassas.
Table G-1: Comparison of Flow Rates at Four Principal Stations in the Occoquan Watershed under
Three Land Use Scenarios
ST25
Cedar Run
ST45
Bull Run
ST70
Upper Broad Run
ST30
Lower Broad Run

m3/s
PD (%)
m3/s
PD (%)
m3/s
PD (%)
m3/s
PD (%)

Current
5.06
5.35
1.87
2.80

Forest
4.99
+1.40
3.89
+37.53
1.80
+2.45
2.45
+14.29

Future
5.46
+7.91
6.01
+12.34
2.09
+2.87
2.87
+2.50

Figure H-1 shows the comparison of water surface elevations under different scenarios at
the Occoquan Reservoir. It can be seen that the grassed areas in the Forest scenario show
their water holding capability, especially during dry periods, and prevents the Reservoir
from drying out. When a substantial portion of forested area is transferred into urban
development, represented by the Future scenario, only 415 days out of the five-year
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simulation period (1993~1997) have the water surface elevations below the dam,
indicating higher runoff, compared to the Current condition (1045 days) and the Forest
scenario (851 days). This indicates that appropriate dam operations or other management
plans should be considered to reduce the flooding possibility downstream.

Figure G-1: Comparison of the Water Surface Elevation at the Occoquan Reservoir Dam under
Various Land Use Scenarios
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