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Abstract

Waste load allocations in the United States have traditionally been based on
historic data. Total Maximum Daily Load (TMDL) policies and stormwater
permits are often based on steady-state low flow analysis without considering
unsteady flow and pollutant conditions prevalent during stormwater events.
Questions surrounding remedial investments for conditions that don’t exist during
low flow events have been raised. Furthermore, the frequency of violations under
various pollutant removal scenarios has been hard to determine.

The Spokane River TMDL used a 2001 low flow event as the basis for planning
multi-million dollar investments in wastewater treatment systems and stormwater
plans. This study modified the original CE-QUAL-W2 model to simulate
hydrology and water quality over a 1999-2009 period with attention to flow,
phosphorus, nitrogen, dissolved oxygen, and river temperature. By calibrating and
applying the model for an extended period, we were able to better predict nutrient
dynamics under varying flow conditions and facilitate investigation regarding
permissible nutrient levels.

Model results indicate that hydrologic conditions outside the low flow period
may be cause for concern. Violation of water quality standards occurred outside
the 2001 time frame with both phosphorus and nitrate concentrations being much
higher in years with higher flows. We were able to successfully demonstrate that
additional information concerning stormwater inputs and nutrient cycling would
permit better decisions in the future.

Keywords: Total Maximum Daily Loads, algal blooms, hydrodynamic simulation,
waste load allocation, water quality modelling.
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1 Introduction

It is widely recognized that pollution from both wastewater treatment facilities and
stormwater runoff from impervious urban and suburban development can
contribute to significant degradation of streams and rivers [1]. Numerous studies
from around the world have linked human development to deteriorating stream
conditions and the need for integrated approaches to wastewater and stormwater
management [2—4]. Solution frameworks have also been proposed with varying
complexities although few have actually been successfully implemented due to a
wide variety of factors [5]. In the United States, such comprehensive plans are
often associated with Total Maximum Daily Load (TMDL) studies and subsequent
remediation plans (waste load allocation). Many of these studies have been
performed using steady state models such as QUAL2Kw [6—8] owning to the fact
that point sources were historically identified as both the main source and the main
opportunity.

As the impacts of nutrient cycling, stream-aquifer interactions, and stormwater
discharges becomes more widely recognized, infrastructure investments based on
low flow, steady state conditions becomes harder to justify [9, 10]. In the semi-
arid western United States this is particularly true since low flow conditions
typically occur in August whereas stormwater loading occurs winter through early
summer. However, examples of the growing importance of hydrodynamic water
quality modeling from around the world have been increasing over the last decade
[11].

This study used the Spokane River Basin in north eastern Washington, USA as
the basis for evaluating the hypothesis that understanding unsteady flow and
loading conditions over a variety of climate conditions will result in improved
decision making capabilities. This study modified the original US Army Corps of
Engineers CE-QUAL-W2 model [12] to simulate hydrology and water quality
over a 10 year historic period (1999-2009), with particular attention to flow,
phosphorus, nitrogen, dissolved oxygen, and river temperature. The model is a
two-dimensional, laterally (width) averaged hydrodynamic flow and water quality
code originally developed by the US Army Corps of Engineers. It was used to
create the Spokane River dissolved oxygen TMDL which will require very low
effluent CBOD (4.2 mg/l), ammonia nitrogen (0.21 mg/l), and total phosphorus
(0.042 mg/1) concentrations in order to meet state water quality criteria [13]. In
spite of these rather low concentrations, there are concerns that by picking a low
flow year, the impacts of nonpoint sources may be misrepresented. By calibrating
and applying the model for an extended period, we were able to better predict the
nutrient dynamics under varying a variety of flow conditions and facilitate
investigation and decisions regarding permissible nutrient levels that include a
variety of hydrologic conditions.

2 Background

The Spokane River watershed, located in north eastern corner of the State of
Washington, USA (Figure 1), consists of a series of river reaches and reservoirs
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created by the hydropower operations on the river. As a result of low summer flow
conditions, sections of the river have been listed as impaired including Long Lake
which has dissolved oxygen (DO) concentrations below beneficial use standards.
In order to attain the DO requirement, significant reductions in nutrient loadings
much be achieved. In the US, this is done through waste load allocation (WLA).
WLA is the pollutant load allocated to current and future point sources (including
Municipal Separate Storm Sewer System (MS4) and other permit-recognized
nonpoint sources). It is part of the Total Maximum Daily Load (TMDL)
calculation according to:

TMDL = WLA + LA + RC + MOS 1)
where LA are additional nonpoint sources, RC is reserve capacity for future
growth, and MOS is margin of safety. Since TMDLs are typically triggered when
water quality impairment has been identified, WLAs often require some amount
of reduction in current loading which may involve installation of costly new or
improved treatment systems or nonpoint source best management practices
(BMPs).
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Figure 1:  Spokane River Basin in north eastern Washington State, USA.

Although point sources have been regulated for some time, nonpoint sources
have only been regulated by permit for a relatively short time. US legislation
concerning stormwater was first passed as part of the 1987 Water Quality Act and
Phase I National Pollutant Discharge Elimination System (NPDES) regulations
were issued by the US Environmental Protection Agency (USEPA) in 1990 for
municipal separate storm sewer systems (MS4s) serving populations over 100,000
and Phase II in 1999 for smaller MS4s located in “urbanized areas.” Nevertheless,
due to legal challenges and the need to identify, quantify, and assess stormwater
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quality information, many municipalities are just now dealing with issues
surrounding implementation of plans for addressing urban nonpoint source
pollution. In 2014 the US Government Accountability Office released a report
recommending Congress consider revising the act's largely voluntary approach to
restoring waters impaired by such pollution [14]. Granted some of the activities
listed in Table 1 that are required as part of the MS4 permit (e.g. illicit discharges)
will help existing water quality problems but many are still most enforceable
during new design and construction.

Table 1: Minimum requirements of MS4 NPDES permit.

Control Measures Task

Distribute educational materials and perform outreach

lLE i . " .
ducation to inform citizens about impacts of storm water runoff

Provide opportunities for citizens to participate in
program development and implementation including
2. Participation effectively publicizing public hearings and
encouraging citizen representation on storm water
management panels

Develop/implement plan to detect/eliminate illicit
discharges that includes a system map and informing
the community about the hazards associated with
improper waste disposal

3. Illicit discharges

Develop/enforce erosion and sediment control
4. Construction program for construction activities that could include
silt fences and temporary detention ponds

Develop/enforce a program to address discharges of
runoff from new development and redevelopment
areas. Controls could include preventative actions
such as protecting wetlands (sensitive areas) or using
structural BMPs such as grassed swales or porous
pavement

5. Post-construction

Develop/implement a program with the goal of
preventing/reducing pollutant runoff from municipal
operations including municipal staff training on
pollution prevention techniques (e.g., street sweeping,
reduction of pesticide or street salt usage, or catch-
basin cleaning)

6. Good housekeeping
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Implementing these controls effectively requires understanding the impact of
both flows and quality on the ecosystem. A holistic integration of both wastewater
and stormwater discharges have to be accounted for in the analysis particularly
since in-stream retention and cycling of phosphorus concentrations has been
linked to adverse ecological impacts [15]. Since stormwater discharges occur
months or even years prior to low flow conditions, the use of steady state flow
models may not capture the true impacts. Even when dynamic models are used,
efforts generally focus on a low flow condition. Our hypothesis is that TMDLs
developed using a model for a single low flow condition may not accurately reflect
changes in the runoff cycle or nutrient cycling initiated by high flow years.

3 Methodology

This study modified the CE-QUAL-W2 model [12] to simulate hydrology and
water quality over a 10 year historic period (1999-2009), with particular attention
to flow, phosphorus, nitrogen, dissolved oxygen, and river temperature. The model
begins (segment 1) at the Washington/Idaho state line (river mile 96.0) and extends
downstream through segment 188 at the outlet of Long Lake (river mile 33.9).
Overall, the model consisted of 188 longitudinal cells and an average of nearly 20
layers in the vertical direction.

The flow portion of the model was calibrated/validated using existing USGS
gaging stations and known reservoir levels. In addition to the main flow entering
from Post Falls Dam, tributary inflows from Hangman Creek, Little Spokane
River, Coulee Creek, and wastewater discharges from the area were added. As the
majority of dams on the river represented so-called “run of the river facilities”,
few adjustments had to be made for changing reservoir storage levels.
Groundwater interactions, although significant sources/sinks of water, were
assumed to be constant through each simulation year. Figures 2 and 3 illustrate a
near perfect match between simulated flows and reported gage data due to our
ability to fine tune operations.
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Figure 2:  Example of calibration and validation flow results at segment 151.
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Figure 3:  Example of calibration and validation flow results at segment 188.

Once the flow model successfully reproduced the 10-year period the water
quality portion of the model was calibrated and validated using data available from
two distinct periods. Concentration data from State monitoring activities and
reported WWTP discharges were used to examine the predictive capabilities of the
model. Figures 4 and 5 depict temperature predictions and dissolved oxygen
concentrations, respectively, from the Nine Mile (reservoir) pool located at river
mile 58.1 along the Spokane River.
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Figure 4:  Calibration and validation results for modeled versus measured water
temperatures at segment 151.
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Figure 5:  Calibration and validation results for modeled versus measured
dissolved oxygen concentrations at segment 151.

The water segment illustrated in Figures 4 and 5 does not represent the best or
worse case for water quality; it is simply a location where measured values were
available.

4 Results and discussion

Example output from the simulation period (3,944 days) are shown in the figures
below. This period begins day 74 of 1999 and extends through the end of 2009. A
snapshot of model outputs for phosphorus, ammonia, nitrate, dissolved oxygen,
and temperature are shown. The seasonality of the snowmelt dominated watershed
are clearly evident as is the effect of the upstream Lake Coeur D’ Alene dampening
of event peaks. Results from the model were examined with respect to state water
quality standards. Particularly with respect to dissolved oxygen and temperature,
we found many instances where predicted concentrations were in violation of state
standards.

Furthermore, as we hypothesized, it is important to recognize that Figure 6
clearly shows higher phosphorus concentrations during water years 20072009
compared to 2001 (TMDL base year shown (Julian day 500+)). Similar patterns
can be seen with other nutrients as well. Although the dissolved oxygen
concentrations do not respond immediately, our results indicate the need to better
understand nutrient cycling as periphyton and other algal growths may be
stimulated by these constituents being available in the reservoirs.
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Figure 6: Modeled phosphorus concentrations at segment 151.

Figure 7 illustrates that ammonia concentrations generally at or near
measurement thresholds in the system. This is fairly typical of many freshwater
systems as nitrate (Figure 8) tends to be more prevalent. Figure 9 shows the
dissolved oxygen (DO) calibration efforts.
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Figure 7:  Modeled ammonia concentrations at segment 151.
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Figure 8: Modeled nitrate concentrations at segment 151.
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Figure 9: Modeled dissolved oxygen concentrations at Long Lake outlet.

Figure 10 illustrates the temperature in the downstream segment of the model
at Long Lake. While 2001 represented a low flow year, predicted temperatures in
other years were equally as bad as or worse than the TMDL year. The
characteristics of hot, dry summer periods in the semi-arid western US leads to
conditions that may be challenging from an ecosystem perspective regardless of
spring runoff patterns.
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Figure 10: Modeled water temperatures at Long Lake outlet.

5 Conclusions and recommendation

The 2010 Dissolved Oxygen TMDL requires removal of more than 90 percent of
total phosphorus at wastewater treatment plants and reductions of approximately
50 percent of nonpoint sources based on a low flow year. While this will require
significant investment in the Spokane River system, our results indicate that it may
not solve all the water quality problems. The role of stormwater on the waste load
allocation process may have been unrepresented by the selection of a low flow
year.

We were successfully able to calibrate the CE-QUAL-W2 model to historic
flow and water quality concentrations over the simulation period. Adjusting
boundary conditions and reservoir operations allowed a near perfect simulation of
flow conditions. Water quality results illustrated more variability across all of
pollutants of interest. The two-dimensional results indicate low dissolved oxygen
concentrations at depth within Long Lake reservoir at times other than the 2001
low flow period. Thus, the impacts of nonpoint source loading and nutrient cycling
thus remain significant concerns.

During calibration it became apparent that while point sources from waste
water treatment facilities were well known, the model proved to be fairly sensitive
to nonpoint loadings for which data were sparse. Variability of stormwater
pollutant flows and concentrations need more data. In addition, groundwater
contributions to nutrient loading were held constant over the 10 year period which
may need to be adjusted in the future if more data is acquired.

Refinement of the model are continuing looking at sensitivities and techniques
for estimating nonpoint loading. There are also still important questions to address
regarding future impacts of population growth, technology improvements, and
climate change. This model can be used to help answer these types of questions as
well.
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