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ABSTRACT

This work utilizes remotely sensed thermal data to understand how release of thermal pollution
from the Brayton Point Power Station (BPPS) affected the temperature behavior of Narragansett
Bay. Building upon previous work with Landsat 5, a multi-satellite analysis is conducted that
incorporates 582 scenes from Landsat 5, Landsat 7, and Landsat 8 over 1984-2021 to explain
seasonal variability in effluent impacts, contrast data after the effluent ceased in 2011, identify
patterns in temperature before and after effluents ceased using unsupervised learning, and
track how recent warming trends compare to the BPPS impact. Stopping the thermal effluent
corresponds to an immediate cooling of 0.26 + 0.1 °C in the surface temperature of Mt. Hope
Bay with respect to the rest of Narragansett Bay with greater cooling of 0.62 + 0.2 °C found
near Brayton Point; though, cooling since the period of maximal impact (1993-2000) totals 0.53
+ 0.2 °C in Mt. Hope Bay and 1.04 £ 0.2 °C at Brayton Point. During seasons with lower solar
radiation (winter) and lower mean river input (autumn and late summer), the BPPS effluent
impact is more prominent. The seasonal differences between the high impact and low impact
periods indicate that river input played an important role in the heat balance when emissions
were lower, but surface fluxes dominated when emissions were higher. Putting the BPPS effluent
in context, Landsat data indicates that Narragansett Bay warmed 0.5 to 1.2 °C over the period of
measurement at an average rate of 0.23 £ 0.1 °C/decade and that net warming in Mt. Hope Bay
is near zero. This trend implies that Narragansett Bay has experienced climatic warming over the
past four decades on the scale of the temperature anomaly in Mt. Hope Bay caused by the BBPS
effluent.
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1 INTRODUCTION into Mt. Hope Bay, a northeastern embayment of
pe bay y

1.1 Background Narragansett Bay (see Figure[I)). Water from nearby

The Brayton Point Power Station (BPPS) was rivers was used as a coolant for the power plant and
R . .
a coal-fueled power station in Massachusetts that heated 7-10 °C above ambient river temperature

operated from 1963 to 2017. This power station was before being released back into the environment.

New England’s largest fossil-fuel burning power The EPA’S New England Office and Department
station as well as a source of thermal pollution of Environmental Protection issued a new water
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discharge permit in 2003 that required the BPPS to
drastically reduce thermal effluent release, though
appeals were not resolved until 2007 and thermal
effluent release did not stop until October 2011
when two cooling towers became operational. The
BPPS later shut down operations completely in May
2017, and the cooling towers were demolished on
April 27, 2019. Before regulations were tightened,
the BPPS released nearly one billion gallons of
water daily—enough to replace the entire volume of
Mt. Hope Bay 3.5 times over a year—and released
42 trillion British thermal units (44 petajoules) of
heat annually into Mt. Hope Bay (EPA, 2003).
Comparing the heat released to the energy of
incoming solar and longwave radiation and the
effluent volume flux to the volume of river input
contextualizes the scale of this impact. Using
forcing data from the the Ocean State Ocean Model
(OSOM: Sane et al., [2020)—an application of
the Regional Ocean Modeling System (ROMS)
to Narragansett Bay and Rhode Island Sound—to
facilitate this comparison, one billion gallons
corresponds to 0.3-3.1% of the upper Taunton River
input. The greatest relative volume of effluent
occurs from July to October when river transport
is the smallest. In terms of heat, the thermal
effluent power, when spread across Mt. Hope Bay’s
surface, is equivalent to 7-16% of the incoming
shortwave plus longwave radiation from the sun
and atmosphere (the range reflects seasonal solar
variability).

1.2 Previous Work

Using 14 Landsat 5 Thematic Mapper (TM)
scenes, Mustard et al.|(1999) found that Mt. Hope
Bay had a heat anomaly of 0.8 °C when compared
to other upper-estuary regions and had anomalous
seasonal temperature behavior characterized by
delayed cooling in autumn and late summer. Further
work found that the heat budget in Mt. Hope Bay
is dominated by air-sea fluxes and that the BPPS
effluent accounts for 25% of the total heating during
winter and 15% during the summer (Fan and Brown,
20006)). This work accounted for seasonal differences
in effluent output, which is greater in winter and
lower in summer, due to seasonal changes in energy

demand and found that river input, in addition to
surface exchanges, is a significant source of cooling
during summer. Mustard et al.| (2001) found that
the effect of the thermal effluent on Mt. Hope
Bay during the winter and spring are minimal as
evidence of the thermal plume in satellite imagery is
more rare during these seasons. With approximately
twenty years of in situ and satellite data taken
since many of these studies, this work aims to
use longitudinal thermal data across the Landsat
satellite series to analyze the post-effluent response
in Mt. Hope Bay and contextualize the BPPS impact
amid temperature trends in Narragansett Bay.

1.3 Narragansett Bay Context

Monitoring of coastal marine ecosystems is
critical to appreciate and mitigate the environmental
challenges they face. Of particular concern, severe
hypoxic events have been observed in Narragansett
Bay historically (Deacutis et al., 2006; [Melrose
et al., [2007). Though nutrient release from
rivers and wastewater treatment plants as well
as physical conditions controlling mixing and
stratification play primary roles in Narragansett
Bay hypoxia, increases in temperature have been
linked to increased susceptibility to hypoxia in
coastal marine ecosystems as well (Oviatt et al.,
2017; Conley et al., 2009; Portner et al., 2005;
McBryan et al.,|2013; Miller and Harding Jr., 2007).
Additionally, temperature plays an important role in
biogeochemical cycling and ecosystem functioning
by controlling the rates of chemical reactions, the
timing of seasonal algal blooms, and spawning
behavior (Harley et al., 2006; Valiela et al., [ 1997).
With compounding ecological stressors such as
climate change, overfishing, and increased predator
prevalence, the effect of the BPPS effluent on
declining fish populations has been difficult to
isolate, though some studies have found local
declines specific to Mt. Hope Bay and distinct
rapid evolution in fish living near the BPPS thermal
effluent (DeAlteris et al., 2006; (Gibson, (2002}
Dayan et al., 2019).

1.4 Climate Context

Due to the southward flow of the Labrador Current
and polar amplification associated with climate
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Figure 1. Narragansett Bay shown in true color by a Landsat 5 scene on September 7th, 1984 with labeled
regions and buoy locations. A plume of atmospheric discharge is faintly visible traveling southward from

the Brayton Point Power Station.

warming in the source waters, the coastal shelf
near the northeastern United States is particularly
vulnerable to ocean warming and has warmed at
a rate up to three times faster than the global

sea surface temperature trend (Saba et al., [2016;

MERCINA Working Group et al., 2015 [Dupigny+
Giroux et al., 2018} Neto et al., 2021). Near and
within Narragansett Bay, long term instrumental and

palaeoceanographic records indicate that the region
has warmed at a rate of 0.06 to 0.26 °C/decade
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in the past century (Shearman and Lentz, 2010;
Salacup et al.,|2019; Smith et al., 2010). Records of
climatic temperature trends are often taken from few
locations or coarse-resolution satellites, limiting
the capture of change in spatially-varying estuarine
dynamics along a heterogeneous coast. The Landsat
satellites provide decades of temperature data
at finer than 120 meter resolution, allowing for
detailed spatial consideration of recent trends
(Ding and Elmore, |2015). The derived temperature
measurements taken by Landsat are less precise
than on satellites designed specifically to measure
sea surface temperature (SST); however, large
near-shore and coastal variations in temperature
permit Landsat accuracy to capture within-estuary
variability. Additionally, estimation of temperature
uncertainties by calibration to in situ buoy
measurements over the same decades ensures
appropriate consideration of uncertainty when using
Landsat data in this work (Emery et al., 2001]).

1.5 Estuarine Flow

To understand effluent and climatic impact on
a dynamic estuarine system, the oceanographic
processes at play are important to consider as
well. In a shallow and well-mixed estuary such
as Narragansett Bay, circulation is governed by
diurnal tides, salinity-governed stratification, and
river input (Geyer and MacCready, 2014). Because
the northern embayments of Narragansett Bay
are shallow and isolated from tidal mixing with
shelf waters, they experience greater seasonal
temperature extremes than deeper locations with
significant oceanic influence (Mustard et al., |1999).
Important for pollutant analysis, flushing timescales
represent how long it takes to replace water masses
in an estuary with water from rivers. Flushing
timescales can be calculated for a body in an
estuary by dividing the volume of water in the body
by the rate of river input (Monsen et al., 2002).
Observational and model-based studies indicate
the surface flushing timescale of Narragansett Bay
ranges from 14 to 33 days while the local flushing
timescale in Mt. Hope Bay ranges from a single
tidal cycle to approximately 30 days depending on
mean river input—which varies seasonally—and

tidal magnitude—which varies monthly (Rogers,
2008; |]Abdelrhman, 2005} Sane et al., 2020).

Mt. Hope Bay flushing dynamics are dominated
by input from the Taunton River and output into
the Sakonnet River and East Passage. Though
the extent of the thermal plume from the BPPS
at any given time depends on the stage of the
tidal cycle, the thermal effluent is dispersed
throughout Mt. Hope Bay over the course of a
tidal cycle and the temperature anomaly persists
between cycles (Mustard et al., 2001)). Satellite
data is limited in measuring thermal plumes
because satellites only measure surface temperature,
which may exaggerate the plume’s effect if the
thermal plume is buoyant and presents as a surface
lens of warmer water. However, due to year-
round wind-driven and tide-driven mixing, as
well as seasonal and diurnal convective mixing,
Narragansett Bay is often well-mixed vertically,
only having significant (haline) stratification—as
evidenced by hypoxia—when river input is high
and wind-driven mixing is low during acute periods
in the spring and early summer (Torgersen et al.,
1997). The most significant effluent effects are
found outside of these high stratification periods,
so an exaggerated surface plume would have to
come primarily from temperature-driven buoyancy,
which is unlikely in an estuary where salinity
differences are large enough to govern stratification
and where persistent stratification is challenged by
nighttime convection. Further, this analysis focuses
on temperature anomalies over many years, SO
any detected plume persists in the face of mixing
and convection long enough to skew the repeat
observations.

2 METHODS
2.1 Satellite Data

Earth-observing satellites measure outgoing
electromagnetic radiation at a variety of
wavelengths. Tuned to wavelengths longer than
the visible range, thermally sensitive sensors on
these satellites measure radiation that is strongly
affected by surface temperature. By using principles
from Plank’s Law, the radiation measured by
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satellites can be converted to brightness temperature
assuming that the surface is a black body (Mustard
et al.l {1999). While this data is useful, long-
wavelength light cannot penetrate deeply into
bodies of water, so water temperature determined
through this method only represents the top 10 um,
or skin, of the water’s surface, meaning that satellite-
derived thermal data can differ from the bulk
water temperature when mixing is weak (Emery
et al., 2001). A good correlation between satellite-
derived temperature and in situ temperatures near
the surface is expected, though satellite data is
often cooler than in situ temperature because of
evaporative cooling and can vary depending on
wind conditions (Schneider and Mauser, |1996)).

The USGS Landsat Surface Reflectance Tier 1
data products for Landsat 5, Landsat 7, and Landsat
8 are used in this analysis and include calculated
brightness temperature for the thermal bands of
each satellite. These thermal bands are Landsat 5
Thematic Mapper (TM) and Landsat 7 TM band
6, tuned to 10.40 - 12.50 pm at 120 meters/pixel
and 60 meters/pixel resolution, respectively, and
Landsat 8 Thermal Infrared Sensor (TIRS) band
10, tuned to 10.60 - 11.19 pm at 100 meter/pixel
resolution. The combination of these three satellites
provides a continuous record from 1984 to the
present with Landsat 5 operational from March
1984 to June 2011, Landsat 7 from April 1999
to present, and Landsat 8 from February 2013
to present. Each satellite passes over any specific
location every 16 days, with an 8 day offset between
Landsat 7 and Landsat 8, and their sun synchronous
orbits ensures that all data over Narragansett Bay
is taken at approximately 15:30 GMT. However,
the availability of data is much less frequent due to
clouds and the scheduling of data processing. All
data was resampled to 30 meters/pixel resolution
using cubic convolution before being accessed
through Google Earth Engine.

Narragansett Bay falls within path 12, row 31 of
the WRS-2 reference system. Landsat scenes over
this location also include much of southeastern New
England, Boston Bay, parts of Long Island Sound,
and much of the coastal shelf south of Rhode Island.

From the available 887 Landsat scenes in this
location, all scenes with less than 50% cloud cover
over Narragansett Bay are removed, resulting in
582 usable scenes for this analysis with an average
of 23 days between observations. These selected
scenes are then land and cloud masked by using
a land mask from Hansen et al. (2013)) and cloud
quality attributes in the data.

2.2 Satellite Calibration and Atmospheric

Correction

One problem faced when using satellite remote
sensing to image land and water surfaces is how to
account for absorption and emission of radiation
from the atmosphere. The approach here is to
quantify average satellite bias and uncertainties
due to atmospheric and other effects by comparing
to in situ surface buoy data. This analysis is
done separately for each satellite because the
thermal band on Landsat 8 is tuned to different
wavelengths than the thermal bands on Landsat 5
and Landsat 7. The mean bias between satellite and
buoy measurements is added to all data from the
corresponding satellite, and the standard deviation
of the mean differences after adding the bias
represents the measurement uncertainty at any pixel,
which quantifies typical variations that cause the
buoy and bias-corrected satellite measurements
to disagree. This bias correction calibrates the
satellites against a consistent baseline of in situ data
by quantifying the accuracy (bias) and precision
(measurement uncertainty) of each satellite. After
bias correction, the distributions of the differences
between satellite and buoy measurements are nearly
centered Gaussian distributions, so the use of
standard deviation is appropriate. The measurement
uncertainty of data using this method decreases with
the number of scenes averaged together (assuming
they represent different weather and thus are
independent, consistent with the 23 day sampling
period), though sampling uncertainty proves to be
important as well.

To make the satellite comparison to in situ data,
surface buoy data taken between 15:00 GMT and
16:00 GMT on the dates of satellite flyby are
compared to satellite-derived temperature averaged
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Figure 2. Comparison between Landsat-derived temperature and surface in situ buoy measurements. The

black line represents a 1:1 relationship for reference.

between non-masked pixels within 200 m of the
buoy locations. The in situ data comes from a
network of buoys in Narragansett Bay operated
by the Rhode Island Department of Environmental
Management (RI DEM) as shown in Figure [I]
Data from 2003-2015 were used to conduct this
analysis because all three Landsat satellites were
operational for a portion of this period and the buoy
network was dense at that time. In total, 1261 buoy
measurements were compared to Landsat data from
13 RI DEM buoys with 382 of those measurements
compared to Landsat 5, 646 to Landsat 7, and 233
to Landsat 8.

The satellite to buoy comparison is depicted
in Figure 2] with the calculated biases and
measurement uncertainties given in Table [T All
satellites show high correlation between remotely
sensed and in situ temperature with correlation
coefficients greater than 0.96. Satellite-derived
temperature is found to be cooler than in situ
temperature typically, which is consistent with
other studies that used Landsat to quantify surface
water temperature (Mustard et al., [1999; Schneider
and Mauser, |1996). The Landsat 5 and Landsat
7 biases and uncertainties are similar, while the
Landsat 8 bias and uncertainty differ significantly.

This result is consistent with the fact that the
Landsat 8 TIRS thermal band is tuned to different
wavelengths than the Landsat 5 and Landsat 7 TM
bands. To confirm the accuracy of this method,
mean temperature values over all of Narragansett
Bay during the periods the satellites overlap are
compared as measured by different satellites (Figure
B). Only considering measurement uncertainty,
the mean values fall inside of the margin of
error for the comparison between Landsat 7 and
Landsat 8 over 2013-2020 but outside the margin
or error for Landsat 5 and Landsat 7 over 1999-
2013. Considering sampling uncertainty, both
cross-satellite comparisons fall within the margins
of error, indicating that sampling uncertainty
is important for this analysis. The sampling
uncertainties are estimated by bootstrapping the
mean temperature over all cloud-free pixels in
Narragansett Bay.

After correction, satellite data are used in this
analysis to determine climatic change and changes
due to reduced thermal pollution. The overall
warming trend detected in this analysis is unlikely
to be an artifact of satellite calibration as the more
recent satellites measured cooler temperatures on
average and satellites are shown to be consistent
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within their uncertainties. To ensure a robust
consideration of both sampling and measurement
uncertainty in these changes, Gaussian noise is
added to all data based on measurement uncertainty
before bootstrapping is conducted on the trends as
described in Section 2.4.

2.3 Climatology

Once the scenes are filtered, masked, and bias
corrected, a climatology is created that accounts
for the non-uniform temporal spacing of the data
following methods similar to Fisher and Mustard
(2004): all scenes are arranged by day of year and,
on a per pixel basis, a harmonic curve of the form of
Equation 1.1 is fit to the data as visualized in Figure
[Z_q The constant term, «, captures the mean annual
temperature while the combination of the cosine
and sine coefficients, S and 7 respectively, allow
for phase shift and amplitude fitting. The period of
the harmonic function is fixed at one year.

After fitting, more readily interpreted coefficients,
A and ¢, describing amplitude and phase
shift of a single sine function as shown in
Equation 1.2 are calculated from g and 7 using
Equations 2 and 3. The harmonic curve fitting
method is appropriate because seasonal temperature
variability in Narragansett Bay primarily follows
a sinusoidal shape (Shearman and Lentz, 2010;
Salacup et al,2019). Figure [5 maps the resulting
fitted parameters after pixel-wise regression for the
1984-2010 period. Note that the upper bay and
rivers tend to have a warmer temperature, larger
amplitude seasonal cycle, and precede the seasonal
cycle in deeper water by about 20 days. The impact
of the BPPS effluent is visible over this period as
there is heightened mean temperature and a delayed
seasonal cycle near Brayton Point.

. 2 2
T = a+ [sin <%t) + 7y cos (%t)
= o+ Asin Q—W[t—cb]
B 365

A= —\/m% )

b= 32%5 {w — tan~! (%)} 3)

It should be noted that a multi-year linear
trend will not affect this climatology calculation,
and would be present as secular terms after the
climatology is removed. After the climatology
was calculated for each pixel over the entire
observational period, the value of the fitted
climatology at the day of year of observation
was subtracted to yield the anomaly used to
calculate interannual trends independent of seasonal
variability.

2.4 Trend Analysis

To determine the immediate impact of stopping
the BPPS thermal effluent, the seasonally-corrected
anomalies for Narragansett Bay are subtracted from
the anomalies for Mt. Hope Bay and a region
near Brayton Point. Subtracting the mean estuary
anomaly from the Mt. Hope Bay and Brayton
Point regions gives an estimate for how large
the anomaly near the effluent was independent
of larger scale variability on the specific days of
observation. Timeseries are split up by season
and long term averages during and after effluent
release are compared to determine temperature
changes in the region due to changes in power plant
operation. Here, seasons were divided by month
with December, January, and February representing
winter; March, April, and May representing spring;
June, July, and August representing summer; and
September, October, and November representing
autumn.

To determine multi-decade trends from the
seasonally-adjusted anomalies, linear regression
is conducted at each pixel, producing a map of
these trends in surface temperature from 1984 to
2021. Of primary importance, this map represents
the spatial complexity of the region, allowing for
a comparison of the long-term trends inside Mt.
Hope Bay, assumed to be cooling with reduced
thermal effluent, compared to other Narragansett
Bay regions, which have been known to be warming
due to climatic change. Categorizing the data by
month before linear interpolation yields an analysis
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Table 1. Calibration terms for Landsat satellites: The bias term represents the mean difference between
satellite and buoy surface temperature and the error term represents one standard deviation of this difference.
The bias term was added to calibrate all scenes from the corresponding satellite, and the error term estimates
the measurement error of any individual pixel measurement.

Landsat 5 Landsat7 Landsat 8

Bias (°C)
Measurement Error (°C)

3.36
1.9 1.9 1.3

3.34 1.92

15.50

15.25

15.00

14.75

14.50

14.25

I

Mean Surface Temperature(®C)

14.00

13.75

1999-2013

-
-

BN Landsat 5
EZZE Landsat 7
Bl Landsat 8

2013-2021

Observational Period

Figure 3. Assessment of inter-satellite calibration by comparing surface temperature averaged over all of
Narragansett Bay for overlapping time periods of each satellite. The central bars represent the means while
the box edges represent propagated measurement uncertainty (from Table|l]) and the whiskers represent

sampling uncertainty estimated by bootstrapping.

of how these trends vary based on the seasons.

2.5 K-means Clustering

Following previous work that conducted
unsupervised clustering on Narragansett Bay
temperature (Mustard et al. [1999), this work
conducts K-means clustering during and after
thermal effluent release (Lewis et al.,, 2008).
Unsupervised clustering is a type of machine
learning method that determines natural groupings
from data based on relationships between predictors
from observations. K-means performs this
clustering given k clusters by minimizing within
cluster distances. In this case, the three fitted

climatology parameters (¢, A, and ¢ from Section
2.3), after normalization, serve as the predictors for
observations at each pixel. The number of clusters,
8, was chosen by picking the smallest number
of clusters that would identify the signal in Mt.
Hope Bay while remaining close to the maximum
inertia value—a measure of how internally coherent
clusters are.

3 RESULTS
3.1 Immediate Post-Effluent Response

Clear reductions in the temperature anomaly
in Mt. Hope Bay are found at the time the
effluent stopped in 2011. Greater reductions in
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Figure 4. Sample climatology for a pixel in Providence River after satellite bias correction.
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Figure 5. Maps of climatology coefficients as described by Equation 1.2 calculated over 1984-2010. The
climatology from the entire observation period (1984-2021) was used to seasonally detrend the data. Here
the impact of the BPPS effluent is visible as an increased « term and decreased ¢ term near Brayton Point,
representing greater mean temperature by 1°C or more and a delayed seasonal cycle by up to 4 days.

temperature are found closest to Brayton Point
with plume visibility disappearing at the same
time, as indicated by the plume’s effects on mean
temperature. Figure 6] depicts these results using an
8-year moving average of the temperature anomaly
of Mt. Hope Bay and Brayton Point from the
mean temperature of Narragansett Bay by season

laid over the corresponding changes in map view.

The temperature anomalies in these maps are the
o fitting terms as described in Section 2.3 after

subtracting the mean « for the estuary as a whole.

The fitting terms were calculated separately for each
period using the 8 year intervals shown.

The maps and timeseries in Figure [] indicate
that the effluent impact was the greatest during
the 1993-2000 period, became weaker leading
up to when the effluent was stopped completely
in 2011, and rapidly declined afterwards. There
is no thermal plume in data taken after 2011.
To quantify the amount of cooling for Brayton
Point and Mt. Hope Bay, the mean temperature
anomalies from the 2013-2020 period are subtracted
from the 2003-2010 period, representing lower

Frontiers



Benoit and Fox-Kemper Thermal Effluent in Narragansett Bay

Effluent Period

Cooling Period Post-Effluent Period

. N ! AY ”___I - \
Lo) 1.5 / « II },..—-.\ T ‘. ,-"‘\,\'
= " \
\

© . S
g RN S . .
= 10 /S /¥F3s- Brayton Point Spring
o ~ Brayton Point Summer
S
?
W 0.5
g Brayton Point Overall
; _____ Mt. Hope Bay Overall
g 0.0 Tkl Brayton Point Autumn
o "
C
<

-0.5

.. Brayton Point Winter
High Emissions

1993-2000 1998-2005

Lower Emissions
2003-2010

1988-1995 2008-2015 2013-2020

Figure 6. Average Mt. Hope Bay and Brayton Point temperature anomaly minus average Narragansett
anomaly for each season using an 8-year moving average. The cooling period includes data from during
and after effluent release due to the moving average. Plotted below the x-axis are maps of mean temperature
anomaly in Mt. Hope Bay as determined by subtracting the mean « term from Equation 1.2 from the «
values determined at each pixel for the labeled periods.

Table 2. Temperature change in °C in Mt. Hope Bay, Brayton Point, and Upper Narragansett Bay (control)
since periods of lower effluent impact (2003-2010) and higher effluent impact (1993-2000) as determined
by the difference between the mean temperature anomaly during these periods and the mean post effluent
(2013-2020). Upper Narragansett Bay represents a control as no effluents are directly released into this
region.

Overall Winter Spring Summer Autumn
Mt. Hope Bay High Emissions -0.53+0.2 -0.70+0.2 -0.54+0.2 -038+0.2 -0.54+0.3
Brayton Point High Emissions -1.04+0.2 -1.36+0.3 -0.84+03 -049%+0.5 -1.53+04
Mt. Hope Bay Lower Emissions -0.26 +0.1 -0.35+0.2 0.10£0.2 -025+0.2 -0.49+0.3
Brayton Point Lower Emissions -0.62+0.2 -092+03 023+0.5 -047+03 -1.19+£0.3
Control Lower Emissions 0.08+0.2 0.14+0.2 -0.03+x03 0.12+02 0.11+0.4
Control High Emissions 00701 0.05+02 008+£03 -0.14+02 02403

emissions, as well as from the 1993-2000 period,
representing high emissions. Uncertainty in this
metric was determined by using bootstrapping and
taking the standard deviation of the resampled
means. Immediate cooling in Mt. Hope Bay at

the time when effluent stops totals -0.26 + 0.1 °C
with greatest cooling of -0.49 + 0.3 °C found in
autumn followed by winter cooling of -0.35 + 0.2
°C cooling. Summer cooling totaled -0.25 + 0.2
°C, and differences in spring were not statistically
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Figure 7. K-means clustering on mean, amplitude, and phase shift coefficients from climatology fitting as
described by Equation 1.2 during and after the BPPS effluent.

significant with 0.10 £ 0.2 °C of warming. Close
to Brayton Point, cooling was more intense for all
seasons except spring with -0.62 + 0.2 °C cooling
overall and a similar pattern of greatest cooling
in autumn, then winter, then summer. Differences
for the high emissions period are larger for all

seasons with overall cooling of -0.53 + 0.3 °C in Mt.

Hope Bay and -1.04 + 0.2 °C at Brayton Point. For
the higher emissions period, winter cooling is the
greatest in Mt. Hope Bay with spring and autumn
cooling equal and summer cooling the weakest. The
Brayton Point differences for the high emission
period are scaled up versions of the low emissions
case for winter and autumn, but spring differences
become larger than summer differences. Upper
Narragansett Bay, near Warwick, serves as a control
region for comparison to Mt. Hope Bay. All values
in Upper Narragansett Bay have an uncertainty

range that contains zero for both periods. These
numeric results are tabulated in Table

3.2 Unsupervised Clustering

K-means clustering, a form of unsupervised
pattern recognition, confirms the distinct nature
of the thermal effluent as shown in Figure [7]
Clustering using 8 clusters allows for a distinct
grouping of the region affected by effluent in Mt.
Hope Bay and a region in the upper Providence
River located downstream of the Manchester St.
Power Station, which releases thermal effluent
to a much smaller extent than the BPPS. The
upper Providence River is much shallower than Mt.
Hope Bay, so it is unlikely that these two regions
would naturally have similar seasonal temperature
behavior. When conducting the same clustering on
data without the effluent present, Mt. Hope Bay is
clustered with upper Narragansett Bay regions and
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Figure 8. Timeseries of seasonally-detrended surface temperature anomaly over Narragansett Bay with
the annual mean and a linear trendline taken before averaging. The uncertainty around the annual mean

represents sampling uncertainty.

the Sakonnet River, regions with more comparable
depths and widths for comparable exposure to
winds and surface fluxes. This result confirms that
the seasonal temperature behavior of Mt. Hope
Bay was uniquely clustered because of the thermal
effluent rather than for any unique characteristics of
Mt. Hope Bay.

3.3 Climatic Warming

To investigate any long term trends in
Narragansett Bay over this period, linear regression
analysis was conducted on the seasonally-adjusted
anomalies described in Section 2.3, depicted in
Figure [§] for the Narragansett Bay mean.

Applying this linear regression method to each
pixel reveals significant spatial variation in surface

temperature trends, particularly between Mt. Hope
Bay and the rest of Narragansett Bay (Figure [J).
The trends are characterized by overall Narragansett
Bay warming of 0.23 £ 0.1 °C/decade, significant
cooling of -0.38 £+ 0.2 °C/decade concentrated near
Brayton Point, and a near zero trend of -0.02 + 0.1
°C/decade in Mt. Hope Bay. The Narragansett Bay
warming trend is statistically significant for winter,
summer, and autumn but not spring. Cooling at
Brayton Point is only significant when it is largest in
autumn due to large uncertainties from the smaller
region of interest and fewer scenes used when
split up by season. The Mt. Hope Bay trends for
all seasons are indistinguishable from zero when
considering uncertainty. The results from this trend
analysis are tabulated in Table 3]
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Figure 9. Pixel-wise surface temperature trends over the period of 1984-2021 using linear regression on
seasonally detrended Landsat thermal data. Data were filtered by month before interpolation to divide the

trends by season.

To ensure interannual trends are robust against
sampling uncertainty, data were resampled using
bootstrapping until the mean over all resampling
converged. Further, individual noise was added
based on selection from a Gaussian distribution
mimicking the measurement uncertainty as
determined in Section 2.2. Thus, the uncertainty
measurement on the reported trend represents the
standard deviation of the bootstrapped means after
accounting for both sampling and measurement
uncertainties.

4 DISCUSSION
4.1 Post-Effluent Cooling

Recent cooling in Mt. Hope Bay with respect
to the rest of Narragansett Bay corresponds to the
stopping and reduction of thermal effluent release,
indicating that Mt. Hope Bay had an anomalously
warm temperature while effluent was being released
that has since been resolved. Maximum cooling
at Brayton Point reveals that the greatest heat
anomaly was at the location of the BPPS (Figure [6)),
pointing to the thermal effluent as the cause of
the transient heat anomaly. The greater intensity
of effluent impacts during the 1993-2000 period
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Table 3. Interannual surface temperature trends in °C/decade over the observational period for different
Narragansett Bay regions over different seasons. The Narragansett Bay trends exclude Mt. Hope Bay.

Overall Winter Spring Summer Autumn
Brayton Point  -0.38+0.2 -035+04 -027+04 -027+03 -0.59+0.3
Mt. Hope Bay -0.02+0.1 0.00+0.2 -0.05+£0.2 0.04+0.3 -0.08+0.1
Narragansett Bay 0.23+0.1 030+0.1 0.11+02 033+02 0.17+0.1

followed by decreasing impacts until a sharp drop
after 2011 indicates that effluent impacts resolved
gradually at first then more rapidly at the time
the cooling towers became operational and effluent
stopped (2011). As a result, the immediate cooling
at 2011 does not equal the full 0.8 °C warm
anomaly found by Mustard et al. (1999). That study
was conducted when effluent impacts were greater
than the 2003-2010 period (preceding the cooling
towers).

Comparing the Mustard et al. (1999) estimate to
the maximal impact period (1993-2000), the 0.8
°C falls within the higher end of the uncertainty
for winter cooling at 0.70 = 0.2 °C and autumn
cooling at 0.54 = 0.3 °C. The cooling measured
in this study provides a smaller central estimate
for the Mt. Hope Bay heat anomaly than estimated
by Mustard et al.| (1999)—although in agreement
including uncertainties—likely because the impacts
here are averaged over eight years, rather than
anomalies over a specific time when effluent and
interannual variability might contribute (Figure [0]
upper). Though the estimate for mean cooling over
Mt. Hope Bay is smaller than previous estimates,
there are regions closer to Brayton Point that
experienced temperature anomalies of 1-1.5 °C (see
Figure [6).

4.2 Seasonality of Impacts

Natural cycles in surface heat input from
incoming radiation and in the volume of river
transport are key to explaining why thermal
effluent impacts are seasonally variable. Incoming
radiation—including both shortwave radiation
from the sun and longwave radiation from the
atmosphere—is greatest during the summer and
weakest during the winter, with spring and autumn
having intermediate amounts. River transport also

varies seasonally and is consistently greatest in the
spring and winter. The ability of thermal effluent to
significantly alter the temperature of Mt. Hope Bay
depends on the scale of this impact with respect to
these two natural heat and freshwater inputs.

Figure |10/ represents the BPPS effluent impact as
percent of total radiation on Mt. Hope Bay’s surface
and percent of upper Taunton river volume over an
average seasonal cycle for a constant effluent heat
and volume flux. BPPS effluent makes up a larger
portion of the Mt. Hope Bay heat budget when
compared to natural radiation fluxes in winter than
in summer, explaining why the immediate cooling
found in winter is large. Additionally, significant
reductions in river fluxes in late summer and autumn
explain why the low emissions BPPS impact is
large (as indicated by post-effluent cooling since
this period) in autumn but not spring, two seasons
with similar radiation variability. Summer impacts
are also regionally significant despite large total
radiation because of this decreased river input and
thus decreased flushing and dilution. Seasons with
lower river input are able to maintain a greater
heat anomaly from the effluent because a greater
percentage of the river input is heated by the
power station and longer flushing times mean less
replacement by unheated waters.

While the above explanation is consistent with the
low emission case as the BPPS impact correlates
with river and solar variability, the BPPS impact
tracks radiation input more strictly for the high
emissions case as shown in Figure |10} meaning that
the winter impact is strongest, the summer impact
is weakest, and the spring and autumn impacts are
intermediate and similar. Here, the effluent heat
input has grown to a point where cooling from river
flushing is too slow to reduce the heat anomaly

This is a provisional file, not the final typeset article

14



Benoit and Fox-Kemper

Thermal Effluent in Narragansett Bay

08

@)

Z 0.6

(@)}

£ |

= 0.4

8 0.2 === MHB Low Emission

§ MHB High Emission

g 0.0 e = UNB (Control)

< I E B E S = _I_I_I—._-—.—I—l—-_._._
-0.2

3
= N
(5,1 o

=
o

©
u

=
(&)}

=
B

Effluent as Percent of River Volume (%)

=
N

=
o

[00]

Feb Mar Apr May Jun

Effluent as Percent of Radiation (%)
o
o

Jul Aug

Sép Oct Nov Dec

Figure 10. BPPS effluent volume and heat as a percent of river volume and total longwave plus shortwave
radiation, respectively, plotted below the seasonal differences in the amount of cooling observed in Mt.
Hope Bay (MHB) and in Upper Narragansett Bay (UNB) as recorded in Table 2]

during seasons with even the highest rates of river
input. As a result, effluent impacts follow the scale
of the radiation budget as the dominant cooling
mechanism independent of river input.

Near Brayton Point, the seasonal impacts follow
the same pattern as Mt. Hope Bay for low emissions,
with autumn having the greatest impact followed
by winter, summer, then spring. For high emissions,
the winter and autumn impacts both scale up, the

summer impact grows only slightly, and the spring
impact increases to between summer and winter. In
this case, the weakened effect of river flushing and
dilution during high emissions is also observed as
the imbalance between spring and autumn becomes
smaller. The impacts at Brayton Point remain more
influenced by river input than in Mt. Hope Bay for
high emissions, indicating that river input played a
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role in distributing effluent heat from its source to
the rest of Mt. Hope Bay.

4.3 A Warming Climate

While the anomalous temperature of Mt. Hope
Bay from BPPS thermal effluent was significant
and has resolved, Narragansett Bay warming has
been large enough over the period of observation to
cause a similar amount of warming due to climate
change as was of concern in Mt. Hope Bay due to
effluent. The 0.9 + 0.4 °C of warming from 1984-
2021 parallels the 0.53 + 0.2 °C of cooling observed
in Mt. Hope Bay such that long term trends in Mt.
Hope Bay over this period are near zero, rather
than cooling. This result does not discredit the large
impact of the BPPS effluent; rather, it shows that
the scale of climate warming has been great enough
to impact a similarly large scale of warming in
Narragansett Bay as a whole to what was previously
only seen in Mt. Hope Bay. Stopping of thermal
effluent still prevented even warmer temperatures in
Mt. Hope Bay on top of climatic change. Climatic
warming has not yet surpassed the effluent’s effect
in the most impacted region near Brayton Point as
the cooling trend there still remains significantly
negative.

The warming trend of 0.23 + 0.1 °C/decade for
the Narragansett Bay mean is on the warmer side
of the long term in situ and paleoceanographic
estimates taken over the past century, which
indicate a warming of 0.06 to 0.26 °C/decade
(Shearman and Lentz, 2010; [Salacup et al.,
2019; Smith et al., 2010). This difference may
indicate that temperature warming is accelerating in
Narragansett Bay; however, a longer term analysis
is needed to confirm this result.

Though many of the threats from climatic
warming to  organismal  behavior and
biogeochemical cycling remain the same as threats
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