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I. Abstract
The Hyperion Treatment Plant (HTP) is one of the largest wastewater treatment plants in the western United States. Treated sewage is generally released at depths of approximately 60 m through 8.05 km outfall pipes into the deep coastal waters of the Santa Monica Bay. In times of repair and maintenance, services on the main outfall pipe are temporarily suspended and require the plant to divert treated sewage to a shorter 1.6 km pipe that extends into shallow coastal zones. These shallow zones make it possible for the buoyant freshwater plumes to reach the surface, potentially contaminating the local environment. This study highlights the use of concurrent satellite data analysis of thermal signature, surface movement, and ecosystem response to the planned wastewater diversion undertaken by the HTP from September 21 to November 2, 2015. By combining remotely-sensed observations with GPS-equipped drogue surface drifters and in situ readings of temperature, salinity, dissolved oxygen, pH, conductivity, transmissivity, colored dissolved organic matter (CDOM), and chlorophyll-a (chl-a) florescence, an accurate assessment of the full impact and extent at which these effluent plumes affect the Los Angeles Basin is possible.
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II. Introduction

The coastal waters of Southern California are of great ecological and economical importance because the waters are home to many marine species and serve as a valuable resource to humans in terms of sport and commercial fishing, recreation, and tourism. Pollution management of offshore effluent is necessary to maintain water quality and relies heavily on dispersal and dilution by ocean currents to reduce local concentrations (Uchiyam et al. 2014). 

Located in Playa del Rey, California, the Hyperion Treatment Plant (HTP) of The City of Los Angeles-Department of Public Works, Bureau of Sanitation, is one of the largest wastewater plants on the west coast of the United States (Washburn et al. 1992). It serves two-thirds of Los Angeles County, approximately 4 million people, releasing an average of 362 million gallons per day (MGD) into coastal waters (Reifel et al. 2013). Wastewater from the HTP undergoes two levels of treatment, removing about 85% of suspended solids before being discharged. However, the treated municipal wastewater, effluent, that is discharged into the ocean still contains oils, bacteria, particulates, metals, chlorine, nutrients, and other compounds, that may have ecological implications and pose a risk to human health (Raco-Rands and Steinberger 2001). Effluent from the HTP is primarily discharged from a 3.7 m diameter outfall pipe that terminates 5 miles (8.05 km) offshore and at a depth of 57 m, near the head of the Santa Monica Marine Canyon. Discharging effluent at depth along the continental slope allows for rapid flushing and mixing with ambient seawater which dilutes the buoyant wastewater plumes before they reach the water’s surface or coastline (Washburn et al. 1992). HTP also has a secondary backup outfall pipe that terminates 1 mile (1.61 km) from shore at a depth of about 15 m (Reifel et al. 2013). During emergencies or scheduled maintenance, effluent is diverted from their primary 5-mile deep ocean pipe to the shallow 1-mile pipe. 
In 2006, the HTP scheduled a three day diversion, from November 28-30, in which effluent was diverted from the primary 5-mile pipe to the 1-mile pipe, in order to perform internal inspections on the 5-mile pipe. During the summer of 2014, a previous NASA DEVELOP project team analyzed archived satellite imagery in relation to this diversion event (Pan et al. 2014). The effluent plumes usually remain at the subsurface, but the diversion outfall is much shallower, allowing the effluent to permeate the thermocline without mixing with ambient seawater. The proximity of the shorter outfall to the shore line increases the risk of environmental contamination and contact with humans. The inspection of the 5-mile pipe uncovered structural damage to the interior of the pipe. To perform the necessary maintenance on the 5-mile pipe, HTP planned a much longer 1-mile outfall diversion for September 21 to November 2, 2015. 

Wastewater plumes discharged from treatment plants contain high concentrations of oils that rise to the ocean’s surface, resulting in a smooth slick signature (DiGiacomo et al. 2004). Plumes can be detected by a smooth signature using Synthetic Aperture Radar (SAR) sensors such as the PALSAR-2 on the Japanese satellite Advanced Land Observing Stattlite-2 (ALOS-2) and the SAR sensor onboard the European Space Agency’s Sentenel-1. Plumes are also characteristically rich in suspended particles, giving them a unique spectral response. The Moderate-resolution Imaging Spectroradiometer (MODIS) on NASA’s Aqua satellite can detect this signature in ocean-color images. MODIS is also able to detect the level of chlorophyll-a in phytoplankton, which may bloom in response to the high nutrient load of the effluent. Effluent will have a cold sea surface temperature (SST) signature as compared to the ambient water as the buoyant effluent plume entrains and brings colder bottom ocean water to the surface as it rises. The thermal signature can be detected by MODIS, the Thermal Infrared Sensor (TIRS) on Landsat-8, and the thermal infrared band of the Advanced Spaceborne Thermal Emission and Reflection (ASTER) instrument on Terra. 

The objectives of this study are to: (1) Process and analyze plume signatures, using remote sensing techniques, from HTP’s 5 week planned effluent diversion, (2) Coordinate with other agencies and compare our results of processed satellite imagery to measurements provided by their in situ data, and (3) investigate potential ecosystem impacts of this diversion event. 
Public concern grew during this diversion event, after a large storm caused an unexpected amount of wastewater and trash to wash ashore on the beaches adjacent to the HTP (Rocha 2015). The beaches remained closed for several days, and the public became increasingly concerned about the water’s pollution due to media coverage of the story. This study, along with our partners’ studies, offers transparency of the environmental impacts to the public, the scientific community, and municipalities planning similar diversions. 
III. Methodology

Both satellite and ​in situ data were gathered prior to the effluent diversion, beginning August 31, 2015, in order to provide a clear picture of the sea state without impacts from surfacing effluent. This data was used as our standard to which we compared the data from the diversion (Sep. 21 to November 2, 2015). Satellite and in situ data were also obtained until November 15, 2015, after the diversion has ceased to continue monitoring ocean impacts, some of which may be delayed or prolonged, given the high nutrient load of the effluent. We utilized the data from multiple satellite sensors in order to maximize spatial and temporal coverage of Santa Monica Bay, prior to, during, and after the diversion event (Table 1).
Table 1: Satellites and sensors used to cover the 5-week effluent diversion
	Satellite
	Instrument
	Sensor
	Resolution
	Acquisition
	Detection

	ALOS-2
	PALSAR-2
	Radar
	10 m
	46 days
	Sea surface roughness

	Sentinel-1
	SAR
	Radar
	100 m
	6 days
	Sea surface roughness

	Terra
	ASTER
	Thermal Infrared
	90 m
	16 days
	Sea surface temperature

	Aqua
	MODIS
	Optical
	250 m
	Daily
	Sea surface temperature

Chlorophyll-a

Particulate reflectance

	Landsat-8
	TIRS
	Thermal Infrared
	30 m
	16 days
	Sea surface temperature

Chlorophyll-a

Particulate reflectance

Turbidity


Sea Surface Roughness – SAR 

SAR is an active sensor capable of obtaining information from planetary surfaces in the presence of cloud cover or even at night. We used SAR data from the Phased Array Type L-band SAR-2 (PALSAR-2) aboard ALOS-2 and the C-band SAR sensor aboard Sentinel-1. We processed Level-1 SAR imageries in SNAP 2.0. Level-1 data has significant radiometric bias; each image was radiometrically calibrated by the signal amplitude and was saved in units of dB in order for each pixel value to represent the true backscattering from the surface. Due to the nature of SAR signals, calibrated images can still have high noise, which causes rough surfaces to be indistinguishable from the background; a 3 x 3 mean speckle filter was applied to each calibrated image in order to limit this signal noise. Additionally, we used the WGS-84 geodetic datum to reproject the scenes to correct geographic locations for further analysis.

Sea Surface Temperature – ASTER-Terra, MODIS-Aqua, and TIRS-Landsat-8

We derived SST measurements from data recorded by ASTER retrieved from the Land Processes Distributed Active Archive Center (LPDAAC) operated by NASA and USGS. ASTER records data in 14 bands, including five thermal infrared (TIR) bands which we used for deriving SST data. An algorithm similar to the In-Scene Atmospheric Compensation (ISAC) (Johnson and Young 1998) was applied to the TIR bands for thermal atmospheric correction in the IDL based program ENVI. This process estimated and removed the atmospheric contributions to the thermal infrared radiance data. The thermal infrared radiation is also a function of the SST and emissivity, so the emissivity needed to be separated to derive the SST. An emissivity normalization technique was applied to the data after the thermal atmospheric correction to create temperature output (Kealy et al. 1993; Hook et al. 1992). Lastly, the temperature data was converted from Kelvin to Celsius.

MODIS-derived SST was also used in this study. ASTER-derived SST data has a finer spatial resolution (90 m) in comparison to MODIS-derived SST data (250 m), but MODIS SST data has a greater temporal and spatial coverage (Table 1). As a result, MODIS-Aqua Ocean Color Level-1 (L1) data were obtained through the OceanColor WEB. We processed the ocean color data with SeaDAS, a python-based image analysis package. Level 1A data was processed to a resolution of 250 m. Atmospheric corrections were automatically applied during the processing. A fixed spatial subset was applied to each image in order to focus on the regions of interest (ROIs). The temperature scale was converted from Kelvin to Celsius, while the data were scaled accordingly to reflect realistic SST.

Landsat-8, launched in 2013, has high-resolution thermal imaging capabilities in bands 10 and 11. We applied a method similar to the one used for ASTER SST processing to the scenes in ENVI. An equation was used to convert pixel values to top of the atmospheric (TOA) spectral radiance: 

Lλ = MLQcal + AL

Where, Lλ is the TOA spectral radiance measured in Watts/( m2 * srad * μm), ML is the band-specific multiplicative rescaling factor from the metadata, AL is the band-specific additive rescaling factor from the metadata, and Qcal is the quantized and calibrated standard product pixel values (DN).
TOA spectral radiance was then converted to brightness temperature, hence the temperature at the ocean surface. We used the equation below to derive the temperature in Kelvin 

[image: image2.png]m(l_)n




Where T is the satellite brightness temperature (K), Lλ is the TOA spectral radiance (Watts/( m2 * srad * μm)), and K1 and K2 are the band-specific thermal conversion constants.
We then converted the results from Kelvin to Celsius and averaged the SST measurements from bands 10 and 11.
Biological Observation through Ocean Color – MODIS-Aqua, and TIRS-Landsat-8 
We applied two separate processing algorithms to each MODIS file to create two distinct L2 products. One algorithm produced a file with normalized water-leaving radiance (Rrs), SST, and generalized chlorophyll-a concentration bands. The chl-a concentration calculated by this algorithm obtained signals from sediment and detritus in addition to chl-a from phytoplankton. To help separate the effects of each of these contributors, files were processed using a second algorithm. With these two files in hand, it was possible to compare the total chl-a signature with calculated concentrations of the signature’s components. 

Landsat-8 TIRS images were further processed in Acolite, a stand-alone IDL based program for marine applications of Landsat-8. Raw scenes were loaded into Acolite and options were selected for the calculation of Rayleigh reflectance, chl-a, total suspended matter (TSM) and turbidity. The chlorophyll algorithm used takes the blue-green ratio of the image, using bands 483-561. TSM was calculated from an algorithm based on a previous paper (Nechad et al. 2010) using the 560nm wavelength. Turbidity measurements were made using a previously established method by Dogliotti et al. 2015. All results were exported as GeoTiff’s and opened in ArcMap where they were scaled appropriately to their corresponding measurements. 
In situ Monitoring and Validation

Along with satellite remote sensing monitoring, our team also gathered in situ data to help validate the satellite data and provide a more comprehensive overview of the ocean impact by the effluent plume. Conductivity, temperature, and depth (CTD) values were measured with a profiling hyperspectral instrument. The levels of chl-a and CDOM are also measured using the hyperspectral instrument. The profiler was used at critical sampling stations within, around, and outside of the effluent plume to provide an accurate cross section of the plume signature, both temporally and spatially. The profiler was also used during satellite overpasses to give a direct comparison to the measurements obtained by the satellite instruments. Other institutions also took in situ measurements during the diversion event. The scientists from HTP, City of Los Angeles, used a CDT sensor and a Yellow Springs instrument (YSI) to get basic water quality parameters at the surface and at depth at 13 points in the Santa Monica Bay. University of California, Santa Barbra installed Lagrangian Drifters, which tracked the plume as it moved through the currents. University of Southern California performed phytoplankton water chemistry laboratory experiments. All of the collaborators, including NASA, posted their results on a website managed by Southern California Coastal Ocean Observing System (SCCOOS). The results of collaborator’s in situ measurements can be used to further verify our remote sensing data. 
IV. Results & Discussion
Pre-Diversion: August 31 – September 20, 2015

Data acquired prior to the start of the planned diversion shows normal sea states in Santa Monica Bay. ASTER SST data from Aug. 31 (Figure 1) and Landsat-8 SST from Sep. 8, 2015 (Figure 2) show no temperature anomalies associated with either the 5-mile outfall pipe of the 1-mile pipe, prior to the diversion. SST scenes show uniform water temperatures in the bay with waters warming close to shore. ASTER and Landsat-8 SST data pick up the heat signatures of nearby oil tankers, docked just south of the outfall pipes. There is a persistent high signature of chl-a along the coast due to the seasonally warm waters in the area and nutrient input from the shore. These areas of high chl-a are also associated with high suspend particulate matter and turbidity (Figure 3).
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SAR data from ALOS-2 on Sep. 13 shows no surface signature associated with either the active 5-mile outfall pipe or the 1-mile outfall pipe prior to the diversion (Figure 4). Areas of decreased roughness have lower backscatter values. This can be used to track the physical surface signature of surfactants that form slicks on the surface of the water. 
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ASTER SST data from Sep. 16 also shows no anomalies associated with the 1-mile outfall pipe (Figure 5). MODIS chl-a and remote sensing reflectance at the 555 nm wavelength (Rrs-555 nm) data from Sep 17 show ambient levels of chl-a, suspended particulate matter in Santa Monica Bay (Figure 6) similar to those seen in previous Landsat-8 images. Persistent near-shore chl-a, suspended particulate matter (Rrs – 555 nm), and increased sea surface temperature (SST) can be consistently seen in MODIS data. MODIS also has a courser resolution (250 m) than comparable data from Landsat-8 and ASTER. It is also more problematic resolving data near the shoreline, leading to data gaps, as seen in Figure 7.
During the Diversion: September 21 – November 2, 2015
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Satellite images from the diversion clearly show physical and biological responses in Santa Monica Bay in relation to the discharge of effluent into shallow waters. The surfacing of the effluent plume can clearly be seen in Landsat-8 and ASTER SST data. The plume entrains cold seawater from the bottom of the water column and carries it to the surface as it rises. This signature can be seen clearly above the 1-mile outfall pipe during the diversion as seen in the Landsat-8 SST data from Sep. 24 (Figure 8). The temperature signature tends to mix quickly with the surrounding warm surface waters, isolating the signatures at and near the 1-mile outfall pipe. A relatively colder temperature signature is seen above the 1-mile outfall pipe that is associated with the surfacing of effluent in the area. The cold temperature effluent-indicator gradually mixes with the surrounding ocean as it spreads away from the 1-mile pipe. Also visible is the high temperature signature of the large oil tanker to the south of the Hyperion outfall pipes.
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Chlorophyll-a (chl-a),total suspended matter (TSM), and turbidity data can all be derived from the same Landsat-8 TIRS data frame and show a uniquely high signature associated with surfacing effluent above the 1-mile outfall pipe and circulating out into Santa Monica Bay. The Landsat ocean color images from Sep. 24 (Figure 9) show higher amounts of chl-a, suspended matter, and turbidity associated with the terminus of the 1-mile outfall pipe and the effluent being circulated into the center of Santa Monica Bay.
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ASTER SST images also show similar cold temperature plumes constrained around the terminus of the 1-mile outfall pipe (Figure 10), though ASTER does have a courser spatial resolution than Landsat-8 (Table 1).

Though SAR coverage during the time of the diversion was not ideal, with only one acquisition from ALOS-2 during the diversion on September 26 (Figure 11), the physical turbulence created by the rising effluent is unmistakable with the naked eye aboard the sampling ships. Wind conditions were not optimal the night of the ALOS-2 acquisition. As previous papers have shown, winds must be between 3 and 8 m/s for accurate detection of biogenic surfactant plumes, such as oil and effluent (DiGiacomo and Holt 2001). Sentenl-1’s low resolution was unable to pick up any prominent plume surface signatures. 
MODIS data, with daily overpass was useful in characterizing the evolution of phytoplankton blooms within the bay during the duration of the diversion (Figure 12). 
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Landsat-8 images allowed for more detailed measurements with its higher resolution, supplementing the MODIS ocean color data. However, Landsat-8 and MODIS chlorophyll-a and sediment data correlated well when comparing the same days (Figure 13). The added nutrients from the effluent, in conjunction with warm waters, and high amounts of available sunlight, stimulated large phytoplankton blooms that spread with prevailing currents. 
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Drifters were released in strategic locations above the 1-mile outfall and allowed to circulate with the prevailing currents, showing where the effluent plume was being driven (Figure 14). These areas correlated with high sediment and particulate matter, and turbulence, as seen in satellite images. MODIS water leaving radiance (Rrs – 555 nm) show high particulate concentration at the mouth of the 1-mile outfall pipe (Figure 15).
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Landsat-8 suspended sediment and turbidity data show similar signatures as MODIS Rrs-555 nm, coming from the 1-mile outfall pipe during the diversion (Figure 16). 
/Post Diversion: November 2 – November 15, 2015

The diversion ceased at 12:01 am on November 2, 2015, at which point, all effluent was redirected back to the 5-mile outfall pipe and the 1-mile outfall pipe was shutdown. Satellite and field monitoring continued in order to document the latent effects of the surfacing effluent from the diversion. Chl-a levels continued to remain high for about a week following the diversion (Figures 17). Sea surface temperatures decreased overall from September to November. Once the diversion ended, no more deep, cold water was being brought to the surface at the 1-mile outfall pipe as seen in an ASTER SST image from Nov. 3 (Figure 18). The distinct low temperature signature that has been detected above the 1-mile outfall pipe during the effluent diversion can no longer be detected.
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V. Conclusions

By using multiple sensors and satellites, as well as field measurements, we were able to provide a comprehensive overview of what was happening in Santa Monica Bay in relation to this diversion event (additional figures can be found in the appendix). Landsat-8 had the highest spatial resolution and subsequently was able to pick up fine grain details missed by ASTER SST and MODIS ocean color. Time lag was observed in the response of phytoplankton growth in the beginning of the diversion as blooms grew and died down. New blooms formed over time due to multiple factors such as winds, currents, cloud cover and available sunlight. Sea surface temperature signatures were localized around the terminus of the 1-mile pipe as the discharged effluent entrained colder water at depth and brought it to the surface, where it eventually mixed with warmer ambient sea water. In the case of SAR analysis, wind conditions were not optimal the night of the ALOS-2 acquisition. Sentenl-1’s low resolution was unable to pick up any prominent plume surface signatures. Future analysis of satellite imagery with in situ data collections provided by the HTP will provide a more comprehensive picture to the extent of the wastewater plumes effects within the bay. Ultimately, the total findings will be summarized in a published research paper planned for spring 2016.
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IV. Appendices
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Figure 2: Landsat-8 sea surface temperature (SST) data from Sep. 8, 2015 at 11:25:09 PDT, prior to the diversion.








Figure 1: Terra-ASTER sea surface temperature (SST) image from Aug. 31, 2015 at 11:46:29 PDT. This data is from prior to the start of the diversion. 
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Figure 3: Landsat-8 ocean color data from Sep. 8, 2015 at 11:25:09 PDT, prior to the diversion. A) Elevated levels of chl-a are seen along the coast. B) High levels of suspended matter is also seen along the coast due to shore input. C) The shoreline is also characterized by high turbidity.








Figure 4: ALOS2-PALSAR2 synthetic aperture radar (SAR) image of sea surface roughness from Sep. 13, 2014 at 12:59:49 PDT. This is a pre-diversion image and there is no signature associated with either the 5-mile or 1-mile outfall pipes.








Figure 7: Aqua-MODIS ocean color data from Sep. 19, 2015 at 13:52:45 PDT. This data is from prior to the effluent diversion. There is no anomalous signature associated with either the 5-mile or 1-mile outfall pipes in terms of A) chla, B) Rrs-555 nm, or C) SST.
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Figure 8: Landsat-8 satellite image of sea surface temperature (SST) on September 24, 2015 at 11:28:27 PDT. 





Figure 9: Landsat-8 ocean color data from Sep. 24, 2015 at 11:28:27 PDT.





Figure 10: Terra-ASTER SST image from Oct. 2, 2015 at 11:46:07 PDT. A distinct low temperature signature can be seen above the 1-mile outfall pipe. This signature diffuses and mixes with the surrounding warmer waters as it moves towards the north. A high temperature signal can also be seen from the large ships south of the 1-mile outfall pipe.





Figure 12: Aqua-MODIS chlorophyll-a evolution from Oct. 12-22, 2015 in Santa Monica Bay.





Figure 13: (Above) Aqua-MODIS ocean color data from Oct. 26, 2015 at 14:11:12 PDT. Data from the chl-a bands show very high levels along the coast that may be due in part to the diversion. The high signature is seen to the north of the outfall, with the majority to the south of the 1-mile outfall pipe, wrapping around Palos Verdes, also seen in Landsat-8 images of the same day (Below). 








Figure 15: Aqua-MODIS Rrs-555 nm data from September 24, 2015 at 13:40:33 PDT shows high particulate matter coming from the 1-mile pipe.





Figure 16: Landsat-8 ocean color from Oct. 10, 2015 at 11:28:05 PDT, during the diversion. Chl-a, total suspended matter (TSM), and turbidity show a uniquely high signature associated with surfacing effluent above the 1-mile outfall pipe. This high signature can also be seen moving south and off shore from the terminus of the 1-mile pipe. High levels are also seen north of the pipes at the opening of Marina Del Rey.








Figure 18: Terra-ASTER SST image from Nov. 3, 2015 at 11:46:31 PST post-diversion. No SST anomaly is detected above the 1-mile pipe as during the diversion. 





Figure 17: Aqua-MODIS chl-a data from Nov. 4 – Nov. 9, 2015, post-diversion. Images of show evolution and die down of chl-a levels in Santa Monica Bay after the diversion ended and the effluent has been redirected back to the deeper 5-mile outfall pipe.





Figure 5: Terra-ASTER sea surface temperature (SST) image from Sep. 16, 2015 at 11:46:49 PDT. This data is from prior to the start of the diversion. High temperatures can be seen closer to shore. A high temperature signal can also be seen from the large ships south of the 1-mile outfall pipe. There are no temperature anomalies associated with either the 5-mile pipe or the 1-mile pipe at this time.








Figure 6: Aqua-MODIS chl-a and Rrs-555 nm data from Sep. 17, 2015 at 14:06:01 PDT. This data is from prior to the effluent diversion. There is no anomalous signature associated with either the 5-mile or 1-mile outfall pipes.





Figure 11: ALOS2-PALSAR2 synthetic aperture radar (SAR) image of sea surface roughness from Sep. 26, 2014 at 0:46:52 PDT. During the time of this image, there were high winds that increased the sea state, making it difficult to detect areas associated with the surfacing effluent plume.








Figure 14: Lagrangian drifters deployed above the 1-mile outfall to track prevailing currents.





Appendix 1: Landsat-8 sea surface temperature (SST) data from Oct. 10, 2015 at 11:28:05 PDT, during the diversion. A cooler temperature signal can be seen at the terminus of the 1-mile outfall pipe, spreading to the south. Two warm signatures from the large ships south of the 1-mile outfall pipe can also be seen.





Appendix 2: Landsat-8 sea surface temperature (SST) data from Oct. 26, 2015 at 11:28:33 PDT, during the diversion. A region of slightly cooler waters, associated with the effluent being discharged from the 1-mile outfall pipe, can be seen just south of the terminus of the 1-mile pipe. Two warm signatures from the large ships south of the 1-mile outfall pipe can also be seen.





Appendix 3: Aqua-MODIS chl-a data from Nov. 11 – Nov. 14, 2015, post-diversion. Images show evolution and die down of chl-a levels in Santa Monica Bay after the diversion ended and the effluent has been redirected back to the deeper 5-mile outfall pipe.
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