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ABSTRACT

Navy operational ocean color products of inherent optical properties and radiances are evaluated for the Suomi—-NPP
VIIRS and MODIS-Aqua sensors. Statistical comparisons with shipboard measurements were determined in a wide
variety of coastal, shelf and offshore locations in the Northern Gulf of Mexico during two cruises in 2013. Product
consistency between MODIS-Aqua, nearing its end-of-life expectancy, and Suomi-NPP VIIRS is being evaluated for the
Navy to retrieve accurate ocean color properties operationally from VIIRS in a variety of water types. Currently, the
existence, accuracy and consistency of multiple ocean color sensors (VIIRS, MODIS-Aqua) provides multiple looks per
day for monitoring the temporal and spatial variability of coastal waters. Consistent processing methods and algorithms
are used in the Navy’s Automated Processing System (APS) for both sensors for this evaluation. The inherent optical
properties from both sensors are derived using a coupled ocean-atmosphere NIR correction extending well into the bays
and estuaries where high sediment and CDOM absorption dominate the optical signature. Coastal optical properties are
more complex and vary from chlorophyll-dominated waters offshore. The in-water optical properties were derived using
vicariously calibrated remote sensing reflectances and the Quasi Analytical Algorithm (QAA) to derive the Inherent
Optical Properties (IOP’s). The Naval Research Laboratory (NRL) and the JPSS program have been actively engaged in
calibration/validation activities for Visible Infrared Imager Radiometer Suite (VIIRS) ocean color products.
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1. INTRODUCTION

The Navy exploits current and future polar-orbiting ocean color sensors to provide optical properties to obtain a picture
of the operational environmental conditions of the battlespace. The current suite of Navy ocean color sensors includes
MODIS-Aqua, NPP VIIRS and Korea’s Geo-stationary Ocean Color Imagery (GOCI). Here we will evaluate the
accuracy and inter-sensor consistency between satellite derived and insitu remote sensing reflectances (Rrs) and inherent
optical properties (I0P’s) between NPP VIIRS and MODIS Aqua only in the Northern Gulf of Mexico. The existence,
accuracy and consistency of multiple ocean color sensors provide multiple looks per day for monitoring the temporal and
spatial variability of coastal waters. Sensor characterization is critical in order to use the derived products to support
Navy operations or ecosystem monitoring because the ocean color signal represents only ten percent of the total radiance
signal at the top of the atmosphere (TOA). Errors in sensor calibration, out of spectral band response issues, polarization
and atmospheric correction must be accounted for so that operational products can be accurate and provide consistency
with existing ocean color products. In addition to providing a common environmental picture, the products can be used
for validation of or assimilation into ocean forecast models. Ocean optical products are used to predict the impact of the
environment on navy systems used in communication, mine detection and target detection.

The Navy is currently actively engaged with the JPSS program in ocean color calibration and validation activities. The
ocean color calibration and validation team, led by NOAA STAR, is composed of leading personnel from the US
government, universities and international collaborators who have expertise in sensor characterization, ocean color
processing, atmospheric correction, vicarious adjustment and calibration, in-water algorithm development, and in situ



data collection from ship and AERONET-OC sites. The JPSS ocean calibration and validation program for VIIRS has
established methods and procedures to insure the accuracy of the retrieved ocean satellite products and to provide
methods to improve algorithms and characterize the product uncertainty. A Navy global monitoring network has been
established and integrates in situ data collected at coastal (Aeronet Ocean Color — AOC) and open ocean (MOBY,
Gyres) sites with satellite retrieved water leaving radiance values from ocean color satellites including MODIS and
VIIRS. The global network provides a real-time monitoring capability to evaluate the quality of current ocean color
sensors in different areas around the world and enables evaluation and validation of the products with in situ data. This
evaluation is performed by tracking the nLw’s and the “gain” at the Top of the Atmosphere (TOA). Real time coastal
sites, though of lower quality, have been successfully used to monitor sensor stability and provide sufficient “matchups”
in real time to perform more routine updates of the vicarious calibration. Because the MODIS sensor is aging, the
satellite oceanography community is working to have the VIIRS mission be operational as soon as possible. VIIRS can
provide a follow-on to heritage sensors such as SeaWIFS, MODIS and MERIS ocean color products for operational
monitoring of water quality and support to Navy missions if sufficient sensor characterization and calibration are
performed, including assessing the stability and consistency of ocean products. This effort includes continual validation
of the VIIRS color products in a wide variety of ocean conditions and assessing the accuracy of ocean color processing.
VIIRS ocean color products are compared with MODIS retrieved nLw’s, chlorophyll and I0OP’s and have been shown to
provide similar quality. New calibration updates are expected for VIIRS in the near future and will be addressed. Both
VIIRS and MODIS Aqua have been vicariously calibrated by NASA (MODIS Aqua) and NRL (VIIRS) using the
Marine Optical Buoy (MOBY) located off the Hawaii coast in a blue water stable environment with minimal natural
variability (oceanic and atmospheric). Vicarious adjustments administered for VIIRS by the Navy follow the
methodology developed by the NASA Ocean Biology Processing Group (OBPG) to do near real time cal/val activities.

The Joint Polar Satellite System (JPSS) launched the Suomi National Polar-Orbiting Partnership (NPP) satellite
including the Visible Infrared Sensor (VIIRS) on November 28, 2011 containing five visible channels that are used to
characterize spectral ocean color and two NIR channels for atmospheric correction at 750m spatial resolution. MODIS-
Aqua was launched in May of 2002 and contains six visible channels and two NIR channels at 1200m spatial resolution.
Both sensors provide repeat daily coverage. Satellite ocean color is used to characterize water quality properties
requiring that the sensors are well characterized and calibrated, and that processing addresses atmospheric correction to
derive radiometric water leaving radiance (nLw). These radiometric properties are used to retrieve bio-optical products
that are essential for Navy operational support and ecosystem monitoring. The accuracy of the ocean color properties
and inter-sensor consistency is also important.

Using the Naval Research Laboratory’s Automated Processing System (APS) software (an extension to NASA’s 12gen —
http://www7333.nrlssc.navy.mil/docs/aps_v4.2/html/api/index.html), The Level 1B files (SDR’s) for VIIRS and MODIS
Aqgua were obtained from the Navy IDPS and NOAA CLASS and processed from Level-1B (calibrated and geo-located
Top of Atmosphere radiances) to Level-3 (fully calibrated, atmospherically corrected and mapped) to obtain Rrs at all
visible sensor wavelengths and using bio-optical algorithms provide ocean color / water quality products. APS has the
ability to process data and generate ocean products from multiple satellite sensors (SeaWiFS, MODIS, SNPP VIIRS,
MERIS, GOCI, and HICO) and uses an improved atmospheric correction for coastal waters. Remote sensing ocean color
algorithms are based on relationships between remote sensing reflectance (Rrs) and inherent optical properties of
absorption and backscattering. In this study, relationships between vicariously calibrated MODIS Aqua and VIIRS Rrs’
and IOP’s are validated against insitu measurements. We assess the uncertainty between measured and satellite-derived
properties (Rrs, absorption, backscattering and beam attenuation) for both VIIRS and MODIS Aqua using the Navy’s
Automated Processing System (APS) along with inter-sensor comparisons by using data collected during two field
campaigns in the Northern Gulf of Mexico during September and November of 201. The objective of these field events
where to collect data in support of the NASA GEOstationary Coastal and Air Pollution Events (GEO-CAPE) mission
and Navy and JPSS program calibration and validation activities.



2. BACKGROUND

VIIRS and MODIS Aqua Level 1B files (SDR’s) coincident with shipboard measurements were obtained from NOAA
CLASS and processed from Level-1B (calibrated and geo-located Top of Atmosphere radiances) to Level-3 (fully
calibrated, atmospherically corrected and mapped) using the Navy’s Automated Processing System (APS) to obtain Rrs
at all visible sensor wavelengths and using bio-optical algorithms provide ocean color / water quality products. The
standard atmospheric correction was applied using the Gordon/Wang (1994) approach with a NIR iteration (Stumpf
????) to improve retrievals in the coastal ocean by iteratively estimating the NIR contribution replacing the standard
black water assumption (little or no radiance leaving the water in the NIR) that occasionally results in negative nLw’s in
the coastal waters with high suspended sediment loads. The NIR iteration enables us to extend estimates of satellite-
derived optical properties well into the bays and estuaries where high sediments and CDOM absorption dominate the
optical signature. Inherent optical properties were derived from the VIIRS and MODIS Aqua remote sensing
reflectances using the Quasi Analytical Algorithm — QAA (Lee et al). Figure 1 illustrates a comparison between VIIRS
and MODIS Aqua derived total backscatter QAA @ 551nm (VIIRS) and 547nm (MODIS Aqua) product for November
20, 2013 covering the Mississippi Sound in the Northern Gulf of Mexico. It is important to note that IOP retrievals are
difficult and can reflect the limitations of the algorithms rather than stand as a statement regarding satellite performance.
A thorough discussion of deriving IOPS from remote sensing can be found in the IOCCG Report 5, 2006. As a baseline,
literature suggests that mean relative errors ranging from 30 — 70% for 10P retrievals are not uncommon in coastal
waters (Chang and Gould, 2006, Ladner, et al 2002).

MODIS & VIIRS QAA Total Backscattermg @551/547nm — MissBight—2/15/2014
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Figure 1 shows a comparison between VIIRS and MODIS Aqua derived total backscatter QAA @ 551nm
(VIIRS) and 547nm (MODIS Aqua) product for November 20, 2013 covering the Mississippi Sound in the
Northern Gulf of Mexico. Note that the derived total backscattering for both sensors is very similar and a small
resolution improvement for VIIRS at 750m as compared to MODIS Aqua is at 1 kilometer. Blue dots represent
flowthru data sample locations and red dots above water rrs.
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Figure 1 shows a comparison between VIIRS and MODIS Aqua derived total backscatter QAA @ 551nm
(VIIRS) and 547nm (MODIS Aqua) product for November 20, 2013 covering the Mississippi Sound in the
Northern Gulf of Mexico. Note that the derived total backscattering for both sensors is very similar and a small
resolution improvement for VIIRS at 750m as compared to MODIS Aqua is at 1 kilometer. Blue dots represent
flowthru data sample locations and red dots above water rrs.

Insitu Rrs and IOP’s were collected during two field campaigns in the Northern Gulf of Mexico in September and
November of 2013 in support for the NASA GEOstationary Coastal and Air Pollution Events (GEO-CAPE) mission and
Navy and JPSS calibration and validation activities. The GEO-CAPE cruise took place between September 9 and
September 19, 2013 in the Northern Gulf of Mexico off the Louisiana and Texas coast. The insitu was collected in a
wide variety of coastal, shelf and offshore locations and measurements of above and below surface radiances and
inherent optical properties and provided to NRL courtesy of Mike Ondrusek (NOAA NESDIS) and Zhongping Lee
(University of Massachusetts). Insitu Rrs data were collected using a Satlantic free-falling hyperspectral optical profiler
(HyperPro) and a Satlantic above water hyperspectral radiometer (HyperOCR) using a skylight-blocked approach for
Rrs. 10P’s were collected using a WetLabs Hyperspectral absorption and attenuation meter (ACS) for absorption and
beam attenuation and WetLabs ECOPUC for backscattering. Figure 2 shows the VIIRS derived total backscatter
product derived using the Quasi Analytical Algorithm (QAA) and station locations to support the NASA/NOAA
GEOCAPE. Station locations are dotted in blue. Total number of valid matchups between insitu and satellite rrs was
25.
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Figure 2 shows the VIIRS derived total backscatter product to support the NASA/NOAA GEOCAPE cruise that
took place in the Northern Gulf of Mexico from July 9 to the 19, 2013. Station locations are dotted in blue.

A second cruise aboard the Navy’s RV Ocean Color was conducted on Nov 20, 2013 in which stations and flow-through
system data were collected. The flow through data included ac-9 (absorption and beam attenuation) along a path from
Bay St Louis out to the Gulf of Mexico past Horn Island. These data were spatially bin averaged to the resolution of the
VIIRS and MODIS Aqua sensors to matchup with the retrieved satellite ocean products. The rrs data was collected at 7
station locations using a Analytical Spectral Devices (ASD) handheld hyperspectral radiometer. Figure 3 shows the
location of transect data taken from A to B off the coast of Mississippi.
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Figure 2 shows the VIIRS derived total backscattering product from the Quasi Analytical Algorithm (QAA) and
the location of Flowthru (blue) and Rrs (red dots) data taken off the coast of Mississippi during the Navy R/V
Ocean Color Cruise.



3. RESULTS
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Figure 30 shows the location of transect data taken from A to B off the coast of Mississippi. The left plot shows
the matchup along the track for the 10P — 443 nm absorption products from MODIS and VIIRS using AOPS,
VOCCO, and the ac-9 in situ measurement. The right plot shows the regression of satellite products against the
in situ 443 nm products. Note the VOCCO product (using Carter algorithm) has data gaps because of non-
retrievals (negative nLw’s) of the EDR product. The MODIS retrievals (red) were above the one to one line. The
VIIRS AOPS retrievals (purple) used the QAA algorithm and NIR processing, all falling close the one to one line
(slope = 1.05). Notably, the VIIRS ocean color products are doing better than MODIS in this comparison. This
supports arguments for upgrading the IDPS to support coastal ocean products.
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Figure 30 shows the location of transect data taken from A to B off the coast of Mississippi. The left plot shows
the matchup along the track for the 10P — 443 nm absorption products from MODIS and VIIRS using AOPS,
VOCCO, and the ac-9 in situ measurement. The right plot shows the regression of satellite products against the
in situ 443 nm products. Note the VOCCO product (using Carter algorithm) has data gaps because of non-
retrievals (negative nLw’s) of the EDR product. The MODIS retrievals (red) were above the one to one line. The
VIIRS AOPS retrievals (purple) used the QAA algorithm and NIR processing, all falling close the one to one line
(slope = 1.05). Notably, the VIIRS ocean color products are doing better than MODIS in this comparison. This
supports arguments for upgrading the IDPS to support coastal ocean products.
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Figure 30 shows the location of transect data taken from A to B off the coast of Mississippi. The left plot shows
the matchup along the track for the 10OP — 443 nm absorption products from MODIS and VIIRS using AOPS,
VOCCO, and the ac-9 in situ measurement. The right plot shows the regression of satellite products against the
in situ 443 nm products. Note the VOCCO product (using Carter algorithm) has data gaps because of non-
retrievals (negative nLw’s) of the EDR product. The MODIS retrievals (red) were above the one to one line. The
VIIRS AOPS retrievals (purple) used the QAA algorithm and NIR processing, all falling close the one to one line
(slope = 1.05). Notably, the VIIRS ocean color products are doing better than MODIS in this comparison. This
supports arguments for upgrading the IDPS to support coastal ocean products.
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Figure 30 shows the location of transect data taken from A to B off the coast of Mississippi. The left plot shows
the matchup along the track for the 0P — 443 nm absorption products from MODIS and VIIRS using AOPS,
VOCCO, and the ac-9 in situ measurement. The right plot shows the regression of satellite products against the
in situ 443 nm products. Note the VOCCO product (using Carter algorithm) has data gaps because of non-
retrievals (negative nLw’s) of the EDR product. The MODIS retrievals (red) were above the one to one line. The
VIIRS AOPS retrievals (purple) used the QAA algorithm and NIR processing, all falling close the one to one line
(slope = 1.05). Notably, the VIIRS ocean color products are doing better than MODIS in this comparison. This
supports arguments for upgrading the IDPS to support coastal ocean products.



A. RV Ocolor - MissBight - 11/20/13

B. RV Ocolor - MissBight - 11/20/13

y =0.9743x
0.012 y = 1.0951x 0.014 T R?=0.93
R*=0.94 +
0.01 - 0.012 ; y =0.8042x
y =0.7894x R*=0.95
S 0008 - R?=0.94 g on
" v 0.008 *MODIS 1845
£ 0.006 *MODIS 1845 &
£ 0006 WVIRS 1815
= 0,004 MVIIRS 1815 £
£ £ 0,004 AVIRS 1958
A VIIRS 1958
0.002 0.002
0 0 !
0 0002 0004 0006 0008 001 0012 0 0002 0.004 0.006 0.008 001 0.012 0.014
Satellite Rrs 443 Satellite Rrs 488
) o
C. RV Ocolor - MissBight - 11/20/13 D.
=0.9535
0.018 "Rz v 1" Slope rrs412  rrsd443 rrs488  rrs547
0.015 y = 0.8648x
R*=0.87
3 o012
' # MODIS 1845
& 0.009
3 HVIRS 1815
2 0.006
- 4 VIRS 1958 Rsquared rrs412  rrsd443 rrs488  rrs547
0.003
0 |
0 0003 0006 0009 0012 0015 0018 0.94 087 }
04 ; 7
Satellite Rrs 551 S

Figure 30 shows the location of transect data taken from A to B off the coast of Mississippi. The left plot shows
the matchup along the track for the 10P — 443 nm absorption products from MODIS and VIIRS using AOPS,
VOCCO, and the ac-9 in situ measurement. The right plot shows the regression of satellite products against the
in situ 443 nm products. Note the VOCCO product (using Carter algorithm) has data gaps because of non-
retrievals (negative nLw’s) of the EDR product. The MODIS retrievals (red) were above the one to one line. The
VIIRS AOPS retrievals (purple) used the QAA algorithm and NIR processing, all falling close the one to one line
(slope = 1.05). Notably, the VIIRS ocean color products are doing better than MODIS in this comparison. This

supports arguments for upgrading the IDPS to support coastal ocean products.
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Figure 30 shows the location of transect data taken from A to B off the coast of Mississippi. The left plot shows
the matchup along the track for the 10OP — 443 nm absorption products from MODIS and VIIRS using AOPS,
VOCCO, and the ac-9 in situ measurement. The right plot shows the regression of satellite products against the
in situ 443 nm products. Note the VOCCO product (using Carter algorithm) has data gaps because of non-
retrievals (negative nLw’s) of the EDR product. The MODIS retrievals (red) were above the one to one line. The
VIIRS AOPS retrievals (purple) used the QAA algorithm and NIR processing, all falling close the one to one line
(slope = 1.05). Notably, the VIIRS ocean color products are doing better than MODIS in this comparison. This
supports arguments for upgrading the IDPS to support coastal ocean products.

4. CONCLUSIONS

The Navy’s assessment of the Visible Infrared Imager Radiometer Suite (VIIRS) on Suomi National Polar-orbiting
Partnership (NPP) indicates ocean color products are of high quality. Evaluations to date indicate the sensor meets Navy
requirements for operational ocean optical products as demonstrated by comparison to both in situ data and as compared
to current operational products derived from Moderate Resolution Imaging Spectroradiometer (MODIS Aqua). In both
cases, VIIRS maintains a linear relationship with other accepted measurement techniques.

Spatial and temporal variability of bio-optical properties combined with differences in measurement techniques

contribute to inconsistencies between remotely sensed and in situ measurements. We provide ground truth measurement
for two ocean color sensors, VIIRS and MODIS, for two exercises in the Northern Gulf of Mexico during September and
November 2013. Comparisons are shown between satellite and in situ measurements of remote sensing reflectance, total
absorption, total backscattering and beam attenuation using standard bio-optical algorithms. Discrepancies are attributed



to imperfect atmospheric corrections, uncertainties originating from sampling errors (including pixel to point matchups
and including sea surface variations), natural bio-optical variability and common errors in coastal bio-optical algorithms
(30— 70%). Normalized water-leaving radiances and remote sensing reflectances are within requirements for both the
VIIRS and MODIS Aqua sensors.

Results indicate the VIIRS sensor will provide a continuous data stream to support operational navy products. VIIRS
appears well characterized and is generating quality ocean color products as compared to existing ocean sensing
satellites. The VIIRS sensor is capable of generating scientific research quality data in addition to meeting operational
demands. Continued Cal/Val procedures are required to monitor ocean color product data stream for global trends and
evaluate possible sensor degradation. As the JPSS Cal/Val Team (NASA, NOAA, and NRL) continues to better
characterize the sensor and monitor the trends of the sensor’s calibration tables, improvements to the generated ocean
products are expected.

Based on previous and current (this study) validation results, the Navy will continue to use the VIIRS sensor data
operationally using the Navy’s Automated Processing System, which is based on L2gen for ocean color products.
Although continued monitoring and analyses will be required, the products should provide an adequate follow-on and
replacement to MODIS to support Navy operations. The Navy sees no reason that the VIIRS sensor should not provide
scientific research quality data for new algorithm development and the capability to produce operational products to
support the fleet as well as perform ecological monitoring.
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