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significant wetland loss due to the negligible inflow of fresh water and sediments from the MR coupled with 
the effects of anthropogenic stress, sea-level rise, waves, and subsidence [13,17,38]. For most of the year, 
the northern part of the bay receives freshwater mainly from the Davis Pond Freshwater Diversion 
(DPFD), including rainfall and run-off [25]. Hence, it can be considered relatively fresher than the 
southern part, except during the high MR flow conditions when, supported by the southerly winds, river 
plume reversals could result in significant transport of low salinity waters into the bay [26]. Sampling in 
Barataria Bay was comprised of 15 stations with Station 1 being the marine end member and Station 15 
being the freshwater end member (Figure 1). In this study, Barataria Bay is divided into three sub-sections 
based on the climatological salinity distribution [22,39] to examine the effect of the meteorological and 
hydrological factors on the seasonal CDOM optical properties in the bay. The lower bay includes 
Stations 1–5 (salinity ~21), and those are likely to represent the marine environment, while Stations  
11–15 are part of the upper bay (salinity ~7) and mainly characterized by the freshwater environment. 
Stations 6–10, which were assigned to the central bay, a transition zone (salinity ~13), are likely to have 
intermediate properties of both the marine and freshwater end members. 

 

 

Figure 1. Barataria Bay, Louisiana, USA. Sampling stations are plotted along the transect 
from the marine end member (Station 1) to the freshwater end member (Station 15). The 
black squares represent the approximate locations of the Davis Pond Freshwater Diversion 
(DPFD), Baton Rouge, and Belle Chasse; Little Lake is represented by a triangle. MR is the 
Mississippi River and LP is Lake Pontchartrain. 
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2. Materials and Methods 

2.1. Study Area 

Apalachicola Bay is an elongated shallow (average depth = ~3 m) estuarine system located in 
the Florida’s Panhandle that covers an area of ~540 km2 (Figure 1) [29]. Apalachicola River, the 
largest river in Florida, is the main source of freshwater and nutrients in the bay [30]. The bay is 
bounded by four barrier islands (St. Vincent, St. George, St. Little George, and Dog), and exchanges 
water through three natural passes (Indian, West, and East) and one man-made pass (Sikes Cut). 
Apalachicola Bay is one the most productive estuarine systems in North America. For example, it is 
well-known for its oyster harvest that supplies ~90% of the oysters in Florida, and accounts for ~10% 
of nationwide oyster production [31]. However, environmental stresses such as salt-water intrusion 
[32], tropical storms [33], Deep Water Horizon oil spill [34], and droughts/floods [35,36] have 
negatively affected the bay’s commercial oyster industry. Historical sediment records showed a 
decrease in nutrient levels in Apalachicola Bay possibly due to the reduction in river discharge and 
rising sea-level [37]. The bay is located in a transition zone, where diurnal tides of the western Gulf 
change to semi-diurnal tides towards the Florida’s Panhandle [38,39]. It also experiences relatively 
shorter periods of strong winds during extreme weather events, such as cold fronts, storms, and 
hurricanes that can have large effects on the bay’s water quality [40,41]. 

 
Figure 1. Apalachicola Bay, USA (white star in inset). In situ turbidity is observed near DB (Dry Bar) 
and CP (Cat Point) stations. White star represents a meteorological station maintained by Apalachicola 
National Estuarine Research Reserve (ANERR). Arrows represent various natural and man-made 
connections between the bay and the Gulf of Mexico. 

2.2. Data Sources 

A list of in situ and satellite measurements with their sources and purpose in this analysis is given 
in Table 1. Meteorological and hydrological data, such as wind speed, wind direction, river discharge, 
tidal height, and rainfall, were requested from various state and federal agencies. Water quality 
measurements, such as turbidity and salinity, were collected from the Apalachicola National Estuarine 
Research Reserve (ANERR)-maintained YSI-6600 series sondes (YSI Inc., Yellow Springs, OH, USA) 
positioned ~0.3 m above the bottom at two locations, Cat Point (CP) and Dry Bar (DB) (Figure 1). 
Three sets of clear-sky Landsat imagery with no sun-glint artifact were requested from USGS 
Landsat data archive that include 19 images of Landsat TM, ETM+ and OLI sensors for validating 
ENVI-FLAASH atmospheric correction, 57 images of Landsat TM sensor for developing turbidity 
algorithm and spatial analysis, and 17 images of Landsat OLI sensor for evaluating the performance 
of proposed algorithm on Landsat 8 OLI imagery. 
  

•Barataria Bay •Apalachicola Bay•Galveston Bay

•Understanding estuarine-coastal-ocean bio-geochemical 
processes is essential to improve 

•carbon budgets 
•water quality monitoring



nGoM Hot Spot of Extreme events

•Hurricane Harvey – Aug. 25-29, 2017 •Hurricane Michael - Oct. 10, 2018

Optical proxies for biogeochemical variables from ocean color (OC)
• CDOM absorption – Dissolved Organic Carbon (DOC)
• Backscattering coefficient – SPM, POC
• Phytoplankton absorption – biomass /taxonomy/size class

•Hurricanes are increasingly being recognized 
as important episodic drivers in coastal ocean 
biogeochemical cycling

•2005 (5 hurricanes); 2020 (8 hurricanes)



Outline

•Empirical OC algorithms – shelf & estuaries 

•Tuning of the Quasi-analytical algorithm (QAA) as QAA-V for the 
optically complex and turbid estuarine waters and application

•Adaptive atmospheric correction

•Adaptive QAA (standard QAA + QAA-V) optimized for the 
estuarine-ocean continuum and application 



Suspended particulate matter (SPM) algorithm

From: D’Sa et al. 2006 – Applied Optics

Empirical ocean color algorithms for shelf waters

CDOM algorithm
From: D’Sa et al. 2007 – GRL  

From: Tehrani et al 2013 – Remote Sensing



Empirical algorithms for estuaries

From: Liu, D’Sa & Joshi 2019-RSE

CDOM/DOC trends in Barataria Bay   
using Landsat/MODIS (1985-2012)



Long-term trends in DOC concentrations in Barataria Bay using 
Landsat/MODIS data and linkages to LULC change

From: Liu, D’Sa & Joshi 2019-RSE



Apalachicola Bay: Seasonal CDOM/DOC 
stocks and fluxes using VIIRS & NCOM

measurement) at each sampling station. Glint and residual corrections
were applied on raw radiance measurements as suggested by Gould et
al. (2001). The level-L1B VIIRS (Visible Infrared Imaging Radiometer
Suite) imagery (Sensor Data Record-SDR product) was downloaded
from NASA's Ocean Color website, and processed using SeaDAS 7.3
(OBGP, NASA).

Radiometrically-calibrated VIIRS imagery was converted into the
CDOM absorption coefficient ag412 and DOC concentration maps
using two pathways (Fig. 2): 1) evaluating and applying a suitable at-
mospheric-correction scheme to the VIIRS imagery in an optically com-
plex coastal system, and 2) developing empirical relationships between
atmospherically-corrected Rrs and ag412, and subsequently to DOC con-
centration to convert the VIIRS imagery into the ag412 and DOC maps
for Apalachicola Bay.

2.3. Absorption spectroscopy

Absorbance (A) spectra were measured on a Perkin Elmer Lambda-
850 double beam spectrophotometer equipped with a 150 mm-inte-
grating sphere. Following the instrument warm up and equilibration
of samples to room temperature, absorbance spectra were obtained be-
tween 250 and 750 nm at 1-nm intervals using 10-cm path length
quartz cuvette. The cuvette was rinsed twice with ultrapure water (a
Thermo Scientific Micro-Pure UV purification system with a purity of
18.2 MΩ) and once with filtered seawater before each measurement

to avoid contamination by the previous sample. Absorption coefficients
(ag) were calculated using the following equation,

ag λð Þ ¼ 2:303$ A λð Þ
L

ð1Þ

where, A(λ) is absorbance at a wavelength λ, and L is pathlength inme-
ters. The absorption spectra were corrected for scattering, temperature,
and baseline drift by subtracting a value of absorption at 750 nm from
each spectrum (Green and Blough, 1994). Wavelength-dependent ex-
ponential decay of the absorption coefficient can be given by the follow-
ing non-linear equation,

ag λð Þ ¼ ag λref
! "

$ e−S λ−λrefð Þ ð2Þ

where, ag (λ) is the amplitude of the CDOMabsorption coefficient at any
wavelength λ, and λref is the reference wavelength (Jerlov, 1976;
Shifrin, 1988). The absorption spectra generally represented by a non-
linear equation (Eq. (2)), were converted to a linear form by a logarith-
mic transformation of dependent variable. Then, a least squares regres-
sion approachwas applied to calculate spectral slope S (μm−1) between
275 nm and 295 nm (S275–295), while absorption coefficient at 412 nm
(ag412) was used as a quantitative parameter of the CDOM (D'Sa et al.,
2006; D'Sa et al., 2014).

Fig. 1. Apalachicola Bay, Florida (USA). In situmeasurements acquired at 17 stations on March 23–25, 2015 (orange symbols) with nine stations further added on November 2–4, 2015
(purple symbols). Blue and white stars illustrate hydrological and meteorological stations, respectively. CP and DB are the ANERR-maintained salinity stations, Cat Point and Dry Bar,
respectively. The arrows indicate the open boundaries between the bay and shelf waters that were used to calculate the fluxes. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

Fig. 2. Processing-approach to generate the ag412 and DOC maps using the VIIRS imagery and in situmeasurements in Apalachicola Bay.
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A VIIRS-based CDOM algorithm NCOM Hydrodynamic model-current & salinity



Hurricane Harvey impact on Galveston Bay
carbon distribution & fluxes

•Hurricane Harvey (25-29 Aug, 2017) dumped record 
rainfall in the Houston and surrounding region (>52” )

Need:
•Critical to monitor short- and long-term response of 
water quality constituents – NASA Rapid Response

NASA imagery on 31st

August 2017

Challenges:
•Estuarine waters are optically complex and limitations of 
standard ocean color algorithms including semi-analytical

• apply/tune semi-analytic algorithm such as QAA (Lee 
et al. 2002)



Data for tuning the QAA and carbon flux studies 

Bio-optical Profiler

•Field surveys conducted in Galveston Bay, 
Apalachicola Bay and Barataria Bay

•Surface water samples were collected for absorption 
(CDOM, phytoplankton, non-algal particles), DOC, 
phytoplankton pigments, and SPM concentrations

•Bio-optical package comprising a suite of instruments 
including: CTD, Wetlabs eco-triplet (chlorophyll, CDOM 
fluorescence, and backscattering at 532 nm), ACS

•Remote sensing reflectance Rrs (GER 1500 512iHR 
spectroradiometer)

•NOMAD dataset

•Synthetic data from Hydrolight simulation



Tuning of the QAA for turbid estuaries as (QAA-V); 2 major changes

From: Joshi & D’Sa 2018-Biogeosciences

(1) The coefficients g0 and g1 of a SAA quadratic relationship were updated to 
obtain u from the Rrs



Tuning the QAA (Lee et al. 2002) for estuarine waters (QAA-V)
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(2) a threshold-based empirical model was 
proposed using the G/R band ratio  to 
estimate the total absorption coefficient at 
a reference wavelength

(3) Calibration coefficients for sensor-
specific QAA tuning: VIIRS, MODIS-
Aqua, Sentinel-3 OLCI, MERIS, 
SeaWiFS, Sentinel-2 MSI, Landsat 8 OLI



Validation of QAA-V and performance comparison to QAA-v6

Joshi & D’Sa 2018-BGS

•Validation of total absorption coefficient for 
estuarine & nearshore field data

•Statistical assessment of QAA-V vs QAA-V6

•QAA-V showed obvious improvements over QAA-v6 
with ~30-40% reduction in absolute mean relative error 
for Hydrolight simulated synthetic and in situ estuarine 
datasets



Application: QAA-V in Galveston Bay

VIIRS Remote Sensing Reflectance Rrs
(downloaded from NASA OC site)

VIIRS Rrs (atmospheric correction) 

QAA-V PROCESSING CHAIN
Lee et al. 2002
Joshi & D’Sa-2018

Outputs (validation)
absorption coefficients 
scattering coefficients 

Relationship between bbp(532) vs 
SPM (mg/L) for Galveston Bay)

(29 Sep, 29 & 30 Oct 2017)



Optical property (backscattering coefficient) to  SPM 

SPM MAPS

SPM dynamics following Hurricane Harvey
Joshi & D’Sa 2018-Biogeosciences

major factors influencing  
-River discharge
-wind forcing
-re-suspension
-shelf transport



From: D’Sa, Joshi and Liu 2018-GRL

Coastal ocean optical-geochemical response to Hurricane Harvey

• Flowchart showing processing approach for obtaining VIIRS 
estimates of DOC and POC in Galveston Bay



POC dynamics following Hurricane Harvey in Galveston Bay 

Warnken & Santschi 2004-
Sci. Total Environ.

D’Sa, Joshi and Liu 2018-GRL



CDOM/DOC dynamics following Hurricane Harvey 



Volume, DOC, POC fluxes linked to Hurricane Harvey

• Top: water level and surface currents at Galveston Bay entrance
• Bottom: TR+SJR discharge; +volume flux at entrance; DOC & POC fluxes

• Over 10 days during/following hurricane, ~25x106 kg C (TOC) and ~314x106

kg of SPM were rapidly exported from GB to shelf

D’Sa, Joshi and Liu 2018-GRL



Atmospheric correction (ATCOR) in estuarine-shelf waters

•Iterative NIR (Bailey et al 2010; BFW10):

•We use ATCOR  algorithms readily available in NASA’s 
SeaDAS software that are variants of the basic Gordon and 
Wang (1994) that assumes black pixel; these variants make 
adjustment to the non-negligible NIR radiance

•MUMM NIR scheme (Ruddick et al. 2000; R00)

•SWIR approach (Wang and Shi 2007; WS05)

•To utilize the strengths of three well know NIR and SWIR 
correction algorithms we propose a methodology for a pixel-by-
pixel selection of correction algorithms based on spectral 
criteria of different water types and for further blending two 
QAAs: QAA-v5 and QAA-V for the MODIS-Aqua

works well in productive shelf and open ocean

good for moderately turbid sediment-rich waters

Works well in highly turbid waters



Adaptive atmospheric correction algorithms (AD-ATCOR; MODIS-Aqua)

From: Joshi & D’Sa 2020-IEEE TGRS



Adaptive atmospheric correction algorithms (AD-ATCOR; MODIS-Aqua)

From: Joshi & D’Sa 2020-IEEE TGRS

•The process begins with the BFW10-corrected image and the 
pixels will be replaced with the corresponding pixels in the R00 
and WS05-corrected images based on the spectral criteria



Performance of AD-ATCOR
Joshi & D’Sa 2020-IEEE TGRS



Adaptive QAA (AD-QAA:  QAA-V or QAA-v5)
Joshi & D’Sa 2020-IEEE TGRS

Limitations of QAA-V – optimized for estuaries
Limitations of QAA-v5 – works well in ocean/coastal waters



Adaptive QAA (AD-QAA:  QAA-V & QAA-v5)

From: Joshi & D’Sa 2020
IEEE TGRS



AD-QAA: total absorption coefficients

Joshi & D’Sa 2020-IEEE TGRS



AD-QAA: backscattering coefficients



Application: Hurricane Michael impact (Oct 10, 2018) using MODIS Aqua



POC and DOC maps in Apalachicola Bay 

D’Sa et al. 2019-Frontiers Marine Science

measurement) at each sampling station. Glint and residual corrections
were applied on raw radiance measurements as suggested by Gould et
al. (2001). The level-L1B VIIRS (Visible Infrared Imaging Radiometer
Suite) imagery (Sensor Data Record-SDR product) was downloaded
from NASA's Ocean Color website, and processed using SeaDAS 7.3
(OBGP, NASA).

Radiometrically-calibrated VIIRS imagery was converted into the
CDOM absorption coefficient ag412 and DOC concentration maps
using two pathways (Fig. 2): 1) evaluating and applying a suitable at-
mospheric-correction scheme to the VIIRS imagery in an optically com-
plex coastal system, and 2) developing empirical relationships between
atmospherically-corrected Rrs and ag412, and subsequently to DOC con-
centration to convert the VIIRS imagery into the ag412 and DOC maps
for Apalachicola Bay.

2.3. Absorption spectroscopy

Absorbance (A) spectra were measured on a Perkin Elmer Lambda-
850 double beam spectrophotometer equipped with a 150 mm-inte-
grating sphere. Following the instrument warm up and equilibration
of samples to room temperature, absorbance spectra were obtained be-
tween 250 and 750 nm at 1-nm intervals using 10-cm path length
quartz cuvette. The cuvette was rinsed twice with ultrapure water (a
Thermo Scientific Micro-Pure UV purification system with a purity of
18.2 MΩ) and once with filtered seawater before each measurement

to avoid contamination by the previous sample. Absorption coefficients
(ag) were calculated using the following equation,

ag λð Þ ¼ 2:303$ A λð Þ
L

ð1Þ

where, A(λ) is absorbance at a wavelength λ, and L is pathlength inme-
ters. The absorption spectra were corrected for scattering, temperature,
and baseline drift by subtracting a value of absorption at 750 nm from
each spectrum (Green and Blough, 1994). Wavelength-dependent ex-
ponential decay of the absorption coefficient can be given by the follow-
ing non-linear equation,

ag λð Þ ¼ ag λref
! "

$ e−S λ−λrefð Þ ð2Þ

where, ag (λ) is the amplitude of the CDOMabsorption coefficient at any
wavelength λ, and λref is the reference wavelength (Jerlov, 1976;
Shifrin, 1988). The absorption spectra generally represented by a non-
linear equation (Eq. (2)), were converted to a linear form by a logarith-
mic transformation of dependent variable. Then, a least squares regres-
sion approachwas applied to calculate spectral slope S (μm−1) between
275 nm and 295 nm (S275–295), while absorption coefficient at 412 nm
(ag412) was used as a quantitative parameter of the CDOM (D'Sa et al.,
2006; D'Sa et al., 2014).

Fig. 1. Apalachicola Bay, Florida (USA). In situmeasurements acquired at 17 stations on March 23–25, 2015 (orange symbols) with nine stations further added on November 2–4, 2015
(purple symbols). Blue and white stars illustrate hydrological and meteorological stations, respectively. CP and DB are the ANERR-maintained salinity stations, Cat Point and Dry Bar,
respectively. The arrows indicate the open boundaries between the bay and shelf waters that were used to calculate the fluxes. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

Fig. 2. Processing-approach to generate the ag412 and DOC maps using the VIIRS imagery and in situmeasurements in Apalachicola Bay.
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Hurricane Michael: DOC and POC distribution and fluxes

NCOM hydrodynamic model Fluxes of DOC and POC

D’Sa et al. 2019-FMS

•Average flux of organic carbon exported between 5-21 Oct were much greater 
for DOC (0.86x106 kg C d-1) than POC (0.21x106 kg C d-1)



• Estuarine-ocean continuum in nGoM include highly turbid and optically 
complex to clear oligotrophic waters within a satellite scene. Adaptive 
atmospheric correction and QAA offer advantage in processing ocean color 
– recent study (Liu et al. 2021 – RSE) used adaptive QAA for Sentinel-3 
OLCI to retrieve phytoplankton absorption; further used to retrieve 
phytoplankton size structure

•Optical proxies (absorption and scattering coefficients) of biogeochemical 
variables derived using adaptive QAA could support water quality 
monitoring and biogeochemical modeling in the coastal ocean

• Obtaining field optical/biogeochemical data critical in characterizing the 
various estuarine systems  

• With increase in TCs, flooding, storm surges, in nGoM there is need for 
collaborative efforts to address coastal impacts associated with these 
episodic events

Summary


