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Understanding the role of estuarine-carbon fluxes is essential to improve estimates of the global carbon budget.
Dissolved organic matter (DOM) plays an important role in aquatic carbon cycling. The chromophoric fraction of
DOM (CDOM) can be readily detected via in situ and remotely-sensed optical measurements. DOM properties,
including CDOM absorption coefficient at 412 nm (ag412) and dissolved organic carbon (DOC) concentrations
were examined in Apalachicola Bay, a national estuarine research reserve located in the northeast Gulf ofMexico,
using in situ and satellite observations during the spring and fall of 2015. Synoptic and accurate representation of
estuarine-scale processes using satellite ocean color imagery necessitates the removal of atmospheric contribu-
tion (~90%) to signals received by satellite sensors to successfully link to in situ observations. Three atmospheric
correction schemes (e.g., Standard NIR correction, Iterative NIR correction, and SWIR correction)were tested first
to find a suitable correction scheme for the VIIRS imagery in low to moderately turbid Apalachicola Bay. The
iterative NIR correction performed well, and validation showed high correlation (R2 = 0.95, N = 25) against
in situ light measurements. A VIIRS-based CDOM algorithm was developed (R2 = 0.87, N = 9) and validated
(R2 = 0.76, N = 20, RMSE = 0.29 m−1) against in situ observations. Subsequently, ag412 was used as a proxy
of DOC in March (DOC = 1.08 + 0.94 × ag412, R2 = 0.88, N = 13) and in November (DOC =
1.61 + 1.33 × ag412, R2 = 0.83, N = 24) to derive DOC maps that provided synoptic views of DOC distribution,
sources, and their transport to the coastal waters during the wet and dry seasons. The estimated DOC stocks
were ~3.71 × 106 kg C in March and ~4.07 × 106 kg C in November over an area of ~560 km2. Volume flux (out
of the bay) almost doubled for March 24 (735 m3 s−1) relative to November 4 (378 m3 s−1). However, estimates
of DOCfluxes exported out of the bay frommodel-derived currents and satellite-derived DOCwere onlymarginally
greater in March (0.163 × 106 kg C d−1) than in November (0.124 × 106 kg C d−1) and reflected greater DOC
stocks in the fall. The combination of satellite-, field-, and model-based observations revealed the strong linkage
between the Apalachicola River plume, a major source of DOM, and the overall hydrodynamic forcing that con-
trolled distributions of CDOM abundance, DOC concentration, stocks, and fluxes in the bay.
© 2017 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Estuaries represent transitional/critical zones between terrestrial
and marine environments (Bianchi, 2007). Dissolved organic matter
(DOM) derived from the terrestrial environment is an important source
of dissolved organic carbon (DOC) to coastal oceans often modified by
biotic and abiotic processes during transport before its eventual arrival
. This is an open access article under
to the coastal waters. Roughly 15 to 25 Pg of DOC is produced annually
via allochthonous and autochthonous processes in coastal ecosystems
and transported to the world's oceans (Bauer and Bianchi, 2011).
These processes include microbial activity (McCarthy et al., 1998), at-
mospheric diffusion (Jurado et al., 2008), subterranean groundwater
discharge (Santos et al., 2009), river discharge (Hedges et al., 1992;
Jaffé et al., 2004), and resuspension of bottom sediments (Hansell and
Carlson, 2014). The roles of allochthonous and autochthonous DOC
have been widely studied using field observations for investigating
source and sinkprocesses, examining spatial and temporal distributions,
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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and estimating estuarine-DOC transport to adjacent coastal waters in
various regions of the globe (Bianchi et al., 2009; Fellman et al., 2009;
Fichot and Benner, 2014; Huguet et al., 2009; Moyer et al., 2015;
Osburn et al., 2016; Sleighter andHatcher, 2008). Although in situ obser-
vations have been widely used, they provide limited spatial and tempo-
ral coverage. Satellite remote sensing with its synoptic and repeated
coverage over large regions, has the potential to greatly enhance our
ability to monitor the processes controlling aquatic DOC cycling, partic-
ularly in coastal and estuarine environments (Bauer et al., 2013; Borges
et al., 2005).

Chromophoric dissolved organic matter (CDOM) is an optically-ac-
tive fraction of the DOM pool that is characterized by increasing light-
absorption towards the UV–visible wavelengths (Green and Blough,
1994; Kirk, 1994). The optical characteristics of CDOM (e.g., absorption
coefficients and spectral slopes) are well-known proxies for variations
in DOM molecular weight corresponding to DOM sources and photo-
chemical history (Brown, 1977; D'Sa et al., 2014; Fichot and Benner,
2012; Helms et al., 2008). Several studies have demonstrated the possi-
ble use of CDOM absorption coefficients to assess DOC concentration
using a conservative CDOM-DOC relationship in a variety of coastal wa-
ters (Del Castillo andMiller, 2008; Del Vecchio and Blough, 2004; Fichot
and Benner, 2011; Spencer et al., 2007; Vantrepotte et al., 2015). Nu-
merous studies have proposed the use of ocean color sensors to assess
CDOM in estuarine and coastal waters (D'Sa, 2008; D'Sa and Miller,
2003; Loisel et al., 2014). This has allowed for linkages between satel-
lite-estimated CDOM and in situ CDOM-DOC relationships, which can
be used to elucidate DOM distributions and estuarine-scale processes
in the context of global carbon reserves with high spatiotemporal reso-
lution (Chaichitehrani et al., 2014; Joshi and D'Sa, 2015; Loisel et al.,
2014; Mannino et al., 2008; Tehrani et al., 2013). Furthermore, combin-
ing satellite remote sensing data with numerical hydrodynamic model
results can beused to gain better insights on the linkages between phys-
ical processes and the distribution and transport of water constituents
of interest in the coastal environments (D'Sa and Ko, 2008; Lehrter et
al., 2013).

Apalachicola Bay, a national estuarine research reserve located in the
northeast Gulf of Mexico, is well-known for its high water quality and
oyster yields (Edmiston, 2008a; Whitfield and Beaumariage, 1977;
Wilber, 1992). Although studies of suspended particulate organic mat-
ter distribution under different weather conditions and biophysical
phenomena have been undertaken (Chen et al., 2011a; Chen et al.,
2011b; Huang et al., 2002b; Liu and Huang, 2009), the DOM component
has not been investigated in the bay. The main aim of this study was to
evaluate the applicability of recently launched Visible Infrared Imaging
Radiometer Suite (VIIRS) sensor formonitoringCDOMandDOCconcen-
trations in Apalachicola Bay, obtaining synoptic views of their distribu-
tions, potential sources, and transport mechanisms to shelf waters, and
initiating efforts to recognize the contribution of the Apalachicola estu-
ary to North American carbon budgets. Themain objectives of this study
were as follows: 1) finding a suitable atmospheric-correction scheme
for the VIIRS imagery due to large atmospheric contributions (~ 90%)
to the at-sensor radiance thus minimizing uncertainties of the water-
leaving radiance; 2) developing a VIIRS-based CDOM empirical algo-
rithm, and CDOM-DOC relationships for Apalachicola Bay to generate
CDOM and DOC maps; 3) examining major forcing factors (e.g., winds,
tides, and rivers) and their effects on spatial and seasonal distributions
of CDOM and DOC using combined field, satellite, and modeling obser-
vations; and 4) estimating DOC stocks and fluxes during two field sur-
veys in Apalachicola Bay.

2. Methods and materials

2.1. Study area

Apalachicola Bay is a relatively shallow (average depth = ~3.0 m)
bar-built estuary, located in the Florida Panhandle, that covers an area
of about 542 km2 (Fig. 1). High river discharge, shallow water depths,
and multiple connections to the open Gulf allow for dynamic interac-
tions between local and far-field wind/tidal effects in this estuarine sys-
tem (Schroeder and Wiseman, 1999). In fact, this highly dynamic
physical forcing results in Apalachicola Bay having one of the shortest
water residence times (ca. 10 days) among all estuaries in the Gulf of
Mexico (Solis and Powell, 1999). As one of the most productive natural
systems in North America, the bay iswell recognized by the state, feder-
al and international organizations for its pristine water-quality and
healthy ecosystem (Edmiston, 2008a). The deltaic processes of the Apa-
lachicola River, relatively unpolluted alluvial system and major source
of freshwater, shaped themodern appearance of the bay and surround-
ing barrier islands. Relatively fresh bay and saline Gulf waters exchange
through the Indian Pass, the East Pass, the West Pass, and a man-made
navigational channel called Sike's Cut (Fig. 1). Apalachicola Bay is also
known for its oyster harvest that supplies ~90% of the total oyster
yield in Florida, and accounts for ~10% of the nationwide oyster produc-
tion (Whitfield and Beaumariage, 1977; Wilber, 1992). In recent times,
the bay's oyster harvest has been negatively affected by various envi-
ronmental stressors, e.g., salt-water intrusion (Havens et al., 2013),
tropical storms (Edmiston et al., 2008b), the Deep Water Horizon oil
spill (Grattan et al., 2011), and droughts and floods (Livingston, 2014;
Livingston et al., 1997). Apalachicola Bay is located at an important tran-
sitional zone,where diurnal tides of thewesternGulf change to semi-di-
urnal tides towards the Florida Panhandle (Huang et al., 2002b; Koch
and Sun, 1999). It also experiences mostly low to moderate winds
with short periods of strong winds during extreme weather events,
such as cold fronts and hurricanes that can have large effects on the
bay's water quality (Chen et al., 2009; Liu and Huang, 2009).

2.2. Sample and data collection

Surface water samples were collected during two field surveys in
March and November 2015 (Fig. 1). In March, seventeen stations (or-
ange symbols) were sampled from Central Bay, East Bay, and St. George
Sound for remote sensing analysis, while same and additional 9 stations
(purple symbols) were sampled in November. Surface temperature and
salinity were recorded in situ using a handheld Yellow Springs Instru-
ments (YSI) Professional Plus multi-probe field meter. Surface water
samples were filtered immediately following collection. Samples were
stored in the dark on ice during transport to laboratory that same day.
The samples were filtered using pre-rinsed 0.2-μm porosity Nuclepore
membrane filters (Whatman GmbH), and measured for the optical ab-
sorption within two days. Water samples were also filtered using pre-
combusted Whatman 0.7-μm porosity GFF filters (Ф = 47 mm) into a
combusted glass flask for dissolved organic carbon (DOC) analysis. Me-
teorological observations (air temperature, wind speed, andwinddirec-
tion) were obtained from the East Bay station (29.791°N, −84.883°W,
Apalachicola National Estuarine Research Reserve (ANERR); white star
in Fig. 1) for examining the effects of meteorological factors on distribu-
tion of theDOMproperties (e.g., CDOMabsorption coefficient andDOC).
Salinity time-series was obtained at ANERR-maintained Cat Point (CP)
andDry Bar (DB) stations to study river plumedynamics and tidal-influ-
ence during the satellite overpass (Fig. 1). Water level and tidal-height
were obtained from a tidal station located in East Bay (ID-8728690,
29.435°N, −84.90°W; NOAA Tide and Currents). Apalachicola River dis-
charge, measured near Sumatra, Florida (blue star in Fig. 1), was ac-
quired from the USGS water data archive (www.waterdata.usgs.gov)
to study effects of season-dependent riverine inputs on the DOM prop-
erties in Apalachicola Bay. Above-watermeasurements ofwater-surface
radiance (Ltarget), sky radiance (Lsky), and reference-plate radiance
(Lplate) were collected using GER1500 spectroradiometer under clear-
sky conditions (Mobley, 1999). The spectroradiometer was set to pro-
vide an average of 4 internal scans by considering the variability in ref-
erence and target conditions. Consequently, the final spectrum was an
average of 12 spectra (3 replicates with 4 internal scans per

http://www.waterdata.usgs.gov


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.)
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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
Fig. 2. Processing-approach to generate the ag412 and DOC maps using
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).
the VIIRS imagery and in situmeasurements in Apalachicola Bay.



Fig. 3. (a) Surface chlorophyll concentrations (mgm−3) in Apalachicola Bay onMarch 23–
24, 2015, and (b) three atmospheric correction schemes are evaluated for 325 pixels in
Apalachicola Bay. The pixels are divided among three regions as illustrated by orange
(St. George Sound and Outer Bay), green (Central Bay and Dry Bar), and white (East Bay
and Cat Point) colors corresponding to low, medium, and moderately turbid regions,
respectively. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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2.4. DOC analysis

Dissolved organic carbon (DOC) was measured on an OI Analytical
1030D TOC analyzer using wet chemical oxidation (sodium persulfate)
modified for seawater analyses (Osburn and St-Jean, 2007). Milli-Q
laboratory water (18.2 MΩ; b10 μg C L−1 TOC) was used to prepare
standards and reagents and as a blank. Calibration of the instrument
was achieved daily using solutions of caffeine (0 to 20mgC L−1). Repro-
ducibility of this system is 5% RSD (relative standard deviation). Routine
measurement of Hansell Certified Reference Material (CRM) DOC stan-
dards with each analytical run resulted in DOC values of 0.54 ±
0.07 mg C L−1.

2.5. Above-water measurements

In situ water-surface radiance (Ltarget, N = 40–50°, A = 90°–135°),
sky radiance (Lsky, Z = 40°–50°, A = 90°–135°), and reference-plate ra-
diance (Lplate,N=0°, A=90°–135°) (N=nadir angle, Z=zenith angle,
A=azimuth angle from solar plane)were converted to downwelling ir-
radiance (Ed), remote-sensing reflectance (Rrs), and normalized water-
leaving radiance (nLw) using the following equations (Mueller et al.,
2003):

Downwelling Irradiance Edð Þ ¼ π � Lplate
ρplate

Wcm−2nm−1 � 10−10
� �

ð3Þ

Remote Sensing Reflectance Rrsð Þ ¼
Ltarget − ρ� Lsky

� �
Ed

−Rrs residualð Þ ð4Þ

Normalized water leaving radiance nLwð Þ ≈ Rrs � F0 mWcm−2μm−1sr−1� �
ð5Þ

where, Ltarget = target radiance in (Wcm−2nm−1sr−1×10−10), Lplate =
reference-plate radiance in (Wcm−2nm−1sr−1×10−10), Lsky = sky ra-
diance in (Wcm−2nm−1sr−1×10−10), Lw = water-leaving radiance
(Wcm−2nm−1sr−1×10−10), ρplate = reference-plate reflectance
(10%), ρ = proportionality factor that relates total sky radiance to sea
surface-reflected sky radiance, Rrs(residual) = residual sky radiance
and F0=nominal band extraterrestrial solar Irradiance (mWcm−2μm−1)
(Thuillier et al., 2003). The Ltarget, also includes surface-reflected sky-
light, that should be removed to get a better estimation of the water-
leaving radiance (Eq. (4)). The residual skylight can be removed with
a null correction at NIR wavelengths (usually at 750 nm) (Mobley,
1999; Mueller et al., 2003). However, an assumption of zero radiance
at NIRwavelengthmay not be appropriate in turbid waters, as it can re-
sult in underestimation in visible especially at the blue wavelengths
(Lee et al., 1997; Mueller et al., 2003). Skylight and residual corrections
were applied using the glint-correction approach suggested by (Gould
et al., 2001) (path-1 in their study). This approach removes skylight
with a residual-correction using known values of water absorption at
715 and 735 nm rather than considering zero radiance at a NIR
wavelength.

2.6. Atmospheric correction of VIIRS imagery

Two clear-sky images were available during the field surveys; one
on March 24, and another on November 4, 2015. Level-L1B images
were processed to remove the atmospheric-contribution using SeaDAS
7.3 (OBPG, NASA) (Fig. 2). Prior to using the atmospheric-corrected
products in our analysis, we tested three standard atmospheric-correc-
tion schemes; 1) NIR correction-GW94 (Gordon andWang, 1994), 2) It-
erative NIR correction-BFW10 (Bailey et al., 2010; Stumpf et al., 2003),
and 3) SWIR correction-WS05 (Wang and Shi, 2005), to evaluate their
performance, and to find an effective scheme for Apalachicola Bay. The
atmospheric-correction was applied on March 24, 2015 image using
the candidate-schemes and necessary l2gen (SeaDAS 7.3) processing
parameters, e.g., real-time ancillary data, a cloud mask (threshold =
0.0215 at 1601 nm) (Wang and Shi, 2006), a stray-light mask (3 × 3 fil-
ter), glint correction, and no BRDF correction (Fig. 2). The l2genmodule
contains 80 aerosol models (8 relative humidity and 10 size fractions)
that were reduced to 20 models based on in situ relative humidity
(RH) measured close to the satellite overpass (Ahmad et al., 2010;
McCarthy et al., 2012). Using 20 aerosol models and necessary l2gen pa-
rameters, atmospheric-correction module was invoked as the first run
(Run-1) that provided useful information about the dominant aerosol
model pair in our study area. By assuming relatively homogeneous
aerosol properties over a small study area (Hu et al., 2000), the atmo-
spheric correction module was re-run (Run-2) using a fixed aerosol
model pair (Run-1) to get the final outputs of Rrs and nLw. Different chlo-
rophyll concentrations were observed at distinct locations in the bay,
e.g., moderate to high close to river mouth and near the marshes
while low to moderate in St. George Sound and Outer Bay on March
23–24, 2015 (Fig. 3a). Therefore, based on bay turbidity and chlorophyll
distributions, three distinct regions were selected for atmospheric cor-
rection analysis: East Bay and Cat Point (white), Central Bay and Dry
Bar (green), St. George Sound and Outer Bay (orange) (Fig. 3b). The
Rrs from three correction schemes were then compared to each other,
and to in situmeasurements for 325 pixels distributed among these re-
gions of the bay. The best-performing schemewas further analyzed and
validated against the in situmeasurements for its applicability in differ-
ent seasons in Apalachicola Bay.

2.7. Statistical analysis

Matchup comparisons between satellite-derived estimates and in
situ measurements of the DOM properties (ag412 and DOC), Rrs, and



Fig. 4.Rayleigh-corrected surface reflectance ata)862nm,b)1238nm, and c) 2257nmon
March 24, 2015.

Fig. 5. An evaluation of three atmospheric-correction schemes; NIR-correction (Gordon
and Wang, 1994), Iterative NIR-correction (Bailey et al., 2010), and SWIR-correction
(Wang and Shi, 2005) on 325 pixels distributed among different regions (green, white,
and orange polygons as in Fig. 3b) in Apalachicola Bay. Blue circle with grey stars indicate
in situmeasurements acquired on March 24, 2015. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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nLw were evaluated using statistical criteria, such as bias (%), root mean
square error (RMSE), and R2. R statistical software, MATLAB, and Sigma
Plot (Systat Software Inc.) were used for data processing, descriptive
statistics, and graphical-illustrations presented in this study.

2.8. NCOM model and flux calculations

A high-resolution (~250 m) estuarine model based on the Navy
Coastal OceanModel (NCOM) (Ko et al., 2008) that covers Apalachicola
Bay is developed for this study. Estuarine circulation is mainly driven by
tides and river flows and to a lesser extent by winds, evaporation and
rainfall. Although the Apalachicola Bay is a semi-enclosed waterbody,
its circulation is nevertheless connected to the open ocean and may
have an impact from the encroaching Loop Current and Loop Current
eddies. A northeastern Gulf of Mexico regional model with 1.5 km reso-
lution, therefore, is applied to connect the deep Gulf to the coastal sea
and then to Apalachicola Bay. The high-resolution estuarine model is
forced with realistic tides, real-time river flows, wind and surface fluxes
that include evaporation and rainfall from a high-resolution regional
weather forecast model, the coupled ocean/atmosphere mesoscale
predication system (COAMPS).

Hourly water volume transported (current, in m s−1, × cross-sec-
tional area, in m2) in or out of the bay was obtained from the NCOM hy-
drodynamic model by integrating the flows around all the bay passes
(e.g., Indian, West and East Passes; shown as arrows in Fig. 1). Hourly
DOC flux rates over multiple tidal cycles were then computed bymulti-
plying the satellite-derived DOC concentrations by the volume of water
transported through the passes.

3. Results

3.1. Performance investigation of atmospheric correction schemes in
Apalachicola Bay

Fig. 4 illustrates the Rayleigh-corrected surface reflectance
(ρ (TOA-Rayleigh)) at the NIR and SWIR wavelengths. The bay-water
was relatively black (ρ (TOA-Rayleigh) ~ 0%) at SWIR wavelengths
(1238 nm & 2257 nm) likely due to strong water absorption (Hale
and Querry, 1973). However, the ρ (TOA-Rayleigh) increased only ~1–
1.5% at NIR wavelength (862 nm), indicating low to moderately turbid
nature of the bay even during high freshwater inputs on March 24,
2015.

The atmosphere contributes ~90% to the signal received by a satellite
sensor; consequently the removal of atmospheric-contribution is a chal-
lenging, and yet necessary component of image processing in ocean
color remote sensing (Gordon and Wang, 1994). Three well-known at-
mospheric-correction schemes were evaluated on a VIIRS image ac-
quired on March 24, 2015, and validated against in situ measurements
to find a suitable correction scheme for Apalachicola Bay. The perfor-
mance of candidate-schemes (Fig. 5) was examined on 325 px in differ-
ent parts of the bay as shown in Fig. 3. Gordon and Wang (1994;
hereafter GW94) NIR scheme demonstrated negative Rrs in the blue, es-
pecially in the relatively turbid parts (e.g., green andwhite colors in Figs.
3 & 5a corresponding to Central and East Bays) of Apalachicola Bay;
however, water-retrieval improved towards less turbid St. George
Sound and shelf region just outside the bay (orange color). The SWIR-
correction scheme (hereafterWS05) showed positive but strong signals
of Rrs (410) throughout the bay and even in shelf waters. The iterative
NIR-correction (BFW10) showed intermediate results between the
GW94 and WS05 schemes, and also demonstrated a good agreement
to the GW94 in relatively clearer shelf waters (orange region in Fig. 3
& 5a). Additionally, the BFW10 results correlatedwell with in situ obser-
vations at 410 nm indicating a reasonable performance of the iterative
NIR-correction in relatively turbid Central Bay (green region in Figs. 3
& 5a).
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At 551 nm, the BFW10 performed reasonably well, and showed a
good agreement with in situ observations (Fig. 5b). The GW94 and
WS10 schemes also approached towards the BFW10 likely due to re-
duced atmospheric-correction errors near NIR and SWIR wavelengths,
respectively. The agreement between all three schemes improved in
clear-water pixels (orange region); yet relatively larger deviations
were still observed in turbid-water pixels (green and white regions).
At 671 nm, both the GW94 and BFW10 schemes retrieved comparable
estimates of Rrs (Fig. 5c), however, the WS10 slightly deviated from
the BFW10 and in situ observations, possibly due to small but recogniz-
able aerosol-correction errors (e.g., aerosolmodel selection or absorbing
aerosols) that could have propagated exponentially in general from
SWIR to red wavelengths (McCarthy et al., 2012). This analysis showed
that the iterative NIR-correction (BFW10) appeared to be the most
suitable atmospheric-correction scheme for low to moderately turbid
Apalachicola Bay.

Validity of the BFW10 scheme was further tested against in situ ob-
servations (Fig. 6). In situ normalized water-leaving radiance (nLw) cor-
related well with the BFW10-corrected VIIRS nLw (Fig. 6a), and Rrs
spectra showed a good agreement at different stations in Central Bay
during elevated river flow condition on March 24, 2015 (Fig. 6b). How-
ever, st-15 showed overall higher reflectance values compared to other
stations, with a distinct reflectance peak at ~570 nm, a chlorophyll
absorption trough at ~676 nm, and a fluorescence emission peak at
~685 nm, respectively. This station, located to the south of the river
mouth, likely experienced increased turbidity due to a moderate river
discharge (~700 m3 s−1 on March 24, 2015) or re-suspended bottom
sediments combined with an elevated chlorophyll concentration
(~ 8mgm−3). The Iterative NIR scheme (BFW10) was further evaluated
on November 4, 2015 that yielded R2 = 0.95 (N = 25) during the low
river flow condition (Fig. 6c). The iterative NIR-correction performed
well overall in the different seasons (Fig. 6d). Although the satellite re-
trieval errorswere relatively larger in the blue region, small errors in the
green and the red channels suggested better suitability in using these
bands for developing algorithms in Apalachicola Bay.
Fig. 6.Validation of iterativeNIR (BFW10)-correctednLw and Rrs against in situmeasurements.a)
In situ Rrs spectra (circles) and VIIRS Rrs (triangles) onMarch 24, 2015, c)VIIRS nLw vs. in situ nLw
situ Rrs for all data (R2 = 0.90, RMSE =0.0007 sr−1, N = 45).
3.2. An empirical band-ratio algorithm and ag412 – DOC relationships

In situ ag412 measurements were regressed against various combi-
nations of VIIRS-derived Rrs at blue (488 nm), green (551 nm), and
red (671 nm) channels, and a green to red band-ratio showed a robust
power-law relationship (R2 = 0.87, N = 9) (Fig. 7a).

ag412 m−1� � ¼ 3:184� Rrs551
Rrs671

� �−1:046

ð6Þ

The validation results demonstrated a reasonable performance of
the band-ratio algorithm that was improved further using a more
constrained time difference (±3 h) between the in situ measurements
and the satellite overpass (Fig. 7b). Furthermore, ag412 – DOC relation-
ships developed from the field data were used to convert the satellite-
derived CDOM to DOC in Apalachicola Bay. The DOC concentration in
the bay was strongly correlated to ag412 in March except close to the
river and in East Bay, likely due to influences of the different DOM
sources (e.g., riverine DOM and wetland-derived blue carbon) at these
locations (Eq. (7); Fig. 7c); whereas, it was well correlated to the
ag412 (Eq. (8)) throughout the bay in November possibly due to the
dominance of a single DOM source within the bay.

DOC mgL−1
� �

¼ 1:08þ 0:94� ag412 m−1� �
March½ � ð7Þ

DOC mgL−1
� �

¼ 1:61þ 1:33� ag412 m−1� �
November½ � ð8Þ

The ag412 and DOC were further studied using satellite-, field-, and
model-based results to examine the effects of the meteorological, hy-
drological, and astronomical forcings on their sources and dispersal in
Apalachicola Bay.
VIIRS nLw vs. in situ nLw onMarch24, 2015 (R2=0.92,N=20, 4 stations inCentral Bay), b)
onNovember 04, 2015 (R2=0.95,N=25, 5 stations in Central Bay), and d)VIIRS Rrs vs. in



Fig. 7. a) A VIIRS based CDOM (ag412) empirical algorithm (R2 = 0.87, N = 9), b)
Validation of VIIRS ag412 against in situ observed ag412 (R2 = 0.76, N = 20, RMSE
=0.29 m−1, Bias (%) = −7.15) [The symbols indicated time difference between the in
situ observations and the satellite overpass in days, e.g., hexagons – 0 day, triangles –
1 day, and squares – 2 days], and c) ag412 - DOC relationships for March (R2 = 0.88,
N = 13) and November (R2 = 0.83, N = 24) [Triangles are representing the outliers (st-
5, st-11, and three stations in the East Bay) and not used in the relationships].
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3.3. Major hydrodynamic forcings in Apalachicola Bay

Apalachicola River discharge was approximately two-fold higher in
thewet season (March 23–25, 2015) than in the dry season (November
2–4, 2015) (Fig. 8a & b). Furthermore, the river discharge increased pro-
gressively in March, whereas it was more stable in November except
after November 4, 2015. The predicted tidal-heights showed relatively
similar micro-tidal environment during both surveys; however, the
ebb-tidal periods were much stronger in March than in November
(Fig. 8c & d). Weak to average winds were observed during the field
measurements (2.85 ± 0.97 ms−1 in March and 2.29 ± 1.68 ms−1 in
November). Nonetheless, sustained periods of cold-northerly winds in
March and warm-southerly winds in November could have affected
the field and satellite measurements at some stations, e.g., by sediment
re-suspension and elevated sea-state (black boxes, Fig. 8e & f). Tidal
forcingwas likely themajor factor controlling diurnal variation in salin-
ity andwater-level during both seasons (Fig. 8c & d). Moreover, moder-
ate winds could have affected salinity and water-level above the tidal-
height either by dispersing river-water towards the bay or by introduc-
ing shelf-water into the bay (e.g., black boxes in Fig. 8) (Huang et al.,
2002a; Huang et al., 2002b). Dry Bar and Cat Point salinity stations
were located close to the river mouth (Fig. 1); however, they showed
considerable variations in salinity during the study period (Fig. 8g & h).

3.4. Relationships between salinity, CDOM, and DOC

3.4.1. ag412 – salinity and DOC – salinity relationships
The relationships between ag412, DOC concentration, and salinity in-

dicated a strong influence of terrigenous andmarsh inputs (e.g., the Ap-
alachicola River (AR), the Carrabelle River (CR), and surrounding
marshes) at the fresh- and marine- end members in Apalachicola Bay.
Waters of different salinities such as fresh water in the river-influenced
East and Central bays, brackish water in St. George Sound, and marine
water just outside the bay were observed (also see Fig. 9). ag412 and
DOC concentrations near the river-influenced stations ranged from
2.26 to 6.26 m−1 and 3.59 to 13.47 mg L−1, respectively in March
(salinity b5, n = 6), whereas they ranged from 1.79 to 2.97 m−1 and
4.30 to 5.36 mg L−1, respectively in November (salinity b17, n = 7)
(Figs. 9a & 9b; Table 1). Generally, a conservative mixing of only two
end-members (e.g., fresh and marine) produces linear relationships be-
tween salinity and these DOM properties in most estuaries (Bauer and
Bianchi, 2011). However, changing source concentration, exports from
marshes, or intrusions of offshore waters could contribute to the non-
conservative behavior of CDOM (Singh et al., 2010). The ag412–salinity
relationship showed a more non-conservative mixing behavior in
March than in November (Fig. 9a). DOC varied linearly with salinity in
March, and in November (Fig. 9b) with a steeper slope in November.
However, the mean DOC concentration (2.29 ± 0.82 mg L−1; St-11
was removed) in November was not significantly different (t-test:
p = 0.345) than in March (3.07 ± 0.95 mg L−1; St-11 & 5 were re-
moved) despite a reduced supply of riverine- and marsh-derived DOC
via Apalachicola River and its distributaries. Thus, pulses of river and/
or marsh DOC may be rapidly attenuated or diluted in Apalachicola
Bay. Station-11 was located near the marshes in East Bay (Fig. 1) that
showed the highest ag412 (6.26 and 2.97m−1) and DOC concentrations
(13.47 and 5.36 mg L−1) in both seasons, respectively (Figs. 9a & 9b).
Despite low flow condition, the elevated ag412 and DOC near St-5
could be due to sediment resuspension (e.g., pore-water DOM) and
mixing by moderate southerly winds (Fig. 8f, black box).

3.4.2. S275–295 – salinity relationship
CDOM spectral slopes are more helpful indicators of CDOM history

(e.g., sources, and biological and photochemical alterations) than the
absorption coefficients alone (Brown, 1977; Helms et al., 2008). Spectral
slope S275–295 ranged from (12.96 to 17.03 μm−1) in March, and (16.76
to 27.73 μm−1) in November. The mean S275–295 (14.1 ± 0.89 μm−1,
n = 6) near the freshwater sources was relatively low, and slightly in-
creased towards the saline waters in March (Fig. 9c, green symbols).
In contrast, the S275–295 showed an exponential increase from a mini-
mum value 16.76 μm−1 in river to a maximum value 27.73 μm−1 at
the shelf station in November that is typical for mixing of river water
and seawater in coastal environments (Helms et al., 2008) (Fig. 9c,
blue symbols). A non-linear trend of S275–295 proved to be a good



Fig. 8. Time-series of major forcing factors in Apalachicola Bay. a–b) Apalachicola River discharge, c–d) tidal-height and water-level above the datum (MLLW = 1.307 m), e–f) air
temperature and wind vectors (wind speed and wind direction from true north), and g–h) salinity at Cat Point (solid line) and Dry Bar (dashed line). Black boxes show the examples
of wind- and tide-affected water-level and salinity in the bay. Green color represents the wet season (March 23–25, 2015), and blue color represents the dry season (November 2–4,
2015). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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indicator of the shifts in CDOM molecular weight (MW) and photo-
bleaching (Fichot and Benner, 2012; Helms et al., 2008; Vantrepotte et
al., 2015; Osburn et al., 2016). Therefore, the increasing values of S275–
295 can be associated with the decrease in CDOM molecular weight
and aromaticity, and the increase in photo-degradation as CDOM is
transported from the fresh to marine waters. Early work has shown
that under controlled laboratory conditions, photo-degradation result-
ed in thebreakdownof largermolecularmaterial into smallermolecules
such as fatty acids, whichwere rapidly consumed by bacteria (Wetzel et
al., 1995). Our results indicated that Apalachicola Bay receives DOM
from a variety of seasonally-dependent terrestrial and marsh sources,
and their distribution can be generally governed by the interactions of
various biological, physical, and photochemical processes.

3.5. Satellite-based CDOM and DOC maps in Apalachicola Bay

Atmospherically-corrected VIIRS imagery was converted to the
ag412 and DOC maps using the CDOM empirical algorithm (Eq. (6))
and ag412-DOC relationships, respectively, and subsequently analyzed
for the DOM distribution using in situ observations (Fig. 8) and surface
currents and salinity patterns obtained from a triple nested estuarine-
scale Navy Coastal OceanModel (NCOM) at ~250m resolution (Fig. 10).

3.6. DOC stocks and fluxes

By assuming homogeneity in DOC concentration within a pixel and
shallow, vertically well-mixedwater column, DOC stocks were estimat-
ed from St. Vincent Sound to the East Pass for each DOC map (Fig. 11).
The estimated standing stock was ~3.71 × 106 kg C (~560 km2) on
March 24, 2015 and ~4.07 × 106 kg C (~560 km2) on November 04,
2015.

DOC fluxes calculated using water fluxes through all the passes and
satellite-derived DOC concentrations for March 22–27, 2015 and No-
vember 2–7, 2015 show large variations dominated by tidal cycles
(Fig. 12; red lines). The de-tided DOC fluxes (Fig. 12; blue lines) were
positive for both periods in spring and fall indicating export of DOC
fluxes from the bay to the coastal marine waters of the Gulf. The DOC
fluxes exported out of the bay was estimated to be 6804 kg C h−1

(0.163 × 106 kg C d−1) on March 24 and 5155.2 kg C h−1

(0.124 × 106 kg C d−1) on November 4, 2015, respectively.

4. Discussion

4.1. Performance investigation of atmospheric-correction schemes in Apa-
lachicola Bay

A development of ocean color algorithms for seawater constituents
such as CDOM, necessitates accurate removal of the atmospheric-con-
tribution (~90%) from the light observed by satellite sensors at the
top-of-the-atmosphere (TOA) (Gordon and Wang, 1994). Three
established correction schemes were thus evaluated, with the iterative
NIR scheme (BFW10) observed to be the most suitable scheme for opti-
cally complex waters of Apalachicola Bay (Fig. 5). Standard NIR-correc-
tion (GW94) produced negative water-leaving radiance at short
wavelengths, especially in the blue, likely due to black-pixel assumption
in relatively turbid East and Central bays that could have overestimated
roles of aerosols and eventually underestimatedwater-leaving radiance
(Lavender et al., 2005; Ruddick et al., 2000; Siegel et al., 2000; Stumpf et
al., 2003). However, the GW94 scheme performed reasonably well in
relatively clearer shelf waters and at the green and red wavelengths,
likely due to reduced atmospheric-correction errors (e.g., associated
with aerosol model selection using NIR bands).

Although the VIIRS SWIR bands have less noise than MODIS SWIR
bands (Wang and Shi, 2012), the SWIR-correction (WS05) yielded pos-
itive but overestimated values of normalized water-leaving radiance
(nLw) at all wavelengths and in different regions of the bay. The exact
reason for this behavior is unknown, but the role of absorbing aerosols
could be associated with the underestimation of aerosol contribution,
and consequently overestimation of nLw and Rrs, especially at the blue
wavelength. This overcorrection may not be significant in highly turbid
water where actual water-leaving signal is strong enough to conceal the
over-corrected signal due to the absorbing aerosols. However, the actual



Fig. 9. Relationships between salinity and a) ag412 (ag412= 3.50 + 0.09 × salinity, R2 =
0.76, n=14 inMarch; ag412=2.98+0.08× salinity, R2=0.91, n=24 inNovember), b)
DOC (DOC = 4.06–0.07 × salinity, R2 = 0.89, n = 14 in March; DOC = 5.70–0.11 ×
salinity, R2 = 0.85, n = 24 in November), and c) S275–295 in March (wet season; green
symbols) and November (dry season; blue symbols). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this
article.)

Table 1
Mean, standard deviation, and range of temperature, salinity, CDOM absorption coefficient at 4

Field trips Season Sampling stations Tempe

March 23–25, 2015 Spring N = 17 22.06
[20.44

November 2–4, 2015 Fall N = 26 25.7 (
[24.6–
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water-leaving signal may not be high enough to cause this effect in low
to moderately turbid water; consequently, the over-corrected signal
could be erroneously interpreted as actual water-leaving signal leading
to the overestimates when compared to in situ observations. Another
possibility is that the atmospheric-influence is also very low at SWIR
wavelength, and even small uncertainties in atmospheric model selec-
tion may result in large aerosol errors (underestimation or overestima-
tion) towards short wavelengths due to longer extrapolation distance.
These errors may not havemuch influence in the green and red regions,
but they can contribute to inaccurate (overestimated or
underestimated) water-leaving radiance and Rrs at these wavelengths
(Fig. 6). In addition, overestimated performance of the SWIR-correction
can also be associated to inconsistent vicarious calibration between
SWIR and visible wavelength as gain for the VIIRS SWIR bands is set to
1.0 in l2gen module of SeaDAS 7.3.

4.2. An empirical band ratio algorithm and ag412 – DOC relationships

Rrs spectra at shorter wavelengths (b500 nm) are more sensitive to
CDOM, hence UV and blue wavelengths can be useful in detecting
CDOM in natural waters. However, the use of these wavelengths is
greatly limited by negligible water-leaving radiance in blue likely due
to strong CDOM absorption in CDOM-rich environments (O'Reilly et
al., 2000). Furthermore, satellite retrieval errors are relatively larger in
the blue region compared to longer wavelengths (e.g. NIR/SWIR) possi-
bly due to the longer extrapolation distance from the red to the blue in
the atmospheric correction procedure (Fig. 6b). Therefore, the blue
bandswere avoided in algorithmdevelopment. Zhuet al. (2014) recent-
ly reviewed 15 CDOM algorithms (empirical, semi-analytical, optimiza-
tion, and matrix inversion) in Saginaw Bay (USA) and reported that
three of the best performing six algorithms were empirical that used
band ratios with wavelengths N500 nm. They further demonstrated
that the band ratio performance of an empirical algorithm can be signif-
icantly improved in inland and estuarine environments by using at least
one of two bands with a relatively longer wavelength (N600 nm). How-
ever, it is important to note that empirical band ratios are highly depen-
dent on the dominant water constituent in the study area. Qi et al.
(2015) demonstrated the use of VIIRS red to green band ratio (RGCI –
red green chlorophyll index) to detect Karenia brevis bloom in the
Northeastern Gulf of Mexico. A similar band combination worked
well to detect CDOM in our study possibly due to dominance of CDOM
(ag/a(total-water) × 100 N ~ 60% at 443 nm; ag/a(total-water) × 100 N ~ 50%
at 551 nm) in Apalachicola Bay (ag443; range = 0.09–3.16 m−1;
Mean ± SD= 0.93 ± 0.76 m−1) in comparison to chlorophyll concen-
trations during the bloom condition (ag443; range = 0.02–4.25 m−1;
Mean ± SD = 0.17 ± 0.06 m−1) (Qi et al., 2015).

In situ ag412 and VIIRS green to red band ratio (Rrs551/Rrs671)
yielded a robust power-law relationship in Apalachicola Bay (Fig. 7a,
Eq. (6)). The validation results showed a reasonable performance of
this relationship for the in situ measurements collected within
±2days of satellite overpass (Fig. 7b). Several factorsmay have contrib-
uted to the observed bias in match-up comparison between in situ and
estimated ag412, such as errors associated with satellite TOA radiances,
aerosol model selection, absorbing aerosols, in situ measurements, and
the atmospheric-correction scheme itself. The time-difference between
12 nm (ag412) and DOC in Apalachicola Bay during two field surveys.

rature (°C) Salinity ag412
(m−1)

DOC
(mg L−1)

(0.78)
–23.09]

15.3 (11.3)
[0.09–31]

2.39 (1.51)
[0.84–6.26]

4.33 (5.73)
[1.7–13.47]

0.53)
26.3]

24.7 (8.3)
[4.95–34.37]

1.15 (0.75)
[0.16–2.97]

3.19 (1.03)
[1.65–5.36]



Fig. 10. Synoptic views of CDOM (ag412) and DOC concentrations during two field surveys in Apalachicola Bay. a) satellite-derived CDOMmap, and b) satellite-derived DOC map, and c)
NCOMmodeled salinity and surface currents corresponding to the satellite overpass onMarch 24, 2015 (wet season). d) satellite-derived CDOMmap, and e) satellite-derived DOC map,
and f) NCOMmodeled salinity and surface currents corresponding to the satellite overpass on November 04, 2015 (dry season). Wind direction and water transport are illustrated with
black arrows in the NCOM results.
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in situ and satellite observations could also produce errors in the CDOM
estimation because the water characteristics can change rapidly due to
major forcing factors (e.g., winds, river discharge and tides; discussed
later). The validation results were improved further when time-differ-
ence between the ground-truth and the satellite overpass were
constrained to ±3 h (Fig. 7b) (Bailey and Werdell, 2006). Green and
red channels also carry information about particle back-scattering and
phytoplankton absorption, respectively. Therefore, the green to the
red band ratio algorithmmay not function satisfactorily in highly turbid
and phytoplankton bloom conditions. Highly turbid water may mask
the effect of CDOM absorption, whereas high chlorophyll-a can absorb
significantly in red (Figs. 3a & 6b) that might overestimate the band
ratio, and hence underestimate ag412 (e.g., st-9 & 10 located in East
Bay; Fig. 7b). Variability in DOM properties, especially CDOM, likely oc-
curs at shorter time scales in the bay due to changing terrestrial and au-
tochthonous (planktonic) inputs, meteorological, hydrological and
astronomical forcings, and DOM degradation processes such as photo-
bleaching and microbial alteration. More satellite match-ups covering
these variable conditions could increase the robustness of the CDOM
empirical relationship in Apalachicola Bay. Finally, the ag412–DOC rela-
tionships in March and November (Fig. 7c; Eqs. (7) & (8)) allowed for
reliable satellite-derived DOC maps for the bay. While similar slope
Fig. 11. Image-based standing stocks of DOC on a) March 24, 201
valueswere observed in the relationships, different intercepts indicated
the influence of different DOC sources and associated DOC removal pro-
cesses during two field surveys.
4.3. Major hydrodynamic forcings in Apalachicola Bay

Major hydrodynamic forcings (winds, rivers, and tides) play a cen-
tral role in regulating DOM distributions and shelf-estuarine DOM ex-
changes in coastal waters. Apalachicola Bay's dynamic hydrology is
seasonally variable and these three forcing factors interact to control
its fresh and marine water distributions. Time-series of wind speed,
wind direction, air-temperature, river discharge, and tidal-height were
examined together with salinity and water-level to understand the rel-
ative effects of these factors on spatiotemporal variations in the DOM
properties (e.g., ag412 and DOC) during seasonally-different field sur-
veys (Fig. 8). Winds and tides contributed the most (N50%) to the
short-term variations in water-level (e.g., hours to days) near the river
mouth, however river discharge may exert considerable influence
over the larger time-scales, e.g., weeks tomonths (Fig. 8c & d). A combi-
nation of wind, river plume, and tidal interactions appeared to control
the short-term spatial distribution of salinity in Apalachicola Bay
5, and b) November 4, 2015 over a surface area of ~560 km2.



Fig. 12. Hourly DOC fluxes through the bay passes (red line; positive - out of Bay and
negative into the Bay) with large variations predominated by the tides for (a) March
22–27, 2015, and (b) November 2–7, 2015. Blue lines denote estimates of de-tided (40-
h filter) DOC fluxes with values of 6804 kg h−1 for March 24, and 5155.2 kg h−1 for
November 4, 2015, at 12 UTC, respectively. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
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based on the observed differences in salinity at the CP and DB stations
(Dulaiova and Burnett, 2008; Huang et al., 2002a; Huang et al., 2002b).

Apalachicola Bay experienced low to moderate winds during the
field surveys, yet sustained periods of cold-northerly winds in combina-
tionwith the ebb-tidal periods likely decreased salinity by pushing river
water into the bay and veering plumewater towards the downwind re-
gion of the bay (Liu and Huang, 2009). One outcome of wind direction
and intensity may have been to suppress outwelling of marsh-derived
DOM during low river flow periods and, instead, possibly to release
DOM from sediment pore-waters (Dixon et al., 2014). In contrast, a
combination of warm-southerly winds and flood tidal periods were
likely to introduce saline shelf water into the bay, and confine fresh
water close to its sources (Chen et al., 2009). This short-term variability
(e.g., hours to days) in the bay's water-circulation affected allochtho-
nous and autochthonous characteristics of DOM, their distribution,
and DOM transport to the Gulf waters during the study period.

4.4. Relationships between salinity, CDOM, and DOC

4.4.1. ag412 – salinity relationship
The non-conservative behavior of CDOM likely occurred due to ele-

vated inputs of DOM from different terrestrial sources at freshwater
end-members and marsh sources at marine end-members, or to longer
exposure of newly introduced CDOM to degradative processes inMarch
(Fig. 9a, green symbols). Studies using radium isotopes (223Ra and
224Ra) (Dulaiova and Burnett, 2008) and 3-D hydrodynamic modeling
(Mortazavi et al., 2001) showed dependence of the bay's water-circula-
tion and residence-time on river discharge, and indicated that prevail-
ing winds and tidal patterns can also diminish the influence of river
by controlling the plume dynamics in the bay. This may, in fact, also af-
fect the relative importance of marsh DOM export to the bay.
Moreover, an approximateflushing-time of 6 to 12 days for Apalach-
icola Baywas estimated, which could vary based on the combinations of
river discharge, tides, andwinds. The bay experienced tidal-flooding as-
sociated with semi-diurnal neap tides during the field survey in March
(Fig. 8c), and that could have increased the water-flushing time in the
bay. Also, the convex-shaped ag412-salinity relationship indicated a lon-
ger exposure of Central Bay and St. George Sound to CDOMremoval pro-
cesses (Bauer and Bianchi, 2011; D'Sa and DiMarco, 2009; Osburn et al.,
2009; Osburn et al., 2016). However, a similar convex pattern could be
produced by mixing of multiple end-members (Osburn and Stedmon,
2011; Osburn et al., 2016). Northerly winds were dominant during the
high flow condition; hence wind-induced CDOM released from sedi-
ments due to re-suspension and mixing could also be another reason
for the observed high CDOM in relatively shallow East Bay, and conse-
quently the observed non-conservative behavior in March (Dixon et
al., 2014). In contrast, a conservative mixing behavior was observed in
November; however, few marine end-members showed elevated
ag412 likely due to moderate southerly winds that were observed on
the first day of survey in November (Fig. 8f, black box).

4.4.2. DOC – salinity relationship
The DOC – salinity relationships showed a strong conservative be-

havior in March and November; however, the mean DOC concentration
in November was relatively similar to March despite the reduced AR
andCRflows, andweakwinds (Fig. 9b). The bay experienced a local pre-
cipitation event onNovember 3, 2015, andmarsh-derived “blue carbon”
might have been released into the bay due to rainfall and associated
run-off during this event (Chen et al., 2011a; Chen et al., 2011b). Like-
wise, the fluvial concentration and flux of terrestrially-derived DOM
(e.g., lignin phenols) have been shown to increase rapidly during rainfall
events in other settings (Ward et al., 2012). Episodic events leading to
substantial DOM exports does complicate binary mixing models and
may require ternary mixing models to fully elucidate terrestrial,
marsh, and marine sources (Osburn and Stedmon, 2011).

4.4.3. S275–295 – salinity relationship
The variation in the spectral slopes can be attributed to many

processes e.g., mixing, photo-degradation, microbial degradation,
autochthonous production, pore-water supply, and flocculation. In Apa-
lachicola Bay inMarch, an excess supply of riverine- andmarsh-derived
DOM could be the influential factor for the observed low S275–295 in East
Bay. InNovember, reduced freshwater inputs and longer residence-time
could have exposed CDOM in the bay to photochemical and microbial
oxidation processes for a period long enough to result in the higher
S275–295 in near the freshwater sources compared to March (Fig. 9c).
This result would be consistent with the rapid increase in S275–295 to-
wards themarine end-members observed in other estuaries and coastal
waters (Fichot and Benner, 2012; Helms et al., 2008).

4.5. Satellite-based CDOM and DOC maps in Apalachicola Bay

4.5.1. Wet season (March 24, 2015)
In March, higher amounts of CDOM (ag412) were observed near the

river and in East Bay that gradually decreased towards the marine sta-
tions (Fig. 10a). Despite high river flow conditions, CDOM was mainly
confined to Central Bay and St. Vincent Sound to the west, and low
CDOM bay or Gulf water was observed in St. George Sound to the east.
Furthermore, a clear westward signal of moderate CDOM observed
near the mouth of Carrabelle River that indicated the net westward
transport of CDOM-rich freshwater on March 24, 2015.

DOC is one of the largest pools of carbon in the biosphere whereas
CDOM is an optically-reactive fraction of DOC. The extent of DOC distri-
bution was much larger than CDOM as observed in the CDOM and DOC
maps (Fig. 10b). InMarch,moderate DOC concentrationswere observed
in CDOM-depleted St. George Sound and even in the shelf waters. The
strong and clearly visiblewestward plumes (e.g., the AR and CR plumes)
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of high DOC concentrations suggested the westward transport of DOM
in the bay. Apalachicola Bay experienced the beginning of flooding-
phase of a semi-diurnal neap tide (1900 UTC) during the satellite over-
pass (1854 UTC) in March (Fig. 8c). NCOM modeling results indicated
the intrusion of a saline water mass (30–34 PSU) through the West,
East, and Indian Passes, and relatively weak currents (1–5 cms−1) in
St. George Sound and Central Bay (Fig. 10c). The presence of an anti-cy-
clonic feature corresponding to reversal of surface currents near the
river plume was also apparent. Although there was a net water trans-
port into the bay due to flooding-phase, the tidal currents could have di-
minished during the relaxation period associated with a neap tide (Fig.
8c). Nonetheless, Apalachicola River discharge was high enough to in-
fluence the water-dynamics near the river plume that might have
diverted fresh water towards the West Pass and St. George Sound
with an anti-cyclonic distribution of surface currents in Central Bay
(Fig. 10c). This phenomenon could be responsible for the observed
CDOM-depleted saline water and weak surface currents in St. George
Sound and Central Bay due to increased residence time and fresh- and
marinewatermixing. In addition, the bay experienced a shift inwinddi-
rections from northeasterly to southwesterly that could have contribut-
ed to the net fresh river water transport towards Dry Bar (DB), and
input of saline Gulf water to Cat Point (CP) through St. George Sound
and the East Pass (Fig. 8e).

4.5.2. Dry season (November 4, 2015)
CDOM concentrations were lower in November 2015 compared to

March 2015 and mainly restricted close to the terrestrial sources (Fig.
10d). However, despite reduced river flow and weak winds, DOC con-
centration was significantly higher and stretched over a wider extent
in November than in March possibly due to the strong surface currents
and associated net water transport towards the shelf (Fig. 10e and f).
Higher DOC concentrations could have been observed due to a marsh-
derived DOC release after the traceable rainfall event that occurred a
day before the satellite-overpass (1831 UTC). Time-series of dominant
forcing factors (Fig. 8) and modeling results (Fig. 10f) showed a combi-
nation of increasing river discharge, strong ebb tidal currents, and
southeasterly winds that collectively could have veered the freshwater
plume towards the western part of the bay and also supported the es-
cape of freshwater to the shelf thought the West Pass and the Indian
Pass.

4.6. DOC stocks and fluxes

The estimated DOC standing stock was ~10% higher on November
04, 2015 than on March 24, 2015 possibly due to terrestrial- and
marsh- derived DOC-release as indicated earlier with observed higher
DOC concentrations in the fall. Recent work in the Gulf of Maine esti-
mated standing stock of DOC ~1.5 × 1010 kg C over a relatively larger
area of ~90,700 km2 (Balch et al., 2016). Although the estimates in
this study may not represent accurate standing stocks of DOC because
of underlying assumption of vertical homogeneity, coarse images
(750 m resolution) and missing data for cloud- and stray light- masked
pixels, they may provide a reasonable estimation about seasonally var-
iable carbon stocks in relatively smaller Apalachicola Bay. The de-tided
volume fluxes (current × area of cross-section on the all passes in
m3 s−1) of water out of the bay in the spring wet season (e.g., March
24th) was 735 m3 s−1 and in the fall dry season (e.g., November 4th)
was 378 m3 s−1; both values closely correspond to the Apalachicola
river discharge (~740 m3 s−1 and ~350 m3 s−1, respectively). The vol-
ume flux in the spring is more than double the fall volume flux but
the DOC flux had much less of an increase (1.89 kg C s−1 vs.
1.43 kg C s−1) (Fig. 12), which indicates a larger DOC concentration in
the fall, consistent with our satellite observations (Fig. 10) and DOC
stock estimates (Fig. 11). For perspective, our export values represent
7% and 21% of the 110-year mean spring and fall export values recently
computed for the Mississippi River (Ren et al., 2016).
4.7. Effect of bottom reflectance on ag412 and DOC stock estimations

Apalachicola River is the major source of sediments in the bay other
than occasional wind- and tide- supported sediment resuspension. Ba-
thymetry survey in the bay showed that Central Bay and St. George
Sound are relatively deeper (N3 m) than St. Vincent Sound and East
Bay (b2 m) (Twichell et al., 2010). Although East Bay is shallow, it is
an optically deep region that is under continuous influence of CDOM-
rich dark water and river-supplied sediment-rich water. Furthermore,
sediment-resuspension is more common due to water momentum of
river and its distributaries. Hence, bottom reflectance may not play a
significant role in contributing to water-leaving light in East Bay. How-
ever, it could be a major problem in St. Vincent Sound and near oyster
bars that generally rise 2–3 m above the surrounding sea floor. None-
theless, these areas become quite turbid during high flow conditions
(e.g., the Apalachicola River flood) and strong winds (e.g., cold fronts
and hurricanes) (Chen et al., 2009; Liu and Huang, 2009). The VIIRS
CDOM algorithm is developed using in situ data collected in relatively
deeper part of the bay (Central Bay), therefore low bottom contamina-
tion to water-leaving light can be expected in the relationship. The
bay generally remains relatively turbid during high flow conditions
(e.g., in March) and hence the bottom reflectance might not be the
major factor in the estimated ag412 in March. However, it may have
some influence on water column in St. Vincent Sound and over the oys-
ter reefs and therefore on the estimated ag412 andDOC stock in Novem-
ber as it is the low flow condition with relatively weak winds.

5. Conclusions

This study presented the use of VIIRS ocean color sensor to monitor
DOM properties, namely CDOM and DOC in the low to moderately tur-
bid shallow-water estuary. It was supported by in situ observations of
CDOM absorption coefficient (ag412) and DOC concentrations obtained
during field surveys in March and November 2015. The relationships
between ag412, DOC concentration and salinity indicated strong season-
al influences of terrigenous and marsh inputs, such as the Apalachicola
and Carrabelle Rivers, and surrounding marshes, on the DOM distribu-
tions in Apalachicola Bay. A non-conservative behavior of CDOM oc-
curred in March most likely due to elevated inputs of DOM from
terrestrial sources and longer residence time, whereas the conservative
mixing behavior was observed in November. The DOC – salinity rela-
tionship showed a strong conservative behavior in March and in No-
vember. Low CDOM spectral slopes in the UV indicated dominance of
the source processes (e.g., elevated terrestrial inputs, autochthonous
production, and wind-induced sediment re-suspension) in March,
whereas larger values and a sharp increase towards the marine end-
members pointed to a stronger influence of sink processes (e.g.,
photo-bleaching, microbial-degradation, mixing, and flocculation)
(Fig. 9c). A conservative behavior was observed between CDOM and
DOC during both the field surveys; however, different intercepts in
their relationships indicated the seasonal-dependence of the DOM
sources (e.g., riverine DOM and marsh-derived blue carbon) in March
and November. On-going work on DOM biogeochemistry in this region
will elucidate these sources.

Three well-known atmospheric correction schemes were tested and
the iterative NIR scheme (Bailey et al., 2010) was found to bemore suit-
able than the standard NIR correction (Gordon and Wang, 1994), and
the SWIR correction (Wang and Shi, 2005) in Apalachicola Bay. In situ
ag412 and atmospheric-corrected VIIRS band ratio (Rrs551/Rrs671)
yielded high correlation (R2 = 0.87) and validation showed good per-
formance (R2 = 0.76, RMSE =0.29 m−1) in the low to moderately tur-
bid Apalachicola Bay. Subsequently, satellite images were converted to
the CDOM and DOC maps using VIIRS-based empirical algorithm and
CDOM-DOC relationships. Although some uncertainty exists in VIIRS-
based CDOM empirical relationship and CDOM-DOC relationships, sat-
ellite-derived CDOM and DOC maps captured major details of their
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distribution and influence of season-dependent terrestrial DOM
sources. The empirical relationships can be further improved by using
more satellite match-ups and in situ measurements. Finally, satellite
maps, in situ observations, and model-based estimation of surface cur-
rents and salinity provided a detailed view of the interactions between
three major forcings (e.g. river, tide, and wind) and their influence on
the ag412 and DOC distribution in Apalachicola Bay. The bay experi-
enced flood tides, northeasterly winds, net westward water transport,
anti-cyclonic water circulation features, and low CDOM bay or Gulf wa-
ters in St. George Sound on March 24, 2015, whereas the time-series of
dominant forcing factors andmodeling results showed a combination of
increasing river discharge, strong ebb tidal currents, and southeasterly
winds that could have veered the freshwater plume towards the west-
ern part of the bay and also supported the escape of freshwater to the
shelf thought the West Pass and Indian Pass. DOC stocks indicated that
the standing stock of DOC was ~3.71 × 106 kg C in wet season, but
local rainfall events may introduce “blue carbon” that could be respon-
sible for large DOC stocks even in dry season (~4.07 × 106 kg C) in Ap-
alachicola Bay. Nonetheless, estimates of fluxes obtained by combining
NCOM hydrodynamicmodel currents with satellite DOC estimates indi-
cated greater fluxes of DOC exported into the shelf waters from the bay
in thewet season than the dry season that could be attributed to greater
water volume fluxes and enhanced river discharged. However, reduc-
tion of DOC flux in the fall is much less than the reduction of volume
flux due to relatively higher DOC concentration in the fall. Regardless,
we estimate DOC exports roughly 10% of that delivered seasonally by
the Mississippi River.

This study demonstrated the combined use of ocean color satellite,
field observations, and hydrodynamic-modeling techniques to study in-
fluences of physical processes on the distribution and the transport of
terrestrially derived CDOM and DOC to shelf waters. Satellite-derived
CDOM and DOC maps showed reasonable results that matched field-
and model-based observations indicating that this study can be used
as a building block to calculate carbon fluxes and to recognize the role
of Apalachicola Bay in the carbon cycle of the Gulf.
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