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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 in LA is a particle-dominated 
estuary; river and shelf water exchange near 
the mouth of the bay
•Apalachicola Bay in FL, CDOM-
dominated estuary; bar-built estuary with 
river a major source of freshwater
•NCOM-Navy Coastal Ocean Model, 
nested,  3-D; 1.9 km spatial resolution

•Field obs, satellite ocean color data 
(Landsat, SeaWiFS, MODIS, VIIRS) and 
model to examine CDOM/DOM 
distribution, dynamics, stocks and fluxes
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CDOM trapped in the bottom sediments [33,64,65]. Furthermore, the narrow width and the shallow 
depths of the upper bay make it susceptible to relatively strong mixing of the water column by winds 
and tidal currents in contrast to the relatively wide and deep lower part of the bay [66]. Therefore, 
variability in the water characteristics of the upper bay could have contributed to the more significant 
RMSE in the matchup comparison. In contrast, the observed small RMSE in the lower bay could be due 
to relatively more stable characteristics, except during periods of strong winds [59]. The time difference 
between image acquisition and in-situ measurements can also cause large errors in the performance of 
an algorithm. The empirical algorithm presented in this study utilized clear sky images acquired within 
±5 days of in-situ measurement. CDOM abundance is likely to be quite variable, as Barataria Bay is 
governed by different meteorological and hydrological factors throughout the year. Although it is 
difficult to get a satellite image within a few hours of in-situ measurements due to the coarse temporal 
resolution of Landsat and possibly unfavorable weather conditions, the images acquired on the same day 
of measurements are likely to improve the CDOM estimation. The discrepancy in the matchup analysis 
could also have occurred due to the effects of high concentrations of particulate matter on the water 
leaving radiance. Since Landsat has a wide spectral band (bandwidth = 0.08 µm compared to 0.01 µm 
of the MODIS green band), light attenuation by particulate matter is likely to introduce an error in ag355 
estimation, especially in the shallow and turbid bays. The red region (Band-3, 0.63–0.69 µm) of Landsat-
5 TM includes the phytoplankton absorption peak, which could degrade the algorithm performance, 
especially during the periods of phytoplankton blooms. Furthermore, the contributions of sky light and 
whitecaps cannot be ignored on the surface reflectance and therefore, on the algorithm performance. In 
spite of numerous limitations, the CDOM algorithm and its validation indicated the possibility of using 
Landsat imagery to monitor CDOM in shallow bays. 

  

(a) (b) 

Figure 7. (a) Power law relationship between the CDOM absorption coefficient and the 
Landsat band ratio (Green/Red). The ag355 band ratio algorithm: ag355 = 6.68 × (B2/B3)−3.12 
(R2 = 0.74, N = 50). (b) Validation of a band ratio algorithm (R2 = 0.76, N = 28). 

  

tion maps obtained from model and SeaWiFS data suggests that
the approach for producing CDOM synoptic maps using
simulated salinity and CDOM–salinity conservation concepts
is an appropriate method. However, discrepancies between
model-derived and SeaWiFS-derived surface CDOM are ob-
served in estuaries and very shallow waters. These could be due
to errors in atmospheric correction and interference by the other
optically active seawater constituents (D’Sa, 2008; Le Fouest et
al., 2006; Walker and Rabalais, 2006). Model deficiency in
simulating salinity in coastal areas may also contribute to a
lower accuracy of CDOM estimation in these regions. Model-
derived CDOM maps can be used as supplemental data to fill
temporal and spatial gaps in the satellite data.

Advection and CDOM Distribution
The role of horizontal advection on CDOM distribution on the

inner and outer shelves was demonstrated during different

current regimes. Cold front passages induce southward

currents and strongly contribute to the CDOM advection over

the Louisiana shelf. The current can flush CDOM-laden water

out of the bays toward the shelf. Walker and Hammack (2000)

estimated that 30–50% of the Atchafalaya Bay system’s volume

is flushed onto the inner shelf during cold front passages. Feng

(2009) reported that strong cold fronts could flush more than

40% of the bay waters to the shelf within a period of less than 40

hours, indicating these events are responsible for major

outward flushing from the bays. The significant effect of N

and NW winds on the flushing of water out of the bays has also

been demonstrated using satellite data and numerical models

(Cobb, Keen, and Walker, 2008; Walker and Hammack, 2000).

Thus, relatively high southward current velocities over the

shelf associated with the cold fronts also advect CDOM. Figure

13B illustrates CDOM distribution superposed with isobaths

Figure 10. Anticylonic gyre pattern in the Lousiana Bight on 5 May 2005 (1800 h UT) (color bar indicates CDOM absorption coefficient at 412 nm (m!1)). (Color
for this figure is available in the online version of this paper.)

Figure 11. Current pattern for 11 March 2005 at 1200 h UT (color bar indicates CDOM absorption coefficient at 412 nm (m!1)). (Color for this figure is available in
the online version of this paper.)
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DOC concentrations were regressed against aCDOM(412) for spring-winter and summer periods to 
assess the seasonal relationship between DOC and CDOM. Results indicated strong conservative 
behavior between the two properties for both seasons (Equations (2) and (3); Figure 2(A)), 
respectively). Regression analyses between aCDOM(412) and DOC concentration indicated high R2 
values (0.9) for both seasons with the intercept for the summer relationship (Equation (3)) being higher 
than that of spring-winter relationship (Equation (2)) (see Table 3).  

ଵሻିܮ�ܥ�݈݋݉ߤሺܥܱܦ ൌ ͳʹ͹ǤͲʹ͹ ܽ஼஽ைெሺͶͳʹሻ ൅ ͹͹Ǥͻ͹ (2)

ଵሻିܮ�ܥ�݈݋݉ߤሺܥܱܦ ൌ ͳ͵͹Ǥʹʹ ܽ஼஽ைெሺͶͳʹሻ ൅ ͳʹͶǤʹͲ�� (3)

Figure 2. Relationship between (A) in situ aCDOM(412) and in situ DOC in spring-winter 
and in summer; (B) in situ aCDOM(412) and in situ salinity in spring-winter and in summer; 
(C) in situ DOC and in situ salinity in spring-winter and in summer. 
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and estuaries exhibit high CDOM/DOC concentrations, where the MODIS/MERIS algorithms fail to 

estimate CDOM/DOC most likely due to interference by sediments and chlorophyll. These CDOM 

empirical relationships were evaluated using in situ aCDOM(412) data which were independent from the data 

utilized for algorithm development (Figure 9(C,D)). The validation matchup comparison between in situ 

and satellite-derived aCDOM(412) illustrates estimation of aCDOM(412) with Bias = 0.093, RMSE = 0.176, 

and R
2
 = 0.4 for MODIS, and Bias = 0.089, RMSE = 0.3, R

2
 = 0.42 for MERIS (Table 7). We 

excluded outliers to improve the evaluation analyses (Figure 9(C,D)) (see Discussion). The DOC 

retrieval algorithms for both MODIS and MERIS were constructed by combining the aCDOM(412)-Rrs 

relationship (Equation (7)) with seasonal aCDOM(412)-DOC relationships (Equations (2) and (3)). The 

resulting seasonal DOC-Rrs relationships for the spring-winter and the summer seasons, respectively, are: 

�ܥܱܦ ൌ ͳʹ͹ǤͲʹ͹ �� ሾሺܴ௥௦ ݋݅ݐܽݎ െ ሻܥሿሻȀሺെܤሻȀܣ ൅ ͹͹ (8)

�ܥܱܦ ൌ ͳ͵͹Ǥʹʹ ݈݊ሾሺܴ௥௦ ݋݅ݐܽݎ െ ሻܥሿȀሺെܤሻȀܣ ൅ ͳʹͶǤʹͲ� (9)

Figure 7. MODIS-derived Rrs band ratio (488 nm and 555 nm) plotted against in situ 

surface CDOM absorption at 412 nm (A) exponential decay model and (B) logarithmic model.  

 

Figure 8. MERIS-derived Rrs band ratio (510 nm and 560 nm) plotted against in situ surface 

CDOM absorption at 412 nm (A) exponential decay model and (B) logarithmic model. 
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Table 7. Summary of error statistics obtained from validation matchup comparisons 
for aCDOM(412) and DOC derived from MODIS and MERIS for the summer and  
spring-winter seasons. 

Products Bias RMSE SI R2 Slope Intercept N 
aCDOM(412)_MODIS 0.093 0.176 0.45 0.40 0.55 0.24 18 
aCDOM(412)_MERIS 0.089 0.300 0.16 0.40 0.70 0.23 17 

DOC_MODIS_summer 2.420 26.69 0.15 0.52 0.61 66.18 25 
DOC_MERIS_summer 5.300 30.02 0.17 0.58 0.39 109.15 19 

DOC_MODIS_spring-winter í13.67 32.29 0.22 0.40 0.43 56.96 25 
DOC_MERIS_spring-winter í3.500 44.22 0.21 0.72 0.99 í2.39 7 

The Rrs band ratios and coefficients for both MODIS and MERIS are presented in Table 6. Surface 
DOC concentration maps were obtained by applying the newly developed DOC algorithms to MODIS and 
MERIS data (Figure 10(A,B)). To test the performance of the DOC algorithms for each sensor, the in situ 
DOC concentrations (ȝmol·C·Lí1) were compared with MODIS and MERIS-derived DOC (ȝmol·C·Lí1) 
(Figure 11(A–D)). The matchup comparisons showed estimation of DOC with Bias = í13.67,  
RMSE = 32.29, SI = 0.22, R2 = 0.4, and N = 25 for MODIS, and Bias = í3.5, RMSE = 44.22,  
SI = 0.21, R2 = 0.72, and N = 7 for MERIS during the spring-winter period (Table 7). The statistical 
parameters obtained from validation of DOC for MODIS (Bias = 2.42, RMSE = 26.59, SI = 0.15,  
R2 = 0.52, and N = 25) and for MERIS (Bias = 5.3, RMSE = 30.02, SI = 0.17, R2 = 0.58, and N = 19) 
during the summer period are shown in Table 7. The statistical analysis verifies acceptable 
performance of the DOC algorithm for MERIS in the northern Gulf of Mexico in both the summer and 
spring-winter periods. 

The empirical algorithm for CDOM is: aCDOM (412) = ln[(Rrs ratio í A)/B]/(íC), and the equations for 
seasonal DOC are: DOC = 127.027 ln[(Rrs ratio í A)/B]/(íC) + 77 for the spring-winter season,  
DOC = 137.22 ln [(Rrs ratio í A)/B]/(íC) + 124.20 for summer. The coefficients are presented in Table 6. 

Figure 10. (A) MODIS-derived surface DOC (ȝmol·C·Lí1) concentration for 6 February 
2007; (B) MERIS-derived surface DOC (ȝmol·C·Lí1) for the same date. MODIS/MERIS 
estimated DOC concentrations higher than 250 ȝM which are outside the regression of the 
MODIS/MERIS-estimated DOC vs. field DOC masked in white color. 
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Apalachicola Bay
CDOM/DOC Stocks and fluxes

VIIRS/NPP & 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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VIIRS/NPP: CDOM and DOC maps

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

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

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.

Fig. 11. Image-based standing stocks of DOC on a) March 24, 2015, and b) November 4, 2015 over a surface area of ~560 km2.
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the distribution of DOC



DOC Stocks in Apalachicola Bay (spring and fall 2015)

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

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

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.

Fig. 11. Image-based standing stocks of DOC on a) March 24, 2015, and b) November 4, 2015 over a surface area of ~560 km2.
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Challenge: assumption of well-mixed water column – DOC overestimates

DOC
Fluxes

Estimated DOC stocks: ~3.71 x 106 (Mar)  ~4.01 x 106 kg C  (Nov)

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)

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)

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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Volume flux (out of the bay) almost doubled for Mar 24 (735 m3s-1) relative to 
Nov 04 (378 m3s-1). However, estimates of DOC fluxes exported out of the bay 
were only marginally greater in March (0.163 x 106 kg C d-1) than in Nov 
(0.124 x 106 kg d-1) and reflected greater DOC stocks in the fall


