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Abstract

The Altamaha River estuary off the southeastern U.S. is an important source of dissolved organic carbon (DOC) to the
coastal ocean. The estuary is formed by three interconnected sounds, and it is characterized by a complex network of narrow
channels and creeks with high spatial heterogeneity, making it difficult to study with in situ observations alone. Here, use
used satellite data from Landsat available in high resolution (30 m) to investigate DOC distribution and variability in the
system. Our analyses show that DOC variability in the estuary is characterized by two seasonal peaks, one in spring and one
in fall, while over the shelf maximum DOC content is observed during summer. A multiple regression analysis was used to
quantify physical mechanisms controlling DOC variability in the estuary. In addition to seasonal variations, anomalies in
river discharge are the dominant factor controlling DOC variability throughout much of the estuarine system. Tides play a
key role near the mouth of each sound and in some upstream regions, likely associated with inputs from salt marshes. The
influence of winds is smaller and is restricted to the area near the mouth of the Altamaha Sound. Landsat data also captured
an input of ~2 Gg of DOC to the estuary associated with the passage of Hurricane Irma in 2017. Our results demonstrate that
Landsat can provide useful information about scales of variability in narrow estuaries, including capturing the occurrence

of sharp fronts that would be difficult to observe with traditional in situ measurements alone.
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Introduction

Estuaries are important transition zones linking terrestrial
and marine ecosystems. Off the southeastern U.S., coastal
wetlands are common, playing an important ecological role
and affecting carbon sequestration and storage, biological
production, and offering flooding and shoreline protection
(Odum 1980; Kirwan and Megonigal 2013; Spivak et al.
2019; Ward et al. 2020). Estuaries are highly dynamic sys-
tems characterized by strong variability and by complex cir-
culation influenced by tidal currents, river discharge, wind
forcing, and steep density gradients (MacCready and Geyer
2010). As a result, variability in estuaries occurs on a con-
tinuum of scales (Wolfe and Kjerfve 1986).
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Estuaries are also known to play an important role in car-
bon cycling (Canuel et al. 2012; Bauer et al. 2013; Noriega
and Araujo 2014; Canuel and Hardison, 2016; Letourneau
et al. 2021; Martineac et al. 2021). Dissolved organic car-
bon (DOC) concentrations in estuaries are influenced by a
variety of processes, including variability in river discharge,
marsh-derived inputs, biological production and consump-
tion, photo-chemical degradation and flocculation, in addi-
tion to physical processes such as advection and mixing
(Hedges et al. 1997; Tzortziou et al. 2008; Osburn et al.
2015, 2019; Moran et al. 2016; among many others). The
flux of DOC to estuaries is also often influenced by extreme
events (Yoon and Raymond 2012; Miller et al. 2016; Ray-
mond et al. 2016; Letourneau et al. 2021; Medeiros 2022).
These processes act on different spatial and temporal scales,
and as such DOC concentrations in estuaries are often char-
acterized by high spatial and temporal variability (e.g., Cao
and Tzortziou 2021). This makes investigating the distri-
bution and variability of DOC (and of other quantities) in
estuaries challenging.
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In the southeastern U.S., the Altamaha River estu-
ary is the focus of the Georgia Coastal Ecosystem Long
Term Ecological Research (GCE-LTER) program (Alber
et al. 2013). The system is formed by three interconnected
sounds (Altamaha, Doboy, and Sapelo Sounds; Fig. 1),
with freshwater being delivered primarily by the Altamaha
River. River discharge is the main control of variability in
salinity in the estuary, which varies from O in the Altamaha
River at the head of the Altamaha Sound to about 32-34 in
the coastal ocean (Wang et al. 2017). Tides are semidiur-
nal, and range in height from 1.8 to 2.4 m during neap to
spring tides (Di Iorio and Castelao 2013), and account for
most of the cross-shelf current variance (Tebeau and Lee
1979; Lee and Brooks 1979) contributing to estuary-shelf
exchange. The estuary is also characterized by high inter-
connectivity (Wang et al. 2017), with the complex network
of creeks and channels playing an important role in water
exchange between the three sounds (Di Iorio and Castelao
2013). Previous studies have shown that DOC concentra-
tion in the estuary varies substantially among the different
sounds (Letourneau et al. 2021), being influenced by vari-
ability in river discharge (Letourneau and Medeiros 2019),
tides (Martineac et al. 2021), and extreme events such as the
passage of tropical storms and hurricanes (Medeiros 2022).

Although many previous studies have investigated vari-
ability (Fournier et al. 2015; da Silva and Castelao 2018)
and DOC dynamics (Mannino et al. 2008, 2016; Fichot
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Fig. 1 Altamaha River estuary off the southeastern U.S. Colors show
annual mean salinity from an ocean model (Wang et al. 2017). Circles
show locations of in situ DOC measurements (Letourneau et al. 2021)
used to calibrate the satellite algorithm. Additional independent DOC
observations (Medeiros 2022) are available at the station denoted by
a red circle. Uplands and salt marshes are shown in white and gray,
respectively
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et al. 2014; Liu et al. 2014; Matsuoka et al. 2017; Cao
et al. 2018; Martineac et al. 2024) in the coastal ocean
and wide estuaries using satellite-derived ocean color
data, that remains challenging in estuaries characterized
by narrow channels because the resolution of many satel-
lite products is not high enough to resolve those systems.
Recently, however, Cao and Tzortziou (2021) developed
an algorithm based on Landsat data relating DOC concen-
tration to the spectral shape of water remote sensing reflec-
tance, which allowed them to investigate DOC dynamics
in a tidally influenced wetland-estuarine system in Chesa-
peake Bay, U.S. Because of its high resolution (~30 m),
Landsat data may be especially suited for investigations in
narrow estuaries with complex coastlines and small spatial
scales of variability, making them difficult to measure in
high resolution with in situ observations alone. Landsat
data are now available for over a decade, also allowing
for investigations of temporal variability in those systems.

Here, we implemented the algorithm developed by Cao
and Tzortziou (2021) for Landsat observations, calibrat-
ing it using in situ observations from the Altamaha River
estuary. We then used it to investigate DOC distribution
in the estuary, as well as to quantify physical controls of
DOC variability in the system. Because salinity and DOC
concentration in the estuary are correlated to each other
(Letourneau et al. 2021; Medeiros 2022), ocean color
observations can also provide useful information about
variability in the distribution of river-influenced waters in
the system (as in Fournier et al. 2015; da Silva and Caste-
lao 2018). Lastly, we also quantified the input of DOC to
the estuary associated with the passage of Hurricane Irma
in the fall of 2017.

Methods
In Situ Observations

In situ observations of DOC concentrations were obtained
at 15 stations spanning the Altamaha River estuary
(Fig. 1). Observations were collected in April, July, and
October 2017 and in January 2018. Sampling procedures
and analytical methods used are described in detail in
Letourneau et al. (2021). The in situ DOC concentrations
were used to calibrate an algorithm to estimate DOC from
satellite observations. Additional in situ DOC concentra-
tion measurements spanning a few years are available at a
station in the Altamaha River (red circle in Fig. 1; Medei-
ros 2022). We used those observations to independently
compare the seasonal evolution of DOC concentrations
based on in situ data and satellite measurements.
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Satellite Measurements of DOC Concentrations

We followed the method outlined by Cao and Tzortziou
(2021) to obtain satellite-derived estimates of DOC in the
Altamaha River estuary. Satellite observations from the
Landsat 8 and 9 OLI sensors were obtained from the United
States Geological Survey (USGS) Earth Explorer website
(https://earthexplorer.usgs.gov). Landsat 8 was launched in
2013, while Landsat 9 was launched in 2021. The revisit
time of each of the satellites is approximately 16 days, and
the spatial resolution is 30 m. The open-source ACOLITE
processor was used to process Level 1 data and generate
ocean color remote sensing reflectance (Rrs) measure-
ments at multiple bands. A total of 170 clear-sky images
were obtained from 2013 to 2023. Highest data availability

generally occurs during fall and winter peaking in Janu-
ary, and minimum availability occurs in May and June
(Fig. 2) due to variability in cloud coverage and sun glint
contamination.

Satellite observations of Rrs were compared to in situ
measurements of DOC to quantify the relationship between
those variables. Time intervals between in situ sampling
and the collection of the satellite images used for algorithm
calibration ranged between 1 and 6 days. Tidal variability
is known to influence DOC concentrations and DOM com-
position in estuaries (e.g., Tzortziou et al. 2008), so ide-
ally in situ and satellite data matchups should include only
data from a similar tidal phase (Cao and Tzortziou 2021).
Letourneau et al.’s (2021) spatially resolving sampling
occurred during 4 quasi-synoptic field efforts during high
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Fig.2 Number of available observations from Landsat at the
Altamaha River estuary for each month from 2013 to 2023. Avail-
ability of observations is influenced by cloud cover and/or sun glint
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contamination. Number of available observations exceeding 20 are
shown in dark red to reveal as much of the spatial pattern as possible
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tide, however, and thus did not resolve tidal variability. The
implications of using matchups including data from differ-
ent tidal phases are addressed in the discussion section. A
nonlinear regression of the form (Cao and Tzortziou 2021)

DOC = exp(a + f X log(Rrs(B1)) + y X log(Rrs(B2))
+6 x log(Rrs(B3)) + & x log(Rrs(B4)) M

was used to parameterize the relationship between the satel-
lite measurements of Rrs and the in situ DOC concentration
(in pmol LY. In Eq. 1,

a=1.752, f=-0.610, y =—-1.000, 6 = 0.133, and & = 0.666

are the coefficients of the nonlinear regression and B1 to
B4 are the spectral bands centered at 443/483/561/655 or
443/482/561/654 nm for Landsat 8 and Landsat 9, respec-
tively. Satellite-derived and in situ point measurements
of DOC were found to be significantly correlated (Fig. 3;
r=0.87, p<0.001), with root-mean-square error =46.6 pmol
L~! and a mean average percent difference of 11.5+9.8%.
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Fig. 3 Pairing of in situ point measurements of DOC concentration
(pmol LY in the Altamaha River estuary (Letourneau et al. 2021)
with satellite-derived DOC concentrations from Landsat calculated
using Eq. (1). Dashed line is the 1:1 line

These are comparable to the statistics reported by Cao and
Tzortziou (2021) for their algorithm implementation to
Chesapeake Bay.

We further evaluated the algorithm by comparing the sea-
sonal evolution of DOC concentrations from Landsat (using
Eq. 1) with independent in situ observations collected at the
Altamaha River (Medeiros 2022), upstream of the estuarine
region (zero salinity; red circle in Fig. 1). In situ observa-
tions are primarily from 2015 to 2016, with a few observa-
tions from 2017 and 2018. We also estimated the seasonal
cycle using two harmonics for both datasets (Fig. 4). Satel-
lite and in situ observations present similar seasonal evolu-
tion, with a peak in spring, a local minimum during summer,
and a second increase during fall. Although the seasonal
evolution is nicely captured by satellite observations, con-
centrations are generally smaller compared to in situ data.
We note that DOC concentrations at this site are generally
quite high, often exceeding the range of DOC variability
available for developing the algorithm (Fig. 3). Lastly, we
also note that although the water depth in the main channels
of the estuary can exceed 10 m, smaller channels and creeks
are shallower than that. As such, it is possible that the satel-
lite data may be affected by bottom reflectance contamina-
tion (e.g., Reichstetter et al. 2015).

Additional Observations

Sea surface elevation was obtained from tide gauge data
downloaded from the University of Hawaii Sea Level Center
(https://uhslc.soest.hawaii.edu/network) at Fork Pulaski, GA.
Winds were measured at the Marsh Landing Weather Station
operated as part of the GCE-LTER program. Wind stress
was computed following Large et al. (1994) and decomposed
into alongshore and cross-shore components.

Ocean Model

We used outputs from an ocean model based on the Finite
Volume Community Ocean Model (FVCOM; Chen et al.
2006a,b, 2007, 2008). The model implementation to the
Altamaha River estuary is described in detail in Wang et al.

Fig.4 Time series of DOC
concentration (pmol L™ Yat

the Altamaha River (at station
shown by red circle in Fig. 1)
based on in situ (red) and Land-
sat (black) observations. Red
and black lines show seasonal
cycles, estimated using two
harmonics
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(2017). Briefly, the model uses an unstructured grid that
includes wetting and drying capability. Model resolution is
30-70 m in tidal creeks, around 100—200 m in the main estu-
arine channels, and increases progressively to about 1.2 km
near the model boundary. The model is forced by Altamaha
River discharge obtained from the USGS gauge at Doctor-
town, GA, wind forcing from NOAA’s National Data Buoy
Center buoy 41,008 and by eight tidal constituents extracted
from the Oregon State University tidal model (Egbert and
Erofeeva 2002). Wang et al. (2017) also included a small
freshwater input at the head of Sapelo Sound equivalent
to 5% of the Altamaha River discharge, which minimized
the bias between observed and modeled salinity at Sapelo
Sound. Additional details about the model implementation
can be found in Wang et al. (2017). The model simulation
focused on 2008, a year characterized by normal river dis-
charge. Even though that period does not match the period
covered by Landsat observations, model outputs are useful
to help quantify the effects of different forcing on variability
in the estuary.

Results

Distribution and Variability of Dissolved Organic
Carbon in the Estuary

The Altamaha River has a major influence on salinity dis-
tribution in the estuary (Fig. 1; Di Iorio and Castelao 2013;

Fig.5 Long-term (2013-2023)
(a) average and (b) standard
deviation of DOC concentra-
tion (pmol L™!) in the Altamaha
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Wang et al. 2017). The long-term average of Landsat obser-
vations reveals that it also has a major effect on DOC con-
centrations (Fig. 5a). DOC content is higher in the river,
decreasing progressively in the Altamaha Sound toward
the ocean. A similar pattern is also observed in Doboy and
Sapelo Sounds (see Fig. 1 for locations), although average
DOC concentrations in those sounds are generally smaller
than in the Altamaha River and Sound. The area near the
head of Sapelo Sound is also characterized by increased
DOC concentrations. That is consistent with Medeiros et al.
(2015) and Letourneau et al. (2021) in situ observations,
who showed high DOC content in that region. The Altamaha
Sound and the upper halves of Doboy and Sapelo Sounds are
also characterized by increased variability in DOC concen-
trations (Fig. 5b). High standard deviations are especially
observed in narrow channels and creeks connecting the
main channels. The average and the standard deviation of
DOC concentrations in the estuary (shown in Fig. 5) are
spatially correlated to each other (r=0.49, p <0.001), so that
increased standard deviation in narrow channels and creeks
is likely related to the observed increased concentrations in
those regions. Variability may also be influenced by other
factors, such as inputs from the surrounding marshes. Over
the shelf, increased variability is observed especially near
the mouth of the Altamaha Sound.

Landsat observations were decomposed into empiri-
cal orthogonal functions (EOFs) to extract the dominant
modes of variability in the system. Both modes shown here
are statistically significant at the 95% level (Overland and
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Preisendorfer 1982). The first mode explains 62.7% of the
total variance, and it is characterized by an increased sig-
nal in the Altamaha River and Sound extending offshore
into the coastal ocean, and in the upstream halves of Doboy
and Sapelo Sounds (Fig. 6a), closely resembling the pat-
tern observed in the DOC standard deviation field (Fig. 5b).
At Doboy Sound and in the adjacent costal ocean, the
mode explains up to 80% of the local variance (Fig. 6c¢).
The amplitude time series for mode 1 is characterized by
two peaks, one in spring and another during fall (Fig. 6f),
indicating that DOC concentrations increase throughout the
estuary during those seasons. The amplitude time series is
negative during summer and winter, indicating that the mode

captures a decrease in DOC concentrations in the estuary
during those seasons compared to the long-term average.
Note that increased DOC concentrations in spring and fall
with decreased values during summer are also observed
in the time series of in situ observations in the Altamaha
River (red circles in Fig. 4; Medeiros 2022). The amplitude
time series for individual years indicates large differences
(Fig. 6e), with substantial increases in some years, such as
in the springs of 2016, 2018, and 2022 and the falls of 2014,
2017, and 2021.

The second EOF mode is characterized by a zero crossing
near the mouth of each sound (Fig. 6b), capturing an out-of-
phase response between the estuary and the coastal ocean.
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Fig.6 (a) EOF 1 and (b) EOF 2 of DOC concentration from Land-
sat in the Altamaha River estuary. The fraction of the total variance
explained by each mode is shown. Amplitude time series for each
mode are shown in panels (e) and (g), while their seasonal evolu-
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tion is shown in panels (f) and (h). Averages+ 1 standard deviation
for each month are shown in black. The local percentage of variance
explained (LPVE) by EOF 1 and 2 are shown in panels (c) and (d),
respectively
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The amplitude time series (Fig. 6g, h) indicates that the
mode captures an increase in DOC concentrations over the
shelf during summer and a decrease during winter, while the
opposite is true upstream in the estuary. Although the mode
explains a relatively large fraction of the local variance over
the shelf, exceeding 20% in some areas, it explains very little
of the variance in the estuary, except in a few isolated spots
upstream in the Altamaha and Sapelo Sounds (Fig. 6d).

Drivers of Estuarine Variability

To quantify the relative importance of some of the main
physical drivers of DOC variability in the estuary, we com-
pared time series of various forcings and DOC concentra-
tions from Landsat. A challenging aspect of the analysis is
that Landsat data are not regularly spaced in time. There
are only 170 satellite images available during the ~ 10 years
analyzed here, with more observations being available dur-
ing winter and less during summer because of variability
in cloud cover and/or sun glint contamination (Fig. 2). To
investigate how this may affect results, we first analyzed the
relationship between forcing and salinity variability in the
hydrodynamic model. We computed 2 sets of correlation
coefficients: one using the full model output at 1 h inter-
val, and another where we selected 170 snapshots of model
output matching the same day of the year and tidal phase of
the Landsat data. We computed correlations between river
discharge and modeled surface salinity, and between surface
elevation and surface salinity. Because time series are domi-
nated by seasonal variability, we first removed the seasonal
cycle (annual and semiannual harmonics) to focus on anom-
alies. When comparing salinity with river discharge, the time
series were also low-pass filtered (half-power point of 40 h;
Mooers et al. 1968) to suppress tidal and inertial oscillations.
We computed the correlation coefficients between river dis-
charge and salinity using a lag of 8 days, consistent with the
average lag between river discharge and salinity variability
in the system based on observations (Di Iorio and Castelao
2013). Using a lag of 6 or 10 days produces qualitatively
similar results. For surface elevation and salinity, no lag was
used.

As expected, anomalies in river discharge and anoma-
lies in surface salinity were found to be highly correlated
over much of the estuary, but especially in the Altamaha and
Doboy Sounds and the adjacent coastal ocean and upstream
in Sapelo Sound (Fig. 7a). Correlations were mostly nega-
tive, indicating that increases in river discharge resulted in
widespread freshening in the estuary, which is consistent
with observations (Di Iorio and Castelao 2013). Correlations
between surface elevation and surface salinity anomalies,
on the other hand, are positive and highest in the coastal
ocean near the mouth of the Altamaha Sound (Fig. 7c¢),
as low-salinity water from the estuary is transported back

and forth into the coastal ocean due to tidal forcing. Cor-
relations are also positive over most of Sapelo Sound, as
freshwater introduced at the head of the sound is transported
downstream during low tide and upstream during high tide.
Negative correlations were observed in the northernmost
channel of the model domain, at 81.2°W, 31.6°N. This is
most likely an artifact due to the fact that no freshwater input
was considered in the model at the head of that channel as
a boundary condition. As a result, low-salinity water found
in the coastal ocean is transported into the channel during
high tides, resulting in negative correlation. In reality, that
channel is connected to an adjacent sound to the north of
the model domain via the Intracoastal Waterway and is thus
supplied with freshwater from upstream. Quantitatively
similar results were obtained when model results were sub-
sampled to match the temporal characteristics of the satel-
lite observations (Fig. 7b, d), indicating that the statistical
relationship between forcing and salinity variability can be
reliably obtained with the subsampled data. This suggests
that Landsat data can be used to quantify the relationship
between forcing and variability in the estuary.

Time series of DOC concentration from Landsat at
each satellite pixel were reconstructed using a multiple
linear regression analysis to isolate the relative contribu-
tion of various forcing to DOC variability in the estuary,
following Belem et al. (2013). We included annual and
semiannual harmonics (2n/365.25 and 4%/365.25 days,
respectively), and time series of anomalies of river dis-
charge (with an 8-day lag), sea surface elevation, and
alongshore and cross-shore wind stress. Anomalies of
each forcing were constructed by removing the respective
seasonal cycles. Additionally, each of these forcing was
first normalized by their respective standard deviations
(Table 1). The resulting forcings are uncorrelated with
each other, except for the alongshore and cross-shore wind
stress anomalies, which are weakly correlated (Table 2).
We note that using a linear model is a simplification and
it may not fully capture potential nonlinear relationships
between the multiple forcing and DOC variability. Maps
of the regression coefficients are shown in Fig. 8 and are
related to the contribution of each forcing to total vari-
ability in DOC concentration in the estuary. The annual
and semiannual harmonics are the largest terms, although
their relative contributions vary spatially. The annual har-
monic is particularly important in the Altamaha River and
Sound, peaking in March/April (Fig. 8a, e). The semian-
nual harmonic is important throughout the estuary and
near the mouth of Altamaha Sound extending into the
shelf (Fig. 8b). The phase of the semiannual harmonic
(i.e., two peaks per year) indicates a peak in March/April
(Fig. 8f) and another peak 6 months later. That is consist-
ent with the dominant mode of variability in the system as
identified by the EOF analysis (Fig. 6a, f). The regression

@ Springer
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Fig.7 Correlation coefficients
based on ocean model outputs
for (a, b) anomaly (i.e., seasonal
cycle removed) in river dis-
charge (with an 8-day lag) and
anomaly in salinity and for (c,
d) anomaly in surface elevation
and anomaly in salinity. Cor-
relations were computed using
the full model output (1 model
output per hour; a, c¢), or using
model output subsampled to
match the characteristics of the
satellite observations (i.e., same
day of the year and tidal phase;
b, d). Only statistically signifi-
cant coefficients (p <0.05) are
shown

-81.4

-81.3

Table 1 Standard deviation of various forcing used in multiple linear

regression model

Variable (anomalies)

Standard deviation

Altamaha River discharge
Surface elevation
Alongshore wind stress

Cross-shore wind stress

316 m3s™!
0.74 m
0.013 Pa
0.010 Pa

Table 2 Cross-correlation
among the various forcing used
in multiple linear regression
model. The seasonal cycle has
been removed from all variables

@ Springer
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coefficient for the river discharge term is positive over
most of the region (Fig. 8c) and indicates that a pulse
in river discharge equivalent to one standard deviation
(Table 1) is accompanied by an increase in DOC concen-
tration of about 20 pmol L~! over most of the region. A
comparable change in DOC concentration is observed in
response to surface elevation variability near the mouth
of the Altamaha and Sapelo Sounds (Fig. 8d). Because

Variable (anomalies)

Altamaha River
discharge

Surface elevation Alongshore Cross-shore

Altamaha River discharge
Surface elevation
Alongshore wind stress
Cross-shore wind stress

1

wind stress wind stress
-0.03 -0.01 0.09
1 0.00 0.03
- 1 0.24*

- - 1

“Significant at the 95% confidence level
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Fig.8 Normalized coefficients from a multiple linear regression
analysis between DOC observations from Landsat and (a, b, e, f)
harmonics with two different periods (365.25 and 365.25/2 days),
anomalies (i.e., seasonal cycle removed) in (c) river discharge (with
an 8-day lag), (d) surface elevation, and (g) alongshore and (h) cross-
shore wind stress. The time series of each forcing have been divided

variability in surface elevation is dominated by high-fre-
quency motion (i.e., tides), these changes in DOC concen-
tration are short-lived and mostly associated with estuarine
water being transported out of and back into the estuary
due to tidal forcing. Variability in DOC concentration in
response to changes in surface elevation is also observed
near the head of Sapelo Sound, and in some of the chan-
nels connecting Doboy and Altamaha Sounds (Fig. 8d).
Lastly, the influence of winds is substantially smaller over
most regions (Fig. 8g, h), except near the mouth of the
Altamaha Sound. In that case, positive cross-shore winds
(i.e., blowing out of the estuary) are associated with
increased DOC concentration over the shelf.

Carbon Input Associated with Hurricane Irma

The Altamaha River estuary has been impacted by the
passage of multiple hurricanes over the last few years

by their respective standard deviations (shown in Table 1) and the
regression coefficients have been multiplied by those same standard
deviations. As a result, the time series of the various forcing are non-
dimensional, while the normalized regression coefficients have units
of pmol L.~!

(Medeiros 2022). In 2017, in particular, Hurricane Irma
resulted in substantial storm surge (Fig. 9a) and increased
precipitation in the estuary (Medeiros 2022). In situ
observations collected at 15 stations a few weeks after the
passage of the hurricane revealed a large input of DOC to
the system (Letourneau et al. 2021). A mostly clear-sky
Landsat image is available about 3 days after the passage
of the storm, which indicated that DOC anomalies (i.e.,
deviations from the seasonal cycle) were large and posi-
tive over the entire estuarine region extending into the
shelf near the mouth of the Altamaha Sound (Fig. 9b).
The image was obtained during low-tide conditions,
which may have contributed to the offshore transport
of estuarine waters and increased DOC anomalies over
the shelf (see Fig. 8d). A sharp front was observed over
the shelf near the Altamaha Sound mouth (Fig. 9¢), with
large DOC differences occurring over a scale of less than
100 m (Fig. 9d).
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Fig.9 (a) Time series of sea level anomaly (i.e., removing predicted
tides) at Fort Pulaski, GA in September 2017 during the passage
of Hurricane Irma. Dashed line shows timing of Landsat observa-
tion. (b) DOC anomaly (i.e., deviation from seasonal cycle) in the
Altamaha River estuary approximately 3 days after the passage of

We used this Landsat image to quantify the amount of
DOC introduced into the estuary associated with the passage
of Hurricane Irma. Previous studies have shown that stratifi-
cation in the estuary during low discharge conditions, such
as those observed during this period (Medeiros 2022), is
generally weak (Di Iorio and Kang 2007). Thus, we assumed
that DOC concentrations are depth independent. Observa-
tions are not available in several regions upstream in the
estuary due to cloud coverage and/or sun glint contamination
(areas with missing data in Fig. 9b). We filled those gaps in
observations using the average DOC anomaly in the estuary
during that time (155 pmol L™!). Note that this likely rep-
resents an underestimation of actual DOC anomalies, since
concentrations generally increase upstream in the estuary
(Medeiros et al. 2015; Letourneau et al. 2021). With these
assumptions, the total DOC content anomaly in the estuary
could be estimated by first multiplying the area of each pixel
in the Landsat image by the local water depth, yielding a vol-
ume for each pixel. That volume was then multiplied by the
local DOC anomaly. Results were then integrated over the
entire estuary, yielding the total DOC content in the estuary
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that was observed in excess of the seasonal pattern. The
calculation revealed that the passage of the hurricane was
followed by the addition of 1.88 Gg of DOC to the estuary.
For comparison, if we assume average river discharge and
average DOC concentration for the Altamaha River, this is
equivalent to the amount of DOC added to the estuary by the
river during a period of about 9 days.

Discussion

Estuaries are highly dynamic systems where variability
occurs on a continuum of scales (Wolfe and Kjerfve 1986),
both temporally and spatially. This makes investigating vari-
ability in those systems challenging, as traditional sampling
that can resolve temporal variability well (e.g., moorings) is
generally not well-suited to resolve small-scale spatial varia-
bility. The recent availability of high-resolution observations
from satellites can be used to fill that gap. Cao and Tzortziou
(2021) showed, for example, that Landsat observations can
be used to estimate DOC concentrations in estuaries in high
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resolution over long periods of time. Given that inputs from
rivers are an important source of DOC to estuaries (Spen-
cer et al. 2012), DOC concentrations are often correlated
with salinity in those systems (e.g., Harvey and Mannino
2001). The relationship is often nonlinear and can break
down in several instances, as there are sources (e.g., marsh-
derived inputs, phytoplankton blooms; Tzortziou et al. 2008;
Osburn et al. 2015; Moran et al. 2016) and sinks (e.g., bio-
and photo-chemical degradation, flocculation; Asmala et al.
2014; Seidel et al. 2016) of DOC that are uncorrelated to
salinity variability. Despite these, several studies have shown
that ocean color data can provide useful information about
variability in river-influenced waters in different coastal set-
tings (Fournier et al. 2015; da Silva and Castelao 2018). Cor-
relations between DOC and salinity in the Altamaha River
estuary (Letourneau and Medeiros 2019) and in many other
estuaries worldwide (e.g., Harvey and Mannino 2001; Abril
et al. 2002; Callahan et al. 2004; Sharp et al. 2009) are gen-
erally statistically significant, indicating that Landsat data
can also provide information about variability in estuarine
physical properties.

Our use of Landsat data revealed that DOC concentra-
tions in the Altamaha River decrease progressively toward
the ocean, in agreement with Letourneau et al. (2021)
in situ observations, and that variability is dominated by
the seasonal cycle, in particular the semiannual harmonic.
The increase in DOC concentration in March/April coin-
cides with the seasonal peaks in river discharge (Di Iorio
and Kang 2007) and in DOC flux from the Altamaha River
(Medeiros et al. 2017), indicating the importance of alloch-
thonous inputs to the estuary. A second seasonal increase is
observed 6 months later, in September/October. That can be
at least partially related to DOC leached from marsh plants,
which is often observed during fall senescence (McDowell
1985; Singh et al. 2014; Schiebel et al. 2018), although it
may also be related to a secondary peak in river discharge
that is sometimes observed in the fall (Blanton and Atkinson
1983). In contrast to the pattern of variability observed in a
small bay in Chesapeake Bay by Cao and Tzortziou (2021),
who reported an increase during summer, DOC concentra-
tions in the Altamaha River estuary during summer are at a
local minimum, and increases in DOC concentration during
that time are restricted to the shelf.

Over shorter time scales, within the “weather band”, the
analyses conducted here allowed for the quantification of
spatial variability in the relative contributions of different
forces to DOC variability in the system. The regression
model (Fig. 8) only includes physical forcing associated
with advection and mixing in the estuary, including river
discharge, tidal variability, and winds. As such, many pro-
cesses that are known to drive DOC variability in estuaries,
such as inputs from phytoplankton (Cifuentes and Eldridge
1998), bio- and photo-chemical degradation (Moran et al.

1999; Raymond and Bauer 2000), and flocculation (Asmala
et al. 2014), are not explicitly represented, except to the
extent that they are captured by the annual and semiannual
harmonics. The model revealed that winds make a small
contribution to DOC variability in the system, except very
near the mouth of the Altamaha Sound, presumably associ-
ated with increases in offshore transport of estuarine waters
with high DOC content due to intensified offshore winds.
Pulses in river discharge, on the other hand, are directly
related to DOC concentration over most of the estuary and
the adjacent coastal ocean. This is consistent with previous
studies that have shown that DOC concentration and the
composition of the dissolved organic matter pool in the estu-
ary are influenced by variability in river discharge (Medei-
ros et al. 2015; Letourneau and Medeiros 2019). Anomalies
in river discharge have a small influence on anomalies in
DOC concentration from Landsat at the Altamaha Sound
(Fig. 8c), however, which is surprising. In situ observations
and modeling results have revealed that river discharge and
salinity are correlated in this sound (Di Iorio and Castelao
2013; Wang et al. 2017; see also Fig. 7). Both river discharge
(Di Iorio and Castelao 2013) and DOC concentrations at the
Altamaha Sound (Fig. 8a) have a clear seasonal cycle. Thus,
it is possible that the expected correlation between river
discharge and DOC concentration at the Altamaha Sound
occurs mostly at the seasonal band, and that any remaining
correlation between anomalies may have been obscured by
noise in the satellite data.

It is also surprising that the influence of surface elevation
variability on DOC concentrations is mostly restricted to
near the mouth of the Altamaha and Sapelo Sounds. Previ-
ous studies in the region (e.g., Martineac et al. 2021) and
in other estuaries (e.g., Tzortziou et al. 2008) have shown
that DOC concentrations and dissolved organic matter com-
position can vary in response to tidal forcing, with DOC
concentration generally increasing during low-tide condi-
tions. The signature of marsh-derived inputs in the estuary
is only seen upstream in Sapelo Sound and in some of the
channels and creeks connecting the Altamaha and Doboy
Sounds (where the regression coefficient in Fig. 8d is large
and negative). The in situ data used for algorithm calibra-
tion was collected during 4 sampling surveys under high
tide conditions (Letourneau et al. 2021), and as such it was
not possible to use only in situ and satellite data match ups
from the same tidal phase when calibrating the algorithm.
This may have impacted the algorithm’s ability to capture
the expected increase in DOC content during low-tide con-
ditions as in Cao and Tzortziou (2021). We note that the
range of variability in DOC concentrations in the estuary
over seasonal and spatial scales is larger than the range of
variability due to tides (Letourneau et al. 2021; Martineac
et al. 2021), so we expect uncertainties in the algorithm due
to differences in tidal phase between in situ and satellite data
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to be comparatively small. Future in situ sampling designed
to match the timing of Landsat data, thus capturing the
same tidal phase, can be used to quantify this uncertainty
and refine the algorithm. Despite this, the root-mean-square
error and the mean average percent difference for the algo-
rithm used here are comparable to those reported by Cao and
Tzortziou (2021). Additionally, the algorithm is capable of
reproducing DOC variability of an independent data set (i.e.,
not used for algorithm calibration) collected over multiple
years at the Altamaha River (Medeiros 2022), just upstream
of the head of Altamaha Sound (see Fig. 4). Although the
algorithm can nicely capture the seasonal evolution of DOC
in the river, concentrations are generally smaller than those
from in situ observations. Some of the in situ and satel-
lite observations were collected in different years, so part of
these differences is likely simply a result of temporal vari-
ability in the system. In situ concentrations at this upstream
site can be quite high, however, often exceeding the range
of in situ observations available for algorithm calibration.
Therefore, it is also possible that the algorithm underesti-
mates DOC concentrations in this high-concentration limit.
Additional in situ observations spanning a larger range of
DOC concentrations in the estuary (and collected at the
same tidal phase of Landsat data) are needed to further refine
the algorithm. We note that we did not use Sentinel-2 obser-
vations in this study because the time interval between the
available in situ sampling and satellite passages with cloud-
free data was larger, sometimes exceeding 10 days. Obtain-
ing in situ data matching Sentinel-2 observations would
allow for an algorithm to be calibrated for those measure-
ments, which would increase the number of satellite-derived
DOC observations available in the estuary substantially.
Although the observations do not allow for fully resolv-
ing interannual variability, the long-term time series of
Landsat data can capture events of interest, such as a
large increase in DOC concentrations during early 2016,
which may be related to an El Nifio event (Santoso et al.
2017), which generally results in increased discharge at
the Altamaha River (Clark II et al. 2014). Landsat obser-
vations may be particularly useful to investigate estuarine
variability following extreme events such as the passage
of tropical storms and hurricanes, when in situ sampling
can be logistically difficult and unsafe to obtain. This is
important, because the frequency of extreme weather
events may be increasing in the southeastern U.S. (Paerl
et al. 2018), which may result in increased DOC transfer to
the ocean (Rudolph et al. 2020). In fall 2017, Landsat data
was available about 3 days after the passage of Hurricane
Irma, providing useful information about the estuarine
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response to this extreme event. We were able to quantify
a large input of DOC to the system (which is consistent
with in situ DOC data collected about 1 month after the
passage of the storm; Letourneau et al. 2021; Medeiros
2022) and the offshore transport of DOC-rich waters into
the shelf. The temporal availability of Landsat images is
low, however, because of coarse temporal revisit and cloud
and sun glint contamination (Cao and Tzortziou 2021).
Therefore, observations following extreme events will only
be available in some instances.

Our focus on this study was the estuarine region, which is
characterized by complex coastline and small spatial scales
of variability, making the use of high-resolution Landsat
data advantageous (Cao and Tzortziou 2021). Only data
from the estuary was used to parameterize the relationship
between the satellite measurements of Rrs and in situ DOC
concentration in Eq. (1). As a result, DOC estimates over
the shelf, especially away from the mouths of each of the
estuarine sounds, are likely to be more uncertain and char-
acterized by larger errors. Studies focusing on the shelf,
where spatial scales of variability are comparatively larger,
may benefit from the use of observations from other sat-
ellites/sensors with a shorter revisit time, such as MERIS
(Cao et al. 2018), MODIS (Fichot et al. 2014), or SeaWiFS
(Mannino et al. 2016). We also note that uncertainties in
the algorithm may exist due to interference of particulate
organic carbon content or sediments in the satellite signals
(Salisbury et al. 2011; Yamaguchi et al. 2013). Despite all
the challenges described above, Landsat observations can
provide complementary information to indispensable in situ
data, including informing on the dominant scales of vari-
ability in narrow estuaries, capturing the occurrence of sharp
fronts that would be difficult to observe with traditional
in situ observations alone, and providing observations when
in situ data are difficult to obtain, such as following extreme
events. It can also provide guidance for in situ observational
programs, such as informing the selection of locations for
mooring deployments and shipboard surveys, as Landsat
data can be used to identify a priori regions that are more
strongly influenced by river discharge, tidal variability, and
wind forcing, as well as regions characterized by large vari-
ability at seasonal scales. The algorithm provided accurate
results for two different systems, Chesapeake Bay (Cao and
Tzortziou 2021) and the Altamaha River estuary, suggesting
that it can be used to investigate variability in other estuaries
worldwide. The relationship between optical properties and
DOC concentrations often varies between regions (Mannino
et al. 2008), however, so it is important that the algorithm be
calibrated with local data.
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