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Abstract

The Bay of Fundy is a highly productive ecosystem within the Northwest Atlantic where extreme tides and strong currents
result in a large gradient of sediment concentrations across and along the bay. We processed daily satellite data from the
MODerate resolution Imaging Spectroradiometer (MODIS) on the Aqua satellite from 2003 to 2021 at 300-m resolution
to understand and quantify spatial and temporal trends in chlorophyll-a concentration (chl-a, a measure of phytoplankton
biomass), and suspended particulate matter concentration (SPM) in the Bay of Fundy surface waters. To account for high
sediment loading (up to 100’s g m™) and moderate chl-a (median in situ chl-a of 1.5 mg m™ from 2003 to 2021), coefficients
of the OC3M chl-a algorithm were regionally tuned using in situ chl-a data, and satellite-derived SPM was incorporated
within the chl-a retrieval algorithm to account for possible bias. The updated new algorithm was denoted as OCx_gpyvicor
Chl-a computed using OCy_gppicor Showed better performance against in situ chl-a than the generic OC3M with a coefficient
of determination that increased from 0.01 to 0.28 and a root mean square logarithmic error that decreased by 35%. Unlike
previous remote sensing studies, OCx_gpmcor COrrectly predicted the particular chl-a seasonality in the Bay of Fundy, which
does not follow the typical occurrence of spring/fall blooms as observed in the adjacent Gulf of Maine and Scotian Shelf.
For the first time, satellite-predicted chl-a aligned with the phenology of in situ chl-a, where chl-a continually increased
from April to June and remained high all summer, with a small secondary summer peak before decreasing in the fall. SPM
seasonality followed an opposite trend where SPM reached a maximum in winter and a minimum in summer. A small
number of matchups and high temporal variability on the hourly time scale precluded a robust assessment of the satellite-
derived SPM. However, comparisons between time series of remotely sensed and in situ SPM demonstrated the ability of the
satellite-derived SPM to capture temporal variations, though the absolute values may be slightly underestimated. Accurate
maps of phytoplankton biomass and sediment concentrations are essential variables required for effective management and
conservation of marine ecosystems in the Bay of Fundy.

Keywords Chlorophyll-a - MODIS Aqua - Ocean color - Regional calibration - Remote sensing - Suspended particulate
matter

Introduction

The Bay of Fundy is a temperate bay in the Northwest

Atlantic that is characterized by an extreme tidal range
upwards of 16 m (Garrett 1972), and strong currents

Communicated by Brian B. Barnes exceeding 5 m s~! (Mulligan et al. 2019), which drive
extremely high sediment concentrations through sedi-
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the Fundy gyre located east of Grand Manan Island (Fader
et al. 1977; Aretxabaleta et al. 2008; Aretxabaleta et al.
2009) (Fig. 1). The Saint John River is the largest fresh-
water input into the Bay of Fundy, which creates a notable
dark plume off Saint John, New Brunswick, and flows in
spring which are ~6 times greater than the winter/sum-
mer ones (Toodesh 2007). Tidal forces and dominant cur-
rents push this plume southwest along the New Brunswick
coast. The strong tidal forcing makes the Bay of Fundy an
ideal test area for generating tidal power (Greenberg and
Amos 1983; Ashall et al. 2016). The bay is also a highly
productive ecosystem which supports several commercial
fisheries (Rozalska and Coffen-Smout 2020). While the
large tidal range and turbid waters limit the distribution of
submerged vegetation such as kelp and seagrass, extensive

salt marshes are distributed along the coastline (Virgin
et al. 2020; Rabinowitz et al. 2023), which play important
roles in shoreline buffering, habitat provision, and carbon
storage (Minello et al. 2003; McLeod et al. 2011; Moller
et al. 2014). The Musquash Estuary along the Northwest
coast is one such salt marsh which has been designated
as a Marine Protected Area due to its pristine condition
(Oceans and Coastal Management Division Fisheries and
Oceans Canada 2017). Several other biological and eco-
logically significant areas have also been noted within the
Bay of Fundy due to significant marine mammal and bird
aggregations, important lobster habitat, cold water corals,
horse mussel reefs, and large intertidal mudflats which
support diverse invertebrate populations (Buzeta 2014).
Recognizing the importance of this ecosystem, it is critical
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Fig. 1 Bay of Fundy study area in the Northwest Atlantic showing bathymetry and notable landmarks around the bay.
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to understand the large-scale oceanographic trends within
the Bay of Fundy to support management of the region.

One tool for understanding and quantifying large-scale
trends in sediment dynamics and phytoplankton phenology
is satellite remote sensing. Within the Bay of Fundy, satel-
lite remote sensing efforts to understand sediment dynamics
have so far been focused on the Minas Basin and Chignecto
Bay regions (Amos and Alfoldi 1979; Amos and Long 1980;
Amos and Asprey 1981; Greenberg and Amos 1983; Tao
et al. 2014). These two areas are located in the upper forks
of the Bay (Fig. 1) and correspond to the highest sediment
concentrations ranging from < 1 to 100’s g m~ depending
on the time of year and tidal height (Amos and Topliss 1985;
Zions et al. 2017). These high sediment concentrations are
driven by tidal currents, resuspension of bottom sediment
from wind-induced mixing, and wave action (Dalrymple
et al. 1990). Satellite remote sensing has also been used at
large scales across the Gulf of Maine, including the Bay of
Fundy and Scotian Shelf, to understand chlorophyll-a con-
centration (chl-a), a proxy for phytoplankton biomass, and
sea-surface temperature dynamics (Li and He 2014; Devred
et al. 2018; Fuentes-Yaco et al. 2020). While one study was
interested in developing warning systems for harmful algal
blooms within the Bay of Fundy (Devred et al. 2018), to date
such efforts have relied on chl-a estimates computed using
generic, globally calibrated chl-a algorithms. However, sat-
ellite remote sensing of chl-a is challenging in this region as
the significant tidal range within the Bay of Fundy results in
large fluctuations of sediment concentration over the course
of a single day, or even hour. As such, even compared to
other complex coastal waters, the optical characteristics of
the Bay of Fundy reduce the accuracy of generic algorithms,
as the high sediment load drives the remotely sensed opti-
cal signal, which manifests as an overestimation of chl-a
retrievals. While no regional chl-a algorithm has yet been
developed for the Bay of Fundy, regional chl-a algorithms
have been developed for the Northwest Atlantic (Clay et al.
2019) and the Gulf of St Lawrence (Laliberté et al. 2018;
Laliberté and Larouche 2023), which are strongly impacted
by colored dissolved organic matter (CDOM), as opposed
to sediment. In these areas, the mean error of chl-a retrieval
was reduced by an order of magnitude following the devel-
opment of the regional algorithms.

Satellite remote sensing has successfully been applied
in other highly turbid environments to retrieve chl-a using
a variety of techniques that exploit the relationship between
different spectral bands. In the Arctic Ocean, the blue-
green ratio algorithm was recalibrated with a large in situ
database to account for the low sun elevation, different
phytoplankton bio-optical characteristics due to adaptations
to an extreme light environment, and relatively high levels
of CDOM (Lewis and Arrigo 2020). Yet in regions with
high sediment loading, such as the shelf region impacted by

@ Springer

the direct outflow of the Mackenzie River where sediment
concentrations regularly exceed 10 g m™ (Doxaran et al.
2015), chl-a may still be overestimated (Hilborn and
Devred 2022). Elsewhere in the Atlantic Ocean, using red/
near-infrared (NIR) algorithms with narrow band ranges,
chl-a retrievals were improved in the Rio de la Plata
estuary (Dogliotti et al. 2021) where suspended particulate
matter concentrations (SPM) range from 10 to 100’s g m™>
(Camiolo et al. 2019). In the turbid Chesapeake Bay of the
northeastern USA, red-edge chl-a algorithms were generally
superior at estimating high chl-a (i.e., > 10 mg m™);
however, in the upper reaches of the bay where sediment
concentrations were highest, and for lower chl-a, blue-green
band ratio algorithms performed better (Wynne et al. 2022).
Consequently, the application of satellite remote sensing
in turbid environments with highly variable sediment and
chl-a requires careful consideration to accurately quantify
sediment and phytoplankton dynamics.

To help understand the complex dynamics of sediment
distribution and phytoplankton biomass in the turbid Bay of
Fundy, we examined the time series of chl-a and SPM from
2003 to 2021 by processing data from the MODerate reso-
lution Imaging Spectroradiometer (MODIS) sensor on the
Aqua satellite. We developed a regionally tuned chl-a algo-
rithm calibrated using a database of in situ chl-a and SPM
to account for the possible impact of SPM on chl-a retrieval.
The satellite data were meticulously quality controlled to
evaluate the extent to which one can trust these products in
the Bay of Fundy. We produced daily, seasonal, annual, and
climatology time series and maps of chl-a and SPM on a
300-m grid. Such data layers are needed in order to be able
to understand sediment dynamics and phytoplankton phenol-
ogy across temporal and spatial scales.

Methods

In Situ Chl-a and SPM

The in situ chl-a dataset included the Western Isles
phytoplankton monitoring program (Martin et al. 2014)
and the Biological and Chemical databases (Devine et al.
2014; BIOCHEM, https://www.dfo-mpo.gc.ca/science/
data-donnees/biochem/index-eng.html, accessed on
August 16, 2022). The most abundant in situ chl-a meas-
urements within DFO databases consist of extracted chl-a
measured with a benchtop Turner fluorometer (referred to
hereafter as “Turner chl-a”’). Turner chl-a measurements
have repeatedly been acquired across the Bay of Fundy for
all years of interest (2003-2021; Fig. 2). These measure-
ments are collected following the Atlantic Zone Monitor-
ing Program (AZMP) protocol (Mitchell et al. 2002) which
uses the Holm-Hansen et al. (1965) method for calculating
chl-a. Briefly, 100 mL of seawater was collected by rosette
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Fig.2 Study region showing the location of Bay of Fundy, Canada,
with the limits denoting the region used for the MODIS imagery (a).
Locations of ship-based measurements and type are indicated with
the corresponding time series from 2002 to 2021 for Turner-derived
chl-a (b), HPLC-derived chl-a (c¢), and SPM (d). Horizontal light grey

and was immediately filtered onto a 25 mm GF/F filter.
The filters were extracted in 10 mL of 90% acetone in the
dark for 24 h at —20 °C. The extracted chl-a fluorescence
is then measured with a Turner fluorometer and converted
to chl-a concentration using calibration coefficients calcu-
lated at the Bedford Institute of Oceanography. High Per-
formance Liquid Chromatography (HPLC) chl-a have also
been collected in the region, albeit across a limited spatial
and temporal range (n = 318; Fig. 2). The HPLC samples
were simultaneously collected with Turner chl-a, albeit
with a larger volume of filtered seawater from 500 to 1000
mL, and were immediately flash-frozen and held at —80 °C
until analysis at a later date. The detailed chl-a matchup
analysis in our study (see below) used Turner-derived chl-a
given their greater number and better spatial-temporal

dashed lines indicate thresholds of 0.1, 1, and 10 for the respective
measurements; note the log-10 scale of the y axis. HPLC-derived
chl-a collection began in 2011 whereas Turner-derived chl-a was
available across all years. SPM station names from Fig. 3 are labelled.

coverage than HPLC-derived chl-a (Fig. 2). HPLC-derived
chl-a were not used for matchups but instead were used to
ensure the correct seasonal representation and magnitude
of Turner-derived chl-a. All chl-a data, both Turner and
HPLC, were collected within 10 m of the surface.

We compiled in situ SPM collected during two oceanographic
cruises that took place in the Minas Basin in June 2013 and
March 2014, during which SPM was sampled at fixed stations
repeatedly over a full tidal cycle (see Fig. 1B in Horne and Law
2013; Zions et al. 2017). This dataset showed a strong gradient
of SPM from west to east, and a strong seasonal cycle with
higher SPM in March relative to June. The median surface (< 10 m)
SPM in the Minas Basin was 31.9 g m™ in March compared
t0 5.0 g m~ in June (Fig. 2). All SPM data were collected within
10 m of the surface.
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Satellite Data and Processing

Satellite imagery acquired by the MODIS sensor on the
Aqua satellite (MODIS-Aqua; hereafter MODIS) oper-
ated and distributed by the National Aeronautics and Space
Administration (NASA) was used in this study. MODIS was
launched in 2002, and images were processed for the years
2003 to 2021, corresponding to all years with a complete
time series. Individual Level 1A images (L1A, uncorrected
radiance) were downloaded from the NASA Ocean Biol-
ogy Processing Group (OBPG:; https://oceancolor.gsfc.
nasa.gov/), for a spatial box bounded by 43.1-46.2 °N and
68.8-63.1 °W (Fig. 2a), and processed using the freely avail-
able SeaDAS software (version 7.5.2.1, https://seadas.gsfc.
nasa.gov/). The L1A images were corrected for atmospheric
effects and converted to remote-sensing reflectance (R,,)
using the NIR-SWIR switching algorithm (Wang and Shi
2007), which performed well in other regions with high SPM
(Doxaran et al. 2015). Initial results were compared to the
MUMM (Management Unit of the North Sea Mathemati-
cal Models; Ruddick et al. 2000) atmospheric correction
(results not shown), which was found to produce R with a
low dynamic range of values and was therefore deemed less
sensitive than the NIR-SWIR algorithm.

While two MODIS bands (659 and 865 nm) are acquired
at a resolution of 250-m and two bands (470 and 555 nm) are
acquired at a resolution of 500-m, the SeaDAS processing
occurs at a 1-km resolution. We chose to process the
Level 1A satellite data at 250-m resolution (12gen option
“resolution=250"), which was performed internally in
SeaDAS by bilinearly interpolating each 1-km pixel into 16
sub-pixels (e.g., Franz et al. 2006), to better align with the
complex coastline and oceanographic features of the Bay of
Fundy. Following interpolation, the integrated SeaDAS land
mask at 250-m was used after comparing it to a coastline
shapefile to remove any land pixels. In the future a buffered
coastline should be used to remove any interpolated pixels
that would originally have intersected land. Pixels with a

nominal resolution of 1-km may still be contaminated by
land-adjacency effects when bi-linearly interpolated on a
250-m grid. Although the coastline was not buffered before
collecting matchups, this did not affect any of the matchups
around the Prince 5 station (See Chl-a Matchups).

Numerous quality-control flags were applied in order
to filter out low- or suspicious-quality pixels (Table S1
in Supplementary Materials 1), and pixels with negative
reflectance values in bands 9 to 13 were removed from
further analysis (Table 1). When multiple images overlapped
the study region on a given day, they were aggregated into
a single daily composite by aligning the images onto a
common 300-m resolution grid to reduce data gaps and
calculating the median value at each grid cell using the
Generic Mapping Tools (GMT) software (https://www.
generic-mapping-tools.org/). A slight increase in pixel
size is recommended when switching to a standard grid to
reduce data gaps from off-nadir pixels, hence the increase
from 250 to 300-m. Small gaps may persist in images
acquired at an angle from nadir (e.g., Moiré pattern); in
this study, we chose not to fill these small gaps, while other
studies or reprojection programs can reduce them through
interpolation. All further analysis was performed using R
version 4.2 (R Core Team 2021).

SPM and Chl-a Algorithms

SPM was calculated using the single red band equation
developed by Nechad et al. (2010) with wavelength-specific
coefficients derived for band 13 (Table 1):

APXR, (Area)

SPM = = oot (1

where C” and A’ are two calibration parameters and SPM
is expressed in g m™>. The first parameter was calibrated
using standard inherent optical properties, the latter from
non-linear regression of SPM data on reflectance. Both
parameters have standard published values for MODIS

Table 1 Algorithm coefficients

Band no. and range (nm) Reference

Algorithm Coefficients
and references for chl-a and
SPM algorithms used in 0C3M ay = 0.2424
this study. Note that OC3M a, = —2.7423
coefficients were from the a,=1.8017
R2018 version. ay = 0.0015
a, =—1.2280
Nechad AP =362.09
C?=0.1736
OCx_spmcor a, =—0.2307818
a, =—2.8174856
a, =—0.9109887

a, = 1.9070607
a, = 13149395

Band 9 (blue, 438-448)
Band 10 (blue, 483-493)
Band 12 (green, 546-556)

https://oceancolor.gsfc.
nasa.gov/resources/atbd/
chlor_a/

Band 13 (red, 662-672) Nechad et al. 2010

Band 10 (blue, 483-493)
Band 12 (green, 546-556)
Band 13 (red, 662-672)

This study

Ay = —1.0019175

@ Springer


https://oceancolor.gsfc.nasa.gov/
https://oceancolor.gsfc.nasa.gov/
https://seadas.gsfc.nasa.gov/
https://seadas.gsfc.nasa.gov/
https://www.generic-mapping-tools.org/
https://www.generic-mapping-tools.org/
https://oceancolor.gsfc.nasa.gov/resources/atbd/chlor_a/
https://oceancolor.gsfc.nasa.gov/resources/atbd/chlor_a/
https://oceancolor.gsfc.nasa.gov/resources/atbd/chlor_a/

Estuaries and Coasts (2024) 47:1012-1031

1017

bands (Nechad et al. 2010). Another study showed good
performance of SPM retrieval across large gradients of SPM
when using a red-centered band (Ody et al. 2016).

Two methods were used to derive chl-a. First, chl-a
was calculated using the OC3M blue-green band ratio
(O’Reilly et al. 1998) with published coefficients cali-
brated for MODIS (Table 1), where the blue band (9 or
10) is selected to maximize the blue-to-green ratio, R ,:

Rr,\ A ue
Rocs = oz (max{ 5 @

Ry, (Eq. 2) is inputted into the following polynomial
equation to infer chl-a:

log,o(chl-a) = ay + aRpc, + a2R20Cx + a3R300C + a4R‘(‘)CJr

3)
where chl-a is expressed in mg m~>. Note that all mention
of OC3M includes both bands 9, 10, and 12 in the band
ratio calculation. NASA’s standard OCI algorithm, which
switches from OC3M to a different algorithm at low chl-a
(Hu et al. 2012), was also tested but provided poor results
in high SPM environments resulting in abrupt transitions
in chl-a.

The OC3M generic algorithm provided poor chl-a
retrievals (see Chl-a matchups). Therefore, a second chl-a
algorithm was developed (OCy_gppicor)- This algorithm
updated the polynomial coefficients in Eq. 2 (i.e., a, to
a,) as described in Clay et al. (2019) using matchup data
within the Bay of Fundy, and had a novel addition of
a term to account for possible contamination of remote
sensing reflectance by high SPM (Table 1). Here, the
reflectance ratio (i.e., Eq. 2) was calculated using band
10 (blue) and 12 (green) only, and Eq. 1 was used to
calculate SPM:

Matchups

Satellite matchup extraction was carried outona 5 X 5
matrix centered on the in situ measurement. The in situ
measurement was the topmost value measured within a
profile and was always collected within 10 m of the surface.
An in situ data point was considered a match if the sam-
ple was collected on the same calendar day as the satellite
image acquisition. The center pixel always overlapped the
in situ sampling location. The median value of the 5 X 5
box was used in further analysis if at least 5 valid pixels
out of 25 were detected in the matrix. We also tested using
the arithmetic and geometric means within the 5 X 5 box,
which provided similar results when compared to the in situ
measurement, but the median was less sensitive to outliers.
Note that the satellite image had already been pre-screened
for negative R, and several quality control flags as described
in Satellite Data & Processing such that erroneous pixels
were already excluded from any data analysis.

The new model coefficients for OCx_gppcor (Table 1)
and OC, g (results not shown) were tuned using the entire
dataset as input. Here, the 5 X 5 median R (4) and satellite-
predicted SPM were used as input to be consistent with the
matchup analysis. To test the stability of the coefficients, the
boot () function in R was used to calculate 95% confidence
intervals for each optimized coefficient using BCA intervals
(Davison and Hinkley 1997; Canty and Ripley 2022). Coef-
ficients were optimized with an iterative procedure which
forced the slope to one and intercept to zero for the linear
regression between log-10 transformed satellite-derived and
log-10 transformed in situ chl-a (O’Reilly et al. 1998; Clay
et al. 2019). This forcing was done to ensure the preservation
of the dynamic range of satellite-derived chl-a without intro-
ducing a bias. We explored tuning the coefficients without

log,o(chl-a) = ay + a;Rpc, + azR?)CX + a3R30Cx + a4R‘éCx + agp (logIOSPM) 4)

Only bands 10 and 12 were used in the band ratio
calculation (Eq. 2) for OCx_gpmcor fOr two reasons.
First, the results were very similar whether band 9 was
included or not. Second, this was consistent with other
regional tuning studies in the Northwest Atlantic that
found increased chl-a accuracy when the 443-nm band
was excluded (Clay et al. 2019). Note that we tested
several iterations of Eq. 4 with different exponents for
the SPM term and using the R (4,4 directly instead of
the calculated SPM value (results not shown here), but the
current Eq. 4 provided the best chl-a retrievals compared
to in situ matchups. For completeness, we also provide
a limited discussion of OCy_p.r Which represents Eq. 4
without the SPM term but still regionally tuned to the
Bay of Fundy.

the forcing; however, this resulted in a loss of dynamic range
which increased over- and underestimation of low and high
chl-a, respectively, despite marginal increases in accuracy
statistics.

To assess model accuracy, the root mean square loga-
rithmic error (RMSLE) was calculated using the rmse()
function in the R package oceancolouR (https://github.com/
BIO-RSG/oceancolouR) on log-10 transformed data as in
Clay et al. (2019). The mean absolute error (MAE) was also
calculated using the mae() function in the R Metrics package
(Hamner et al. 2022). Finally, the coefficient of determina-
tion (R?), slope, and intercept were computed for the linear
regression of log-10 transformed satellite-derived chl-a on
log-10 transformed in situ chl-a using the Standard Major
Axis method of Type 2 regression using the R Imodel2()

@ Springer


https://github.com/BIO-RSG/oceancolouR
https://github.com/BIO-RSG/oceancolouR

1018

Estuaries and Coasts (2024) 47:1012-1031

function from the package of the same name (Legendre
2022). Accuracy metrics were calculated for the entire data-
set used for model training (n = 174), as well as the average
accuracy metric following a 5-fold cross-validation which
was repeated 10 times (n = ~34).

Limited SPM matchup data was available for the Bay of
Fundy and no data from the Minas Basin cruises overlapped
with cloud-free satellite data. Therefore, to validate our SPM
time series, the median SPM from a 5 X 5 box centered on
the sampling location was extracted from each daily com-
posite for March and June (Fig. 2). In situ SPM was meas-
ured along a vertical profile and all measurements within
the first 10 m were used (Horne and Law 2013; Zions et al.
2017). The daily median SPM was used to create a March
and June climatology for two time periods: 2003-2021 and
2012-2014. These climatologies were compared to in situ
measurements (Zions et al. 2017) to assess the performance
of the satellite products across the tidal cycle. While this
approach differs from matchup protocols, it provides infor-
mation on the overall performance of the algorithm, i.e., its
ability to capture the range and seasonality of SPM dynam-
ics for the years in situ data was collected, and demonstrates
the representativeness of these years (2012-2014) across the

full time series. The same matchup procedure as chl-a was
repeated for SPM data collected in the Northumberland
Strait in 2006 (Fuentes-Yaco et al. 2020). While it is outside
the Bay of Fundy, this area corresponds to another region
of elevated SPM.

Results
SPM Matchups

In March 2012 and 2014, four stations were repeatedly
sampled throughout a tidal cycle to observe changes in
SPM within the Minas Basin (Fig. 2; Horne and Law 2013;
Zions et al. 2017). SPM ranged from 9 to 183 g m~>, and
were highly variable within a day, and sometimes between
a narrow depth range (2-5 m; Supplementary Materials 2
Figs. S1-2). While none of these observations met the tem-
poral criteria (i.e., within 3 h of satellite pass) to complete
a rigorous matchup, satellite-derived SPM agreed with the
spatial-temporal variability of in situ values, however, with a
systematic underestimation of absolute SPM (Fig. 3). ANC4
was the station closest to shore and no satellite data was

-
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available for this station in March due to ice coverage, and
predicted SPM exceeded the Nechad et al. (2010) saturation
threshold of 50 g m~>. In June 2013, in situ measurements
and satellite-derived SPM showed a strong spatial gradient
but with lower concentrations than in March, again with
an underestimation of satellite-derived SPM. SPM seasonal
trends from 2012 to 2014 were representative of the entire
2003-2021 time series. Despite our limited matchup data,
the relative change in SPM across the Bay of Fundy was an
important factor to correct the chl-a algorithm.

The satellite-derived SPM data showed good agreement
with the in situ SPM collected in the Northumberland Strait
(Fig. 4) with a low RMSLE of 0.27 and a high coefficient of
determination (R) of 0.72. The data largely followed the 1:1
line for satellite concentrations > 1 g m~> and the highest
deviation (i.e., underestimation) was observed at low SPM.

Chl-a Matchups

In situ data collected from several fixed stations and oceano-
graphic cruises revealed large variations of chl-a in the sur-
face waters of the Bay of Fundy, with values that increased
by two orders of magnitude from 0.1 to 10 mg m™ and a
strong seasonal cycle (Fig. 2b). The Turner dataset showed a
strong seasonal cycle of winter minimum and summer maxi-
mum of chl-a, with an annual median chl-a of 1.5 mg m™3
(n = 1106). The HPLC data (n = 318) suggested a similar
summer range of chl-a (0.178-12.64 mg m~>) as the Turner
chl-a (0.225-12.88 mg m~>). Cloud cover and data quality
control limited the number of in situ measurements used
for comparison such that only 16% of the Turner-derived
(174/1106) and 12% of the HPLC-derived (38/318) chl-a
met the criteria to be extracted as matchup data. Turner chl-a
were used in the matchup analysis as they were available
across all months, at a greater spatial coverage across the

Bay of Fundy, with more than four times the number of
HPLC-based chl-a available for matchups.

The incorporation of the SPM term (OCx spmcor)
increased the stability of the model coefficients, relative to
a regionally tuned model without the SPM term (OCx _g.r;
Supplementary Materials 3 Fig. S3). OCx_gppcor also had
a lower RMSLE and MAE relative to OC3M and OCy g
(Fig. 5; Table 2). When the 5 X 5 median satellite-derived
chl-a was plotted against in situ chl-a (Fig. 6), two clus-
ters were apparent in the OC3M data where low SPM (< 1
mg m~>, purple) had good chl-a retrieval, but when SPM
increased (> 1 mg m~3, blue to red), the satellite chl-a was
overestimated relative to the Turner chl-a. For these initial
OC3M chl-a matchups, the satellite-derived chl-a was close,
but below the 1:1 line when SPM < 1 mg m~>. However,
when SPM increased, satellite-derived chl-a deviated from
in situ measurements (Fig. 6a). This deviation based on SPM
resulted in poor matchup statistics (R* = 0.01; RMSLE =
0.58; Table 2) for the OC3M algorithm. When the original
OC3M algorithm coefficients were regionally tuned and a
SPM-dependent term was included (thereafter referred to
as OCy_gpmcor)» the relationship between satellite-derived
and in situ chl-a greatly improved with a 28 times increase
in the R? value and a reduction in RMSLE from 0.58 to
0.38 (Fig. 5). The overestimation of chl-a at high SPM
was largely corrected with the new OCyx_gppicor algorithm
resulting in a decrease of satellite-derived chl-a that were
in good agreement with the in situ measurements (Fig. 6).
This new algorithm might overcorrect chl-a at high SPM
(> 10 g m™>) resulting in erroneously low predicted chl-a,
but this is difficult to confirm as only two matchup points
corresponded to these elevated SPM. Regardless, incor-
rectly predicted high chl-a from OC3M in regions with the
highest SPM (Figs. 6a and 7a) were now correctly predicted
(i.e., low values) with the OCy_gppcor algorithm (Figs. 6b

Fig.4 Satellite matchups based b=
on the Nechad SPM algorithm S
for data located in the North- -
umberland Strait from 2006
(Fuentes-Yaco et al. 2020). The =
1:1 line is indicated with the =
grey dashed line and the solid ~—
black line is the regression of %
in situ versus satellite. o 2
E
A
2
s Slope = 1.55
Y-intercept = -0.31
R*=0.72
= RMSLE = 0.27
< T T T T
0.01 0.10 1.00 10.00 100.00

In situ SPM (g/m®)
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Fig.5 Mean absolute error (MAE; a), root mean square logarithmic error (RMSLE; b), and R? (c¢) for all data points with the tested chl-a mod-
els, and 5-fold cross-validation runs repeated 10 times. Error bars are standard deviation on the cross-validation (CV) runs.

Table2 Slope, y-intercept, and coefficient of determination (R%) from
the linear regression of log-10 transformed satellite-derived chl-a
on log-10 transformed in situ chl-a using the Standard Major Axis
method of Type 2 regression for OC3M, OCy p.r, and OCx gppicor
with the mean absolute error (MAE), and root mean square logarith-
mic error (RMSLE) from matchup comparisons. “All” was derived
from all in situ data, and cross-validation was averaged following the
5-fold cross-validation runs repeated 10 times where ~34 test samples
were used per fold.

OC3M OCX—BoF OCX-SPMCor

All All  Cross-validation All  Cross-validation
Y-intercept 0.34 0 0.01 0 0.02
Slope 0.80 1 0.37 1 0.50
R? 0.01 0.01 0.03 0.28 0.14
N 174 174 ~34 174 ~34
MAE 2.06 1.38 1.40 1.30 1.49
RMSLE 0.58 0.52 0.52 0.38 0.47

and 7b). As only one example, looking closely at a rela-
tively cloud-free image with a single matchup point (Fig. 7),
OCy spuco; Predicted chl-a of 2.5 mg m™2, only 0.1 mg m™
(4%) higher than the in situ data, relative to the 5.7 mg m~>
predicted by OC3M (97% higher). The relationship between
SPM and OC3M chl-a had a low positive correlation (R> =
0.40) where high chl-a equaled high SPM, while OCyx_gppcor
showed a low negative correlation (R* = —0.42) where high

@ Springer

SPM corresponded to low chl-a (Fig. S4 in Supplementary
Materials 4). While only one matchup point was highlighted
here, a similar relationship is maintained across all matchup
dates. The summer distribution of chl-a peaked in the central
bay and decreased in the northeast and southwest (Fig. 7c).
While OC3M incorrectly predicted a homogenous spatial
distribution of chl-a that increased towards the northeast
(Fig. 7a), spatial patterns of chl-a derived from OCx_gppicor
aligned closely with the in situ data ones (Fig. 7b).

AZMP samples once monthly (weather permitting) a
fixed station (Prince 5) within the Bay of Fundy (Fig. 8).
At this station, Turner chl-a remained < 1 mg m~> during
winter months, increased in spring, and remained elevated
all summer ~4 mg m~ (Fig. 8a). The OC3M-derived chl-a
monthly climatology did not show a seasonal cycle as chl-a
remained at ~4 mg m~> throughout the year (Fig. 8b). This
pitfall was addressed when the new OCx_gppico, algorithm
was used to derive the chl-a monthly climatology with low
values in winter (~ 0.5 mg m~>) and high values in sum-
mer (up to 5 mg m~>, on average) in agreement with the
in situ chl-a seasonal cycle (Fig. 8c). The ability of the
OCx_gpmcor algorithm to capture the seasonal cycle at the
annual scale was further demonstrated when examining
the entire MODIS time series (2003 to 2021). OC3M data
showed little variation with time and systematic overestima-
tion of chl-a compared to the in situ measurements (Fig. 8d),
yet there was good agreement between the in situ data and
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Fig.6 Satellite matchups based
on the standard OC3M algo- -
rithm (a) and the matchups for g
the regionally tuned OCy_gppcor a
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the new OCy_gppicor Chl-a (Fig. 8e). This relationship is best
quantified during the spring and summer months. Note that
the time series included 41 matchups used in model tuning
out of 219 in situ measurements specifically taken at Prince
5. We further validated the algorithm by focusing on two
small regions with limited matchup data; see Supplementary
Materials 4 for further text and figures.

Annual and Seasonal Climatology

The 2003-2021 chl-a and SPM climatology demonstrated
marked spatial distribution within the Bay of Fundy
(Fig. 9). Chl-a was highest within Passamaquoddy Bay
and around Brier Island, with higher concentrations found
in the southwest side of the bay relative to the northeast
side. SPM showed an inverse distribution compared to the
chl-a one where the highest SPM was observed in Chi-
gnecto Bay and Minas Basin, with elevated SPM along
the New Brunswick coastline on the western side of the
Bay of Fundy. The annual chl-a spatial distribution was
driven by the spring and fall climatology which showed

T T T T T T T
0.50 1.00 2.00
In situ chl-a (mg/m3)

5.00 10.00  20.00

the highest chl-a spatial gradients (Fig. 10a, c¢), while in
summer chl-a was highest and most evenly distributed
(Fig. 10b). This summer chl-a peak was also observed in
the in situ data (Figs. 2, 8, S5, and S6). SPM remained
elevated year-round in particular at the head of the Bay
of Fundy and along the New Brunswick shore (Fig. 9b).
The relative SPM gradients remained in all seasons with
the highest SPM observed during winter months (Fig. 11).

Discussion

To understand and quantify the spatial and temporal dis-
tribution of chl-a and SPM in the Bay of Fundy, we pro-
cessed the MODIS time series from 2003 to 2021 onto a
300-m map projection. The tuning of the chl-a algorithm
and the addition of an SPM-dependent term significantly
improved chl-a retrievals across the Bay of Fundy as
shown by comparison against in situ measurements and
its ability to resolve the seasonal cycles of chl-a.
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o Prince 5

Fig.7 MODIS daily composite collected on August 12, 2013, show-
ing satellite-derived chl-a using OC3M (a), chl-a from OCy_ gppicor
(b), all summer in situ Turner chl-a data using the same color scale as
a and b (c), and satellite-derived SPM (d). The location of the Prince

SPM Seasonal Cycle and Spatial Distribution

In situ SPM concentrations within the Bay of Fundy are
highly variable across season, space, and tidal cycle (Amos
and Topliss 1985; Amos and Tee 1989; Schell 1998; Curran
et al. 2004; Parker et al. 2007; Zions et al. 2017). We found
that while MODIS showed a slight underestimation of
SPM using the Nechad algorithm with band 13 (range of
662—-672 nm), SPM gradients were well captured across
space and time. This underestimation was in part due to the
(1) low absolute R ((4,.4) values that highlight the need for
adapted atmospheric correction, and (2) the saturation of the
Nechad algorithm for SPM greater than about 50 g m=>. It
is noteworthy that while SPM within the Bay of Fundy does
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Horse Mussel Reef

5 monitoring station, Saint John Harbour, and Horse Mussel Reef
Ecologically and Biologically Significant Area (EBSA) are indicated.
Moiré patterns are visible in insets a, b, and d as the Bay of Fundy
was towards the western edge of the satellite image swath.

exceed 50 g m~>, this typically occurs in the narrow upper
reaches of the estuaries where the 300-m spatial resolution,
bilinearly interpolated from 500-m and 1-km MODIS
bands, is too coarse for SPM mapping. We did not switch
to a longer wavelength (e.g., 748 or 869 nm) to derive SPM
(Nechad et al. 2010) as the large gradient of SPM requires
a wavelength that remains sensitive to low concentrations
(<1gm™).

The large variation in SPM in the Minas Basin, even
within one tidal cycle (Figs. S1 and S2 in Supplementary
Materials 2), makes exact matchup comparisons difficult
(Amos and Asprey 1981; Envirosphere Consultants Ltd.
2010; Zions et al. 2017). We explored the use of other red
(Han et al. 2016) and green/red-edge bands (Doxaran et al.
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Fig.8 Monthly in situ Turner chl-a climatology at the Prince 5 moni-
toring station (a), median 5 X 5 box of satellite-derived chl-a calcu-
lated with the OC3M algorithm at the station (b), and the correspond-
ing median 5 X 5 box of satellite-derived chl-a with the OCy_gppicor

2012; Doxaran et al. 2015) algorithms for SPM retrieval
(results not shown); however, the Nechad algorithm was
best at describing the spatial distribution in SPM. Another
study in the Minas Basin based on the MEdium Resolution
Imaging Spectrometer (MERIS) related the backscattering
coefficient at 550 nm to SPM via fixed conversion
factors (Tao et al. 2014). The authors then compared the
variability of satellite-derived SPM collected in 2010 to

algorithm (c). Time series of satellite-derived chl-a using the OC3M
algorithm (d) and the OCx gppcor algorithm (e) versus in situ data.
Note in situ points were from all available data and included data not
used in model training.

in situ measurements collected from 1975 to 1976 for
the summer season at the same station. They observed
an overall good agreement with a slight underestimation
of the magnitude of satellite-derived SPM in summer
months from the 2010 satellite data and 1975 to 1976
in situ data, albeit with large standard deviations for both
measurements. This study and ours (Fig. 3) demonstrate
how the large temporal variation of SPM within the Minas
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Fig.9 Annual chl-a derived
from the OCy_gppicor formula
(a), and SPM derived from the
Nechad algorithm (b) climatol-
ogy from 2003 to 2021.

44 445 45 455 46

435

45 455 46

445

44

435

Basin requires unconventional techniques to validate
satellite-derived SPM. For this reason, we chose to look
at the relative spatial-temporal trends to validate our SPM
retrieval.

SPM peaks in winter and reaches a minimum in summer
across the entire Bay of Fundy. The large increase in SPM
in winter is driven by increases in wind-induced mixing
and wave height which increase sediment resuspension
(Mulligan et al. 2019). A previous study from 1980 found
that SPM in Chignecto Bay ranged from 36 to 166 g m™>
in March with a 80% decrease in mean SPM to between
4 and 42 g m~ in June (Amos and Topliss 1985). The
satellite-derived SPM climatology computed in the current
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study for Chignecto Bay in March ranged from 1 to 25 g
m~>, with an average of about 13 g m™. SPM decreased
to 0.2-18 g m~> with a mean SPM of ~5 g m~? by June
(60% decrease). In the Minas Basin, SPM also followed
a strong seasonal cycle (Tao et al. 2014; Law et al. 2021)
with an order of magnitude decrease from March (ranging
from 10-100 g m~3) to June (ranging from 1-10 g m~>)
(Zions et al. 2017), which was well captured in the
MODIS derived SPM maps. When compared to a region
with low SPM, historical measurements in October 1990
found Passamaquoddy Bay to be well mixed with surface
SPM averaging about 1.8 g m™ (Milligan 1994). This was
only 0.3 g m~ higher than the mean October 20032021
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Fig. 10 Chl-a seasonal climatology from 2003 to 2021 for spring (a April-June), summer (b July—September), fall (¢ October—December), and

winter (d January—March) based on the OCy_gppco, algorithm.

satellite-derived SPM climatology extracted from
Passamaquoddy Bay for the same area. Consequently, our
MODIS SPM seasonal climatology was able to capture
SPM trends across the Bay of Fundy. Furthermore, the
seasonal cycle observed within the Bay of Fundy matches
the broad-scale SPM dynamics observed along the Scotian
Shelf and Northumberland Strait (Swift et al. 1969;
Fuentes-Yaco et al. 2020).

SPM reached its maximum in Chignecto Bay and
decreased exponentially from NE to SW within the Bay of
Fundy. The observed gradient and distribution of SPM are
generally consistent with circulation patterns observed in the
Bay of Fundy (Swift et al. 1969; Aretxabaleta et al. 2008).
Counterclockwise circulation draws waters from the Scotian
Shelf and Gulf of Maine northwards along the eastern side
of the Bay of Fundy, and tidal forces concentrate sediment-
laden waters along the western coast, which remain
separated from the Fundy gyre located in the center of the
bay (Fader et al. 1977). The decrease in SPM in summer
months was particularly noticeable within the central basin,
possibly driven by seasonal shifts in the circulation patterns

of the Fundy gyre (Aretxabaleta et al. 2008; Aretxabaleta
et al. 2009), and the overall reduction in SPM loading within
the Chignecto Bay and Minas Basin during the summer
when river discharge reaches its minimum.

Chl-a Algorithm

Derivation of reliable chl-a in coastal turbid waters remains
challenging and requires regional algorithms that account
for the optical complexity of such environments. Several
approaches can be used depending on the phytoplankton
community structure and the “contamination” of the chl-a
signal, namely by CDOM or sediments, which can be char-
acterized as dark waters and bright waters respectively.
In the Gulf of Saint Lawrence, Laliberté et al. (2018) and
Laliberté and Larouche (2023) used an empirical orthogo-
nal functions (EOF) method to infer satellite-based chl-a
from R, in waters dominated by CDOM absorption. The
red-edge method performs best in meso- to eutrophic envi-
ronments where chl-a exceeds 10 mg m~> (Dall’Olmo et al.
2005; Maciel et al. 2023), such that its range of application
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Fig. 11 SPM seasonal climatology from 2003 to 2021 for spring (a April-June), summer (b July—September), fall (¢ October—-December), and

winter (d January—March) based on the Nechad algorithm.

is not suitable to the Bay of Fundy where chl-a is less than 5
mg m~> for most of the year (Fig. 2). The fluorescence line
height proposed by Gower et al. (1990) was also considered;
however, issues related to phytoplankton sun-induced-
fluorescence peak shift in sediment-loaded waters precluded
the use of this algorithm. In addition, other issues related to
spectral resolution, required to characterize the fluorescence
peak, phytoplankton physiological status, and impact of the
inherent optical properties budgets on the fluorescence emis-
sion remain unresolved (Gupana et al. 2021).

Given the physical characteristics of the Bay of Fundy,
namely productive waters in a sediment-loaded environ-
ment, we selected an adapted atmospheric correction scheme
(NIR-SWIR switching algorithm; Wang and Shi 2007).
The NIR-SWIR returned the lowest number of negative
R, when considering the wavelengths in the visible spec-
trum based on comparison with other procedures (results
now shown) such as black pixel assumption (Siegel et al.
2000) and MUMM approach (Ruddick et al. 2006). A sim-
ple approach was chosen to retrieve chl-a that still relied
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on a blue-green band ratio, but with an additional term that
corrected for the possible contamination of the chl-a signal
by the bright SPM signal. The estimation of the chl-a relied
on the usual blue-green ratio and the additional term that
accounted for possible contamination by SPM relied on the
red band (i.e., 670 nm). Two different red terms were tested;
first was the R ((447,) values, second was the SPM values
calculated from this same band. The use of the SPM val-
ues provided slightly better results than the R, (44;,) ones
(results not shown here), suggesting that highly non-linear
processes occur in the coupling of chl-a/SPM signal. The
regional tuning of the final OCx_gppco, algorithm saw slight
modification of the two first coefficients of the polynomial fit
(Eq. 4) with values of a; = 0.24 and a; = —2.74 for OC3M
and g, = —0.23 and a; = —2.81 for OCx_gppmcor; however,
the subsequent coefficients (second and higher polynomial
order) were very different between both parameterizations.
The polynomial coefficient associated with SPM is negative,
which was expected as the inclusion of SPM in the new for-
mulation reduced the overestimation of chl-a observed with
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OC3M. Interestingly, the SPM algorithm is based on the 670
nm band, which corresponds to the second absorption peak
of chl-a such that there is an interplay between SPM and
chl-a in the algorithm. Yet, as the coefficients for OCx_gppicor
were locally tuned, the correlation between chl-a and SPM at
670 nm would be embedded in the algorithm. Furthermore,
in a low SPM environment, there would be a negligible
impact of SPM on the OCx_gpmcor algorithm. Future stud-
ies could explore potential switching thresholds as done in
other SPM algorithms (Han et al. 2016), but applied to the
OCx_spmcor algorithm to reduce or remove the SPM term in
chl-a retrieval at low SPM. The bi-modal distribution of the
a, term for OCy_gppcor (Supplementary Materials 3) was
driven by SPM concentration, where high SPM (> 1 g m™)
pushed a, to a lower value and low SPM (< 1 g m~>) drove
a, to a higher value (results not shown). This suggests that
further improvements in chl-a retrieval may be possible if
tuning was performed for these two groups separately, and
blended into a single algorithm. Finally, we opted to train the
OCx_spmcor model using all available in situ points due to the
small number of matchups (n = 174), and the even smaller
number of matchups at high SPM. The poor performance
of some cross-validation runs highlighted the importance
that a few points may have on the model performance, in
particular at high SPM. This demonstrated the need for the
largest number of training points possible for the develop-
ment of OCy_gppcors it also suggested that the stability of
model coefficients may improve with additional matchups.
Regardless, OCy_gppicor OUtperformed all other models tested
in the Bay of Fundy.

Past remote sensing studies have attempted to predict
chl-a in the Bay of Fundy using generic OCx algorithms.
Devred et al. (2018) produced a chl-a climatology from
1998 to 2007 using the OC4 algorithm dedicated to the Sea-
viewing Wide Field-of-view Sensor (SeaWiFS) to develop a
warning system for the harmful algae Alexandrium catenella
sp. The OC4 algorithm benefits from an additional band
(510 nm) from the SeaWiFS sensor (O’Reilly et al. 1998)
and the chl-a climatology indicated a spring/fall bloom
sequence (Devred et al. 2018) as opposed to the spring/sum-
mer peak revealed by in situ measurements. A MODIS cli-
matology from 2003 to 2012 created for the Gulf of Maine,
including the Bay of Fundy and Scotian Shelf with a gap-
filling algorithm (Li and He 2014), revealed elevated chl-a
year-round in the Bay of Fundy relative to the Gulf of Maine
and Scotian Shelf. Yet, satellite-derived chl-a was validated
using in situ data collected on the Scotian Shelf, which is
known to have a different chl-a phenology and SPM regime
than the Bay of Fundy (Casault et al. 2023). Our study high-
lights the importance of regional tuning for chl-a retrieval
within the Bay of Fundy, which is impacted by high sedi-
ment loads, strong tidal forces, and shows a different chl-a
phenology than surrounding waters. Such recalibration of

global algorithms has been commonly performed to improve
chl-a retrieval in the complex waters of the Northwest Atlan-
tic (Laliberté et al. 2018; Clay et al. 2019).

A limitation of the regional OCy_gppico, algorithm was
the limited range of SPM at which it was tuned. OCx_gppicor
was parameterized for SPM < 15 g m™ with most pixels
corresponding to SPM < 5 ¢ m™~>, which resulted in an over-
correction (i.e., underestimation) of chl-a at SPM > 5 g m~>.
For instance, in Chignecto Bay, historical chl-a data aver-
aged 1.3-1.8 mg m™ with no seasonal variation (Prouse
et al. 1984), while the OCy_gppc,, derived chl-a climatology
predicted a much lower chl-a average of ~0.2 mg m™; the
seasonal climatology correctly predicted the low seasonal
variation. We did not have access to chl-a collected at high
temporal frequency (i.e., multiple times a day), as we did for
the SPM data. Given the large diurnal variation in SPM, it is
likely that chl-a exhibits a diurnal variation, and restricting
chl-a matchups to within a few hours of water sample col-
lection may improve our matchup statistics. Our validation
was further limited to the Bay of Fundy and no validation of
the algorithm was performed for the Gulf of Maine, Scotian
Shelf, or Northumberland Strait, which were not in the scope
of the present study. Future work will examine how to blend
the Bay of Fundy specific regional algorithm (OCx_gpmcor)
into larger areas of the Northwest Atlantic, such as the Gulf
of Maine and Scotian Shelf, where other regional chl-a
models already exist and perform well (Clay et al. 2019).
Lastly, our regional calibration was performed using Turner
chl-a due to its better spatial and temporal coverage across
the Bay of Fundy than HPLC-based chl-a. While HPLC is
recommended for chl-a algorithm development, Turner-
derived chl-a is more ubiquitous as analysis of samples is
much easier, requires less technical skill than HPLC-based
measurements, and has been used for satellite validation in
other studies (Cannizzaro et al. 2013; Brewin et al. 2017,
Laliberté et al. 2018). Our study highlights that significant
improvements in chl-a retrieval can be obtained with only
Turner chl-a, which had a much better temporal and spatial
availability relative to HPLC samples.

Chl-a Seasonal Cycle and Spatial Distribution

Chl-a within the Bay of Fundy followed a consistent seasonal
cycle, which was opposite to SPM as revealed by both satellite
and in situ measurements. When chl-a was calculated with the
OC3M algorithm, this relationship was not maintained, and
chl-a was calculated to increase with SPM. In particular, chl-a
retrieval was more significantly impacted at SPM > 1 g m™>.
Tuning the algorithm for the Bay of Fundy and including an
SPM term improved the OCx_gppcor @lgorithm chl-a retrieval
and its relationship to SPM, where chl-a typically peaked in late
summer and reached a minimum in winter, and SPM peaked in
winter and reached a minimum in summer.
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To highlight our improvements in chl-a retrieval, we
focused on three distinct regions of the Bay of Fundy and dem-
onstrated improved satellite results when compared to in situ
data. The first, Prince 5 is located at the entrance of the highly
productive Passamaquoddy Bay, which has been designated as
an EBSA (Buzeta 2014), and is sampled monthly by AZMP
(Casault et al. 2023). This station has the best temporal cover-
age of in situ chl-a with samples across all months, and a clear
seasonal cycle as revealed by a spring bloom and a second
summer peak in chl-a. The initial OC3M algorithm generated
a time series of elevated chl-a throughout the year with no
seasonal variation, as found in other satellite remote sensing
studies (Li and He 2014; Fuentes-Yaco et al. 2020). The new
OCyx_spmcor Closely followed the seasonal cycle and magnitude
of in situ data. The EBSA, Horse Mussel Reef (Buzeta 2014),
located in the center of the Bay of Fundy showed lower chl-a
and a reduced seasonal cycle compared to Prince 5. Lastly,
Saint John Harbour, a region that is strongly impacted by the
tidal cycle and outputs from the Saint John River, showed a
comparable chl-a seasonal pattern to Prince 5, albeit at lower
concentrations.

Chl-a seasonality for these three regions, and for the Bay
of Fundy as a whole, followed a particular annual cycle that
differs from the adjacent Scotian Shelf which has marked
spring and fall blooms (Casault et al. 2023). Instead, the
seasonal cycle of phytoplankton was correlated to changes
in day length (Percy et al. 1996), and after a rapid increase
in spring, chl-a remained elevated all summer. Furthermore,
these periods of high chl-a (spring and summer),
corresponded to increased stratification within the Fundy
gyre (Aretxabaleta et al. 2008; Aretxabaleta et al. 2009). Yet,
significant tidal mixing occurs within the shallow waters
of the bay with further interactions of the Saint John River
discharge during spring months. This strong and variable
tidal mixing, and influence of river discharge as observed
at Prince 5, west of the gyre (Casault et al. 2023), may
contribute to persistently high spring and summer chl-a
values within the Bay of Fundy by providing a continuous
supply of nutrients to the central bay. Our description of
chl-a phenology in the Bay of Fundy would be further
improved if additional in situ chl-a samples were collected
in the upper reaches of the bay where the highest sediment
concentrations occur.

Summary and Conclusions

The Bay of Fundy is a unique environment subjected to the
highest tidal range in the world with inputs from several
rivers. This results in large temporal and spatial variability
in SPM and chl-a and seasonal cycles that differ from the
adjacent Gulf of Maine and Scotian Shelf. The optical
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complexity of the Bay of Fundy required the tuning of the
OC3M satellite chl-a band ratio algorithm and in particular,
the addition of a SPM-dependent term in the mathematical
formulation of the algorithm to correct for systematic
bias. This tuning, validated with a large database of in situ
Turner chl-a measurements, significantly improved the
performance of the algorithm and provided the ability to
resolve the seasonal cycle of chl-a in all the regions of the
Bay of Fundy under different SPM regimes.

The 2003-2021 SPM climatology provided the general
distribution and spatial gradients of SPM, which decreased
exponentially from northeast to southwest, and remain
elevated along the New Brunswick coast, as expected by
circulation patterns within the Bay of Fundy. SPM peaks
in winter when turbulent mixing is the highest and reaches
a minimum in the summer months. The new OCx_gppicor
algorithm accurately predicted the unique chl-a phenology
within the Bay of Fundy, relative to the surrounding regions.
In the Bay of Fundy, chl-a blooms in spring, and remains
high all summer, before reaching a winter minimum. The
exception to this phenology were in the upper reaches of the
Bay of Fundy where chl-a shows little seasonal fluctuation.
Our study is the first to quantify chl-a and SPM dynamics
specifically for the entire Bay of Fundy with reliable, and
validated satellite observation. It highlights the importance
of considering the effects of varying sediment dynamics on
chl-a retrieval within these optically complex waters.
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