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Abstract: The subarctic northeast Pacific (SNEP) is a high-nitrate, low-chlorophyll (HNLC) region in
the ocean, where phytoplankton growth and productivity are limited by iron. Moreover, there is a
limited application of high spatial (300 m) and temporal resolution (daily) ocean color (OC) satellite
imagery in studying the phytoplankton dynamics in this region. To address this issue, we aim to
validate the remote sensing reflectance (Rrs; sr~1(A)) and chlorophyll-a (Chla) concentration derived
from the Polymer atmospheric correction algorithm against in situ data for the SNEP obtained during
2019 and 2020. Additionally, we performed qualitative analysis using weekly binned surface Chla
maps to determine whether the product reflects the general pattern over a latitudinal and longi-
tudinal domain. We processed the daily Level-1 image using Polymer and binned them weekly
using Graphic Processing Tool (GPT). The validation results indicate that Polymer exhibits higher
radiometric performance in the blue and green bands and fails to represent in situ Rrs in the red
band. Furthermore, the Polymer slightly over- and underestimates reflectance between 0.0012 and
0.0018 sr~ ! in the green band. On the other hand, excellent agreement was found between satellite-
derived versus in situ Chla, followed by a slight overestimation of in situ Chla in the range from
0.17 to 0.28 mg/m?3. The weekly binned Chla spatial map revealed a spatially homogeneous dis-
tribution of surface Chla in Central Alaska, but a substantial increase in Chla (>0.7 mg/ m?3) was
recorded toward Southeast Alaska (SEA) and the British Columbia (BC) shelf. Furthermore, Chla
derived from latitudinal and longitudinal transects indicates high Chla toward 57°N and —135°W,
respectively. Overall, the results of this study emphasize the need to obtain high-quality matchups
from under-sampled oligotrophic waters, which are crucial for satellite validation, in addition to
highlighting the importance of using high spatial and temporal resolution satellite imagery to study
phytoplankton dynamics in the SNEP.

Keywords: northeast Pacific Ocean; phytoplankton; chlorophyll-a; ocean color; remote sensing;
OLCI Sentinel-3A

1. Introduction

Marine phytoplankton are essential for regulating Earth’s climate and account for
50% of the global primary productivity [1-3]. Phytoplankton are highly diverse in size,
shape, and taxonomic composition, exhibiting enormous diversity within a single species;
for example, phytoplankton are found with different morphological and physiological
characteristics and sometimes different life stages and ecological niches [4]. Thus, monitor-
ing phytoplankton and assessing their shift in the ocean is paramount to determining the
global carbon cycle, ocean biogeochemistry, implications for the marine food web, and how
climate change will impact the ocean ecosystem.

This is especially relevant for the open ocean waters of the subarctic northeast Pa-
cific (SNEP; Figure 1), a high-nutrient-low-chlorophyll (HNLC) region where iron is the
limiting nutrient that regulates phytoplankton biomass and primary productivity [5-8].
Chlorophyll-a concentration (hereafter Chla, a proxy for phytoplankton biomass [9]) gener-
ally remains low in central Alaska at <0.5 mg/m?; nevertheless, sporadic phytoplankton
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bloom may occur in the HNLC region due to the introduction of iron [10]. This HNLC
region extended through the central Pacific [6]; hence, phytoplankton blooms are gener-
ally absent during spring and summer [7]. However, this regular state may sometimes
be altered by short-lived phytoplankton blooms during fall [8,11-13] as a result of the
relaxation in grazing pressure from micro- and macrozooplankton, aerial iron deposition,
or advection of nutrient-rich water from the shelf [11,14,15]. The Subarctic Ecosystem
Response to Iron Enrichment (SERIES) experiment has clearly shown that iron ultimately
limits the utilization of macronutrients and regulates new production during summer in the
SNEP [16]. This has important implications for the open ocean waters of the SNEP, which
are crucial for sustaining commercially important fisheries and supporting the population
of Pacific Salmon originating from Canada, the United States, Japan, Korea, and Russia [17].
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Figure 1. Study area map showing the sampling locations in 2019 and 2020. Circles indicate field
stations and are shown in blue for 2019 and green for 2020. Red circles indicate the transect for the
above-water radiometer operated in 2019. Chlorophyll-a concentrations were extracted from each
weekly composite imagery over the latitudinal and longitudinal domains represented by the blue
and red lines, respectively.

Similarly, the coastal and continental domains of SNEP are known for their high
productivity and diverse marine life [18-24], including various marine mammals [19,20],
commercially important fish species [18,21-23], and seabirds [24]. This high productivity is
attributed, in part, to the variability of phytoplankton in this region [25,26]. Studies using
both in situ measurements and satellite data have revealed high values of Chla (>3 mg m~?)
in the coastal waters along with phytoplankton blooms, showing pronounced seasonal,
spatial, and interannual variability [27,28].

Monitoring the dynamics of ocean productivity and its implications for the food
web, which is based on measuring the concentration and composition of phytoplank-
ton in the ocean, is generally conducted using various in situ techniques, including flow
cytometry, size-fractionated filtration (SFF), high-performance liquid chromatography
(HPLC) pigment analysis, conventional imaging flow cytometry [29], Imaging FlowCyto-
bot, genomics, and next-generation sequencing [30]. However, specifically for the SNEP,
light-microscopy [31-33], HPLC pigment analysis [34], chemical taxonomy (CHEMTAX)
software [35-39], and physical-biological models [40] have been implemented. These meth-
ods are extremely useful but are limited in time and space, and are often time-consuming,
labor-intensive, and expensive [30,41]. Consequently, the availability of in situ phytoplank-
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ton data becomes constrained, preventing the use of these datasets for monitoring the
large-scale dynamics of phytoplankton and understanding how environmental drivers
influence their spatiotemporal distribution.

To address this issue, space-based ocean monitoring using optical sensors can monitor
the upper ocean ecosystem on a synoptic scale with a high spatial and temporal resolution
that is often unattainable for ship-based observation [9]. Given the importance of determin-
ing phytoplankton dynamics over large spatiotemporal scales, several studies have used
ocean color (OC) satellites to elucidate phytoplankton dynamics in the SNEP [6,7,12,27,42].
Indeed, most of these past studies have used OC sensors that have coarse spatial (4-25 km)
resolution, and none have yet explored the potential of the new generation of OC sensors
such as Ocean Land Color Instrument (OLCI) onboard Sentinel-3A satellite with high
spatial (300 m) and temporal resolution (<1.4 days) [43].

Here, we evaluate the performance of satellite-derived remote sensing reflectance
(Rrs; sr~!(A)) and chlorophyll-a concentration in the SNEP, specifically during 2019 and 2020.
The satellite product was mainly produced using the POLYnomial-based algorithm applied
to MERIS (Polymer) and the European Space Agency Baseline Atmospheric Correction
(BAC) algorithm, and its performance was then assessed via statistical validation against in
situ measurements. Additionally, we conducted a qualitative analysis to discuss whether
the satellite data reflect the region’s latitudinal and longitudinal dynamics. The evaluation
of the OLCI product derived from multiple processors across the global and regional waters
is a critical step in the process of Sentinel-3 OLCI validation, and here we are providing the
first reported analysis for the northeast Pacific region.

2. Materials and Methods
2.1. Study Area

The circulation in central Alaska is primarily driven by the counterclockwise-flowing
Subarctic Gyre, consisting of three components: the North Pacific Current, the Alaska
Current, and the Alaska Stream [44]. The Alaska Stream is a high-speed current charac-
terized by eddies and meanders, flowing southwestward parallel to the coast of Alaska.
It connects to the North Pacific Current at 170°W, completing the Subarctic Gyre [44,45].
This oceanographic region (Figure 1) is classified as an HNLC area with abundant nitrate
concentrations and moderate primary productivity throughout the year due to limited
iron availability [46,47]. The primary productivity in the region fluctuates annually be-
tween 5 and 18 mol C m 2 yr’l [48], whereas the concentrations of Chla in the region
exhibit no seasonal or interannual variability, with values < 0.5 mg/ m3 [6,46-50]. This
pattern has been confirmed by remote sensing of the surface Chla and recent observations
from the Biogeochemical Argo float (BGC-Argo) deployed in the SNEP, which recorded
low variability in Chla concentrations of the upper ocean between 0 and 150 m [40]. The
dominant phytoplankton community in the open ocean region consists of small-sized
nano- and picophytoplankton, such as haptophytes, followed by green algae and pelago-
phytes [31,36,37,39], whereas large-sized microphytoplankton, such as diatoms, contribute
little to the total biomass in this region [36,39].

In contrast, the coastal waters of southeast Alaska (SEA) and British Columbia (BC)
are highly productive and rich in marine life, providing habitats for commercially impor-
tant fish species such as Pacific Cod, Walleye Pollock, Pacific Ocean Perch, and Pacific
Herring [18,21-23], as well as several species of marine mammals [19,20] and seabirds [24].
Despite being a downwelling-dominated region throughout the year, the coastal waters
of SEA exhibit exceptional productivity, with annual primary productivity surpassing
300 g C m~2 y~! [25]. The Alaska Coastal Current (ACC), driven by wind and freshwater
runoff, dominates this region and is responsible for transporting dissolved organic mat-
ter, phytoplankton, zooplankton, and other marine organisms northwards to the Bering
Sea [51]. On the other hand, the BC coast serves as a transitional zone between the strong
downwelling-dominated region in SEA and the upwelling-dominated coastal region in
southern California [45]. This region serves as the primary marine entry point for many
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Pacific Salmon species, with the majority of juvenile Sockeye Salmon leaving the Sal-
ish Sea during summer and fall and entering the Gulf of Alaska (GoA) through these
coastal waters [52]. Phytoplankton biomass undergoes annual cycles, with extensive spring
diatom blooms observed along the SEA and BC coasts [27,53,54]. Diatoms are the domi-
nant bloom-forming community in this region, and Chla concentrations typically exceed
3 mg/m? during the spring bloom, dominated by Skeletonema costatum, Chaetoceros spp.,
and Thalassiosira spp. [7,13,27,54].

2.2. Datasets

The following dataset was compiled for this study: above-water reflectance measure-
ments were acquired to validate satellite-derived reflectance, and discrete water samples
collected from the surface ocean were analyzed for HPLC pigments to validate the satellite-
derived Chla product. Additionally, qualitative analysis was conducted using weekly
binned surface Chla composites generated from atmospheric-corrected daily OLCI imagery
to determine the gradients of the region’s latitudinal and longitudinal dynamics in the data.
The following section presents the methods followed in this study.

2.3. In Situ Data

The in situ datasets used in this study (Figure 1) were collected as part of the Interna-
tional Year of Salmon (IYS) expedition to the Gulf of Alaska from 18 February to 21 March
2019 and from 5 March to 5 April 2020. The 2019 expedition was onboard R/V Professor
Kaganovsky, while the 2020 expedition was onboard R/V Pacific Legacy. The datasets derived
from these expeditions were utilized to perform one-to-one matchup analysis to determine
the accuracy of Sentinel-3 OLCI product over the surface waters of the SNEP region. This
section is organized as follows: first, we describe the methods used for processing in situ
and satellite data; second, we present the validation of satellite-derived Rrs(A) and Chla;
finally, we qualitatively assess how well the weekly binned OLCI Chla map reproduces the
regional pattern over a latitudinal and longitudinal domain.

2.3.1. Phytoplankton Pigment Analysis

From the expeditions, surface water samples for phytoplankton pigment analysis
were collected using CTD/rosette from approximately 5 m. Water samples were then
transferred to a 10 L plastic container and transported to the laboratory with immediate
initiation of onboard filtration, which was conducted in the dark to avoid potential pigment
degradation [55]. Surface water samples of 1-2 L from each station, for the duplicate
measurement of HPLC pigment analysis, were filtered through a 25 mm Whatman GF/F
0.7 um glass microfiber filter under low light conditions and low vacuum (<5 mmHg).
After filtration, the filters were flash-frozen in liquid nitrogen and immediately kept at
—20 °C until analysis in the laboratory. The filter was then extracted with methanol and
analyzed using a well-calibrated Shimadzu HPLC instrument [56]. The HPLC pigment
analysis was conducted at the University of South Carolina Baruch Institute of Marine and
Coastal Science (https://phytoninja.com/lab-protocols/, accessed on 10 April 2023), and
the method was detailed in Pinckney 2010 [56]. Out of the 54 samples, 20% had duplicates,
and the uncertainty in these duplicate samples was estimated based on a coefficient of
variation (CV) < 20%. Finally, Chla concentration in the surface waters of the SNEP varied
from 0.17 to 0.52 (0.35 4 0.08 mg/m?).

2.3.2. In Situ Remote Sensing Reflectance

Above-water spectral reflectance measurements were acquired during good weather
conditions using a manually operated radiometer (HyperSAS) to evaluate OLCI-derived
Rrs(A) [57]. HyperSAS was only operated during the 2019 expedition (N = 43) due to logistic
constraints in the 2020 expedition. HyperSAS consists of three hyperspectral radiometers,
including sea surface radiance Lt(A), sky radiance Li(A), and a third sensor to measure
total irradiance Es(A); from these measurements, Rrs(A) is derived [57]. HyperSAS was
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installed on the bow of the R/V Professor Kaganouvsky at a 13 m height from the sea surface
to avoid the infrastructure shadows and spray. Specifically, Lt(A) and Li(A) sensors are
at a fixed-viewing zenith angle, 8v = 50°, and viewing sun azimuth, ¢v = 120°, to avoid
glint effects [57,58]. The ideal @V is maintained by looking at the sun’s position in the sky.
Measurements were acquired between 11 a.m. and 2 p.m. to mimic the time of Sentinel-3A
acquisition and optimized sun illumination conditions. Radiometric measurements were
limited to a solar zenith angle of less than 60° [58] to limit variability in the water-leaving
radiance. The data from the HyperSAS were processed using ProSoft version 7.7.19 to
calculate Rrs(A).
The above-water Rrs(A\) was calculated according to [59].

Rrs(A) = IJ()\)IE_S(F;SUW' (srfl) 1)

where Lt(A) is the total measured radiance by the sea-viewing sensor and ps fraction of
sky radiance measured by the sea-viewing sensor [59]. ps is estimated according to the
following equations [60].

Li (750
0s — 0.0256 + 0.00039W -+ 0.000034W?, when 1730 _ ¢ o5 @)
Es (750nm)
Li (750nm)
— 0.0256, when —— >~ g
ps = 0.0256, when Es (750nm) — 0.05 3)

NIR (near-infrared) correction was applied to the reflectance spectra by subtracting the
value at 750 nm following the method described in [60]. The final Rrs(A) was derived from
the quality-controlled in situ hyperspectral Rrs(A) (hereafter Rrs in situ) subjected to the
spectral response function (SRF) according to the spectral characterization of OLCI (https:
/ /sentinel.esa.int/web/sentinel / user-guides /sentinel-3-olci, accessed on 5 April 2023).

2.4. Sentinel-3A OLCI Data and Atmospheric Correction

The Ocean Land Color Instrument (OLCI) onboard the Sentinel-3A satellite provides
high spatial (300 m) and temporal resolution ocean color data, and it operates in 10 spec-
tral bands (400, 412, 443, 490, 510, 560, 620, 665, 674, and 681 nm) within the visible
spectrum [61]. The sensor also features an improved signal-to-noise ratio (SNR) and an
off-nadir pointing of the instrument swath to minimize the sunglint effect [61]. Therefore,
for this study, OLCI Sentinel-3A Level-1 full-resolution data acquired during 2019 and
2020 (18 February to 21 March 2019, and from 5 March to 5 April 2020, corresponding
to the fieldwork period) were downloaded from Sentinel-3 Marine CODA (Copernicus
Online Data Access) web service and processed using Polymer version 4.10 to obtain Rrs(A)
and Chla (mg/m?) following [62]. Polymer is a spectral matching algorithm that employs
two models. Firstly, a polynomial function utilizes the full spectrum to model the spectral
reflectance of the atmosphere and the residual sunglint contribution [63]. Secondly, the
water reflectance model is based on Chla and a coefficient (fb), which scales the total
backscattering coefficient of marine particles (bbp) [63]. The parameters in the atmospheric
and water reflectance models are optimized through an iterative process to achieve the
best spectral fit for the total reflectance received by the sensor [63]. Chla is a direct output
of Polymer and is derived as part of the optimization scheme [63]. Specifically, Chla in
the water reflectance models is derived from known measurements from various oceanic
regions, rather than through a semi-analytical or bio-optical model [63]. It has been shown
that Polymer water reflectance is applicable in both Case-1 and Case-2 water types [63].
This algorithm was originally developed for Medium Resolution Imaging Spectrometer
(MERIS) and later adapted to other OC sensors such as Moderate Resolution Imaging
Spectroradiometer (MODIS), Sea-viewing Wide Field-of-view Sensor (SeaWiFS), Visible
Infrared Imaging Radiometer Suite (VIIRS), and OLCL. In this study, daily Level-1 data
were downloaded and processed with Polymer and then binned into four composites
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using SNAP (version 6.0) in batch mode using GPT (Graphics Processing Tool). While
binning, the following quality flags of “Cloud”, “Invalid”, “Negative Backscattering (BB)”,
“Out-of-bounds”, “Exception”, “High Air Mass”, and “Thick Aerosol” were applied based
on the recommendation from [64] following [62], and the median Rrs(A) calculated from
each band was used for the analysis. Overall, eight composites were generated for 2019
and 2020. To obtain higher spatial coverage OC data for the open ocean, spatially and
temporally binned 8-day composite maps were employed [65]; this is especially valid for
Alaska’s iron-poor open ocean waters, where Chla concentration exhibited subtle variability
throughout our investigation (0.38 & 0.08 mg/m?) [39,40,46]. Along with Polymer (version
4.10), we tested the 8-day composite map of Level-2 Rrs(A) and Chla distributed by the
European Space Agency (ESA) to define the best processor for this region. The ESA Level-2
Rrs(A) product is derived using the BAC algorithm [66], which was initially developed for
MERIS by Antoine and Morel [67] and assumes there is no reflectance in the NIR part of
the spectrum. Hence, the Chla and Rrs(A) products are only valid for the global open ocean
waters, where phytoplankton pigments dominate the signal. Later, BAC was integrated
with the Bright Pixel Atmospheric Correction (BPAC) proposed by Moore et al. (1999) [68]
and Moore et al. (2017) [69]. BPAC can account for high scattering waters dominated by
high Chla and total suspended matter (TSM), where NIR reflectance is not zero. How-
ever, the initial validation results of satellite-derived Rrs(A) (hereafter Rrs-satellite) showed
poor radiometric performance at 443 (r = —0.42, MAE = 0.003 st MDPD = 44.99%,
BIAS = 12.51%), 560 (r = —0.23, MAE = 0.0006 sr—!, MDPD = 33.55%, BIAS = 11.67%), and
665 nm (r = 0.00, MAE = 0.0002 sr—!, MDPD = 59.93%, BIAS = 52.04%). Similarly, Chla
derived from the ESA Level-2 product for the 2019 dataset also showed poor statistical
performance (r = 0.3, MAE = 0.08 mg/ m3, MDPD = 19.31%, BIAS = —2.74%) compared to
Polymer. In addition, we observed a significant reduction (about 60%) of the valid data
points when utilizing the ESA Level-2 product. Furthermore, due to clouds, the spatial
coverage was substantially reduced during the expedition in the middle of winter in Alaska.
However, we also noticed that the Polymer-processed Level-2 image provided much better
spatial coverage compared to the ESA Level-2 product. Our observations are consistent
with the latest study by Tilstone et al. 2021 [70], where Polymer-derived Chla reportedly
showed the highest number of valid pixels and higher spatial coverage than other AC
algorithms across the Atlantic Ocean, and that for the northeast Pacific by Giannini et al.
2021 [62]. Due to the design of the POLYMER processor, it is capable of retrieving the
signal under sky glint conditions and thin clouds [64], thus allowing for extensive spatial
coverage. As a result, we decided to conduct the entire validation utilizing Polymer. Finally,
the Level-2 processed imagery from Polymer was cropped to the region of interest using
Graph Processing Tool (GPT) of the Sentinel Application Platform (SNAP), specifically the
“Subset” function. The resulting cropped imagery was then visualized using the “Raster”
package in R [71].

2.5. Matchup Analysis: OLCI Rrs and Chla

The performance of the POLYMER AC algorithm was evaluated by conducting a
one-to-one matchup analysis between satellite and in situ data. The Rrs satellite from the
daily imagery was extracted from a 5 x 5-pixel window centered on the exact location of
the Rrs in situ. Mean, median, and coefficient of variation (CV) were calculated for each
matchup using the following criteria: £5 h, valid pixels must be >17/25, CV at 560 nm
must be <20%, and the median value from each band was used to avoid outlier [72-74].

The performance of OLCI-Chla retrievals was assessed based on the combined data
from 2019 and 2020. For each in situ sample, satellite Chla was extracted from the 8-day
composite imagery, and the mean, median, and CV were calculated for the Chla matchup
using similar criteria as for the Rrs in situ [72-74]. We achieved a higher number of points
using the 8-day composite imagery for both 2019 and 2020. In addition, the statistical
performance was also highly comparable to that of the daily matchups.
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The statistical error metrics such as r, mean absolute error (MAE), median percentage
error (MDPD), and bias (BIAS) were obtained to evaluate the performance of Polymer AC
algorithms [62]. The equation of MAE, MDPD, and BIAS are expressed as follows.

MAE = Y i ¥|(Sat; — Insitu; )| @)

Sat; — Insitu;

MDPD = Median value of 100 x .
In situy;

©)

. i=N (Sat; — Insitu;

Bias = Zi:l (insﬁull) x 100 (6)
where Sat; is the satellite-derived measurements, Insituy; is the in situ-derived measurements,
and N is the number of observations.

Finally, a weekly trend analysis was conducted to evaluate the accuracy of satellite-
derived Chla over a broad spatial scale. The trends are extracted across a latitudinal and
longitudinal domain from a 5 x 5 window within each 8-day composite imagery, and the
corresponding standard deviation is presented.

3. Results
3.1. Remote Sensing Reflectance Validation

Rrs in situ and Rrs satellite demonstrated a typical open ocean water spectrum [70],
characterized by a maximum blue reflectance that decreased toward longer wavelengths
and a Chla fluorescence peak near 680 nm (Figure 2). Rrs in situ and Rrs satellite for various
bands (443, 560, and 665 nm) showed comparable dynamic ranges (Figure 3). Specifically,
the average values at the 443, 560, and 665 nm bands were comparable between Rrs in
situ and Rrs satellite, with values of 0.0049 =+ 0.0009, 0.0048 4+ 0.0005, 0.0018 + 0.0003 and
0.0016 £ 0.0003, 0.00024 £ 0.00007, 0.00025 £ 0.00003, respectively. A detailed quantitative
analysis demonstrated that the accuracy of Polymer AC varies with wavelength, where
the correlation decreases with increasing wavelength (Figure 4). A highly significant
(p < 0.001) correlation of 0.73 was obtained for 443 nm, followed by the best statistical
performance (BIAS = 0.22%, MDPD = 7.97%; Figure 4). Similarly, a highly significant
(p < 0.001) correlation of 0.50 was found for 560 nm, followed by a moderate statistical
performance (BIAS = —13.09%, MDPD = 17.08%; Figure 4). For Rrs satellite at 560 nm,
values < 0.0015 sr~! were slightly overestimated, and Rrs between 0.0015 and 0.0018 sr—!
were underestimated. Finally, a poor correlation of —0.2 and decreased statistical metrics
were obtained for 665 nm (BIAS = 11.82%, MDPD = 25.47%; Figure 4). Overall, Rrs satellite
demonstrated the highest overestimation at 665 nm (BIAS = 11.82%), followed by the
highest underestimation at 560 nm (BIAS = —13.09%). Similarly, the highest MDPD was
observed at 665 nm (25.47%), followed by 560 nm (17.08%) and 443 nm (7.97%). On the
other hand, the MAE was lower for all three bands (<4 x 10~% sr™1).
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Figure 2. The diagram illustrates the simulated remote sensing reflectance spectra from the in situ
hyperspectral remote sensing reflectance (Rrs in situ) in the top panel and the corresponding OLCI
remote sensing reflectance spectra (Rrs satellite) in the bottom panel. Rrs satellite represents the
median value from a 5 x 5-pixel window.
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Figure 4. Regression between in situ (x-axis) versus satellite-derived (y-axis) remote sensing re-
flectance at 443, 560, and 665 nm. The black line represents the 1:1 line, and the colored line is the
linear regression fit for the atmospheric correction algorithm. Satellite Rrs represents the median
value from the 5 x 5 pixel-window.

3.2. Chlorophyll-a Matchup Analysis

The dynamic range of in situ and OLCI-derived Chla corresponds to typical conditions
for the region [46]. The in situ Chla ranged from 0.17 to 0.52 mg/ m? (0.35 & 0.08 mg/ m?)
(Figure 5), while the satellite-derived Chla ranged from 0.21 to 0.59 mg/m? (0.38 + 0.08 mg/m?)
(Figure 5). One-to-one matchup analysis (Figure 6) showed excellent agreement between in
situ and satellite-derived Chla (r = 0.78, MAE = 0.05 mg/ m3, MDPD = 9.67%, BIAS = 10.38%;
Figure 6). This indicates the ability of the Polymer AC algorithm to retrieve Chla concentration
within the expected range for this region. However, a slight overestimation of in situ Chla
concentration by Polymer was noted in the range between 0.17 and 0.28 mg/m?. The matchup
analysis showed that, except for a few points, most of the points fall close to the 1:1 line,



Remote Sens. 2023, 15, 3244

indicating a strong correlation between in situ and satellite-derived Chla, which results in better
statistical metrics (Figure 6). Therefore, the matchup analysis noted a low MDPD (9.67%) and
BIAS (10.38%). At the same time, MAE depends on the concentration, which was comparatively

lower (MAE = 0.05 mg/m?3).
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Figure 5. Histogram showing the in situ chlorophyll-a concentration and the corresponding satellite-
derived chlorophyll-a concentration for the combined dataset of 2019 and 2020.
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linear regression fit for Chla derived from the Polymer atmospheric correction algorithm. The
standard deviation of valid pixels within a 5 x 5-pixel window centered on the location of the in situ

observation is represented by vertical bars.
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3.3. Spatial Variability of Sentinel-3A OLCI-Derived Chlorophyll-a

The quality of the satellite-derived Chla was further evaluated to determine its ability
to capture the known pattern of surface Chla in SNEP over a spatial-temporal domain.
Overall, the weekly composites indicated the spatially homogeneous distribution of surface
Chla concentration in the iron-poor open ocean waters of GoA (Figure 7). Temporally,
the average Chla from the two expeditions remained almost invariant (avg < 0.6 mg/m?;
Figure 7) throughout the region, with values ranging from 0.3 to 0.7 mg/ m?3. In addition,
no clear spring bloom signal was noticeable in this region. However, intermittent patches
of moderate Chla values (>0.6 mg/m?®) were observed within each weekly composite. On
the other hand, a substantial increase in concentration (>0.7 mg/ m3 ) was recorded toward
SEA and the BC coast (Figure 8). For example, the latitudinal trend of Chla derived from
each week (Figure 8) showed elevated Chla at 57°N. Similarly, Chla derived from the
longitudinal transect also indicated a consistently high value toward —135°W throughout
the weeks.

Spatially, regions of high Chla concentration and pronounced seasonal spring blooms
were observed along the coast from 2019 to 2020 (Figure 7). For instance, patches of elevated
Chla concentrations were marked in northern and SEA, the east coast of Haida Gwaii, and
the west coast of Vancouver Island. In the 2019 composites, high Chla concentration patches
were defined in the third week of February (18 to 25 February), mainly along northern
and SEA, the east coast of Haida Gwaii, northern Vancouver Island, and the west coast
of Vancouver Island. Regions of high Chla concentration persisted during the final week
of February (26 February to 5 March 2019), with wider spatial distribution mainly along
northern and SEA, the east coast of Haida Gwaii, the north and west coast of Vancouver
Island, and the Strait of Georgia (SoG), with the highest recorded Chla of 5.8 mg/m?3.
Similarly, localized regions of high Chla concentration with larger spatial dispersion were
prominent along the west coast from the second (6 to 13 March 2019) to the third (13 to
21 March 2019) weeks of March, with the highest recorded Chla of 6.9 mg/m?> observed
during the third week of March.

On the other hand, during the first week of March 2020 (5-12 March), high Chla
concentrations were observed in multiple regions, including SEA, the east coast of Haida
Gwaii, the west coast of Vancouver Island, and SoG, with a peak Chla concentration of
6.6 mg/ m3. However, in the third week (13-20 March), a more extensive distribution
of high Chla regions was noted, exhibiting a pattern similar to that observed during the
first week. Additionally, the highest Chla value (8.9 mg/m?®) among the four composites
was recorded that week. Subsequently, from the fourth week of March (21-28 March) to
the first week of April (29 March-5 April), a widespread distribution of high Chla values
was observed along the coast from SEA to the BC coast. Furthermore, the highest Chla
concentrations recorded during the fourth week of March and the first week of April were
at 8.0 and 8.3 mg/m?, respectively.
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Figure 8. Latitudinal and longitudinal distribution of surface chlorophyll-a concentration extracted
from each weekly composite imagery for 2019 and 2020. The Chla concentration is extracted from a
5 x 5-pixel window, and the standard deviation is plotted as a gray-shaded region. (a-h) latitudinal
and longitudinal distribution of surface chlorophyll-a for the week of 18 February 2019 to 21 March
2019. (i-p) latitudinal and longitudinal distribution of surface chlorophyll-a for the week of 5 March

2020 to 5 April 2020. The corresponding longitudinal and latitudinal lines are displayed in Figure 1.
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4. Discussion

This study provides the first validation of Sentinel-3 OLCI Rrs(A) and Chla products
in relation to in situ measurements of the SNEP region. The validation results of the Rrs
satellite revealed superior radiometric performance for the blue and green bands and
inferior performance for the red band. However, excellent agreement between in situ and
satellite-derived Chla concentration was demonstrated in Chla validation. Furthermore,
satellite-derived weekly Chla composites displayed relatively low (<0.5 mg/m?) and
spatially homogenous distribution in the ion-poor open ocean waters, while elevated Chla
values were (>0.7 mg/m?) observed toward SEA and BC. The following sections present
the analysis of our main findings.

4.1. Evaluation of the Satellite-Derived Products
4.1.1. Remote Sensing Reflectance

We evaluated the ability of the Polymer AC algorithm to retrieve Rrs satellite for
determining Chla in the SNEP using Rrs in situ and Chla data. Our findings indicate that
Rrs satellite and Rrs in situ follow spectrally similar shapes and have highly comparable
average values, indicating the ability of Polymer AC schemes to derive Rrs in optically
Case-1-type water. Additionally, the validation effort to determine the retrieval accuracy
of Polymer AC demonstrated that retrievals improved with decreasing wavelength. For
example, Polymer showed better radiometric performance in the blue and green spectral
regions, whereas an inferior radiometric performance was obtained in the red region
(Figure 4). Moreover, the Polymer slightly over- and underestimated Rrs values between
0.0012 and 0.0018 sr~! in the green band, whereas it fails to represent Rrs in situ in the
red band. In their latest study, Tilstone et al. 2021 [70] observed that the residual error in
Polymer-derived Rrs values varies across different spectral bands, with relatively low mean
residual error at the blue (6%) and green (15%) bands, followed by high mean residual
error at the red band (60%), which is consistent with our observation. This variation in
residual error is likely due to imperfections in AC and uncertainty of in situ measurements.
For instance, satellite sensors often detect weak signals at longer wavelengths, such as at
560 and 665 nm from clear Case-1 waters [75]; thus, AC remains highly challenging in this
region compared to other spectral regions, eventually leading to over- and underestimation
of the lower reflectance values [76,77]. Until now, there has been no established method to
remove the residual error from satellite-derived Rrs, which for the clear open ocean waters
is observed to be more pronounced in the red band, accounting for up to 60%, followed
by the green band (15%) [70]. Consistent with the above findings, the latest study by
Gilerson et al. 2022 [76] assessed uncertainties in satellite-derived Rrs from the open ocean
and found the highest CV of 1.5-2.0 in the red band compared to the blue band.

Beyond the performance of satellite-derived products, the quality of in situ data is
crucial for the accurate validation of satellite data. However, in situ data carry substantial
uncertainty for multiple reasons, including inherent sensor noise combined with experi-
mental and environmental factors [57,58,78-81]. For instance, uncertainties in above-water
radiometry can arise from sensor calibration, ship shadow and superstructure, environ-
mental conditions, and parameterization of sky glint [58]. Nevertheless, strict guidelines
are followed to acquire high-quality radiometric measurements, such as regarding the
use of calibrated sensors, performing data collection only during solar noon conditions,
and a setup to eliminate ship shadow and superstructure [57,58]. According to a recent
study, environmental variability (e.g., wind speed, sun zenith, sky condition, wave height,
and sunglint) is the primary source of uncertainty across all wavelengths (410, 490, 550,
and 620 nm), accounting for up to 80% of the total [82], wherein the environmental vari-
ability, sky condition, wind speed, and the sun zenith angle contribute to the highest
uncertainty [82]. In our study, despite conducting data acquisition during solar noon, we
encountered several days with overcast conditions during the cruise, which could have
contributed considerable uncertainty to the Rrs(A\) measurements. This has been docu-
mented in a recent study, which found that uncertainties of up to 80% can occur in the blue
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(410 and 490 nm) and green (550 nm) bands and up to 60% in the red band (620 nm) under
overcast conditions [82]. These conditions, characterized by scattered clouds and limited
sun illumination, cause substantial variability in sunlight, leading to significant deviations
in sky radiance (Li(A)) [82]. In addition, total radiance (Lt(A)) is also affected, as it receives
a significant amount of reflectance from different parts of the sky, and its measurements
can be unpredictable due to variations in wave height over time [82]. Finally, radiometric
measurements were also affected by the viewing and illumination geometry, which can be
addressed by correction for bidirectional effects (BRDF) [83]. Therefore, it is important to
take caution and follow strict guidelines while acquiring high-quality in situ radiometry
data for validating OC products.

4.1.2. Chlorophyll-a Concentration

Despite OLCI slightly overestimating lower-range Chla values (0.17 to 0.28 mg/m?) in
comparison to in situ measurements, the validation results demonstrate the excellent perfor-
mance of the Polymer AC algorithm in this region, with dynamic ranges consistent with in
situ values [50]. Our observation is supported by Giannini et al. (2021) [62], who evaluated
the performance of Polymer and other AC schemes in the northeast Pacific region and found
that Polymer provided the best results for Chla and that the dynamic range was within
the observed range [39]. This finding is also substantiated by Marchese et al. (2002) [50],
who showed that the monthly climatology of Chla derived from OLCI using Polymer
recorded low biomass (<0.5 mg/m?) in offshore waters of Alaska. Similar to these findings,
Tilstone et al. (2021) [70] found that Polymer is the most promising AC processor for retriev-
ing Chla concentration between 0.01 and 1.00 mg/m3 across the oligotrophic Atlantic Gyre,
particularly under thin clouds and sunglint, which may affect the Chla retrieval.

Nonetheless, the slight discrepancy observed between satellite and in situ-derived
Chla values may arise from multiple sources. For instance, in our study, the satellite data
typically represent the median value within the 5 x 5-pixel window extracted from weekly
composite imagery, whereas in situ data represent point location. Satellite matchups us-
ing weekly composite extracted from a 5 x 5-pixel window are accepted in oligotrophic
waters due to the low variability in phytoplankton biomass within 1500 x 1500 m spa-
tial resolution [73]. This is relevant for the SNEP because of only subtle variability in
the phytoplankton community of central Alaska compared to those of the highly dy-
namic SEA and BC shelf regions [53]. Furthermore, we also found that spatial-temporal
mismatch might not have played a substantial role, as we did not observe any notable
difference between the average values of satellite-derived Chla from the weekly composite
(0.38 + 0.08 mg/m?) versus the daily imagery (0.39 + 0.08 mg/m?). Another potential
discrepancy arises from the tendency of satellite-based measurements to generally overesti-
mate the surface Chla values when a deep chlorophyll maximum (DCM) is present [84].
In a recent study, it was found that Chla values integrated over the first optical depth are
30% higher than surface values [84], which is relevant for the SNEP, where a recent study
recorded maximum Chla values of 0.35 mg/m? below the mixed layer depth [85].

Beyond the performance of the atmospheric correction algorithm, the validation
performance was impacted by the uncertainty associated with the analytical quality of in
situ HPLC pigment measurements. Despite the widespread use of HPLC-derived Chla
for the validation of satellite-derived Chla [86], these measurements are often subject to
multiple sources of errors [87]. For instance, a round-robin experiment conducted by
Claustre et al. 2004 [88] using multiple HPLC methods to quantify the uncertainty budget
revealed a 7% error for Chla and a 21% error for other pigments. In this study, the overall
uncertainty associated with the HPLC pigment data, including sampling methods, filtration,
extraction, and HPLC analysis, based on evaluating duplicates of samples, resulted in a
CV lower than 20%. However, as in many studies [88,89], it is difficult to quantify any
remaining source of error attributed to the in situ Chla measurements.
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4.2. Spatial-Temporal Dynamics of Phytoplankton Biomass

Although matchup statistics were obtained, the evaluation of the overall quality of
satellite-derived Chla remains challenging due to the sources of uncertainty. Here, we fur-
ther assessed the quality of the derived Chla products by comparing the latitudinal and
longitudinal gradient from weekly composite imagery with the previous literature. The
satellite-derived Chla concentration showed the expected low concentration (<0.5 mg/ m?)in
the iron-poor open ocean region, with no prominent variability observed between weeks, and
the average Chla value was well within the range reported for satellite observations [49,53].
However, intermittent patches of moderate Chla (>0.5 mg/m?) values were also observed in
our imagery. Our findings are consistent with recent satellite observations, demonstrating that
Chla concentration in the iron-poor Alaska waters remained low (<0.4 mg/m?) throughout
the year [40], with an annual mean peak occurring only by fall [6]. Again, low temporal
variability in the upper Chla concentration was reported in this region without apparent
seasonal or interannual variability [39,46]. These findings were confirmed by the latest ob-
servation using the Biogeochemical Argo float (BGC-Argo), which indicated less variability
in Chla concentration in the upper 150 m, consistent with the satellite observation [40]. As
an HNLC region, iron primarily governs the bloom dynamics, and iron limitation restricts
the occurrence of diatom bloom, which is a common phenomenon for the shelf region [89].
Another reason for the low Chla concentration in this region is the strong coupling between
the phytoplankton and zooplankton communities, where the latter effectively grazes on the
former, resulting in a relatively constant Chla concentration throughout the year [90].

Unlike the open waters, our weekly composite maps showed high Chla concentrations
(i.e., between 5.4 and 8.9 mg/m?) and pronounced spring bloom signals along SEA to the
BC coast (Figure 7). Consistent with our findings, previous studies reported relatively high
Chla levels (>3.0 mg/m?) along with pronounced spring bloom characterized by marked
seasonal, spatial, and interannual variability in this region [6,7,27]. The latest satellite-
based observations also substantiate these findings by recording high spring average Chla
(>2.0 mg/m3) across SEA to the BC coast [49,50,54].

Generally, our composite imagery from 2019 displayed a greater spatial extent in
Chla concentration along the coast from the last week of February to the third week of
March. Conversely, the imagery from 2020 revealed a larger spatial extent of higher Chla
concentration along the coast from the second week of March to the second week of April.
These findings are consistent with recent satellite-based observations of the BC coast, which
have found that, in terms of timing, the spring bloom along the west coast of Vancouver
typically starts in March [49,54,89]. The latest study using high spatial and temporal
resolution satellite imagery found that the seasonal increase in average Chla concentration
across SEA to the BC coast region is between late February and early April [50], consistent
with our findings. In addition, our weekly composite imagery revealed regions of high
Chla values during spring, which were concentrated in northern and SEA, the east coast
of Haida Gwaii, and along the north, south, and west coasts of Vancouver Island, as
well as in the SoG. These zones were identified as bioregions in the northeast Pacific,
confirming our findings and demonstrating that they are characterized by high Chla values
(>2.4 mg/m?) and exhibit an annual peak in spring [50]. The mechanism by which elevated
Chla levels and spring blooms are sustained across SEA and the BC shelf is attributed to
several processes, including iron-rich coastal freshwater runoff, strong upwelling, tidal
mixing, high levels of irradiance, the lengthening of daylight hours, and stratification of
the water column [7,13,16,26,90-93].

5. Conclusions

In this study, we aimed to investigate the performance of Sentinel-3A OC products,
specifically Rrs(A) and Chla concentrations, against in situ data. Additionally, we conducted
a qualitative assessment with reference to previous studies to determine whether the weekly
binned surface Chla concentration reflects the general latitudinal and longitudinal trends
in this region. The in situ and satellite-derived Rrs(A) revealed a Case-1 water spectrum
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with maximum reflectance in the blue band that exponentially decreased toward longer
wavelengths, followed by Chla fluorescence at 680 nm. The validation of the Rrs satellite
against Rrs in situ showed there was a good correlation and better statistical performance
in the blue and green regions, with a degraded performance recorded in the red band.
Moreover, Polymer tends to overestimate or underestimate Rrs levels in the green band,
specifically within the range of 0.0012 to 0.0018 sr~!, where POLYMER fails to represent the
Rrs in the red bands. Chla matchup analysis showed excellent agreement between in situ
and satellite-derived Chla. Furthermore, Polymer slightly overestimates the lower ranges
of in situ Chla from 0.17 to 0.28 mg/m?3. The spatial and temporal dynamics of weekly
binned surface Chla maps show low biomass in the iron-poor open ocean water; however,
a substantial increase in Chla (>0.7 mg/m?) was recorded toward the SEA and BC shelf.
Furthermore, the latitudinal and longitudinal distribution of Chla reveals high biomass
toward 57°N and —135°W, respectively.

High spatial and temporal resolution Chla maps are essential for this region to better
understand the dynamics of surface phytoplankton, which are the foundation of the marine
food web. Malick et al. 2015 [94] reported that the spring bloom phenology in the northeast
Pacific Ocean is significantly correlated with Pacific salmon productivity in Alaska and
BC. Similarly, Suchy et al. 2022 [95] demonstrated the connection between phytoplankton
bloom dynamics and zooplankton phenology in the coastal waters of BC, revealing that
early and late spring blooms result in mismatches between phytoplankton and zooplankton
phenology, with implications for the food web. In this context, our findings could help
fishery management by providing spatial and temporal data on phytoplankton bloom in
the SNEP region, where Pacific salmon spend most of their adult life [17], enabling the
better management of fishery resources across this region. In addition, our study represents
the first attempt to utilize high spatial (300 m) and temporal (daily) resolution satellite
imagery to validate Sentinel-3 OLCI products in the undersampled oligotrophic region of
the SNEP. The results show the potential of OLCI to retrieve the OC products as well as the
spatial-temporal pattern of Chla concentration over a synoptic scale, which would not be
possible otherwise.
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