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Satellite ocean color remote sensing is the primary method to retrieve synoptic measurements of the optical properties of the ocean on large spatial and regular time scales. Through bio-optical modeling, changes in ocean color spectra can be linked to changes in marine ecosystem and biogeochemical properties. Bio-optical algorithms rely on assumptions about the covariance of marine constituents as well as the relationships among their inherent and apparent optical properties. Validation with in situ measurements of in-water constituents and their optical properties is required to extrapolate local knowledge about ocean color variations to global scales. Here, we evaluate seasonal and spatial relationships between optical constituents and their inherent and apparent optical properties throughout the annual cycle of the North Atlantic plankton bloom using bio-optical data from four cruises conducted as part of the North Atlantic Aerosols and Marine Ecosystems Study (NAAMES). Our results show ocean color variability, quantified using field observations of the remote sensing reflectance spectrum at each NAAMES station, is driven by colored dissolved organic matter (CDOM) absorption in the ultraviolet wavelengths, phytoplankton absorption in the blue wavelengths, and total particulate backscattering in the green wavelengths. Results from a recently storm-mixed station at the height of the spring bloom demonstrate that significant changes in bio-optical properties can occur on daily scales. By testing the effects of variations in lighting conditions and solar geometries, we also demonstrate that, for this data set, remote sensing reflectance should be considered a quasi-inherent optical property. We find that the temporal and spatial chlorophyll concentrations and the magnitudes of inherent optical properties can be accurately assessed using previously published ocean color algorithms. However, changes in the spectral slopes of the inherent optical properties are often poorly retrieved, indicating the need for improvements in the retrieval of optical constituent composition. The characterization of such a dynamic environment provides beneficial insights for future bio-optical algorithms.
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INTRODUCTION

Algal blooms are driven by a complicated array of biological, chemical, and physical dynamics governing the growth and loss rates of phytoplankton (e.g., Sverdrup, 1953; Siegel et al., 2002; Behrenfeld and Boss, 2018). The North Atlantic is home to the largest phytoplankton bloom on Earth, and sustained observations of the region have led to new insights into the mechanisms behind bloom formation and cessation (e.g., Behrenfeld et al., 2013; Westberry et al., 2016). The North Atlantic Aerosols and Marine Ecosystems Study (NAAMES; Behrenfeld et al., 2019) consisted of 4 month-long field expeditions to the western subarctic Atlantic with the goal of investigating the phases of the annual phytoplankton bloom and improving understanding of the seasonal influences on marine aerosols and boundary layer clouds by marine ecosystems. Knowledge gained from this study can be extended by identifying how biological and ecological changes ultimately affect ocean color, such that satellite data can be used to assess regional changes over time.

Satellite ocean color observations and their derived products have provided a synoptic view of ecological and biogeochemical processes for the past two decades (e.g., McClain et al., 2004; Behrenfeld et al., 2006; Siegel et al., 2013). The NAAMES project presents a unique opportunity to outline relationships between the optical properties of in-water constituents and ocean color over a diverse set of bloom states and lighting conditions. It also serves as a useful benchmark to test the retrievals of satellite products from empirical and semi-analytical bio-optical algorithms (IOCCG, 2006). Empirical algorithms, such as the OC Chlorophyll algorithm (O’Reilly et al., 1998; Werdell and Bailey, 2005), directly relate global matchups of bio-optical products and ocean color observations; while semi-analytical algorithms (e.g., Loisel and Stramski, 2000; Maritorena et al., 2002; Lee et al., 2014) use a combination of empirical relationships and theoretical expressions to determine the contributions of ocean constituents to ocean color spectra. The performance of both types of algorithms can be limited by assumptions about the relationships between radiometric variables and their underlying optical constituents (Werdell et al., 2018). Validating and improving these bio-optical algorithms with in situ data will lead to enhanced characterization of regional to global scale models of phytoplankton dynamics (Siegel et al., 2013) and marine productivity (Behrenfeld et al., 2005; Westberry et al., 2008).

Linking ocean biological processes to satellite data requires knowledge of the optical properties of the ocean. Marine optical constituents, typically broadly categorized as phytoplankton, detrital particles, and colored dissolved organic matter (CDOM), each have unique spectral signatures (e.g., Kirk, 1983; Mobley, 1994). Inherent optical properties (IOPs), such as the absorption, total scattering, backscattering, and beam attenuation coefficients, are functions of the magnitude and composition of the dissolved and suspended particulate constituents in the water column. The total absorption coefficient spectrum, atot(λ), is the sum of each individual absorption coefficient:
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where the subscripts ph, d, g, and w indicate contributions from phytoplankton, detritus, CDOM, and seawater, respectively. Since ad(λ) and ag(λ) have similar spectral shapes, they are often combined as adg(λ). The total backscattering coefficient spectrum, bbtot(λ), can be partitioned into the contributions by particles and water as:
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The NAAMES study allows for an investigation into the variability of not only the magnitudes of each of the constituent IOPs but their spectral shapes within the context of an annual bloom cycle, as well as their relationships to changes in ocean color.

Ocean color is quantified here using remote sensing reflectance spectra, rrs(λ), and is defined as the ratio of upwelling radiance to downwelling irradiance spectra immediately below the water surface, or:
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Values of rrs(λ) can be related to the IOPs of the water column as:
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where f/Q is a factor describing the bidirectional structure of the upward radiance field (e.g., Morel et al., 2002). As an apparent optical property (AOP), variability in rrs(λ) comes from both IOPs and the illumination conditions as well as the roughness of the sea surface. Thus, values of f/Q are a function of solar geometries and the IOPs of the water column (e.g., Morel et al., 2002). Often, values of f/Q are set either as a constant or as a simple function of IOP values (e.g., Gordon et al., 1988; Lee et al., 1999), suggesting that rrs(λ) can be considered a quasi-inherent optical parameter.

Another useful AOP is the diffuse attenuation coefficient, Kd(λ), which is defined as the vertical attenuation coefficient for the exponential decay of surface downwelling irradiance:
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Values of Kd(λ) are used to predict the spectrum of incident spectral irradiance at depth (Smith and Baker, 1978; Morel and Maritorena, 2001) and is related to the IOPs of the water column using single scattering theory as a measure of the photons lost along a path [proportional to atot(λ) + bbtot(λ)]. Typically values of atot(λ) + bbtot(λ) are related to Kd(λ) using a constant Do (Gordon, 1989; Mobley, 1994):
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Few studies have evaluated variations in these properties using open ocean data including both IOPs and AOPs (e.g., Loisel et al., 2001; Morel and Maritorena, 2001; Reynolds et al., 2001; Kostadinov et al., 2007). NAAMES provides the opportunity to examine the quasi-inherency assumption over a range of open ocean conditions.

The primary goal of this study is to assess the relationships among in-water constituents and IOPs and their role in the variability of the AOPs of the water column in the annual North Atlantic bloom cycle. Bio-optical data from the four NAAMES cruises are used to assess the optical properties of in-water constituents and their role in driving variability in ocean color during different phases of the North Atlantic phytoplankton bloom. We use this data to (1) investigate the seasonal and spatial trends in ocean constituents and their associated IOPs and AOPs, (2) evaluate relationships between optical parameters and constituents, and (3) investigate the performance of a suite of existing empirical and semi-analytical bio-optical algorithms. We aim to improve understanding of the relationships between different optical parameters and whether current satellite algorithms are well-suited to assess changes in the optical properties of the North Atlantic Bloom ecosystem. The analysis of the field data collected as part of NAAMES will also inform the development of future bio-optical algorithms to take advantage of improved sensors such as those flown on the upcoming NASA Plankton, Aerosol, Cloud, ocean Ecosystem mission (PACE; Werdell et al., 2019).



MATERIALS AND METHODS


Cruises

Four NAAMES cruises were conducted between November 2015 and April 2018 in the western subarctic Atlantic, nominally between 40°N and 55°N along the 40°W longitude (Behrenfeld et al., 2019). Optical profiles and supporting information were collected across a latitudinal gradient over four distinct physical and biological provinces: subpolar, temperate, subtropical, and Sargasso Sea waters (Della Penna and Gaube, 2019). Details for each of the optics-related casts are shown in Table 1.


TABLE 1. Location and metadata for all optical profiles for the NAAMES Project.

[image: Table 1]
Each cruise was designed to investigate the annual cycle of phytoplankton biomass within the context of the “Disturbance-Recovery Hypothesis” (Behrenfeld and Boss, 2018). The “Winter Transition” phase of the annual bloom was sampled during NAAMES 1 (November 2015) and was characterized by deep mixed layer depths exceeding 100 m, low photosynthetically available radiation (PAR), and optically clear waters, with euphotic zone depths, Z1% (1% surface PAR) reaching 55–70 m. During the “Climax Transition,” captured in NAAMES 2 (May 2016), the northern subpolar and temperate stations were marked by low surface temperatures and shallower euphotic zone depths (25–40 m) relative to the southern subtropical stations. A unique opportunity to measure the recovery of a storm-mixed water column presented itself at Station 4, which was occupied for 4 days from 24 May through 27 May. NAAMES 3 (September 2017) occurred during the “Declining Phase” of the bloom and consisted of typically clear sky conditions and relatively shallow mixed layer depths (∼10–40 m) at all stations. There was a strong latitudinal gradient in this cruise, with warmer, optically clearer waters at the southern subtropical stations and cooler waters with shallow euphotic zone depths at the northern subpolar stations. The final cruise, NAAMES 4 (March – April 2018) sampled the “Accumulation Phase” of the bloom; however, weather conditions and ship’s equipment failure limited optical profiles to the Subtropical and Sargasso stations.

Multiple CTD Rosette casts were made at nearly all optics stations (Table 1), and discrete water samples for optics were collected before sunrise and in the late afternoon. Profiles of radiometric data and inherent optical properties were made at solar noon at each station using a profiling spectroradiometer (C-OPS described below) and the in situ IOP package. In NAAMES 2 and subsequent cruises, multiple profiles of the inherent optical properties were made throughout the day. Optical variables with different sampling resolution were matched up one-to-one with the nearest neighbor using the more sparsely sampled variable if they co-occurred within 8 h of each other. Typically, time offsets between optics and CTD casts were within 6 h.



Apparent Optical Property Determinations

A Biospherical Instruments Compact Optical Profiling System, C-OPS (Morrow et al., 2010), was used to obtain profiles of upwelling radiance, Lu(λ), and downwelling irradiance, Ed(λ) at 18 wavelengths between 320 and 780 nm. The free-falling C-OPS was deployed nominally at solar noon from the ship stern to minimize the potential impacts of solar zenith angles on the measurements. Remote sensing reflectance just below the surface, rrs(λ), was computed using Eq. 4. Remote sensing reflectance values were converted to above-water values (Mobley, 1994):
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Vertical profiles of the diffuse attenuation coefficient for downwelling irradiance, Kd(z, λ), were calculated as the log derivative of Ed(z, λ) at each depth using a 10 m bin window following Siegel et al. (1995). Mean values of Kd(z, λ) calculated over the upper 15 m were used to calculate near-surface determinations of the diffuse attenuation coefficient, Kd(λ).



In situ Inherent Optical Property Determinations

The Inherent Optical Property Package included a SBE25 CTD (SeaBird), an ECO BB9 backscattering meter (WetLabs), and an AC-S hyperspectral absorption and attenuation meter (WetLabs). One cast consisted of two deployments, with the first deployment incorporating a 0.2 μm filter on the AC-S to allow for calculations of the particulate absorption and beam attenuation coefficients. Only the downcast was used, which was selected as the minimum depth (∼5 m) after a de-bubbling protocol down to the maximum depth (∼100 m) from the SBE25 CTD time and depth data. Temperature, salinity, and conductivity profiles for the overall cast were combined and mean bin-averaged to every 2 m using a 1 m window. The upper 15 m of profile data were averaged to obtain surface IOP values.

The ECO BB9 backscattering meter was used to obtain profiles of the particulate backscattering coefficient bbp(z, λ) at λ = 412, 440, 488, 510, 532, 595, 660, 676, and 715 nm. NAAMES 1 did not include the 412 nm channel due to stability issues. After subtracting dark offsets made at the beginning of each cruise and applying a factory-derived scale factor, the BB9 measures the total volume scattering β(z, λ) at an angle of 117°. Beta measurements were mapped to the downcast determined from the SBE25 CTD and then converted to the total backscattering coefficient following Boss and Pegau (2001):
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where the seawater Beta values, βsw(z, λ), comes from Zhang et al. (2009) using temperature and salinity observations, and χp is 1.1 for 117° (Boss and Pegau, 2001). Data from both deployments were combined, then median bin-averaged to every 2 m using a 1 m window. Surface particulate backscattering spectral slopes,η, were determined using a power law fit over the all available wavelengths:
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where λ0 is set to 443 nm.

Profiles of absorption and beam attenuation coefficient spectra at 83 wavelengths between 400 and 750 nm were made with a WetLabs AC-S absorption and attenuation meter (Moore et al., 1992). A calibration independent technique (Slade et al., 2010) was used to obtain particulate absorption and beam attenuation by subtracting the 0.2 μm-filtered AC-S data from the total unfiltered AC-S data. Negative values and extreme values (> 1 m–1) were removed. A mismatch in spectral band positions between absorption and attenuation was corrected by interpolating all beam attenuation data to the absorption wavelengths. Data from each deployment was binned separately using a median filter at every 2 m with a 1 m bin window. After retrieving particulate absorption using from the total and filtered data, it was corrected for residual temperature and scattering after Slade et al. (2010). Particulate attenuation was also corrected for a residual temperature effect. Values of the total particulate scattering coefficient bp(λ) were calculated by subtracting particulate absorption spectra from particulate beam attenuation. Particulate beam attenuation spectral slopes were measured using a power law function over the entire spectrum.



Discrete Water Sample Analyses

High performance liquid chromatography (HPLC) pigment analysis was used to derive a suite of pigment concentrations in this analysis. Five water samples from the top 100 m of the morning and afternoon deep CTD Rosette casts for each station were collected in 1 L dark Nalgene bottles and filtered using 25 mm glass fiber filters (GF/F). Samples were stored in aluminum foil packets in liquid nitrogen and processed at NASA Goddard Space Flight Center (Van Heukelem and Hooker, 2011; Hooker et al., 2012).

Chromophoric Dissolved Organic Matter (CDOM) absorption spectra, ag(λ), were collected and prepared according to the UCSB CDOM protocol (Nelson et al., 2007) with recent modifications as specified by the draft NASA/IOCCG CDOM protocol (Mannino et al., 2019). Spectra were acquired from 280–700 nm and null corrected at long wavelengths (690–700 nm average). CDOM spectral slopes were determined by fitting an exponential function to ag(λ) between 300 and 450 nm.

Water samples for the decomposition of particulate absorption spectra into the detrital and phytoplankton contributions were collected and analyzed according to methods described in Mitchell et al. (2000) using a beta correction for multiple scattering effects determined from local natural populations (Nelson et al., 1998; Guillocheau, 2003). The phytoplankton absorption coefficient spectrum, aph(λ), was determined as the difference between ap(λ) and ad(λ). Detrital absorption spectral slopes were determined by fitting an exponential function to ad(λ) between 400 and 500 nm.

Particulate organic carbon (POC) samples were collected from both the inline flow-through system or from the CTD Rosette. POC concentrations were determined using a 3-volume regression method after Moran et al. (1999). Briefly, three volumes ranging from 0.5 to 2.135 L were filtered onto pre-combusted GF/F filters and wrapped in pre-combusted foil packets and stored in liquid nitrogen until analysis. Values represent the slope of the three-volume series corrected by subtracting the filter blank for each series. All POC filters were analyzed on an Exeter Analytics CE-440 elemental analyzer calibrated with acetanilide following manufacturer protocols.

For comparisons between the IOPs and AOPs, total absorption was derived by adding seawater absorption, calculated using Lee et al. (2015) between 350 and 550 nm, and Pope and Fry (1997) from 550 to 700 nm. Seawater backscattering was calculated using Zhang et al. (2009).




RESULTS AND DISCUSSION


Bio-Optical Variability

Each of the four cruises captures a snapshot of the recurring annual bloom cycle, which to first order is reflected in the surface chlorophyll concentrations along latitudinal gradients (Table 1). Low concentrations in the NAAMES 1 Winter Transition (0.48 ± 0.28 mg m–3) are associated with deep mixing and low incident irradiance. As the mixed layer depth shoals, chlorophyll concentrations steadily increase (0.58 ± 0.20 mg m–3) through the Accumulation Phase measured during NAAMES 4 before peaking (1.49 ± 1.10 mg m–3) at the Climax Transition during NAAMES 2. The timing of the NAAMES 2 and NAAMES 4 cruises coincided with the middle and peak of the spring bloom, depending on the latitude, so northern stations would have progressed farther through the cycle than southern stations (Behrenfeld et al., 2019). During the Declining Phase of the bloom in the Fall months (NAAMES 3), there is a strong latitudinal gradient, with chlorophyll concentrations reaching 1 mg m–3 in the northern subpolar stations while Sargasso Sea waters show values below 0.1 mg m–3. The range of biological states measured during NAAMES makes it a very useful data set for the testing of satellite ocean color algorithms.

Particulate beam attenuation, cp(λ) (Figure 1A) follows changes in the chlorophyll concentrations to first order (R = 0.66), suggesting that phytoplankton play a dominant role in particle optics variability in this region. Cruise means in the Winter Transition show small magnitudes and little variability [cp(443) = 0.116 ± 0.042 m–1], indicating very low concentrations of particulate material during this period. The magnitude of the particulate beam attenuation coefficient increases through the Accumulation Phase and Climax Transition of the spring bloom [cp(443) = 0.192 ± 0.077 m–1 and 0.383 ± 0.178 m–1, respectively], and shows large amounts of variability, even when stations are concentrated around Sargasso Sea waters as in NAAMES 4. During the Declining Phase of the bloom, a strong latitudinal gradient was found, with higher magnitudes of particulate beam attenuation occurring in the subpolar stations [cp(443) = 0.437 ± 0.029 m–1] than in the other stations [cp(443) = 0.134 ± 0.135 m–1].


[image: image]

FIGURE 1. Surface mean values for (A) particulate beam attenuation, (B) particulate absorption, (C) particulate scattering, and (D) particulate backscattering coefficient spectra from the IOP Package for each of the NAAMES cruises (N1–N4). Note that y-axes vary to show detail.


Particulate beam attenuation can be separated into the different spectral contributions of particulate scattering and absorption (Figures 1B,C). Variability in particulate scattering largely follows the variability in particulate beam attenuation. Particulate scattering is spectrally flat at most wavelengths except near 443 nm, and, at times, the 676 nm region, where particulate absorption significantly contributes. Scattering contributes 88 (±5%) to cp(443), while it contributes 98 (±2%) to cp(555), indicating that absorption signals are more influential in the blue wavelengths than in the green.

Changes in the particulate backscattering spectrum, bbp(λ), (Figure 1D) will be directly related to ocean color variations (Eq. 5). Changes in the magnitude of bbp(490) closely follow changes in cp(490) (R = 0.92) with values of 9.7 (±3.4) × 10–4 m–1 during the Winter Transition, which increase to 16.0 (±4.5) × 10–4 m–1 and 31.1 (±18.1) × 10–4 m–1 during the Accumulation Phase and Climax Transition cruises, respectively. During the Declining Phase of the bloom, where variability strongly follows a latitudinal trend, bbp(490) decreases to values of 18.7 (±9.2) × 10–4 m–1. This suggests that to first order values of bbp(λ) are a good proxy for particle concentrations.

Particulate absorption (Figure 1B) clearly shows the chlorophyll a absorption peaks at 443 and 676 nm (Bidigare et al., 1990), indicating that phytoplankton are the main driver of particulate absorption spectra for the NAAMES region throughout the year. It is significantly higher than backscattering at shorter wavelengths, especially at stations with higher chlorophyll concentrations, but particulate backscattering plays a more prominent role in the green wavelengths.

Total non-water absorption can be decomposed into the component absorption by phytoplankton, detritus, and CDOM (Figure 2). As these are discrete samples measured in the laboratory, spectra extend to 300 nm in the ultraviolet (UV). Component absorption coefficients for phytoplankton show peaks at 443 and 676 nm due to chlorophyll a absorption as expected. The phytoplankton absorption peak near 320 nm is likely due to photoprotective pigments called mycosporine-like amino acids (MAAs), which have been related to increases in dinoflagellate populations (Morrison and Nelson, 2004; Barron et al., 2014). This also coincides with the largest concentrations of peridinin, a chemotaxonomic marker for photosynthetic dinoflagellates, from HPLC analysis found in the NAAMES dataset (R = 0.70). Observations of values were >0.3 mg m–3 for NAAMES 2 and between 0.03 and 0.07 mg m–3 for NAAMES 3, compared to cruise mean values ∼0.006 mg m–3. These peaks were found in all high latitude stations in NAAMES 2 and 3, suggesting that dinoflagellates play a large role in variability in this spectral region in the subpolar regions during both the peak of the spring bloom and its declining phase (Kramer et al., 2020). The magnitudes of phytoplankton absorption largely follow trends in particulate absorption, with the highest values occurring during the peak of the spring bloom and a latitudinal trend throughout all phases of the bloom.
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FIGURE 2. Surface mean values for (A) particulate absorption, (B) detrital absorption, (C) phytoplankton absorption, and (D) CDOM absorption coefficient spectra from discrete hydrography for each of the NAAMES cruises. Note that y-axes vary to show detail.


Detrital and CDOM absorption spectra (Figures 2B,C) have historically been approximated in bio-optical models as exponentially decaying functions with increasing wavelength (e.g., Bricaud et al., 1981; Roesler et al., 1989; Nelson and Siegel, 2013). Detrital slope values (0.0156 ± 0.005 nm–1, calculated between 400 and 500 nm) measured here are lower than CDOM slope values (0.0176 ± 0.0013 nm–1, calculated between 300 and 400 nm). Detrital absorption contributes between 20 and 50% of the total particulate absorption signal at wavelengths less than 400 nm, and between 5 and 20% of the signal between 400 and 500 nm, consistent with previous results (e.g., Roesler et al., 1989). CDOM absorption spectra are much smoother than other component absorption data and dominate UV-blue region, with values reaching over 0.5 m–1 at 300 nm, which has implications for retrievals of other absorption components using bio-optical algorithms (Nelson and Siegel, 2013; Siegel et al., 2013). The lack of spectral features in the 310–400 nm region suggests a lack of dissolved MAAs as has been observed in coastal waters during dinoflagellate blooms (Barron et al., 2014). Surface CDOM absorption shows some seasonal variability throughout NAAMES region. Absorption in the UV remains low during Winter Transition and the Accumulation Phase, particularly at the southern stations. Toward the Bloom Climax, the magnitude of CDOM absorption rises significantly, and values remain high through the decline of the bloom. However, no strong latitudinal trend is seen as with the other absorption constituents.

The relationship between chlorophyll a concentration and component absorption coefficients (Figure 3) allows for an assessment of the bio-optical assumption, where the bio-optical state of the open ocean is highly correlated with and dependent on chlorophyll concentration (e.g., Smith and Baker, 1978; Morel and Maritorena, 2001; Siegel et al., 2005). Also shown are matchups made with the NOMAD database for context with historical measurements (Werdell and Bailey, 2005). Correlation coefficients are calculated for the NAAMES dataset, the NOMAD dataset subsampled to the range of chlorophyll concentrations observed during NAAMES, and the total NOMAD dataset.
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FIGURE 3. Scatterplots of log10 absorption by (A) phytoplankton, (B) detritus, and (C) CDOM at 443 nm, all organized by the log10 chlorophyll concentration. Colors correspond to the latitude of the measurement and shapes signify the cruise. Black dots are corresponding measurements from the NOMAD database. Trendlines are shown for the NAAMES (blue), subsampled NOMAD (black dashed), and total NOMAD datasets (black solid).


Phytoplankton absorption coefficient at 443 nm [aph(443); Figure 3A] is strongly correlated with chlorophyll a concentration as expected (R = 0.91, 0.85, and 0.95 for NAAMES, subsampled NOMAD, and total NOMAD). Contrasting the strong relationships found between values of aph(443) and the chlorophyll a concentration, values of detrital and CDOM absorption coefficients at 443 nm are only weakly correlated with chlorophyll a concentration, with R-values of 0.33 and 0.44, respectively. Similar coefficients found using the entire NOMAD dataset are much higher [R = 0.87 and 0.79 for the entire NOMAD data set between the chlorophyll a concentration and ad(443) and ag(443), respectively]. Some of the poor correspondence between these measures of detrital and CDOM absorption properties and chlorophyll concentrations may be due to the decreased dynamic range of the NAAMES data set relative to the entire NOMAD database. However, there is considerably less correspondence between these factors in the NOMAD dataset subsampled to match the chlorophyll concentration range observed during NAAMES [R = 0.72 and 0.53 for ad(443) and ag(443), respectively]. This demonstrates that the processes regulating CDOM dynamics during NAAMES are largely independent of those regulating phytoplankton variations. This observed decoupling of detrital and CDOM absorption changes from chlorophyll concentration also violates the bio-optical assumption, pointing to the importance of separating their contributions from ocean color spectra (e.g., Siegel et al., 2005, 2013).

The drivers of absorption spectral variability in the NAAMES dataset can be assessed by normalizing each of the component absorption spectra to the total absorption coefficient spectra. Figure 4 shows the mean relative contributions of detritus, phytoplankton, CDOM, and water (and their standard deviations) to absorption. CDOM is the dominant driver of absorption in the UV and blue wavelengths less than 440 nm for this region, contributing to over 90% of absorption at 300 nm and 70% at 400 nm, similar to the findings of Nelson and Siegel (2013) using a global data set. Phytoplankton pigment absorption then contributes nearly half to total absorption between 450 and 500 nm, while seawater dominates the absorption signal for longer wavelengths. Detritus contributes about 5% to the total absorption in the blue wavebands (350–450 nm) and very little at other wavelengths. These results demonstrate the importance of CDOM to variations in spectral absorption and, in turn, in values of ocean color spectra (e.g., Siegel et al., 2013).
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FIGURE 4. Mean relative contributions of Detritus, Phytoplankton, CDOM, and Water to total light absorption at wavelengths between 300 and 700 nm for the NAAMES dataset. Error bars represent one standard deviation for these estimates.


The spectral slopes in particulate beam attenuation and backscattering (Figures 5A,B) have been used to discern information about the particulate size distribution (e.g., Boss et al., 2001; Kostadinov et al., 2009; Slade and Boss, 2015). Steeper spectral slopes correspond to a population of particles increasingly dominated in numerical abundance by smaller particles. The majority of the values of the power law slope of particulate beam attenuation, calculated here between 400 and 750 nm, fall between 0 and 1 (Figure 5A) and are correlated with chlorophyll concentrations (R = −0.69). Lower values were found at higher chlorophyll concentrations such as the subpolar stations during the Climax Transition, suggesting a higher relative abundance of larger particles in these regions. The highest spectral slope values were measured during the Declining Phase at southern stations.
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FIGURE 5. Scatterplots of (A) the particulate beam attenuation power law spectral slope (unitless), (B) the particulate backscattering power law spectral slope (unitless), (C) the colored detrital and CDOM absorption exponential slope (units of nm−1), and (D) the particulate backscattering efficiency at 443 nm (unitless), all organized by the log10 chlorophyll concentration (mg m−3). Colors correspond to the latitude of the measurement, and shapes signify the cruise.


Particulate backscattering slopes range between −0.4 and 1.2 and tend to aggregate by cruise, with the highest values found during winter mixing, then followed by the peak of the bloom, while the Sargasso waters during NAAMES 4 showed the lowest spectral slopes. However, there is no relationship between particulate backscattering spectral slopes and chlorophyll concentrations (R = 0.01) or the slope of the beam attenuation spectrum (R = 0.07) in this dataset. The spectral slopes of beam attenuation and backscattering incorporate different aspects of the inherent optical properties of particles (e.g., Bricaud and Morel, 1986). The beam attenuation coefficient includes total particulate scattering and absorption and hence its spectral slope would be less sensitive to significant changes in absorption than backscattering spectral slopes, particularly from algal populations (e.g., Slade and Boss, 2015). Underway data measured as part of this campaign from another group showed that particle size distributions significantly correlated with beam attenuation slopes during NAAMES 3, but not with backscattering slopes (Boss et al., 2018). Modeling of the relationship between bbp(λ) and PSD slopes by Kostadinov et al. (2009) showed the largest uncertainties in that relationship for bbp(λ) slopes < ∼0.5. Many NAAMES values are less than that, indicating a need for improvements for methods that try to quantify particle size distributions from optical data sets.

The spectral shapes and ratios of IOPs can also be used to describe the composition of absorbing and backscattering materials (IOCCG, 2006). The shapes of CDOM and detrital absorption (Figure 5C) are typically characterized as exponential decay functions and mathematically are often combined in optical inversions as the absorption by CDM, acdm(λ) (Roesler et al., 1989; Carder et al., 1991; Werdell et al., 2018). Values of the acdm(λ) slope vary between 0.013 and 0.021 nm–1 when calculated between 400 and 500 nm, which is consistent with previous analyses and suggests a higher absorption contribution from CDOM rather than detritus in this region (e.g., Roesler et al., 1989). There was a weak but statistically insignificant negative trend between chlorophyll concentrations and acdm slopes (Type II regression slope = −0.0015 nm–1 mg–1 m3, p = 0.0849). Only during NAAMES 1 are the slopes significantly steeper, which may correspond with freshly upwelled CDOM from the deep winter mixing and lower particle loads (Swan et al., 2012).

The particulate backscattering efficiency (Figure 5D), calculated as the ratio of backscattering to total scattering at 443 nm, largely varies as a function of both the particulate refractive index and size distribution (Twardowski et al., 2001). The values here fall between 0.5 and 1.5%, significantly lower than the historical Petzold (1972) measurements in the San Diego Harbor (1.8–2%) and off the coast of Southern California (1.3–1.4%), and suggest a significant contribution of larger particles or less refractive particles compared to these regions (Twardowski et al., 2001).

Values of the remote sensing reflectance spectra [rrs(λ), Figure 6A] will increase as the backscattering increases or as absorption signals decrease (Eq. 5). For ultraviolet wavelengths (<400 nm), reduction in rrs(λ) suggests that CDOM absorption dominates ocean color signals in the UV. Variability in rrs(λ) between 400 and 500 nm suggest that phytoplankton absorption dominates the ocean color signal and its variations in this spectral region. This is particularly evident in the valleys in rrs(λ) spectra during the Declining Phase associated with high phytoplankton absorption. The chlorophyll a fluorescence peak at 683 nm is also notable during both the Climax Transition of the bloom at all latitudes and at the northern stations during the Declining Phase. Reflectance spectra at all other times and regions show typical “bluer” waters associated with the oligotrophic open ocean.
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FIGURE 6. Surface mean values for (A) remote sensing reflectance and (B) diffuse attenuation coefficient spectra for each of the NAAMES cruises.


The diffuse attenuation coefficient (Figure 6B), Kd(λ), should be a strong function of both the backscattering and absorption of optical properties following Eq. (7). Kd(λ) is largely absorption driven since the total absorption coefficient is much larger than the total backscattering coefficient. The exponential shape of Kd(λ) at shorter wavelengths indicates that the CDM absorption signal, primarily from CDOM, dominates ocean color at short wavelengths throughout the NAAMES project, particularly during the Climax Transition and Declining Phase cruises. The increase in the Kd(λ) signal around 443 nm shows that phytoplankton contribute significantly to the blue-green region during the Climax Transition and at northern latitudes during the Declining Phase, but the signal is largely masked by CDM absorption.



Observations of Optical Property Variations on Daily Time Scales

Variations in the magnitude and composition of in-water constituents can also occur rapidly throughout the water column. An opportunity to sample a station during the peak bloom just after a storm occurred on May 24, 2016 during NAAMES 2 (Figure 7). Initially, the mixed layer depth was >200 m, followed by rapid shoaling to <30 m over the course of 4 days. A decoupling of phytoplankton growth and grazing allowed the accumulation of biomass (Graff and Behrenfeld, 2018; Morison et al., 2019). In the upper 25 m, chlorophyll concentrations and phytoplankton biomass increased, which in turn reduced the depth of the euphotic zone from ∼70 to ∼45 m depth (Table 1).
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FIGURE 7. Profiles of (A) particulate beam attenuation, (B) particulate absorption, (C) particulate backscattering, and (D) diffuse attenuation coefficients, measured during the 4 days of occupation of Station 4 during NAAMES 2. Also shown are surface spectra of (E) absorption coefficients of CDOM (dotted line), phytoplankton (solid line), and detritus (dashed line) and (F) remote sensing reflectance spectra.


Sequential vertical profiles of selected IOP variables and Kd(443) (Figure 7) emphasize how different parts of the water column responded to the rapid increase in phytoplankton biomass. The first day was characterized by mixed layer depths approaching 200 m. where profiles of IOPs were homogenous over the top 100 m. IOP magnitudes revealed very blue waters, with low values of particulate beam attenuation and absorption at 443 nm at the surface (Figures 7A,B). Over the course of 4 days, the magnitude of particulate beam attenuation increased almost fourfold, beginning at values of 0.112 m–1 and peaking at 0.418 m–1 in the top 15 m. Similar trends were found in particulate absorption (Figure 7B), which increased from 0.0096 to 0.0554 m–1, and particulate backscattering (Figure 7C), which increased from 0.00089 to 0.0023 m–1. Diffuse attenuation profiles (Figure 7D), which reflect the summation of changes in total absorption and backscattering in the water column, also showed a marked increase, from 0.0607 to 0.121 m–1. Particulate backscattering slopes (not shown) also significantly changed from 1.01 to 0.73 nm–1, while slopes of particulate beam attenuation did not significantly change, suggesting that the bulk particle index of refraction may be decreasing at shorter wavelengths due to higher abundances of phytoplankton (e.g., Whitmire et al., 2007).

Component absorption spectra show that phytoplankton absorption coefficients are driving the changes observed during this short duration station (Figure 7E). Large increases in phytoplankton absorption are observed for wavelengths less than 500 nm, and, in particular, near the two chlorophyll peaks at 443 and 676 nm. However, only slight increases in CDOM and detrital absorption spectra are seen. These changes in aph() correspond to a large decrease in remote sensing reflectance in the blue to blue–green spectral region due to phytoplankton absorption and increases for the green wavelengths due to phytoplankton backscattering (Figure 7F). The characteristic chlorophyll fluorescence peak at 683 nm is also much more pronounced after 4 days. Overall, in terms of ocean color reflectance, this station transitioned from a blue color, indicative of oligotrophic open ocean, to blue-green, signifying a much more productive water column. This station highlights the importance of potential changes on short time scales, as optical conditions rapidly changed from values expected during the middle of the deep winter mixing phase of the bloom back to values characteristic of the peak of the bloom.



Assessing the Controls on Ocean Color Variability

Values of the correlation coefficient between environmental conditions, selected pigments, inherent optical properties, and apparent optical properties can be used to elucidate drivers of ocean color at different parts of the spectrum (Figure 8). Most data fields were log-transformed before statistical analysis (signified with ‘∗’ next to parameter names in Figure 8). To highlight how the magnitude of optical constituents correlate with other variables, 443 nm was used as the selected wavelength for all IOPs except for CDOM, where 380 nm was used. AOPs are given at three different wavelengths (380, 443, and 555 nm) to show how optical constituents contribute to AOP variability at different wavelengths. Supplementary Table S1 in the supplementary section includes the R-values for each comparison where high correlations, defined as absolute values greater than 0.707 (R2 > 0.5) are shown in bold, and statistically insignificant values with p < 0.05 are in italics with parentheses.
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FIGURE 8. Correlation matrix (R-values) of environmental and optical variables from NAAMES. Variables are sorted by environmental data, selected pigments, inherent optical properties, inherent optical spectral slopes, and apparent optical properties. Starred variables indicate data were log-transformed prior to statistical analysis. Supplementary Table S1 shows the exact values of correlation coefficients.


Covariances in the environmental parameters help organize the variability of optical parameters within the context of the different phases of the North Atlantic Bloom (Figure 8). Colder, less saline waters were typically found in the northern stations. The higher latitude stations also showed higher contributions by particles and CDOM to inherent optical properties. The 1% light level has a strong negative correlation with particulate beam attenuation and backscattering (R = −0.88 and −0.91) as well as detrital and CDOM absorption (R = −0.79 and −0.80). Higher chlorophyll a concentration corresponds to the expected higher phytoplankton absorption as well as with particulate absorption and backscattering. However, insignificant correlations were found between chlorophyll concentrations and detrital or CDOM absorption coefficients. POC concentrations correlated strongly with particulate beam attenuation and backscattering (R = 0.73 and 0.74) as well as with detrital absorption (R = 0.73), but correlations were insignificant between POC and particulate or phytoplankton absorption.

Differences in phytoplankton pigment concentrations can be used to characterize changes in phytoplankton community structure (e.g., Kramer et al., 2020). For example, the peaks in the phytoplankton absorption spectra around 320 nm were significantly correlated with Peridinin concentrations (not shown, R = 0.70), which indicates strong influences by dinoflagellates in the high latitude regions during the peak of the bloom and the declining phase (NAAMES 2 and 3, respectively; see Figure 2C). Peridinin is also strongly correlated with particulate and phytoplankton absorption at 443 nm (R = 0.75 and 0.73) as well as with particulate backscattering at 443 nm (R = 0.81). Fucoxanthin concentrations are most strongly correlated with chlorophyll concentrations (R = 0.92), suggesting that diatoms are the dominant driver of changes in chlorophyll a concentration during the NAAMES study. Fucoxanthin concentrations are also strongly correlated with particulate and phytoplankton absorption at 443 nm (R = 0.84 and 0.86).

Correlations among the inherent optical properties give insight into the various relationships between optical constituents and the apparent optical properties. Particulate beam attenuation is strongly correlated with phytoplankton and detrital absorption (R = 0.80 and 0.79) and less correlated with CDOM absorption (R = 0.62). Phytoplankton absorption shows the highest correlation with particulate absorption at 443 nm (R = 0.99) and is strongly correlated with particulate backscattering at 443 nm (R = 0.88), which corresponds to the trend that phytoplankton are by far the dominant factor in particulate optics for this data set. Additionally, CDOM absorption is not significantly correlated with particulate or phytoplankton absorption, indicating that the processes regulating changes in CDOM are independent from processes regulating phytoplankton variations.

Spectral IOP slopes have much poorer correlations with other optical parameters or ocean constituents measured as part of the NAAMES project (Figure 8). Slopes for particulate backscattering show no strong correlations with any other parameter. As the beam attenuation slope has been found to correspond to slopes of the particle size distribution during NAAMES 3 (Boss et al., 2018), the negative correlations with total chlorophyll a concentration (R = −0.69; see also Figure 5A), POC (R = −0.42), particulate absorption (R = −0.58), and particulate backscattering (R = −0.47). This is consistent with the notion that as the particle load increases, larger particles become increasingly dominant in the total particle size distribution. Beam attenuation slopes also correlate with peridinin concentrations (R = −0.75), showing the influence of the larger dinoflagellate cells. The exponential slope of CDOM absorption shows lower values in regions with increased chlorophyll and particle loads, suggesting more recently created CDOM in the region (e.g., Swan et al., 2012). The exponential slope for detrital absorption and the particulate backscattering efficiency, the ratio of backscattering to total scattering at 443 nm, are not significantly correlated with any optical or environmental parameter.

The various shapes of the in-water constituent IOPs cause them each to affect different parts of the ocean color spectrum. CDOM absorption dominated the UV portion of the spectrum, with higher magnitudes significantly correlating with higher values of Kd(380) (R = 0.85) and lower values of rrs(380) (R = −0.87). Kd(443) and Kd(555) were positively correlated with all changes in IOPs, corresponded with higher latitude regions, and contributed to a decrease in the euphotic zone depth. Negative correlations between rrs(443) and particulate absorption, beam attenuation, and backscattering suggest that particle abundance controls remote sensing reflectance in the blue spectral region. The switch to positive correlations between rrs(555) and IOPs, especially with particulate backscattering (R = 0.94), suggest particle optics are the dominant influence in the green region.

The spectral slope of the relationship between rrs(λ) and optical constituents (Figure 9) as a function of wavelength illustrates the relative contributions of different in-water elements to the ocean color spectrum (e.g., Kostadinov et al., 2007). Negative slope spectra correspond to waters that become “darker” as the constituent increases due to more absorption in that part of the spectrum, while positive slopes correspond to a greater contribution to backscattering (Eq. 5). Increases in chlorophyll concentration and phytoplankton absorption contribute significantly to decreases in rrs(λ) in the blue wavelengths and to increases in rrs(λ) in the green wavelengths, while positive slopes at 683 nm corresponds to the chlorophyll fluorescence peak in rrs(λ) (Figures 9A,B). Detrital absorption (Figure 9C) follows a similar though weaker trend, suggesting a covariance with phytoplankton IOPs and POC concentrations as seen in Figure 8. However, there are more significant detrital contributions to rrs(λ) for the UV wavelengths where absorption by detrital particles is the strongest. Higher particulate backscattering magnitudes (Figure 9D) also results in lower rrs(λ) in the blue and higher rrs(λ) in the green due to the majority of the particulate optical signal coming from phytoplankton variability. Increased CDOM concentrations (Figure 9E) contributes strongly to absorption signals in the near-UV and blue wavelengths due to the strong exponential increase in absorption toward the shorter wavelengths, but increased reflectance in the green indicates a covariance with backscattering particles in the NAAMES dataset.
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FIGURE 9. Linear slope regressions of remote sensing reflectance on (A) log10 HPLC Chl a concentration, (B) phytoplankton absorption at 443 nm, (C) detrital absorption at 443 nm, (D) particulate backscattering at 440 nm, and (E) CDOM absorption at 380 nm, all normalized by the interquartile range of the optical constituent. Magnitudes of the optical constituents are normalized by their interquartile ranges to directly intercompare the relative importance of the variation of each element, resulting in units of sr– 1 for each plot’s y-axis. Error bars are 95% confidence intervals on the normalized value of the slope.




Testing the Quasi-Inherency of Remote Sensing Reflectance

One of the main assumptions in satellite bio-optical inversion models is that variability in remote sensing reflectance is due to the inherent optical properties, and that influences from the characteristics of the light field and sea surface properties can either be neglected or modeled. Two approaches are typically employed for modeling the f/Q parameter in Eq. 5. First, radiative transfer modeling by Gordon et al. (1988) derived a spectrally fixed, quadratic equation to link rrs(λ) to the IOP ratio, or

[image: image]

The other method is spectrally varying and models the f/Q parameter as a function of solar geometry and chlorophyll a concentration (Morel et al., 2002). Here we investigate the quasi-inherency of remote sensing reflectance spectra by characterizing their relationships to IOPs in the context of the NAAMES dataset.

Generally, measurements of remote sensing reflectance vary as a function of the ratio of the backscattering coefficient to the sum of the absorption and backscattering coefficients (Eq. 5). Figure 10 shows the relationship between bb/(a + bb) and rrs(λ) at five wavelengths just below the surface. The slope of the Type 2 regression line with zero intercept (slope = 0.1078 sr–1, R2 = 0.77, p << 0.001) corresponds to the f/Q parameter (Eq. 5). The dashed reference line corresponds to the Gordon et al. (1988) set of constant f/Q parameters (G1 = 0.0949 and G2 = 0.0794, Eq. 11) made for open ocean conditions, while the dashed line corresponds to the Lee et al. (1999) parameters (G1 = 0.084 and G2 = 0.17) for higher scattering coastal waters. While most of the matchups fall near the modeled values, the significant outliers in rrs(λ) come from one cast in NAAMES 3 that had broken sky conditions which likely compromised the quality of that profile. Removal of this cast slightly improved the R2 value (0.78) but did not alter the regression slope and intercept. Nevertheless, there is a strong linear relationship between remote sensing reflectance and the IOPs of the water column across the many ecosystem states and sky conditions measured as part of NAAMES.
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FIGURE 10. Relationship between observations of remote sensing reflectance and [bb/(a + bb)] at five different wavelengths and their Type II regression line forced through the origin (blue line). Trendlines for the remote sensing reflectance correspond to the Gordon et al. (1988) f/Q open ocean constants (G1 = 0.0949, G2 = 0.0794) from Eq. 11 (dashed line) and Lee et al. (1999) f/Q coastal ocean constants (G1 = 0.084, G2 = 0.17, solid line).


The f/Q parameter may vary with environmental conditions and potentially as a function of wavelength (e.g., Reynolds et al., 2001; Morel et al., 2002; Kostadinov et al., 2007). Figure 11 shows retrievals of f/Q as well as spectrally varying f/Q retrievals from Morel et al. (2002) for the range of conditions found during NAAMES. The magnitude of observed values of f/Q (Figure 11A) is slightly higher than the Morel et al. (2002) modeled values in the blue-green wavelengths and smaller in the red wavelengths, but most wavelengths fall within the modeled range. The larger variations in the longer wavelengths could be caused by higher noise levels for rrs(λ) determinations for these wavelengths as well as transpectral processes not considered here (i.e., chlorophyll fluorescence or Raman scattering, e.g., Westberry et al., 2013).
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FIGURE 11. (A) Mean and standard deviation of the f/Q parameter with derived values of the Morel et al. (2002) f/Q as a function of the average Winter Transition and Climax Transition chlorophyll a concentration and solar zenith angles. The dashed and solid lines correspond to Chl = 0.3 and 3 mg m– 3 and sun zenith = 70 and 30°, respectively. Slope of regression of f/Q parameter on (B) incident light flux, (C) percent direct downwelling irradiance relative to total downwelling irradiance, (D) sun angle, measured as 1-cos(theta) on sunny days, defined as % Eddirect > 60%, and (E) chlorophyll concentration.


For the blue to green wavelengths, no significant relations were found between the f/Q parameter and metrics for illumination conditions such as incident light flux, the amount of direct downwelling irradiance relative to the total, or the solar zenith angle on sunny days (Figures 11B–D). Increased chlorophyll concentrations are associated with decreased f/Q in the green wavelengths, likely due to increased multiple scattering by particles (Morel et al., 2002). A positive relationship is found between the f/Q parameter near 683 nm and the chlorophyll concentration (Figure 11E), likely due to chlorophyll fluorescence. Since the f/Q parameter does not statistically depend on lighting conditions such as the fraction of direct to total incident irradiance or the solar zenith angle at shorter wavelengths, the use of a constant f/Q value, which is typical for bio-optical inversions, is valid for this data set.



Performance of Satellite Bio-Optical Algorithms Against the NAAMES Data Set

The performance of five bio-optical models that invert remote sensing reflectance spectra into optical constituents are tested using the NAAMES data set. The OC4v6 (O’Reilly et al., 1998; Werdell and Bailey, 2005) and OC6 (O’Reilly and Werdell, 2019) empirical algorithms use a 4th order polynomial and the maximum value of several blue-to-green band Rrs(λ) ratios to calculate surface chlorophyll concentrations. The Quasi-Analytical Algorithm (QAA Version 6; Lee et al., 2014) uses a combination of empirical, semianalytical, and analytical models in a step-by-step schema to that converts Rrs(λ) to the total absorption and backscattering coefficients, which are then decomposed into phytoplankton absorption, CDM (CDOM + Detrital) absorption, and particulate backscattering. The Garver–Siegel–Maritorena algorithm (GSM; Maritorena et al., 2002, 2010) relates Rrs(λ) to the IOPs just below the sea surface using Gordon et al. (1988), which are then decomposed into phytoplankton absorption, CDM absorption, and particulate backscattering assuming fixed spectral shapes to retrieve values of chlorophyll concentration, aCDM(443) and bbp(443). The GSM model parameters are optimized using a global data set. The Loisel and Stramski algorithm (L&S, Loisel and Stramski, 2000) empirically derives Kd(λ) from Rrs(λ) and inverts both to retrieve the total backscattering and absorption coefficients independently at each wavelength. The performance of the ocean color algorithms is shown in Table 2. Matchups are made between each in situ variable and a corresponding radiometry cast made within 6 h, so one inversion might map to multiple in situ products. Calculations of the bias, the mean absolute error, and the root mean square error were normalized to the interquartile range of each of the observations to more readily compare the different retrievals as errors relative to their respective distributions. Type II linear regressions are used for this analysis.


TABLE 2. Retrieval statistics for the bio-optical ocean color inversion algorithms, each normalized by the interquartile range of the retrieved parameter.
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Retrievals of derived chlorophyll concentrations allow for the comparison of empirical and semianalytical algorithms. The OC4v6, OC6, and GSM perform well, with respective R2 values of 0.73, 0.65, and 0.85. Both OC chlorophyll algorithms show slopes considerably less than one, which could be caused by the relatively higher contributions of CDOM absorption to reflectance at lower chlorophyll concentrations. The OC6 shows a larger underestimate of chlorophyll retrievals with a more negative bias and a flatter slope than OC4v6, likely due to the addition of the 412 nm band, which suggests greater sensitivity to CDOM absorption at smaller wavelengths. Semianalytical algorithms such as the GSM account for the contributions of multiple ocean constituents, such as detritus and CDOM, and thus are capable of handling more optically complex environments. The GSM has a near unity slope for the chlorophyll retrievals and the lowest mean absolute and root mean square error values, showing that it is more capable of retrieving Chl across the entire range of NAAMES values, although it does have a larger negative bias than the other chlorophyll algorithms. Of these three algorithms, the GSM performs the best with this data set, signified by the highest R2 value and the smallest mean absolute errors.

Retrievals of the total non-water absorption coefficient at 443 nm, anw(443), are very good using the QAA and L&S algorithms with R2 values of 0.85 and 0.86, respectively. The L&S has a smaller normalized bias (−0.025) and mean absolute error (0.17), while the QAA has a bias of 0.15 and a mean absolute error of 0.21. The magnitude of particulate backscattering at 443 nm was very well retrieved by all three semianalytical algorithms, with R2 values of 0.92, 0.94, and 0.94 for the QAA, GSM, and L&S, respectively. The GSM on average showed the smallest errors, with a bias value of 0.096 and a mean absolute error value of 0.18. The L&S and QAA both overestimated the contribution of bbp(λ) to ocean color across all matchups, with mean absolute errors of 0.38 and 0.43, respectively. Retrieval performances of CDM absorption at 443 nm are considerably worse on average than for the other IOP quantities, with R2 values of 0.49 for the QAA and 0.52 for the GSM. This may be due to the small dynamic range in CDM absorption in this data set relative to the global (NOMAD) data set (Figure 3).

The performance of all of the algorithms for retrieving spectral IOP shapes is much worse than retrievals of their magnitudes (Table 2). Errors in the acdm slope measured by the QAA are heavily underestimated, with a bias of −0.88 and a mean absolute error of 1.24, which has implications for the relative importance of non-algal constituents to absorption in the UV and blue wavelengths. This could partly be caused by the use of the ratio of rrs(443) to rrs(555) in the denominator of its empirical calculation of the slope, which would predict a slope decrease in clearer waters (Lee et al., 2014). Variability in the retrievals could also come from parameterizing acdm slopes as an exponential function, which often does not accurately represent the spectral shape and is highly sensitive to the choice of wavelength ranges (Twardowski et al., 2004). The errors of retrievals of the particulate backscattering slope are also large, with normalized errors of 2.03 and 1.80 for the QAA and L&S, respectively.

The normalization of the bias, mean absolute error, and RMSE to the distribution of each parameter allows for their intercomparison across the different bio-optical products for the NAAMES dataset. Typically, the initial retrievals of bulk IOPs perform the best. Across all IOP magnitudes measured during the NAAMES project, non-water absorption and particulate backscattering were the most accurately retrieved. Bio-optical retrievals of the chlorophyll concentration also showed small errors, though the semi-analytical GSM algorithm performed better than the OC algorithms (as also noted in the global analysis of Siegel et al., 2013). CDM absorption showed the most variable retrievals of the IOP magnitudes, as it also involves the accurate retrievals of more optical constituents as sub-components of total absorption. The retrievals of the spectral shapes of the IOPs performed the worst, with relative errors between 3 and 10 times higher than the IOP magnitudes.

While the suite of current satellite ocean models performs reasonably well for the NAAMES dataset, there are still several sources of uncertainty that need to be considered. One potential source comes from instrument stability and calibration issues. Observations were separated on average by 6 months to a year between cruises, each focusing on a different phase of the bloom with a large dynamic range of optical conditions. Further, more optical casts were conducted in the second and third NAAMES cruises, which could lead to artificially inflated observations at the height and decline of the bloom as opposed to during the Winter deep mixing months. Additionally, weather conditions and equipment failure limited optical profiles to the Subtropical and Sargasso stations during the Accumulation Phase measured as part of NAAMES 4. As shown in Figure 7, small variations in time and space between observations can also contribute to significant variability between optical matchups, as radiometry measurements were made at solar noon at each station, while discrete observations of in-water constituents were made using the CTD Rosette at sunrise and in the early afternoon, often with a 4–6 h time difference.

The smaller dynamic range of observed values for the NAAMES dataset relative to global distributions may also have contributed to larger performance errors. Surface chlorophyll concentrations for NAAMES varied by 1.5 orders of magnitude, compared to the nearly 4 orders of magnitude found in global observations used bio-optical models (e.g., Werdell and Bailey, 2005; O’Reilly and Werdell, 2019). Global algorithms are optimized to capture first-order changes in ocean color, which often implies that changes in optical constituents are related to changes in chlorophyll concentrations. Regional studies show much more variation from marine biological processes, which may not be captured in global algorithms.

One last source for model performance variability involves comparisons of retrieved and observed spectral shapes. The algorithm-retrieved slopes of both CDM absorption and particulate backscattering are inconsistent with field observations in the NAAMES dataset. The GSM makes the a priori assumption of fixed IOP spectral slopes, while the QAA uses empirical relationships between reflectance ratios using global datasets. The L&S algorithm retrieves optical characteristics at each wavelength independently and therefore make no assumption about the spectral shapes. However, none of these methods accurately retrieved the slopes measured during the NAAMES project. Clearly future work is necessary to help improve performance of IOP spectral shape algorithms.




CONCLUSION

An analysis of the in-water constituents of the NAAMES project and their optical properties allows for the characterization of ocean color and its drivers over the course of the North Atlantic phytoplankton bloom cycle. Relating optical constituents to their inherent optical properties revealed that CDOM drives absorption signals in the UV, while phytoplankton drives absorption variability in the blue wavelengths. Correlations between inherent and apparent optical properties show that absorption signals drive changes in ocean color in the UV and blue wavelengths, while particulate backscattering drives ocean color variability in the green wavelengths. Analysis of a recently storm-mixed station during the peak of the spring bloom showed up to fourfold changes in the magnitude of phytoplankton IOPs in the top 30 m as well as subsequent decreases in the blue wavelengths of remote sensing reflectance and increases in the green wavelengths. Matchups between remote sensing reflectance and measurements of bb(λ)/[a(λ) + bb(λ)] demonstrate the quasi-inherency of reflectance in this study region within experimental uncertainties, which has implications for the improvement of bio-optical algorithms to retrieve the IOPs of optical constituents from satellite remote sensing. Although there is significant room for improving retrievals of spectral shapes, the performance of a variety of bio-optical algorithms show their relative capabilities of retrieving the magnitudes of optical constituents through IOP retrievals.
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