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Abstract. An analysis of multi-satellite derived products of four major phytoplankton functional types (PFTs – diatoms, 

haptophytes, prokaryotes and dinoflagellates), was carried out to investigate the PFT time series in the trans-Atlantic Ocean 

between 2002 and 2021. The investigation includes the two-decade trends, climatology, phenology and anomaly of PFTs for 

the whole Atlantic Ocean and its different biogeochemical provinces in the surface layer that optical satellite signals can reach. 15 

The PFT time series over the whole Atlantic region showed mostly no clear trend over the last two decades, except for a small 

decline in prokaryotes and an abrupt increase in diatoms during 2018-2019 which is mainly observed in northern Longhurst 

provinces. The phenology of diatoms, haptophytes and dinoflagellates are very similar: in the higher latitudes bloom maxima 

are reached in spring (April in the northern and October in the southern hemisphere), in the oligotrophic regions in winter time, 

and in the tropical regions during May to September. Prokaryotes show in general opposite annual cycles to the other three 20 

PFTs and present more spatial complexity. The PFT anomaly (in percentage) of 2021 compared to the 20-year mean reveals 

mostly a slight decrease in diatoms and a prominent increase in haptophytes in most areas of the high latitudes. Both diatoms 

and prokaryotes show a mild decrease along coastlines and an increase in the gyres, while prokaryotes show a clear decrease 

in the mid- to low latitudes and an increase in the western African coast (CNRY and GUIN) and southwest corner of NATR. 

Dinoflagellates, as a minor contributor to the total biomass, are relatively stable in the whole Atlantic region. This study 25 

illustrated the past and current PFT state in the Atlantic Ocean, and acted as the first step to promote long-term consistent PFT 

observations that enable time series analyses of PFT trends and inter-annual variability, to reveal potential climate induced 

changes in phytoplankton composition on multiple temporal and spatial scales. 

Short Summary. Continuous monitoring of phytoplankton groups using satellite data is crucial for understanding global ocean 

phytoplankton variability on different scales both in space and time. This study focuses on four important phytoplankton 30 

groups in the Atlantic Ocean to investigate their trend, anomaly and phenological characteristics over both the whole region 
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and subscales. This study paves the way to promote potentially important ocean monitoring indicators to help sustain the ocean 

health. 

1 Introduction 

Phytoplankton in the sunlit layer of the ocean act as the base of the marine food web fuelling fisheries, and also regulate key 35 

biogeochemical processes. Climate induced changes causing temperature rise, ocean acidification and ocean deoxygenation, 

stress the ocean’s contemporary biogeochemical cycles and ecosystems, thereby impact the phytoplankton communities 

(Gruber, 2011; 2021; Bindoff et al. 2019). Related to this, the changing nutrient and light availability, particular in the polar 

oceans, are also critical for the development of phytoplankton communities (Käse and Geuer, 2018). In the past decades, 

satellite observations of ocean colour (OC) information, especially the surface chlorophyll a concentration (Chla) as a proxy 40 

of phytoplankton biomass, have been able to revolutionize our understanding of biogeochemical processes and provide insights 

of the changes in phytoplankton and inferred productivity driven by climate change (e.g., Antoine et al., 2005; Gregg and 

Rousseaux, 2014; McClain, 2009; Behrenfeld et al., 2016; Kulk et al., 2020). However, phytoplankton biomass does not 

provide a full description of the complex nature of phytoplankton community and function. Phytoplankton composition varies 

across ocean biomes and the different phytoplankton groups influence marine ecosystem and biogeochemical processes 45 

differently (Bracher et al., 2017). Continuous monitoring of phytoplankton composition is important not only to understand 

the biogeochemical processes such as nutrient uptake, carbon and energy transfer, but also for fisheries, ocean environment, 

water quality and even human health when certain species cause, for example, harmful algal blooms (Le Quéré et al., 2005; 

Bindoff et al. 2019; Bracher et al., 2022). 

Phytoplankton diversity is very high, summarised in phytoplankton functional types (PFT) as prokaryotes (cyanobacteria) and 50 

eukaryotes, including diatoms, haptophytes, dinoflagellates. Depending on area, season, and size class, different PFT can act 

as dominating organisms in the food web and, therefore, regulate the seasonality of the predators (Käse and Geuer, 2018). 

Diatoms, known as major silicifiers have silica frustules that surround and protect the cells and sink rapidly out of the surface 

layer of the ocean contributing to the transport of carbon, nitrogen and silica to deeper waters (IOCCG, 2014). Haptophytes 

are another very abundant PFT in the global ocean occurring mainly in the middle-sized (2-20 m) range. The prominent 55 

subgroup within haptophytes are coccolithophores, which have been considered a critical component of marine environments 

because of its dual capacity to fix environmental carbon via biomineralization (calcium carbonate, calcite) and through 

photosynthesis (Reyes-Prieto et al. 2009). Dinoflagellates are also one of the largest groups of marine eukaryotes, although 

most species are, in average, smaller than the average of diatom species. The majority of dinoflagellate species is autotrophic 

and tend to thrive under stable conditions. Due to their motility and ability of regulating their position in the water column, 60 

they can out-compete other phytoplankton, and sometime accumulate rapidly resulting in a visible coloration of the water, 

known as harmful algal blooms (IOCCG, 2014). Prokaryotes as picophytoplankton are abundant in many ocean regions 
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(notably in the mid to low latitudes but also others) and also account for a substantial fraction of marine primary production, 

with the two taxa being Synechococcus and Prochlorococcus in tropical regions (Flombaum et al., 2013). 

PFTs have been the focus of various studies carried out worldwide as well as in the Atlantic Ocean, providing rich and valuable 65 

knowledge of PFT assessments in terms of their abundance, distribution, phenology, roles in the primary production and 

relations to other physical and biological parameters (e.g., Head and Pepin, 2010; Brotas et al., 2013, 2022; Soppa et al., 2016; 

Brewin et al., 2017; Moisan et al., 2017; Bolaños et al., 2020; Yang et al., 2020). Information of phytoplankton composition 

with respect to the functional types and size classes can be retrieved by ocean colour algorithms based on different types of 

input data. However, most of the studies focus on either a certain PFT (e.g., Lange et al., 2020), a short time period or a limited 70 

spatial coverage (e.g., Bracher et al., 2020; Brotas et al., 2022).  A complete, systematic frame for the long-term monitoring 

of multiple PFTs on a wide scale is yet to be established. Previously, we have developed and further improved a set of 

empirical-orthogonal-function based PFT algorithms (referred to as EOF-PFT) thanks to a large global in-situ PFT data set 

based on HPLC (High Performance Liquid Chromatography) measured pigments (Xi et al., 2020; 2021). These algorithms use 

multi-spectral reflectance data from OC satellites and sea surface temperature data to estimate Chla concentration of six major 75 

phytoplankton groups. Here, we focus only on four PFTs, which on the whole account for the major part of the biomass in the 

Atlantic Ocean. Applied to multi-sensor merged products and Sentinel-3 OLCI data, the algorithms enable us to generate 

global PFT products which have been available on the EU Copernicus Marine Service since 2020 and updated timely, 

providing global chlorophyll a data with per-pixel uncertainty for diatoms, haptophytes, dinoflagellates, chlorophytes and 

phototrophic prokaryotes spanning the period from 2002 until today.  80 

In this section, we combine these PFT data sets of different sensors, covering various lifespans and radiometric characteristics 

into long term consistent satellite PFT products. The two-decades quality-assured global PFT data sets for the Atlantic Ocean 

(50°S to 50°N, 60°W to 10°E) are derived by correcting the input sensor specific PFT products using inter-sensor comparisons 

with uncertainty estimations, which then allow us to 1) evaluate Copernicus Marine Service PFT products and improve their 

continuity along the products derived from different satellite sensors and 2) analyze PFT time series in the last two decades in 85 

terms of climatology, trends, anomaly and phenology of multiple PFTs in the Atlantic Ocean and its different biogeochemical 

provinces (Longhurst, 2007). 

2 Data and method 

2.1 PFT products from Copernicus Marine Service 

Satellite data used in this study are listed in Table 1. Multiple PFT Chla products with per-pixel uncertainty have been available 90 

on Copernicus Marine Service since May 2020 with updates in 2021 and 2022, which were derived from three sets of OC 

products: 1) merged remote sensing reflectance (Rrs) products at 9 bands from SeaWiFS, MODIS and MERIS from July 2002 

to December 2011, 2) merged Rrs products at 9 bands from MODIS and VIIRS from January 2012 to December 2016, and 3) 
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Rrs products at 11 bands from Sentinel 3A OLCI from January 2017 to December 2021 (Table 1, Xi et al., 2021). In this 

section, monthly PFT products with 25-km resolution in the open ocean (depth > 200 m) are used for spatiotemporal analysis 95 

in the Atlantic Ocean spanning the period from July 2002 to December 2021. 

Consistency of satellite data is checked with the following details. As the product developer we have additionally generated 

PFT retrievals from different sensor combinations but with overlapping time periods. PFT products from 

SeaWiFS/MODIS/MERIS merged data and that from MODIS/VIIRS merged data have a 4-month overlap from January to 

April 2012, and MODIS/VIIRS derived PFTs are overlapped with the OLCI derived PFTs since May 2016. To produce 100 

consistent PFT products over the last two decades for the Atlantic Ocean, we compare PFT retrievals within these overlapped 

periods to identify the systematic differences between two data sources and then set up the correction functions through linear 

regressions by taking into account the per-pixel uncertainty. Sections 2.3 and 3.3 in Xi et al (2021) may be referred to for a 

detailed description of the per-pixel uncertainty assessment of the PFT products. Similar to how the OC-CCI Chl-a product 

was merged (OC-CCI v5.0 User Guide), one from the three sets of PFT products, that has been verified to have the lowest 105 

uncertainties (produced on pixel basis) and smallest biases when evaluated by in situ, will be chosen as the reference product. 

The other two sets of PFT products will be corrected to it. In the EOF-PFT approach development stage (Xi et al. 2020, 2021), 

we have noticed that the PFT products derived from SeaWiFS/MODIS/MERIS merged Rrs data have shown lowest per-pixel 

uncertainties nearly for all the PFT quantities, because their corresponding algorithms were trained based on a larger and more 

widely covered matchup data set between the satellite and in situ. Therefore, we take SeaWiFS/MODIS/MERIS derived PFTs 110 

as reference to correct the other two PFT data sets derived from MODIS/VIIRS merged and OLCI data, respectively.  

2.2 In situ PFT data and matchup extraction  

To evaluate the satellite PFT products, we use in situ HPLC pigment data from past expeditions between 2009 and 2019 

covering the whole Atlantic polar to polar region (65°S to 80°N) which included ten expeditions from the North Atlantic to 

the Arctic Fram Strait (PS74, PSS76, PS78, PS80, PS85, PS93, PS99, PS106, PS107, PS121) and four expeditions in the trans-115 

Atlantic Ocean (PS113, PS120, AMT28 and AMT29). All pigment data were quality controlled by applying the method by 

Aiken et al. (2009). Diagnostic pigment analysis was carried out to determine the in situ PFT Chla concentrations, following 

Xi et al. (2021) according to Vidussi et al. (2001) and Uitz et al. (2006) modified as in Hirata et al. (2011) and Brewin et al. 

(2015). In situ PFT data are then used to validate the corrected PFTs by extracting matchups between daily 4-km PFT products 

on Copernicus Marine Service and the in situ data. For each in situ measurement a matchup of 33 pixels around the in situ 120 

location on the same day was extracted. Averaged data based on 33 pixels were computed following the matchup protocol as 

in Xi et al. (2020, 2021), including only matchups containing at least 50% of valid pixels with a coefficient of variation (CV) 

of the valid pixel values lower than 0.15.   
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2.3 Time series analysis 

We focus on preliminary explorations of the calibrated PFT products to reveal and understand the trends and variations of 125 

Atlantic PFTs in the last two decades. We derive the PFT time series on the whole Atlantic region, different regional scales 

and also per-pixel level. For regional scales, PFT data of the Atlantic Ocean are partitioned into smaller regions using 

Longhurst’s geographic classification system of biomes and provinces (Longhurst, 2007; Flanders Marine Institute, 2009). We 

determine the annual cycle (climatology) based on both pixel data and regional log-based mean values, and derive anomalies 

to observe the inter-annual changes and detect trends reflected by the satellite observations. Time series analysis is done both 130 

per-pixel and for the whole region or province. We investigate the trends in the PFTs for the last 20 years using linear regression 

in the format of Y=SX+I, where Y is the monthly PFT Chla of either per-pixel or the regional log-based mean, X is the time 

on monthly basis, S is the slope of the regression and I is the intercept. Only trends with statistically significant correlations of 

the regression (p<0.05) are shown. Indicators of PFT phenology and the anomaly of 2021 (the last year of the considered time 

period) are also extracted in order to identify potential changes/shifts in PFTs. Abundance maxima time, as one of the 135 

phenology indicators, is identified for each pixel by finding the month when the maximum PFT Chla occurred during the year. 

Anomaly in percentage is determined by computing the relative difference between the PFT state of 2021 and the average state 

of the last two decades (i.e., climatology). 

3 Results 

3.1 Inter-sensor corrections of PFT products and validation with in situ data 140 

Figure 1 shows the comparison between monthly PFTs from SeaWiFS/MODIS/MERIS merged and MODIS/VIIRS merged 

data for the overlapped four months (January – April 2012). PFT retrievals from different satellite sensors show some 

differences but overall correlate well with each other (R2 >0.82). Type II linear regression between the retrievals from two 

satellite data sources is determined for each PFT by accounting for the per-pixel uncertainty. The slope and intercept values 

are then used to correct the MODIS/VIIRS derived PFTs to the SeaWiFS/MODIS/MERIS derived ones so that they are overall 145 

consistent though the pixelwise discrepancy still exists. The same is applied to the Sentinel 3A OLCI derived PFTs by 

comparing them to the corrected MODIS/VIIRS derived PFTs for the overlapped period April – December 2016, so that all 

PFT data from both MODIS/VIIRS and OLCI are now referenced to SeaWiFS/MODIS/MERIS derived PFTs. Though R2 is 

slightly weaker (R2 between 0.77 and 0.83) compared to that from the MODIS/VIIRS versus SeaWiFS/MODIS/MERIS 

derived PFTs (R2 between 0.82 and 0.98), OLCI derived PFTs still showed overall good correlations to the corrected 150 

MODIS/VIIRS data with regression slopes between 0.83 and 1.03 despite that prokaryote Chla retrievals from OLCI data are 

in general higher. 

Validation was carried out by comparing the collocated satellite PFTs with the in situ PFTs using the extracted matchup data. 

Statistical results of the validation in Table 2 show in general acceptable agreement between the in situ and satellite derived 
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PFTs. Median percent differences (MDPD) are consistent with the median satellite PFT uncertainties (relative error in %) 155 

estimated through Monte Carlo simulation and error propagation in Xi et al. (2021), and for dinoflagellates, notably lower. 

Higher MDPD is found for prokaryotes due to a systematic overestimation of the picophytoplankton in the retrieval algorithms 

for all the three sets of satellite OC sensors, however, no significant bias of satellite prokaryote products is detected between 

different sensors, therefore the overestimation should have minor influence on the time series data of prokaryotes.  In addition, 

a coarser evaluation by directly comparing the monthly satellite PFT (which have better spatial coverage) to the in situ PFT 160 

for the whole cruise track, has shown that the PFT variation regarding regional phytoplankton dynamics observed by the in 

situ PFT is very well revealed by satellite PFT maps (images not shown). These evaluations assure the quality of the satellite 

PFTs for time series analysis. 

3.2 PFT climatology (2002-2021) 

Figure 2 shows the climatology (2002–2021) of the four PFTs generated using satellite monthly PFT products, depicting 165 

differences and similarities in terms of PFT Chla magnitude and spatial variation among different PFTs. Diatoms, as major 

silicifiers are typically large-celled (>20 m, though species with smaller cells also exist) and highly dependent on nutrient 

levels. They are sensitive to the global temperature especially to the equator-pole temperature gradient. Two-decade 

climatology of diatoms in the Atlantic region shows clearly higher abundance in high latitudes and coastal regions and lowest 

abundance (or even undetectable) in the vast subtropical gyres. Similarly, haptophytes which are mostly classified as 170 

nanophytoplankton (2-20 m), have also higher abundance in high latitudes and coastal regions, but span a larger coverage 

than diatoms. Enhanced abundance level is also found in the equatorial belt. Lowest abundance of haptophytes also locates in 

the gyres, but are not as low as diatoms. Prokaryotes, commonly referred to as picophytoplankton (<2 m), show the highest 

abundance in the mid-low latitudes of the open Atlantic Ocean. Though spatially showing the lowest abundance in the gyres, 

prokaryotes are still the most dominant phytoplankton group in the majority of these regions. Dinoflagellates as a relatively 175 

minor contributor to the total biomass follow the similar distribution pattern of diatoms, but are much lower in abundance in 

higher latitudes.  

3.3 PFT trends during 2002-2021 in the Atlantic Ocean 

PFT annual cycle over the whole Atlantic Ocean: Following the climatology study, the annual cycles of the four PFTs are also 

derived by extracting the mean biomass of the two decades for each month (Fig. 3a). Prokaryotes are clearly the most dominant 180 

group showing the highest mean of the Chla (0.062 – 0.072 mg m-3) over the Atlantic all year round, followed by haptophyte 

Chla which varies from 0.03 to 0.045 mg m-3. Diatom Chla varies from 0.017 to 0.026 mg m-3 and dinoflagellates with the 

lowest mean Chla below 0.015 mg m-3. Despite different magnitudes, diatoms, haptophytes and dinoflagellates present very 

similar annual cycles with two biomass peaks in April and November, indicating the spring blooming especially in the high 
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latitudes in both north and south hemispheres. In contrast, prokaryotes show a distinct biomass peak in June-July and a less 185 

prominent increase in December-January due to the suppressed growth of the other PFTs in these periods.   

Time series of the monthly PFT data averaged for the whole Atlantic are shown in Fig. 3b, depicting a significant decrease 

(0.0001 Chla mg m-3 month-1, p<0.01) in prokaryote Chla, but no significant trend is observed for the other three PFTs although 

some interannual changes are visible. Between the time window of 2003 and 2008, a slight decline in prokaryote Chla is 

observed followed by a two-year increase (2009-2010), but from 2011 onwards a continuous decline is again observed. Per-190 

pixel trend of prokaryotes in Fig. 3e shows that the decreasing trend of prokaryotes is mainly found in the low latitudes and 

particularly in the west coast of Africa (provinces CNRY and GUIN, refer to Fig. 4 for Longhurst provinces). Haptophytes 

time series show lowest abundance during 2013 – 2015 which is then elevated slightly since 2016 (Fig. 3b). Slight increasing 

trend of haptophytes on the pixel level is found in the mid- to low latitude and a decrease is found near the coast in higher 

latitudes (Fig. 3d). Diatom Chla is rather stable until 2017 until an abrupt increase in 2018 – 2019, and then decreases in 2020 195 

– 2021 to the average level of the last 20 years (Fig. 3b). Per-pixel time series in Fig. 3c shows that significant decrease is 

found only in the west coast of Africa (CNRY), northwest of the North Atlantic (NWCS), and Patagonian coast. A very slight 

increasing trend of diatoms is presented in the gyres and equatorial region. Dinoflagellate Chla contributes a very minor 

proportion to the total biomass (<10%) and are relatively stable in the last two decades in the whole Atlantic region (Figs. 3b 

and 3f).  200 

Time series of diatom Chla in different Longhurst provinces of the Atlantic are further extracted, in order to investigate whether 

the abrupt increase of diatoms during 2018-2019 took place in the whole Atlantic or only in some regions. Figure 4 presents 

large variability of the diatoms in different regions in terms of both magnitudes of Chla and temporal trends. In general, high 

latitudes and coastal regions, where diatom Chla is higher, present high inter-annual variation compared to the open ocean in 

lower latitudes. For instance, diatoms in the west coast of Africa (CNRY) are in general decreasing in the last two decades 205 

except a dramatic increase in late 2018 and spring 2019, following by a two-year decrease in 2020-2021. Despite of an obvious 

elevation in diatoms during 2018-2020, a significant decline of diatom in the last two decades is still found in the northwest 

coastal shelf region (NWCS), in consistency with the trend map shown in Fig. 3c. Slight increase is found in provinces in the 

gyres and equatorial region (NASW, NATR, WTRA, and SATL) with very low diatom Chla (mean Chla < 0.02 mg m-3), and 

also in the Southern Ocean SSTC. The prominent increase observed during 2018-2019 is mostly contributed by the North 210 

Atlantic Ocean CNRY, NASE and NASW. Other provinces such as in the gyres with elevated diatom Chla since 2018, also 

contribute but only slightly to this increase due to much lower diatom Chla there compared to the other regions.  

3.4 PFT phenology and anomaly of 2021 

The status of the PFTs in the Atlantic Ocean is investigated specifically in 2021 to reflect the Atlantic ecological state and 

changes for this year as compared to the previous years. To understand better the yearly transition and shifting between 215 

different PFTs in the Atlantic Ocean, one of the phenology indicators, abundance maxima time, is mapped per-pixel for the 
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four PFTs (Fig. 5). Diatoms in the north Atlantic (> 35° N) reach the abundance maxima during late spring (April-May) but 

earlier (Jan-Feb) in the north Atlantic gyre. In the equatorial region the maxima months vary between May and August with 

the equator reaching the maxima the earliest (around May). In the southern hemisphere, diatoms reach maxima on average six 

months later than in the northern hemisphere, i.e., in the south Atlantic gyre July-August (austral winter) and October-220 

December (late spring) in most of the Southern Ocean, which correspond well to the maxima seasons in the northern 

hemisphere. Haptophytes and dinoflagellates show similar patterns with diatoms, but on average bloom one month later than 

diatoms, indicating PFT dominance succession between diatoms and haptophytes in late spring and early summer. Prokaryotes 

over the whole Atlantic show a more complex and distinct seasonal cycle compared to the other three PFTs. The per-pixel 

phenology map presents that prokaryotes reach an abundance maximum from autumn to winter in latitudes > 20° N, and delay 225 

the maxima time with decreasing latitudes. In other regions the per-pixel maxima month normally spans a wider time window 

of three to five months, such as in the equatorial region from January to May, in the south Atlantic gyre from April to August, 

the western sector of the Southern Ocean January to April and the eastern sector November to January. Though geographically 

prokaryotes show more variation in the phenology, an overall inverse seasonal cycle is presented compared to diatoms, 

haptophytes and dinoflagellates, as depicted in Fig. 3a. 230 

Anomalies in percentage of the four PFTs in 2021 compared to the average state of the last two decades are shown in Fig. 6. 

Diatom anomaly presents changes mainly in high latitudes, gyres and some coastal regions (such as CNRY). The anomaly 

shows mostly lower diatom Chla in high latitudes except for NWCS and the southeastern part of NADR where diatom Chla is 

increased. Opposed to that, diatom Chla of 2021 in the gyres is generally higher (~ 30%) compared to the 20-year average 

state. Note that changes are shown in percentage instead of the absolute values to enhance the visibility of small absolute 235 

changes, which in the gyres can be very sensitive, as diatom Chla is extremely low there (< 0.01 mg m-3).  Haptophyte anomaly 

presents changes in similar regions with diatoms but reversely in high latitudes, especially in the Southern Ocean, where a 

more prominent increase and also larger coverage are observed. Increase of haptophytes in the area north of the equator in 

WTRA is more significant than diatoms. Different from diatoms and haptophytes, prokaryotes reveal a very slight decrease in 

2021 mostly in low latitudes within 20°N-20°S, with higher prokaryote Chla in the west coast of Africa especially CNRY, 240 

whereas only mild increase (< 20%) is found in high latitudes. Dinoflagellates show the most stable state in 2021 among the 

four PFTs with only a slight increase of Chla in the north Atlantic Ocean above 40°N and a small decrease in CNRY. 

4. Discussion, conclusions and outlook 

A systematic time series analysis of PFT in the Atlantic Ocean is carried out showing high potential of the Copernicus Marine 

Service satellite PFTs in monitoring the ecological state of the ocean at different scales. Due to different life spans and 245 

radiometric characteristics of satellite sensors, there are often inconsistencies and gaps between the same quantities retrieved 

from different sensors. Data continuity and quality assurance are therefore necessary to provide sound and continuous satellite 

observations enabling time series studies (Mélin and Franz, 2014; Sathyendranath et al., 2019). As preparatory work for such 
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a study aiming at long term monitoring of PFTs in the vast Atlantic Ocean, we applied a straightforward inter-mission bias 

correction as a preliminary trial using overlapped PFT products between the three sets of satellite data. Validation using in situ 250 

data shows no significant biases of PFTs derived from different sensors, indicating that the inter-mission offset was effectively 

corrected. Chla of different PFTs are more upscaled retrievals compared to bulk satellite OC products such as total chlorophyll 

a, coloured dissolved organic matter (CDOM) and absorption properties. Especially, it is still challenging to retrieve accurately 

prokaryotic phytoplankton because in the open ocean these are dominating in the low Chla areas for which the satellite signals 

are weaker. Therefore, higher uncertainties exist in these products (e.g., Brewin et al. 2017; Losa et al. 2017; Xi et al. 2021) 255 

as compared to uncertainties for other PFTs (see Table 2). In summary, our statistical results of PFT validation are comparable 

to the evaluations of satellite PFT products derived from different approaches, according to the Quality Information Documents 

(QUID) that have been published on CMEMS (Garnesson et al., 2022; Pardo et al., 2022). It is noteworthy that the bias 

correction targeted only on the Atlantic Ocean and might not be applicable to other ocean regions, which lead us to further 

explore a more generic method in the future for the global ocean. However, with these first investigations this study paves the 260 

way to promote satellite PFT products into long-term time series studies. 

Satellite PFT products provide robust spatial distributions which are comparable to in situ data. The 20-year mean of the four 

PFTs has presented a trustable overview of how different PFTs vary and distribute spatially in the surface layer of the Atlantic 

Ocean. Diatoms, haptophytes and dinoflagellates share similar geographic patterns, showing higher abundance in high 

latitudes, coastal and equatorial upwelling regions where the nutrient level is generally high, and minimum abundance in the 265 

gyres especially for diatoms and dinoflagellates. Prokaryotes are more dominant in the gyres and low latitudes but contribute 

much less to the total biomass in high latitudes. Findings are consistent with previous studies of phytoplankton group and size 

classes (e.g., Hirata et al., 2011; Brewin et al., 2015; Losa et al., 2017) and are justified in detail in Xi et al. (2020). More recent 

studies by Bracher et al. (2020) and Brotas et al. (2022) based on in situ observations have also revealed similar PFT latitudinal 

distribution to our satellite observations. Furthermore, Brotas et al. (2022) point out that dinoflagellates can be underestimated 270 

in the pigment approach, due to their pigment variability; some species do not have the diagnostic pigment peridinin, and there 

are several heterotrophic species, where the pigments are absent or strongly reduced.  

PFT time series of the last two decades are for the first time generated from multi-satellite observations. For the whole Atlantic 

Ocean, no significant trend was found for diatoms, haptophytes and dinoflagellates over the last 20 years, but a decline in 

prokaryotes was observed. However, the per-pixel trend maps revealed that regional trends are different from province to 275 

province, such as for diatoms, significant decrease was found in latitudes above 40° and west coast of Africa CNRY, similarly 

for haptophytes. There is a clear shift for prokaryotes in 2012: from 2003 to 2012, the average value is higher (0.064 mg m-3), 

and the seasonality clearly defined, whereas from 2013 to 2020, seasonal variations are softened and the mean value is lower 

(0.053 mg m-3). The retreat of MERIS in 2012 should not influence very much on the prokaryote data set for the following 

reasoning: firstly, such a decline was not found in other PFTs; secondly, MERIS observed more pixels in the coast and high 280 

latitude, we however focus on the open ocean and have excluded the coastal regions with bathymetry <200 m, and this study 
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covers the Atlantic Ocean between 50°N to 50°S. The main reason might be the relatively lower retrieval accuracy of 

prokaryotes compared to other PFTs as discussed above on the validation. Our previous work showed that all of the retrieval 

models for the three sets of sensor(s) have poorer performance for prokaryotic phytoplankton than for other PFT retrievals, 

this may cause weaker consistency of prokaryotes for the two decade period even after inter-mission correction. Nevertheless, 285 

coverage variability among different satellite missions should be taken into consideration in analyzing long-time series studies 

as the ability of the sensors to observe certain waters may differ (van Oostende et al. 2022). These findings in terms of 20-year 

trends still need to be evaluated further with both in situ measurements and numerical models, though available matchup data 

between in situ and satellite data are very sparse and disagreements between models and satellite observations also exist 

(Gregg & Rousseaux 2014). Indeed, a period of 20 years is considered not long enough for a robust trend analysis as the 290 

decadal variability might be too dominant, and for the Atlantic Ocean on average at least 35 years are needed to detect a climate 

driven trend in chlorophyll concentration as indicated in Hensen et al. (2010) and Hensen et al. (2016). Nonetheless, the 20-

year long time series provides the opportunity to observe interesting patterns, such as the diatom increase during 2018-2019. 

Therefore, further investigation on biophysical interactions and linkage to climate is necessary to find evidence and interpret 

the findings extracted from PFT time series. 295 

Phenology maps of the four PFTs correspond well with their mean annual cycles. Prokaryotes have distinct phenology 

compared to the other three PFTs which present similar annual cycles and close bloom maxima time on the general scale 

despite that haptophytes and dinoflagellates reach biomass maxima a bit later than diatoms in some regions. This section has 

chosen only one coarse phenological index, the time of the maxima, using monthly satellite products, which has shown the 

capability of the Copernicus Marine Service satellite PFTs in revealing PFT shifting and growth state in a larger scale than 300 

traditional means that rely on extensive ship-based measurements and long-term monitoring stations (e.g., Bracher et al., 2020; 

Nöthig et al., 2020; Yang et al., 2020). More other phenological indices, including the PFT growth duration, biomass 

amplitude, start and ending dates could be considered using higher temporal resolution products to fully understand the patterns 

and interannual variability of the PFT phenology (Soppa et al., 2016).  

PFT anomaly of 2021 compared to the 20-year mean reveals mostly a slight decrease in diatoms above 40° N/S (except for 305 

the southeastern part of NADR) and a significant increase in haptophytes in most areas of the high latitudes, which corresponds 

well to the hypothesis of “Atlantification” proposing that smaller phytoplankton are expanding to the high latitudes (e.g., 

Nöthig et al., 2015; Neukermans et al., 2018; Oziel et al., 2020). Declining in silicate and nitrate concentrations might 

contribute to the decrease in diatoms in the north Atlantic as indicated in the Copernicus Ocean State Report 5 by von 

Schuckmann et al. (2021). In contrast to this, most changes in the Southern Ocean were found in latitudes higher than 40° S 310 

which is the region of the Great Calcite Belt. Deppeler and Davidson (2017) reviewed that climate induced changes such as 

higher temperature and shallow mixed layer depth are expected to alter the structure and function of phytoplankton 

communities in the Southern Ocean. Diatoms and haptophytes as two major groups there may be subject severely to these 
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changes. Interestingly, increase in haptophytes and decrease in diatoms indicated that the phytoplankton community structure 

is altering in the recent years which cannot be easily captured with observations other than satellite PFT time series.  315 

In summary, this study illustrated the past and current PFT state in the Atlantic Ocean, and acted as the first step to promote 

long-term PFT observations serving as ocean monitoring indicators (OMI) implemented to the Copernicus Marine Service that 

enable time series analyses of PFT trends and inter-annual variability, to reveal potential climate induced changes in 

phytoplankton composition on multiple temporal and spatial scales. 

Data availability  320 
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Tables 485 

Table 1: Copernicus Marine Service products, own processed products, and in situ data used in this study. 

Ref. 

No. Product name & type Documentation or data source 

1 OCEANCOLOUR_GLO_BGC_L4_M

Y_009_104 

Global Ocean – phytoplankton 

functional types derived from 

GlobColour SeaWiFS/MODIS/MERIS 

merged products for 2002-2011, from 

MODIS/VIIRS merged products for 

2012-2016, and from Sentinel 3A OLCI 

for 2017-2021.  

PUM: 

https://catalogue.marine.copernicus.eu/docume

nts/PUM/CMEMS-OC-PUM.pdf 

QUID: 

https://catalogue.marine.copernicus.eu/docume

nts/QUID/CMEMS-OC-QUID-009-101to104-

116-118.pdf 

2 Phytoplankton function types derived 

from SeaWiFS/MODIS/MERIS 

merged products for the period of 

January 2012 to April 2012 

Reference: Xi et al. (2021) 

3 Phytoplankton function types derived 

from Sentinel 3A OLCI product for the 

period of May 2016 to December 2016 

Reference: Xi et al. (2021) 

4 HPLC pigment based PFT data from 

various expeditions 

Available on PANGAEA (Xi et al. 2023): 

https://doi.org/10.1594/PANGAEA.964738  
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Table 2: Statistical validation results of satellite derived PFT Chla (after inter-mission correction) as a function of in 

situ PFT Chla using least square fit in logarithmic scale. N: number of matchups; R2: coefficient of determination; 495 

MDPD: median percent difference; RMSD: root-mean-square difference; definition equations of these terms were 

referred to Xi et al. 2020. Note that Slope, Intercept and R were calculated based on logarithmic scale. Median 

uncertainties calculated based on satellite per-pixel PFT uncertainty (equivalent to relative error in %, adapted from 

Xi et al. 2021) are also shown in the last column. 

 
N Slope Intercept R2 

MDPD 

(%) 

RMSD 

(mg m-3) 

Median satellite PFT 

uncertainty (%) 

Diatoms 192 0.71 -0.27 0.76 60.5  0.30 57.3 

Haptophytes 191 0.95 -0.007 0.41 58.9 0.18 41.5 

Prokaryotes 187 0.71 0.12 0.36 185  0.06 86.5 

Dinoflagellates 144 1.07 0.04 0.66 59.1  0.07 74.3 

 500 
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Figures  

 

Figure 1: Scatterplots of monthly PFTs derived from SeaWiFS/MODIS/MERIS merged and MODIS/VIIRS merged Rrs data for 

the overlapping period January-April 2012. (a) diatoms, (b) haptophytes, (c) prokaryotes, and (d) dinoflagellates. The 1:1 line is 505 

shown in black and the linear regression line (using type II regression with per-pixel uncertainty) in red. R2, slopes and offsets 

determined in log-10 scale are also presented. 
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Figure 2: PFT climatology based on monthly PFT Chla products from 2002 to 2021: (a) diatoms, (b) haptophytes, (c) prokaryotes, 

and (d) dinoflagellates. Microscopic photos of the representative species for the four PFTs are presented (Photo credit: Alfred 510 

Wegener Institute). 

 

(a) (b)

(c) (d)
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Figure 3: (a) Annual cycle of the four PFTs of diatoms, haptophytes, prokaryotes and dinoflagellates in the Atlantic Ocean (-50°S to 

50°N, 60°W to 10°E), (b) 20-year time series from 2002 to 2021, and (c) per-pixel slope based on monthly Chla products of diatoms, 515 

(d) haptophytes, (e) prokaryotes and (f) dinoflagellates from 2002 to 2021 (where p<0.05 were shown, slope unit: Chla mg m-3 month-

1). 
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Figure 4: Time series of diatom Chla (unit: mg m-3) in 11 Longhurst provinces in the Atlantic Ocean with bathymetric information 520 

based on ETOPO1 bathymetry (Amante & Eakins, 2009). Provinces according to Longhurst (2007) are: NADR for North Atlantic 

Drift Province, NWCS for Northwest Atlantic Shelves Province, NASW for North Atlantic Subtropical Gyral Province (West), 

NASE for North Atlantic Subtropical Gyral Province (East), NATR for North Atlantic Tropical Gyral Province, CNRY for Canary 

Current Coastal Province, WTRA for Western Tropical Atlantic Province, ETRA for Eastern Tropical Atlantic Province, SATL 

for South Atlantic Gyral Province, SSTC for South Subtropical Convergence Province, SANT for Subantarctic Water Ring 525 

Province, respectively. Trendlines with slopes (unit: Chla mg m-3 month-1) and correlation coefficients are shown for provinces with 

significant trends (p<0.05).  
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Figure 5: Occurrence month of PFT Chla maxima of 2021 in different provinces for (a) diatoms, (b) haptophytes, (c) prokaryotes 

and (d) dinoflagellates. Black lines indicate boundaries of Longhurst provinces as in Fig. 4. 530 



24 

 

 

Figure 6: PFT anomaly in percentage [%] of 2021 compared to the 20-year mean for (a) diatoms, (b) haptophytes, (c) prokaryotes 

and (d) dinoflagellates. Anomaly in percentage is defined as (PFT2021 – climatology)/climatology*100. Black lines indicate boundaries 

of Longhurst provinces as in Fig. 4. 
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