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ABSTRACT 

This study examines decade-scale shifts in annual phytoplankton bloom timing across the North 

Atlantic Ocean. Phytoplankton blooms in this region play a critical role in regulating the global 

carbon cycle and marine ecosystem dynamics. Decadal shifts in the mean timing of bloom onset, 

bloom termination and bloom duration were examined using 22 years of satellite-derived ocean 

color data. At higher latitudes in the North Atlantic, median bloom onset date was shifted 4.4 days 

later, median bloom termination was shifted 1.5 days earlier and median bloom duration shifted 

3.6 days shorter. At lower latitudes in the North Atlantic, median bloom onset date was shifted 2.9 

days earlier, there was no observed shift in median bloom termination and median bloom duration 

was shifted 3.6 days longer. Interdecadal trends in wind speeds in the North Atlantic have been 

documented in a recent study, offering an explanation for the observed shifts in bloom timing. This 

study produces a first look into recent decadal shifts in bloom timing that should continue to be 

monitored and studied as more satellite ocean color data are collected.  
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3. INTRODUCTION 

Seasonal phytoplankton blooms in the North Atlantic Ocean play a key role in regulating 

marine food webs and the global carbon cycle. Phytoplankton growth rates in the light-limited 

temperate and subpolar regions undergo seasonal cycling, classically explained by the critical 

depth hypothesis (or “Sverdrop Hypothesis”), where phytoplankton blooms are initiated when the 

mixed layer shoals above the critical depth [Sverdrup, 1953; Siegel et al., 2002; Henson et al., 

2009; Rumyantseva et al., 2019]. The primary nutrients connected to the growth rates of larger 

phytoplankton are iron and nitrogen, which play a major bottom-up factor in bloom initiation and 

termination [Browning et al., 2020]. Bloom termination typically occurs when nutrient availability 

decreases and zooplankton predation increases. Blooms in the nutrient-limited subtropical region 

of the North Atlantic are initiated when the mixed layer deepens in fall and nutrient availability 

increases [Dutkiewicz et al., 2001; Henson et al., 2009; Dave & Lozier, 2013]. 

Prior studies have shown that interannual variation in wind mixing can be used to explain 

interannual variation in the timing of bloom onset for both high and low latitude regions of the 

North Atlantic [Stramska, 2005; Damerell et al., 2020]. Monger & Ueyama (2005) stated that 

while heat fluxes ultimately set the climatological seasonal pattern of bloom onset over the North 

Atlantic, it is primarily the interannual variation in wind forcing that influences interannual 

variability in the timing of bloom onset about the climatological mean pattern. Vertical mixing 

connected to winds has been found to promote primary production in nutrient-limited, low latitude 

surface waters through increasing nutrient input into the euphotic zone [Dutkiewicz et al., 2001]. 

However, prior research has yet to examine shifts in the timing of the seasonal increase at lower 

latitudes in the North Atlantic on longer timescales. 
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It is important to note that the majority of past studies linking enhanced wind forcing and 

vertical mixing with delays in bloom magnitude and timing have been conducted at interannual 

timescales [Dutkiewicz et al., 2001; Stramska, 2005; Dave & Lozier, 2013; Brown et al., 2014]. 

Henson et al. (2009) examined decadal variability of both bloom timing from 1959 – 2004, using 

an ocean biogeochemistry general circulation model and 10 years of ocean color satellite data. In 

their study, periodicity of bloom timing was linked to the North Atlantic Oscillation (NAO) but 

no long-term trend in bloom onset date was found. However, a recent report documenting a multi-

decadal trend of shifting wind speeds in the North Atlantic [Young & Ribal, 2019] raises the 

possibility, if consistency holds, of recent decadal-scale shifts of bloom timing in the North 

Atlantic. 

The current study examines decadal shifts of phytoplankton bloom dynamics in terms of 

timing of bloom onset, bloom termination and bloom duration using 22 years of satellite 

observations (1998-2020). Average bloom parameter values for the period of 1998 – 2009 (decade-

1) are compared with the average bloom parameter values for the period of 2010 – 2020 (decade-

2). The results presented indicate that, at higher latitudes, the basic relationship between wind and 

bloom dynamics observed in prior interannual studies hold true at interdecadal timescales as well.  
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4. METHODS 

4.1 Study Region and Data Description 

Global 8-day Standard Mapped Images (SMI) of surface chlorophyll concentration at 9km 

resolution for SeaWiFS (1998 – 2001) and MODIS-aqua (2002 – 2020) were obtained from the 

NASA Goddard Distributed Active Archive Center (DAAC) via the NASA Ocean Color Web 

(https://oceancolor.gsfc.nasa.gov). The spatial resolution of each 8-day image was reduced to 1o x 

1o to minimize the impact of high spatial frequency variability. 

Bloom onset date and bloom termination date for each year were determined using 14-

month time periods beginning in August and ending October of the following year to capture the 

entire duration of the blooms. For this paper, a given year is assigned based on the initial year of 

each 14-month timeseries. 

Two subregions within the North Atlantic were established based on expectations from 

prior studies of bloom onset factors. The high latitude subregion (40N to 70N, 65W to 10W) is 

expected to be light limited prior to spring bloom onset. The low latitude subregion (20N to 40N, 

75W to 20W) is expected to be nutrient limited prior to fall bloom onset. The eastern and western 

boundaries to these subscenes were set to remove the influence of costal primary production and 

the production associated with the Mediterranean Sea and Hudson Bay. 

 

4.2 Bloom Parameters 

Individual 14-month time series of chlorophyll concentration were extracted from each 

pixel location and analyzed to determine bloom onset date, bloom termination date and total bloom 

duration. The threshold value used to determine bloom onset in this study was consistent with the 

method used by Siegel et al. (2002) with a slight modification. Bloom onset date was assigned to 
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the date when chlorophyll concentration first rose 5% above the annual median value for two 

consecutive 8-day time points. The bloom termination date was assigned to the date after bloom 

onset when chlorophyll finally fell below the 5% threshold for two consecutive time points. The 

duration of the bloom was determined by taking the difference between bloom start and end dates. 

Decadal averages of bloom start date, end date and bloom duration were computed for decade-1 

and separately for decade-2.  

 

4.3 Decadal Analysis 

The decadal average bloom onset date, bloom termination date and bloom duration for the 

two separate decades were compared by subtracting average value of each parameter for decade-

1 from the average value for decade-2. In this sense, positive differences represent larger average 

values for decade-2 relative to decade-1. 

Two separate statistical metrics were computed to quantify the level of certainty for 

observed differences between the two decades. In the first case, a pixel-by-pixel analysis was done 

in which respective decadal means, and associated variance about the means, were used to compute 

the p-values for the difference between two means using the Welch’s t-test at each individual pixel 

location. In the second case, a regional median for the difference between the two decades was 

computed for the high latitude subregion and separately for the low latitude subregion. A bootstrap 

method was used to compute a confidence interval over each region [Boos, 2003]. Specifically, 

the 2-D array of decadal difference values for all three bloom parameters for each respective 

subregion was randomly subsampled (with replacement) in order to collect a median value 

distribution. The subsampling (n=7,200) was carried out 10,000 times with a new sample median 

value computed each time. Summary statistics were collected from this analysis in order to assess 
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the confidence of our observations. This sampling technique was useful for mitigating the impact 

of spatial autocorrelation among adjacent pixel values. 

 

4.4 Decadal Difference in Wind Speed 

Special Sensor Microwave Imager (SSMI) data was acquired from Remote Sensing 

Systems [Wentz et al., 2012]. Monthly binned data for 1998 – 1999 was derived from SSMI 

Instrument F14 and 2000 – 2009 were derived from SSMI Instrument F15. Monthly binned data 

for 2010 – 2020 were derived from SSMI Instrument F16. Data resolution was 0.25o x 0.25o. 

Product version was 7 [Wentz et al., 2012]. The same geographic extent for the North Atlantic 

subscene that was used for the ocean color data subscene was applied. Monthly binned data were 

temporally averaged to derive mean values for decade-1 and separately for decade-2. Finally, the 

difference between two decades was computed. 

 

4.5 NAO Index (1998 – 2020) 

The principal component-based wintertime (DJF) NAO Index was obtained from the 

National Center for Atmospheric Research (NCAR) (https://climatedataguide.ucar.edu/climate-

data/hurrell-north-atlantic-oscillation-nao-index-pc-based) and used without modification. The 

wintertime NAO index was chosen as the best representation for the influence on annual bloom 

dynamics since the surface winds are typically strongest during these months [Hurrell & Deser, 

2010].  
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5. RESULTS 

5.1 Bloom Onset Date 

Decadal average onset dates for decade-1 and for decade-2 are presented in Figure 1. In 

both decades, bloom onset dates follow traditional expectations of a fall bloom onset in the low 

latitude subregion and a spring onset in the high latitude subregion. Frequency distribution plots 

of bloom onset date for each decade reveal an obvious shift toward later initiation in the high 

latitude subregion and earlier initiation in the low latitude subregion (Figures 3).  

The computed difference between the mean onset date for the two decades reveal a clearer 

pattern of decadal difference (Figure 2). Difference between decade-1 and decade-2 reveal a 

majority of positive values over the high latitude subregion and a majority of negative values over 

the low latitude subregion. This indicates that in decade-2 the blooms generally developed later in 

the higher latitude subregion and earlier in the low latitude subregion. In both regions, many of the 

pixel locations exhibited statistically significant differences (p-value < 0.1). 

The median bloom onset date difference over the entire high latitude subregion was 4.4 

days [1.8 days, 6.2 days] and indicates a delayed bloom onset in decade-2 relative to decade-1 

(Figure 5). Conversely, the median bloom onset date difference for the low latitude subregion 

decreased by 2.9 days [-4.4 days, -2.2 days] and indicates an earlier bloom onset in decade-2 

relative to decade-1 (Figure 5). The confidence intervals from the bootstrapping analysis are 

summarized in Table 1 

5.2 Bloom Termination Date 

The difference in the timing of bloom termination between the two decades was spatially 

heterogeneous (Figure 2). Some of the areas within the high latitude subregion exhibited 

significantly later bloom termination dates while other areas exhibited drastically earlier 
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termination dates. The difference between the means of bloom termination for the two decades in 

the lower latitude subregion revealed less spatial heterogeneity (Figure 2). Frequency distribution 

plots of the individual pixel values of each of the decadal means showed a shift toward earlier 

termination dates for decade-2 in the high latitude subregion (Figure 3). For the lower latitude 

subregion, bloom termination dates were observed to have an unclear decadal shift in bloom 

termination date (Figure 3). 

The median difference in bloom termination date over the entire high latitude subregion 

decreased by 1.5 days [-3.1 days, 0.2 days] in decade-2 relative to decade-1 (Figure 5). The median 

difference in bloom termination date for the entire low latitude subregion was zero [-1.8 days, 2.2 

days], indicating no decadal shift in termination date (Figure 5). Since the confidence interval from 

the bootstrapping analysis (Table 1) contained zero (representing no decadal shift) for both 

subregions, the difference between the two decades was not found to be significantly different. 

 

5.3 Bloom Duration 

Decadal averages of bloom duration for the two decades exhibited a lot of spatial variability 

(Figure 1). In general, bloom duration lasted between 150 to 200 days in the low latitude subregion 

while the average bloom in the high latitude subregion lasted between 50 to 150 days. A frequency 

distribution plot of bloom duration for each decade shows a slight shift to shorter duration for 

decade-2 for the high latitude subregion and a slight shift towards extended blooms in decade-2 

for the lower latitude subregion (Figure 3). 

The median difference in bloom duration between the two decades in the high latitude 

subregion was -3.6 days [-6.2 days, -1.4 days], indicating a shortened total bloom duration in the 

more recent decade (Figure 5). The median difference in bloom duration in the lower latitude 
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subregion was 3.6 days [2.3 days, 4.3 days], indicating an extension of blooms in the more recent 

decade (Figure 5). The confidence intervals from the bootstrapping analysis are summarized in 

Table 1 

 

5.4 Decadal Difference in Wind Speed 

In the high latitude subregion, wind speeds typically increased in decade-2 relative to 

decade-1 (Figure 6). There are several areas within the high latitude subregion where increases 

were more extreme, such as coastal areas and the center of the subpolar gyre. In the low latitude 

subregion, wind speeds were typically observed to decrease in the more recent decade. The 

southeastern area of the low latitude subregion exhibited more extreme decreases than the rest of 

the subregion. There was also a notable increase in winds for decade-2 in the zone off the coast of 

Nova Scotia and the Gulf of Saint Lawrence in the northwestern North Atlantic that was captured 

in both the high latitude and low latitude subregions. 

 

5.5 NAO Index (1998 – 2020) 

NAO index values show a tendency toward positive values in both decades but was more 

extreme in decade-2 (Figure 7). The mean NAO index for decade-1 was +0.55 and the mean NAO 

Index for decade-2 was +0.96. The NAO index values over decade-2 were interesting, with two 

extreme negative index values towards the beginning and then ending with 8 straight positive 

values, including a few extreme indices.  
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6. DISCUSSION 

The analyses presented in this paper provide a first look at recent decadal-scale changes in 

phytoplankton bloom dynamics derived from satellite observations. Due to high spatial variability 

of bloom parameters over the North Atlantic, single value indicators of bloom trends cannot tell 

the entire story of the difference in data between decades. However, median analysis of bloom 

onset date, bloom termination date and bloom duration frequency gathered over broad regions of 

the North Atlantic reveals a statistically significant pattern for both the high and low latitude 

regimes. 

Median bloom onset date in decade-2 was about 4 days later relative to decade-1 in the 

high latitude subregion (Figure 5). Wind speeds over this region were measurably stronger in 

decade-2 relative to decade-1 (Figure 6). Prior studies examining interannual variability of bloom 

response to wind forcing in the same region have observed a delay in bloom onset resulting from 

increased wind forcing (Stramska, 2005; Ueyama & Monger, 2005; Henson et al., 2009; Damerell 

et al., 2020). The basic principle at play is that when phytoplankton growth is light limited prior 

to bloom onset, an increase in wind forcing, and associated vertical mixing, will prolong deep 

mixing and delay when the mixed layer shoals above the critical depth (Dutkiewicz et al., 2001; 

Ueyama & Monger, 2005). The current study indicates that this principle of bloom response to 

wind forcing can be scaled up to bloom variability at interdecadal timescales. Young and Ribal 

(2019) observed a three-decade global trend of increasing global wind speeds, with notable 

increases over the North Atlantic. To the extent this wind speed trend continues, we might expect 

further delays in bloom onset in the high latitude subregion of the North Atlantic. If the observed 

shift in winds is not a natural pattern of variability and in fact a result of anthropogenic warming, 

the decadal shift may represent a continuing pattern for future decades. In this context, there would 
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be an estimated start date delay of 2 weeks by mid-century and 1 month by the end of the century 

for the high latitude subregion. With only two full decades of ocean color observations, our 

confidence in these shifts indicating a long-term trend is obviously very constrained. Several more 

decades of data are surely needed to translate a two-decade shift into a multidecadal trend. 

The median bloom onset date in the low latitude subregion developed approximately 3 

days earlier in decade-2 relative to decade-1 (Figure 5). The trend of wind speed in the low latitude 

subregion shows a decrease over this same time period (Figure 6). A decrease in wind-induced 

mixing in this region has been found to limit total seasonal chlorophyll concentrations [Dutkiewicz 

al., 2001]. Modest seasonal phytoplankton increases in this region begin in a nutrient-limited state 

at the end of summer. They are initiated in fall with the initial breakdown of thermal stratification 

and a deepening mixed layer that replenishes nutrients into the euphotic zone [Yoder et al., 1993; 

Michaels, 1996]. Ueyama & Monger (2005) found that years with weaker wind-mixing 

corresponded to years of early bloom onset in the subtropical North Atlantic, which is consistent 

with my results. An additional factor that would influence bloom timing in this region is the 

observed deepening trend in mixed layer depth in the North Atlantic influenced by sea surface 

temperature, winds and advection [Carton et al., 2008]. This multi-decadal trend would influence 

how long it takes the mixed layer to deepen or shoal and impact nutrient availability within the 

mixed layer. If the observed decadal shifts continue into future decades, blooms will develop an 

estimated 10 days earlier by mid-century and almost 3 weeks by the end of the century. This 

observed shift should warrant future examination as ocean color satellite data continues to be 

collected in the coming decades. 

Determining bloom termination dates can be challenging. It is often the case that blooms 

begin abruptly and the trail off more gradually making a precise termination date more difficult to 
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accurately identify through timeseries analysis. This is exhibited in the frequency distribution plots 

(Figures 3 & 4). The range of termination dates for both the high and low latitude regions are 

considerable wider relative to the range of bloom onset dates. A wider range in termination dates 

for decade-2 relative to decade-1 in the high latitude subregion (Figure 3) and a narrower range in 

termination dates for decade-2 relative to decade-1 in the low latitude subregion (Figure 4) was 

observed. A possible explanation for this observation might be the increase of extreme wind events 

in decade-2 relative to decade-1 in the high latitude subregion and a decrease in those events in 

the low latitude subregion. In addition to the multidecadal shift in average wind speed, there was 

also a shift observed in the frequency of extreme wind events across the North Atlantic [Young & 

Ribal, 2019].  

In the high latitude subregion, the median bloom termination date decreased by 1.5 days 

(Figure 5). This would translate into a 4.5-day delay by mid-century and almost a 2-week delay by 

the end of the century. There was no shift observed in the median bloom termination date for the 

low latitude subregion (Figure 5). The confidence interval of median bloom termination shifts 

between decades for both subregions included zero, indicating that there may not have been a true 

shift in bloom termination median values. Despite the lack of significant shift in absolute 

termination date, the shift between decades in bloom termination abruptness should be further 

studied. 

The median bloom duration declined by about 4 days between the two decades in the high 

latitude subregion (Figure 5). If this observed shift for the high latitude subregion were to hold for 

the coming decades, it would translate to a decrease in bloom duration of nearly 2 weeks by mid-

century and 1 month by the end of century. There was an overall increase in bloom duration by 

about 3 days in the low latitude subregion (Figure 5). This would translate into about a 2-week 
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increase in bloom duration by mid-century and a 1-month increase by the end of the century. Total 

shifts in bloom duration can have major implications for ocean carbon uptake, making this shift 

an important potential trend to monitor in the coming decades. 

Shifts in the NAO have been found to influence key factors that regulate marine 

ecosystems, such as surface air temperature, winds, storminess and precipitation [Hurrell & 

Deser, 2010]. Some studies have related changes in bloom dynamics in the North Atlantic to 

NAO variability [Ueyama & Monger, 2005; Henson et al., 2009]. It is conceivable that the 

observations of this study are strongly influenced by natural NAO variability. Both decades have 

a positive NAO mean index value, which is aligned with the NAO phase for increased winds 

(Figure 7). However, both decadal means in NAO index are not dramatically different from each 

other. Furthermore, the multidecadal trend in wind speed observed [Young & Ribal, 2019] was a 

global trend and likely a consequence of global-scale climactic shifts, potentially a signal from 

global warming. As a result, a shift in NAO phase alone cannot explain the shifts in decadal 

wind speeds and the resulting shifts in bloom timing. 

It is important to note that especially at these long timescales, numerous factors have the 

potential to influence bloom variability. For example, if increased freshening of the surface waters 

in the subpolar North Atlantic continue, the added surface buoyancy flux could offset increased 

vertical mixing by stronger wind speeds [Oltmanns et al., 2020]. Shifts in surface salinity also have 

the potential to influence the Atlantic Meridional Overturning Circulation pattern, impacting 

nutrient and heat transport to higher latitudes. A reduction in air–sea and heat fluxes [Taylor & 

Ferrari, 2011; Cole et al., 2015] has been found to drive changes in mixed layer turbulent mixing 

and subsequently bloom timing.  Mixed-layer eddy dynamics [Lacour et al., 2017] have been found 

to trigger blooms throughout the year when nutrients are injected into the surface waters or local 
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mixed layer depth changes. Various biological influences [Martinez et al., 2011; Sundby et al., 

2016] can impact bloom timing since zooplankton predation stress has been found to influence 

phytoplankton abundance. Regardless of the relative influence the variety of factors have on bloom 

timing, the findings here are consistent with the expectations of how a decadal-scale wind-driven 

mixing trend would impact decadal-scale shifts in bloom timing in the North Atlantic.  
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7. CONCLUSION 

Seasonal shifts in phytoplankton activity play a major role in the ocean’s uptake of carbon 

from the atmosphere. Roughly one third of the carbon emitted through anthropogenic activity has 

been absorbed by the world’s oceans, largely from the photosynthesis of phytoplankton [Sabine et 

al., 2004]. The North Atlantic is home to some of the most extreme seasonal variation in 

phytoplankton activity, making it an important region of the global ocean to understand possible 

shifts over longer timescales. In order to develop a more accurate model for ocean carbon transport, 

profiling floats have been used to quantify this carbon flux [Estapa et al., 2019]. Incorporating the 

findings here derived from satellite data should further aid in global carbon cycling and ocean 

ecosystem models by predicting how wind-induced mixing will impact bloom timing (and 

phytoplankton abundance) on longer timescales. 

Since phytoplankton play a key role as primary producers in ocean ecosystems, the decadal 

shifts observed in this study bloom timing variability could have cascading environmental impacts. 

The shifts observed in bloom timing for both the high and low latitude subregions have the 

potential to impact long-term phytoplankton dynamics, which regulate ecosystem health [Tett et 

al., 2008]. The observed shifts in overall bloom duration over the North Atlantic, especially of the 

large magnitude blooms in the high latitude subregion, could impact the total ocean uptake of 

carbon. 

It is important to note that the differences of bloom onset date, termination date, and 

duration observed between the two decades provides an initial insight into longer time-scale 

changes. Since the satellite data used in this study spans 22 years, the differences observed are a 

provisional indication of an interdecadal trend. Conclusively distinguishing a multi-decadal trend 

from interdecadal variability will require additional satellite data collection. At this point, to the 
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extent that wind speed continues on its observed multi-decadal trend, it is reasonable to expect the 

shifts on bloom timing will continue.  
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Fig. 1. Cumulative average bloom start date, bloom end date and bloom duration for (A) 
decade 1 (1998 – 2009) and (B) decade 2 (2010 – 2020). White boxes denote the two 
subregions of the North Atlantic, the higher latitude subregion and the lower latitude 
subregion. 
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High Latitudes Low Latitudes

Regional Median
Bootstrap Median 

Range
Regional Median

Bootstrap Median 
Range

Start Date 
Difference

4.4 days [1.8 days, 6.2 days] - 2.9 days [- 4.4 days, - 2.2 days]

End Date 
Difference - 1.5 days [- 3.1 days, 0.2 days] 0 days [- 1.8 days, 2.2 days]

Duration 
Difference - 3.6 days [- 6.2 days, - 1.4 days] 3.6 days [2.3 days, 4.3 days]

Table 1. Summary of decadal bloom parameter shifts for both the high and low latitude 
subregions. The table includes the regional median pixel value that was determined from the 
difference images (Figure 5) and the total range, or confidence interval, of median values 
determined from the bootstrapping analysis. 
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Fig. 6. Decadal difference in average wind speed. White boxes represent the two North 
Atlantic subregions for high latitudes and low latitudes.  
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Decade-1 Mean = 0.54 Decade-2 Mean = 0.96

Fig. 7. Wintertime (DJF) NAO Index over the time period 1998 – 2020. Red bars are used for 
positive phase years and blue bars are used for negative phase years. Green horizontal lines 
indicate the average value over the first and second half of the time period. 
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