
1. Introduction
At temperate latitudes, the onset of the spring phytoplankton bloom is considered light limited, only occurring 
once cells are contained in the sunlit euphotic zone for prolonged periods. The vertical distribution of phytoplank-
ton is controlled by the depth of the mixed layer (MLD), such that exponential phytoplankton growth is hypoth-
esized to occur once the MLD shoals above a critical depth whereby phytoplankton growth from photosynthesis 
exceeds net losses from respiration (the Critical Depth Hypothesis; Sverdrup, 1953). This criterion is often met 
following the onset of seasonal stratification, as this traps phytoplankton near the surface, and is thus considered 
a precursor to the initiation of the spring phytoplankton bloom.

While some studies still support the Critical Depth Hypothesis (Chiswell,  2011; Siegal et  al.,  2002), phyto-
plankton growth observed during the winter months (Behrenfeld,  2010; Boss & Behrenfeld,  2010; Taylor & 
Ferrari,  2011) casts doubt on the theory's validity. Observations further show that the spring bloom can be 
initiated before the mixed layer has shoaled above the critical depth (Behrenfeld, 2010; Körtzinger et al., 2008; 

Abstract The Northwest European Shelf is positioned directly beneath the North Atlantic Storm Track, 
within which the frequency and intensity of transient storms are modulated by large-scale climatic oscillations. 
In temperate shelf seas, the impact of storms on the physical environment has received considerable attention, 
but the effect on biogeochemistry is less studied. Here, we use output from a multidecadal (1982–2015) coupled 
physical-biogeochemical model supported by observations from ocean gliders to investigate phytoplankton 
growth throughout the winter-spring transition. We define two separate phytoplankton growth events: the 
spring bloom, defined as the exponential growth following seasonal stratification, and the prebloom, occurring 
before stratification, and accounting for up to 22% of the total spring growth. Our results support the paradigm 
that light is a first-order control, with the spring bloom initiating up to 22 days after stratification onset should 
light levels be too low to trigger the bloom. The prebloom is heavily influenced by the phase of the Atlantic 
Multidecadal Oscillation (AMO), demonstrated by an acceleration in the rate of increase of total chlorophyll 
concentrations (±90% confidence limit) from 7.6 ± 2.8 mg m −2 d −1 (during a positive AMO) to 13.1 ± 4.3 mg 
m −2 d −1 (negative AMO), due to modulation of periods of ephemeral stratification that occur between 
successive storms. We propose that phytoplankton growth in prebloom events might help buffer the lag between 
phytoplankton supply and larval recruitment, particularly during years when the spring bloom is delayed.

Plain Language Summary In temperate shelf seas, the seasonal onset of stratification is usually 
considered the precursor for the spring phytoplankton bloom: an exponential growth of algae that is of key 
biological importance to fish stocks. Seasonal stratification, whereby the water column becomes layered with 
warmer water on top of colder water, is initiated by more heat going into the ocean toward spring. Increasing 
winds, due to passing storms, delay the onset of stratification due to increased mixing. Changes in water 
temperatures and atmospheric pressure across the North Atlantic change the frequency and intensity of storms 
across Northwest Europe and influence stratification onset. Using a model that incorporates both physics and 
biology, we investigated how changing storm patterns from 1982 to 2015 influenced phytoplankton variability 
during the winter-spring transition. Our results show that the spring bloom is limited by light, and can occur 
3 weeks after stratification should light be insufficient for growth. Furthermore, we show that short-lived 
stratification events throughout the winter period provide high-light oases for phytoplankton growth. These 
“preblooms,” which occur before the onset of stratification, can contribute to over one fifth of the total spring 
phytoplankton growth and challenges the perception that winter is a biologically unproductive season.
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Townsend et al., 1992). Alternative drivers to explain this net pre-stratification phytoplankton growth have been 
explored, including the recoupling-dilation hypothesis (Behrenfeld, 2010), the shutdown of convective mixing 
(Taylor & Ferrari, 2011), the shutdown of turbulent controls (Huisman et al., 1999), and local decreases in wind 
stress (Chiswell, 2011; Chiswell et al., 2013).

On the Northwest European Shelf (NWES), the current paradigm is that the onset of thermal stratification is 
exclusively dominated by the balance of thermal inputs to wind and tidal stresses (Pingree et al., 1976; Simpson 
& Hunter, 1974). Storm activity can directly delay the onset of seasonal stratification, and thus the spring bloom 
initiation, through increased wind stress that homogenizes the water column (Sharples et al., 2006).

The frequency and intensity of storms are modulated by large-scale climate oscillations, such as the Atlantic 
Multidecadal Oscillation (AMO), which is a mode of natural variability in the North Atlantic (0°–80°N). With 
an estimated period of ∼60–80 years (Alexander et al., 2014; Delworth et al., 2007; Schlesinger & Ramanku-
tty, 1994), the AMO is defined as the temperature anomaly in the North Atlantic and was primarily in a negative 
(colder) phase from the 1960s until transitioning to the current positive (warmer) phase from the late-1990s (see 
Figure 1). Another relevant climatic mode is the North Atlantic Oscillation (NAO): a highly variable mode of 
meteorological variability defined as the difference between the Azores and Icelandic pressure systems (Cohen 
et al., 2014; Li et al., 2013). The NAO is relatively unstable, exhibiting both intra-annual and decadal variability 
(Visbeck et al., 2001); however, D'Aleo and Easterbrook (2016) note that an inverse relationship exists between 
the AMO and NAO at decadal timescales due to ocean-atmosphere interconnectivities. This is emphasized by the 
NAO exhibiting a more frequently positive phase from 1965 to 1995 (Marshall et al., 2001; Visbeck et al., 2001), 
followed by a predominantly negative phase since the mid-1990s (Cohen et al., 2014; Li et al., 2013).

The combination of the two climate oscillations directly influences the frequency and intensity of storms tran-
sitioning across NW Europe (Figure 2). During positive AMO phases, and thus predominantly negative NAO 
phases, the increased likelihood of explosive cyclones (Gómara et al., 2012), interspersed with periods of mete-
orological quiescence due to atmospheric blocking (Häkkinen et al., 2011), has the potential to increase the inter-
annual variability of stratification onset through the formation and destruction of stratification events. Only when 
mixing from successive storms is insufficient to outcompete the positive buoyancy effects from thermal inputs, 
will seasonal stratification be initiated and subsequently maintained.

The effect of this climatic control on the timing of the spring bloom remains uncertain. It has been postulated 
that an increase in storminess might induce a delayed spring bloom response, as increased wind mixing would 
rapidly transport phytoplankton out of the euphotic zone and limit light availability (Collins et al., 2009; Henson 
et al., 2006; Sharples et al., 2006; Townsend et al., 1994). However, as both the frequency and intensity of passing 
storms change with the phase of large-scale climate oscillations (see Figure 2), the effect this has on late winter/
early spring phytoplankton phenology remains unknown.

Figure 1. The winter (DJF) Atlantic Multidecadal Oscillation (AMO), as shown by the sea surface temperature anomaly (°C) from 1900 to 2015. The black box, from 
1982 to 2015, indicates the time period of the NEMO-ERSEM model data, with the shaded boxes defining the negative (blue) and positive (red) AMO phases, and the 
transition year (1997). AMO data is the long, unsmoothed series downloaded from https://psl.noaa.gov/data/timeseries/AMO/.
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To explore the influence of large-scale climatic oscillations on phytoplankton phenology across the winter-spring 
transition, we quantified the importance of meteorological events on the timing, magnitude, and composition 
of phytoplankton in the western Celtic Sea, on the NWES. We tied these results to glider observations to lend 
confidence in our conclusions. Using output from a shelf-sea coupled model, we investigated the effect of these 
storm systems on the variability of the phytoplankton growing season throughout the winter-spring transition. 
We further explored the contrasting physical controls that governed phytoplankton variability across the winter-
spring, and related them to contrasting phases of the AMO.

2. Materials and Methods
2.1. Model Description

The Nucleus for European Modeling of the Ocean (NEMO) is a model framework that incorporates both ocean 
dynamics and thermodynamics (Madec,  2015) and was developed from the Océan PArallélisé (OPA) model 
described by Madec et al. (1997). This was then adapted for use in a shelf sea environment (O’Dea et al., 2012) 
and on the 7 km Atlantic Margin Model (AMM7; O’Dea et al., 2017) domain before being coupled to the bioge-
ochemical European Regional Sea Ecosystem Model (ERSEM; Butenschön et al., 2016). Details of coupling 
NEMO to ERSEM can be found in Edwards et al. (2012).

The model domain of AMM7 (Figure 3a) covers the NWES and part of the Eastern Atlantic (20°W, 40°N to 13°E, 
65°N). Resolution varies from 9.4 to 5.2 km, resulting in a mean resolution of 7.4 km, and while the resolution 
is unable to capture the internal Rossby radius (4 km; Holt & Proctor, 2008), this is deemed a justifiable compro-
mise considering the large computer resources needed to run a higher resolution model from 1982 to 2015.

Bathymetry is a combination of GEBCO 1 arcmin data and local data sourced from other partners of the North-
west European Shelf Operational Oceanographic System (NOOS). Following the vertical stretching routines 

Figure 2. Schematics detailing the changes of the North Atlantic Storm track, summarized from the main text, with (a) a negative (positive) AMO (NAO) from 1982 
to 1996, and (b) a positive (negative) AMO (NAO) from 1998 to 2015. The table in the lower plots summarizes the key changes in storm track characteristics over 
Northern Europe. The colored sections represent the bathymetry of the continental shelf seas, defined as <200 m deep. Red crosses on the jet stream are indicative of 
storms; larger crosses are more energetic storms.
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of Siddorn and Furner  (2013), there are 51 vertical levels that use terrain-following z-σ coordinates (O’Dea 
et al., 2017). Crucially, vertical levels are uniform near the ocean surface across the whole model domain, allow-
ing for more consistent ocean-air exchanges. River forcing data was sourced from a climatological annual cycle 
of freshwater discharge, at daily frequency, from the Global River Discharge Database (Vörösmarty et al., 2000). 
Meteorological and atmospheric forcing data were sourced from ERA-Interim (Dee et al., 2011) and initial condi-
tions and boundary forcing were sourced from the 1/4° ORCA025 hindcast of GO5.0 (Megann et al., 2014). 
More details of GO5.0's initialization can be found in Ingleby and Huddleson (2007). A full review of the sensi-
tivity tests and validations with observations and previous models (e.g., POLCOMS) can be found in O’Dea 
et al. (2017).

ERSEM is able to parameterize the complex physiological processes of planktonic and microbial communities 
within different size classes and functional groups, based on the local stoichiometry and nutrient load of the 
system (Butenschön et al., 2016; Edwards et al., 2012). Four phytoplankton groups are included in the ERSEM, 
including microphytoplankton (>20 μm), nanophytoplankton (2–20 μm), and picophytoplankton (<2 μm). The 
final phytoplankton group is diatoms, as they are the only group able to utilize silicate. A schematic of the path-
ways and full configurations included in ERSEM are discussed in Butenschön (2016).

2.2. Model Validation

A full sensitivity review and physical validation of the model can be found in Luneva et al. (2019), where biases 
between the model setup and observations were <0.05°C at the surface and <−0.1°C across the whole model 
domain. Pycnocline depth exhibited a bias of 5 m deeper for the model compared to observations. For the simu-
lations, Luneva et al. (2019) found that the model skill was very high and satisfactory for SST and pycnocline 
depth, respectively.

Figure 3. (a) The complete AMM7 domain, with the bathymetry (NOOS) of the shelf and deep ocean (colored) shown (also note the Mediterranean is not included 
in the AMM7). The red boxes indicate the bounds of Figure 3b (solid box) and the bounds of the shelf for the stratification analysis in Figure 10); (b) Location of the 
glider track, in relation to the Northwest European Shelf, from March 1, 2015 to April 2, 2015 and consists of two glider tracks: one from March 1 to 22 (blue track) 
and another glider that ran from March 22 to April 2 (red and black track). The red section of the black track corresponds to a stratification event observed by the glider, 
from March 25 and 29, and the locations for the Central Celtic Sea (CCS) and the shelf break site (CS2) are also labeled. The gray cross indicates the chosen location 
for model data analysis and the red arrows indicate the direction of travel. Also included is the 200m isobath (GEBCO, 2014).
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To validate the model for our specific area of interest, we used observational data collected from ocean glider 
deployments in the Celtic Sea during March 2015 (Jardine et al., 2022), as part of the Shelf Sea Biogeochemistry 
project (www.uk-ssb.org). The gliders covered a transect of up to 150 km between the Central Celtic Sea (CCS) 
site and the shelf break (CS2) at a sampling rate of 1 Hz (Figure 3b). The high spatial and temporal resolution 
of the glider data allowed a qualitative comparison between the onset date of stratification, winter chlorophyll 
concentrations and the timing of the spring phytoplankton bloom. Glider temperature and salinity profiles from 
March 25 to 28, 2015 were used to validate the simulated stratification onset in the model, represented by the red 
part of the transect in Figure 3b, with the model profiles at the closest location to the glider at each model time 
stamp (see Section 3.1). Further validation of predicted chlorophyll was provided during April and May 2015 
(which included the peak of the spring bloom), when the magnitude of depth-integrated modeled chlorophyll 
concentrations was comparable to bottled samples collected on nearby process cruises (Poulton et al., 2019).

2.3. Defining the Onset of Stratification, Prebloom, and Spring Bloom

The potential energy anomaly, ϕ (J m −3; Simpson & Bowers,  1981), representing the amount of mechanical 
energy needed to vertically mix the water column between the sea surface and the seabed, provides a measure of 
stratification in shelf seas. The strength of stratification can be measured by ϕ, with a well-mixed water column 
having ϕ equal to 0 and increasing positive ϕ representing increasing stratification. Negative ϕ in the model 
indicates static instability, which is very rapidly mixed (see Holt & Umlauf, 2008). Homogeneous water columns 
have small positive values of ϕ and as such, the onset of seasonal stratification in the model was therefore defined 
as the last date before summer when ϕ < 2 J m −3.

Modeled chlorophyll concentrations were analyzed according to the onset of the prebloom and spring bloom. 
The onset of the phytoplankton prebloom period was defined as when the rate of increase in surface (0–10 m) 
chlorophyll concentrations first exceeded 0.01 mg m −2 d −1, and was used to identify the start of gradual phyto-
plankton growth following the unproductive winter period and lasted until the initiation of the spring bloom. 
The onset of the spring bloom was defined as the first date when the rate of increase in surface (0–10 m depth) 
chlorophyll concentrations exceeded 0.15 mg m −2 d −1 consistently for 5 days and was used to identify the expo-
nential increase in phytoplankton biomass that is characteristic of the spring bloom. This definition is bespoke 
to this study, as we defined the spring bloom as only occurring after the onset of seasonal stratification, with any 
phytoplankton growth before this being defined as the prebloom (see Section 3.2). Other available definitions for 
the onset of the spring bloom, such as those suggested by Siegal et al. (2002), do not seek to distinguish between 
these two periods of phytoplankton growth, and so were not considered for this study.

To assess the climatological explaining factor for the phytoplankton prebloom and spring bloom periods, the 
AMO was used as the main climatological driver of winter-spring phytoplankton phenology because it is a more 
stable indicator compared to the NAO. The negative (or cooler) AMO phase occurs from 1982 to 1996, with the 
positive (or warmer) AMO phase from 1998 to 2015 (Figure 1). Stratification was anomalously early in 1997 
(February 26) compared to 34-year average (April 4) and 1997 was thus was excluded from the AMO phase anal-
ysis. However, we still used 1997 as a case study year to investigate the timing of the spring bloom in relation to 
an anomalously early onset of stratification (see Section 3.2).

3. Results
3.1. Model Validation

The model adequately replicated the spatiotemporal variations in both the temperature and salinity depth-meaned 
anomalies. Temperature anomalies were represented well in the model (Figures 4a and 4b), with consistent maxi-
mum and minimum values, yet some of the more subtle switches in positive and negative surface temperature 
anomalies were not captured, possibly due to the 3-hourly resolution of the meteorological forcing.

For salinity (Figures 4c and 4d), the model captured the initial surface decrease in salinity anomalies, accurately 
mixing it to a similar depth recorded in the glider data, around 65 m, with alternating positive and negative 
salinity anomalies well represented throughout the time period. There was only a 3-hr offset between the initial 
decrease in surface salinity on March 25, 2015, likely from discrepancies between the modeled and observed 
precipitation timing (e.g., ERA-I data has a 3-hr frequency) or the spatial resolution of the model grid. We can be 

http://www.uk-ssb.org
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confident that both the timing of stratification and smaller-scale variations close to the sea surface, resulted from 
episodic meteorological events and were adequately replicated in the model. While there was good agreement in 
the patterns, salinity anomalies in the model were typically two times lower than those observed by the glider.

Chlorophyll concentrations from the glider (determined by chlorophyll fluorescence) and the model were 
compared in Figure 5. The vertical and spatiotemporal distribution of chlorophyll concentrations were replicated 
in the model, such as on March 28, where surface chlorophyll concentrations were gradually mixed to a depth of 
100 m. Before the onset of stratification, observations were limited with data gaps from March 11 to 20, 2015, 
due to technical failures in the glider (i.e., gray gaps in Figure 5a), yet a relative increase in chlorophyll concen-
trations at depth, from March 10 to 22, was captured in both observations and model data. Despite the lack of 
glider data, enhanced surface chlorophyll was likely redistributed throughout the water-column, following the 
erosion of ephemeral stratification events that formed between March 8 and 13, 2015. However, there was a clear 
disparity in the bottom mixed layer between March 26 and 28, where more chlorophyll was seen at depth in the 
model, likely due to enhanced mixing toward the shelf break. Comparing the modeled chlorophyll concentrations 
to bottled samples, collected on nearby process cruises (Poulton et al., 2019; Figure 6), showed that the maximum 
integrated chlorophyll differed by 23 mg m −2 between model (175 mg m −2) and observations (152 mg m −2), the 
shape of the spring bloom was consistent. However, the timing of the spring bloom occurred 9 days later in the 
model compared to observations (Poulton et al., 2019).

Figure 4. Comparisons of glider (a) temperature and; (b) salinity anomalies to NEMO (c) temperature and; (d) salinity anomalies at the closest location to the glider, 
from March 22 to 29, 2015 (covering the initial onset of seasonal stratification). Note the differences in scale between the temperature and salinity plots, as due to 
discrepancies between the data, it was necessary to plot the salinity anomaly for the model and glider data on slightly different color axes.
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3.2. Spatial Phytoplankton Variability

Phytoplankton patchiness (e.g., Martin, 2003) was reproduced in the model (e.g., see Figure 7). Daily depth-inte-
grated chlorophyll concentrations for the shelf break (SB), the inner shelf (CCS) and two mid-point locations (as 
shown in Figure 7), named X1 and X2 and located 52 and 66 km from the shelf break, respectively, are shown in 
Figure 8. Despite the distance between the shelf break and CCS model points (125 km), there was little variation 
in the timing of the spring bloom. Instead, there was a 4.5-day offset in bloom initiation at X1 and X2 compared to 
the model output for CCS (Figure 8) and could explain the disparity between modeled and observed chlorophyll 
observations in Figure 6. While the timing of the spring bloom initiation at X1 and X2 differed by only 7 hr, there 
were differences in the evolution of their respective spring blooms, as shown by the chlorophyll concentrations. 
The magnitude of chlorophyll concentrations was similar at X1 and X2 on April 21, but diverged to a maximum 
difference of 47 mg m −2 by May 3, despite being relatively close (14 km). Chlorophyll concentrations at X1, X2, 
and the CCS site converged and stabilized from May 23, 2015, suggesting a spatial homogenization of phyto-
plankton across the region.

Figure 5. (a) Chlorophyll fluorescence measured from the glider; and (b) chlorophyll concentrations from the AMM7 
NEMO-ERSEM model at the closest location to the glider. The gray gaps at the bottom of the figures indicate missing data 
due to the seabed, while the vertical gray gaps represent missing data due to technical failures in the glider.

Figure 6. Comparison of the depth-integrated total chlorophyll concentrations (mg m −2) from the AMM7 NEMO-ERSEM model at the CCS site (blue line), with 
observed depth-integrated chlorophyll concentrations (mg m −2), measured at CCS throughout 2015 (black line; Poulton et al., 2019). The gray line/circles are the CCS 
observations shifted later by 9 days, to coincide with the peak spring bloom simulated in the model.
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While the model was unable to capture the exact timing of the spring bloom, it did capture the physical precon-
ditioning and the evolution of the bloom itself. Thus the model was used to explore the interannual variability in 
bloom formation and relative timing rather than the exact date of the onset. So, while this study does not investi-
gate the exact date of bloom initiation, the model was suitably used to investigate the interannual variability in the 
relative timing of the spring bloom. To remove the impact of spatial inhomogeneity of the system, analysis of the 
model data focused on a single location (49°N, −9°E; shown by the gray cross in Figure 3b), that corresponded 
to the onset of seasonal stratification observed by the glider on March 25, 2015, and was also away from the shelf 
break to capture the reaction of a typical on-shelf environment to hydro-climatic forcing.

3.3. Winter-Spring Phytoplankton Variability

Analysis of the model results demonstrated that the mean spring bloom initiation occurred 7 days earlier during 
positive AMO periods compared to negative AMO periods (statistically significant at 90% confidence; Figure 9a). 
As seasonal stratification is often considered a precursor for spring bloom initiation in temperate shelf seas (e.g., 
Franks, 2015; Pingree et al., 1976; Sharples et al., 2006, 2013), we compared the onset of seasonal stratification 
across the whole Celtic Sea region (Figure 10). This demonstrated a 9.2-day shift to earlier seasonal stratification 
onset between negative and positive AMO phases. While exploring the biogeochemical response across the entire 
shelf is outside the scope of this work, the strong positive correlation between the onset of seasonal stratification 
and the initiation of the spring bloom (R = 0.85 and p ≤ 0.0001) in Figure 9c demonstrates that the discussed 

Figure 7. Example plots of depth-integrated chlorophyll concentrations from the NEMO-ERSEM model, demonstrating the degree of phytoplankton patchiness. Note 
the scales are different for each plot. The white crosses are the locations of the four virtual moorings, as discussed in the main text and in Figure 8, and labeled (from 
bottom left to top right) as follows: SB (shelf break), X1, X2, and CCS (Central Celtic Sea).
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biogeochemical responses to stratification are still applicable across much of the outer shelf region of the Celtic 
Sea.

Further analysis revealed a time lag between the onset of seasonal stratification and the initiation of the spring 
bloom during both positive and negative AMO phases (dotted line in Figure 9c). For example, the earliest strat-
ification onset occurred on February 26, 1997, with the spring bloom initiating 22 days later, and contrasted to 
an immediate spring bloom initiation following a much later seasonal stratification onset date of April 30, 2012.

Out of the 34 years, 47% of the prebloom periods occurred after the onset of seasonal stratification (Figures 9b 
and 9d, green dots), implying slow development of the spring bloom, and further displayed a strong correlation to 
the onset of seasonal stratification (R = 0.97; p ≤ 0.0001). However, the remaining 18 preblooms occurred before 
the onset of seasonal stratification (Figure 9d, blue dots, R = 0.41; p = 0.09). As they occur before the onset of 
seasonal stratification, only these 18 prebloom periods will be included in further analysis.

Prebloom duration was 6.8  days longer during positive AMO periods compared to negative AMO periods 
(Figure  11a). The rate of increase in total depth-integrated chlorophyll concentrations within the prebloom 
period, normalized relative to the length of the prebloom (in days), exhibited a statistically significant (at 90% 
confidence) increase between negative and positive AMO phases (Figure 11b) from 7.6 ± 2.8 to 13.1 ± 4.3 mg 
m −2 d −1.

3.4. Case Study: Early Seasonal Stratification, 1997

From February 20 to 25, 1997, a low-pressure system caused windspeeds of between 13.9 and 18.1 ms −1 that 
would have promoted the mixing of the upper water column, inhibiting the formation of stratification (Figure 12). 
Stratification ultimately occurred on February 26, 1997; however, a lag was observed between the onset of strat-
ification (represented by ϕ) with the initiation of the spring bloom. Initial phytoplankton growth did not occur 
until March 10, 1997, with the spring bloom occurring on March 20, 1997, 22 days after the onset of seasonal 
stratification. As stratification is already present, phytoplankton cells would be contained in the upper water 
column, suggesting that light-limited phytoplankton growth.

Figure 8. (a) Depth-integrated chlorophyll concentrations (mg m −2) from the AMM7 NEMO-ERSEM model during 2015, at 
four different locations: the shelf break (SB; blue), the inner shelf (CCS; red) and two mid-point locations located 52 km (X1; 
green) and 66 km (X2; black) from the shelf break; and (b) the black line shows the difference in chlorophyll concentrations 
between the X1 and X2 sites.
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Figure 9. (a) Year day for the onset of the spring bloom (black line) from 1982 to 2015. The mean spring bloom onset (solid colored lines) and the 90% confidence 
limits (dashed colored lines) are labeled for the negative AMO period (blue) and the positive AMO period (red); (b) Year day for the onset of seasonal stratification 
(gray dashed line) from 1982 to 2015, as well as the onset days for the prebloom (solid line). The preblooms that initiate before the onset of seasonal stratification are 
shaded blue, and those that occur after are shaded green; (c) Onset day of seasonal stratification compared to the onset date of the spring bloom (black dots). The dotted 
lines are a linear regression (black), as well as a 1 to 1 line for reference (gray); (d) The onset day of seasonal stratification compared to the onset date of the spring 
bloom (black dots) and prebloom (colored dots). The dotted lines are a linear regression of the black and green dots (black), as well as a 1 to 1 line for reference (gray). 
The colored dots for the preblooms initiations are labeled as those that initiated before (blue) and after (green) the onset of seasonal stratification.
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Total surface photosynthetically active radiation, PAR (sourced from ERA-Interim; Dee et al., 2011) from Janu-
ary to March 1997 was the lowest throughout the 34-year study period (Figure 13). This variation in light was due 
to an average of 74% cloud cover in February 1997 and 70% in March 1997 (Figure 13c). In contrast, there was 
higher cloud cover in February 1986 (91%) and February 2012 (86%), but stratification occurred 2 months later, 
on April 21, 1986 and April 30, 2012, respectively, when the seasonal increase in light and reduced cloud cover 
produced favorable conditions for phytoplankton growth.

Figure 10. Seasonal stratification onset date in the AMM7 model for the whole of the Celtic Sea shelf for (a) negative AMO; and (b) positive AMO period. The white 
spaces are indicative of a water depth of >200 m (to distinguish the shelf region) or where the start dates are outside of 75 or 110 (to remove the influence of well-
mixed coastal regions). The gray regions are land points in the model.

Figure 11. (a) The length of the prebloom period in number of days (black crosses), and (b) the depth-integrated chlorophyll concentration (mg m −2) from AMM7 
NEMO-ERSEM, normalized to the length of the prebloom (in days). In both (a) and (b), the mean (solid lines) and the 90% confidence limits (dashed lines) have been 
included for the negative (blue) and positive (red) AMO phases.
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3.5. Case Study: Delayed Seasonal Stratification, 2012

The physical drivers of the prebloom events can be further explored by considering 2012 as a case study. In direct 
contrast to 1997, 2012 experienced the latest stratification onset out of the 34-year study period (see Figure 9b), 
occurring on April 30, 2012. Furthermore, a period of ephemeral stratification occurred between March 19 and 
April 5 that coincided with a prebloom phytoplankton growth event (Figure 14). This stratification was later 
broken up by a series of storms with wind speeds of up to 20 ms −1. Seasonal stratification ultimately occurred on 
April 30, 2012 as wind speeds decreased to 8.6 ms −1.

The 2012 prebloom event was the largest out of the 34-year study period and accounted for 17% of the total 
prebloom chlorophyll concentrations, and 22% of the entire 2012 spring phytoplankton growing season. The 
2012 prebloom was initiated on March 25, 2012 and coincided with an increase in ϕ from 3.5 to 23.3 J m −3 over 
8 days. Chlorophyll concentrations further increased from 24 to 84 mg m −2, despite water column homogeniza-
tion, over the 30 days before the onset of seasonal stratification.

In direct contrast to 1997, total PAR levels from January to March 2012 were in excess of the standard deviation 
from the mean (Figure 13a). Furthermore, average cloud coverage reduced from 86% in February to 56% in 
March (Figure 13c), the lowest March cloud coverage in this study.

4. Discussion
Models predict an earlier onset of seasonal stratification on the NWES in the future (Holt et al., 2010; Sharples 
et al., 2013), implying an earlier initiation of the spring bloom. However, the multidecadal analysis here shows 
that this may not be the case and suggests decoupling between the onset of seasonal stratification and the onset of 

Figure 12. (a) Potential energy anomaly (ϕ, J m −3) from February to May 1997 (black line), including ϕ on a log scale (gray 
line); (b) the depth-integrated chlorophyll concentration (mg m −2) with the initial and exponential phytoplankton growth 
indicated by the vertical green dashed lines; (c) the 10 m wind speed (ms −1, blue) and surface air pressure (Pa, red), with 
the red dashed line indicating standard sea level pressure (as defined by the Met Office). In all plots, the onset of seasonal 
stratification is labeled by the vertical dashed black lines. Source of meteorological data: ERA-Interim (Dee et al., 2011).
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spring phytoplankton growth. These results are consistent with mesocosm experiments by Sommer and Lengfell-
ner (2008), who found that light was more critical than temperature for spring bloom initiation.

Independent studies by Weisse et al. (2005) and Krueger et al. (2019) indicate increased storminess across the 
northeast Atlantic from the 1960s to the 1990s, with the annual averaged 99th percentile of geostrophic wind 
speed (1870–2016) increasing from −0.5 in 1960 to 1.98 in 1990, before decreasing to −1.7 in 2010 (Kreuger 
et al., 2019). During the negative AMO phase from 1982 to 1996, a higher frequency of storms, as noted by 
Weisse et al. (2005) and Krueger et al. (2019), acted to mix the water column and was characteristic of winter shelf 
sea conditions. By contrast, after 1995 during the positive AMO phase, a lower number of cyclones combined 
with atmospheric blocking resulted in periods of ephemeral stratification that promoted localized phytoplankton 
growth, occurring before the onset of seasonal stratification.

Phytoplankton growth can occur within these winter/spring prebloom periods if light is sufficient. Lower levels 
of PAR, modulated by cloud cover, can delay phytoplankton growth. For example, we postulate that the anoma-
lously late spring bloom initiation, related to the onset of seasonal stratification, in 1997 was due to an unfavora-
ble light environment for phytoplankton growth, despite the anomalously early onset of stratification on February 

Figure 13. (a) The total January–March photosynthetically active radiation (PAR; J m −2) from 1982 to 2015, where the green dotted line is the mean, and the gray lines 
are the standard deviations from the 33-year mean; (b) monthly averaged PAR for January, February, and March for each year between 1982 and 2015 (gray lines); and 
(c) the average fraction of cloud cover for January, February, and March for each year between 1982 and 2015 (gray lines). In (b) and (c), 1997 and 2012 are labeled as 
the blue and red lines, respectively. Data downloaded from ERA-Interim (Dee et al., 2011).
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26, 1997. In contrast, the low cloud cover (56%) during March 2012, combined with stratification events occur-
ring relatively late in the year where incident light was higher, provided a suitable environment for phytoplankton 
growth, resulting in the largest prebloom of the study period. These prebloom phytoplankton populations eventu-
ally formed the seed populations in the spring bloom, once seasonal stratification was established.

Many marine organisms synchronize their spawning cycles with the occurrence of the spring bloom (Cush-
ing, 1974; Platt et al., 2003), ensuring larvae have an ample food source. An increase in spring bloom variability, 
such as observed during positive AMO periods, will likely exacerbate the mismatch between phytoplankton 
abundance and larval production (Cushing, 1974, 1990; Durant et al., 2007). In contrast, longer, more productive 
prebloom periods may act to buffer this mismatch, by promoting sustained phytoplankton growth before the 
spring bloom has been initiated, as long as there are sufficient nutrients supplied.

The cumulative amount of carbon fixed during several short-lived winter stratification events in the North Atlan-
tic, resulting in localized increases in diatom populations, has been postulated to make significant contribution 
to annual carbon export to the deep ocean by downward particle flux and remineralization (Lacour et al., 2017). 
Despite a similar series of ephemeral stratification events, with subsequent localized phytoplankton blooms, the 
carbon export observed by Lacour et al. (2017) is unlikely to occur in shelf seas, given that the water column 
quickly homogenizes after each seasonal stratification period. However, a gradual increase in phytoplankton 
standing stock occurring directly before seasonal stratification, such as occurred in 2012, could still boost carbon 
fixation even before the onset of the spring bloom. While the SSB project concluded that carbon is not exported 
from the Celtic Sea shelf on an annual basis, the consistent seasonal carbon deficit infers an intermittent flux of 
carbon from the shelf into the deep ocean (Sharples et al., 2019), and a boost in phytoplankton growth before 
seasonal stratification may be an overlooked contributor to this carbon sink.

Storm number and intensity, and high-wind events across NW Europe are hypothesized to increase with future 
climate change (Mölter et al., 2016) and could lead to an increased occurrence of prebloom periods before the 

Figure 14. (a) Potential energy anomaly (ϕ, Jm −3) from February to May for 2012 (black line), including ϕ, plotted on a log 
scale (gray line); (b) the depth-integrated chlorophyll concentration (mg m −2) with the onset of the prebloom indicated by the 
vertical green dashed line; and (c) the 10 m wind speed (ms −1, blue) and surface air pressure (Pa, red), with the red dashed 
line indicating standard sea level pressure (as defined by the Met Office); The onset of stratification (vertical black lines) are 
also added. Source of meteorological data: ERA-Interim (Dee et al., 2011).
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onset of seasonal stratification. Increased anthropogenic warming could prolong ephemeral stratification events 
by increasing the net heat flux into the ocean, lengthening the productive prebloom periods that occur before 
the onset of seasonal stratification. Such elevated preblooms would directly feed into the higher trophic levels, 
through the availability of food for larval recruitment, as well as preconditioning the spring bloom community 
succession and enhancing winter-spring carbon fixation (providing there are sufficient nutrients). With marine air 
temperatures around the UK increasing at a rate of 0.2–0.4°C decade −1 (Dye et al., 2013), ephemeral stratification 
events during late winter and early spring could become more frequent in the future, suggesting that the processes 
occurring during the warmer (positive) AMO phase studied here could be considered analogous to future climate 
conditions.

5. Conclusions
Through the use of a coupled hydrodynamics-ecosystem model validated using high-resolution data from an 
ocean glider, we have demonstrated how large-scale climatic oscillations in the North Atlantic directly impact the 
productivity of a temperate shelf sea in winter-spring. We showed that phytoplankton growth, occurring before 
the onset of seasonal stratification, significantly increased from negative to positive AMO periods and this can 
be attributed to the meteorological control of prebloom formation and destruction. This work emphasizes that 
the intrinsic links between ocean-atmosphere coupling are crucial for predicting how ecosystem functioning will 
respond to future anthropogenic warming.
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