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Abstract. The spring bloom is an annual event in temperate regions of the North Atlantic Ocean where the abundance of pho-
tosynthetic plankton increases dramatically. The timing and intensity of the spring bloom is dependent on underlying physical
conditions that control ocean stratification and mixing. Although surface waves can be an important source of turbulent kinetic
energy to the surface mixed layer, they have seldom been considered explicitly in studies of bloom formation. Here, we investi-
gate the role of surface waves in bloom formation using a combination of satellite observations and numerical models. Satellite
observations show a positive correlation between wave activity and chlorophyll concentration in the Northwest European shelf
(May-September). In the deeper Northeast Atlantic, increased wave activity correlates with lower chlorophyll during peri-
ods of high phytoplankton activity (March-May) and higher chlorophyll when activity is low (below 54°N, July-September).
We use a first-of-its-kind, km-scale, two-way coupled ocean-wave model system to investigate both the relationship between
wave-driven mixing and bloom formation, and the sensitivity of model results to the method by which wave-driven mixing
is parameterised. In deep regions, during the spring bloom, a wave-driven mixing event is likely to mix surface chlorophyll
to deeper layers, away from light. In contrast, when phytoplankton activity is low in deep regions, wave-driven mixing can
entrain nutrients, fueling the growth of nutrient starved phytoplankton near the surface. In June to October, in shallow but
weakly stratified regions of the shelf, surface chlorophyll tends to be elevated following a wave-driven mixing event, which
can bring to the surface both phytoplankton and nutrients from deeper layers. When contrasted with ocean-only runs, the two
way-coupled ocean-wave model tends to produce greater vertical mixing and a delay in bloom onset. These results indicate
bloom dynamics are sensitive to the way in which waves are modelled, and that the role of waves in bloom formation should

be considered in future studies.

1 Introduction

The spring bloom is a defining feature of annual marine primary production in temperate waters of the Northeast Atlantic and

adjoining shelf seas. It is characterised by a rapid increase in the abundance of phytoplankton - photosynthetic microorganisms
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that are the ocean’s dominant primary producers. Following winter, the spring bloom provides the first major influx of food
for the rest of the marine food web, and many organisms have adapted their development to take advantage of the increased
food supply (Cushing, 1990; Ji et al., 2010; Cyr et al., 2024). The spring bloom is tightly linked to changes in the physical
environment at the end of winter; a link first identified by G. A. Riley in the early 1940s (Riley, 1942). However, the exact trig-
ger for the spring bloom is still debated. Sverdrup proposed the Critical Depth Hypothesis, which states that the spring bloom
occurs when the thermocline rises above a critical depth (Sverdrup, 1953). Sverdrup’s critical depth is the maximum depth
a phytoplankton cell can be mixed down to while still receiving enough light to offset losses associated with respiration and
other processes. When the thermocline is above the critical depth, phytoplankton cells are trapped in well-lit, nutrient-replete

waters near the surface where conditions are favourable for growth and reproduction.

Another proposed explanation for the timing of bloom formation is the Critical Mixing Hypothesis, which states that a
bloom can form in a mixed water column if the rate of mixing is low enough for phytoplankton near the surface to achieve
net positive growth (Huisman et al., 1999). This mechanism was explored by Taylor and Ferrari (2011) using high resolution,
three-dimensional ocean models, with a reduction in net cooling at the end of winter identified as a key trigger. Biological
controls on bloom formation have also been proposed, including the Dilution-Recoupling hypothesis, which focuses on the
balance between phytoplankton growth and grazing pressure through winter and into spring (Behrenfeld, 2010). Although the
exact mechanism controlling bloom formation is still debated, a recent study using autonomous underwater gliders lent most

support to Sverdrup’s Critical Depth Hypothesis based on the depth of active mixing (Rumyantseva et al., 2019).

In tidally active areas on the continental shelf, stratification and bloom formation are also dependent on the water depth
and the degree of mixing in the bottom boundary layer. Shallow regions of the Northwest European Shelf (NWES), including
areas in the English Channel and the southern North Sea, remain permanently mixed year round (van Leeuwen et al., 2015).
Other areas may be intermittently stratified, depending on prevailing tidal and atmospheric conditions. The bloom itself can be
interrupted by an increase in bottom mixing associated with the spring-neap tidal cycle, or the passage of a storm, leading to

an apparent double bloom (Sharples et al., 2006).

Once established in deeper waters, stratification can be difficult to break down, requiring extreme atmospheric conditions,
such as those associated with the passage of a hurricane or typhoon, to fully mix the water column (Shi and Wang, 2007; Babin
et al., 2004; Sharples et al., 2001). Such events can trigger a new bloom in their wake, fuelled by a fresh influx of nutrients that
have been mixed up from below the nutricline. In the absence of an extreme mixing event, the bloom will often peak before
reducing in intensity as the supply of nutrients is exhausted and top-down pressures from grazing and viral lysis take hold
(Simpson and Sharples, 2012). Near the nutricline, given sufficient light, it is common for a sub-surface chlorophyll maximum
to form in the summer. As stratification begins to break down at the end of summer, an autumnal bloom can sometimes be

observed.
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While the spring bloom is an annual event, its timing, duration and intensity exhibit significant inter-annual variability. Us-
ing models driven at the surface by winds and changes in the net heat flux, Waniek (2003) showed the spring-time shallowing
of the mixed layer can be interrupted by mixing events caused by weather systems whose frequency and intensity vary from
year to year, leading to inter-annual variability in bloom dynamics. This is a result that is embedded in contemporary coupled
hydrodynamic-biogeochemical models, which are typically forced at the surface by a set of common variables, including wind,

surface pressure, surface temperature, net short-wave radiation and fresh water fluxes.

One aspect that isn’t typically considered in studies of bloom dynamics is the impact of surface waves on turbulent mixing,
despite evidence that bloom timing can be closely coupled to meteorological indices (Powley et al., 2020). The impact of
waves on the ocean may either be parameterised in an ocean only model, or modelled explicitly using a combination of ocean
and wave models in a two-way coupled configuration. In ocean only models the input of turbulent kinetic energy at the ocean
surface often follows the assumption that wind and waves are in equilibrium with each other, which is only valid under certain
wind regimes and in the deep open-ocean, far from coastlines (Cavaleri et al., 2012). This then influences the effects of surface
waves, e.g. Langmuir turbulence (Li et al., 2019). Surface waves also induce Lagrangian drift in their direction of propagation,
known as Stokes drift (Phillips, 1977; Stokes, 1847) — a process not usually taken into account in stand-alone ocean models.
Wave breaking terms and their impact on the vertical eddy diffusivity are sometimes considered, but often include assumptions
relating to the water-side momentum flux (Craig and Banner, 1994) and surface roughness calculations; with the wave-age and

significant wave height estimated as functions of the water-side friction velocity (Rascle et al., 2008).

Traditionally, models for different components of the Earth system - the atmosphere, land, ocean and ocean waves - have
been run independently. However, with improvements in computing power, studies using two-way coupled model configura-
tions are becoming increasingly common (Berthou et al., 2025b). Recent studies have shown the benefits of coupling a wave
model to an ocean model to derive these terms more accurately in high resolution configurations (Lewis et al., 2019; Bruciaferri
et al., 2021; Valiente et al., 2021). This has led to improvements in the forecasting of extreme wave heights and surges, ocean
mixing (Lewis et al., 2019), and surface currents (Bruciaferri et al., 2021). Replacing the parameterised calculation of wave
variables by an explicit wave model through coupling can have variable effects depending on the wave momentum calculation
in the stand-alone ocean model set-up: in the case of Lewis et al. (2019), which used a similar set up to our study, two-way
coupling tended to enhance vertical mixing, leading to a deeper summer mixed layer, resulting in a relative cooling of surface
and upper ocean temperatures during periods of stratification. In the case of Alari et al. (2016); @yvind Breivik et al. (2015),
the impacts of wave coupling on the ocean tended to reduce summer mixing and generated enhanced upwelling in the Baltic
Sea due to the additional Stokes drift. This highlights the value of wave coupling, but also the need to modify turbulence

parametrisation schemes in ocean models to account for wave coupling (Couvelard et al., 2020).

Wave-induced mixing has been observed to impact phytoplankton dynamics when included in coupled hydrodynamic-

biogeochemical models, both by delaying the spring phytoplankton bloom and enhancing chlorophyll-a levels at the surface
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and at depth (Liu et al., 2025; Tensubam et al., 2024). In this study, we investigate the sensitivity of bloom timing and ecosys-
tem processes across the NWES and the Northeast (NE) Atlantic by coupling a wave model to an ocean-biogeochemistry
model. This region is located at the end of the northern and central branches of the North Atlantic storm track (Woollings
et al., 2010), and is therefore subject to high wave activity in the winter, and episodic wave activity in summer. The NWES
is also an extremely productive region, with a pronounced spring bloom evident over large areas of the shelf (Simpson and
Sharples, 2012). Speci cally, we address the following questions: (i) What is the relationship between wave activity and phyto-

plankton bloom phenology? (ii) How sensitive are model results to the parameterised and explicit representation of wave elds?

For this study, we use the UK Met Of ce's operational ocean-wave coupled model system, which has been extended by
coupling it to the European Regional Seas Ecosystem Model (ERSEM) (Butenschon et al., 2016). The new system allows
for two-way feedbacks between each model component to be represented, providing a more realistic representation of sur-
face mixing and ecosystem responses. This representation contains several wave-induced processes that are absent from t
non-coupled system, namely Stokes drift, growing/decaying waves and surface mixing in uenced by wave elds. The study
represents the rsttime a coupled ocean-wave-biogeochemistry model at km-scale resolution has been used to simulate ecosys
tem processes across the NWES and NE Atlantic. The modelling work is complemented by an analysis of both satellite and in

situ observations.

The plan for the paper is as follows. In section 2, we describe the study area and quantify relationships between satellite
ocean colour and wave reanalysis data for recent decades. We then focus on the year 2018, when three named storms pass
over the UK between the months of June and September, and examine the temporal evolution of phytoplankton abundance
over the course of the year. In section 3, we describe the modelling tools which we use to simulate the year 2018, showing
the results of the modelling study in section 4. In section 5, we use the models and observations to compare bloom phenology
and ecosystem responses to summer wave activity, and investigate the impacts that wave coupling has on ocean physics ar
biogeochemistry. Finally, in section 5.3, we bring the modelling and observation results together to propose mechanisms for
the phytoplankton activity response to wave activity shown in section 2.

2 The Northwest European Continental Shelf and North East Atlantic
2.1 Physical and hydrodynamic characteristics

The NWES is a broad temperate continental shelf on the eastern side of the North Atlantic Ocean (Fig. 1). The region is demar-
cated by the shelf break, which extends north-westward through the Bay of Biscay in the south, along the edge of the Amorican
shelf and up and around the west coasts of Ireland and Scotland, then north-eastward toward the west coast of Norway. Topo
graphic steering drives the northward ow of water parallel to the shelf slope, with more limited cross-slope transport driven
by surface winds and meandering eddies. Off-shelf, in the north of the region, the North Atlantic Current ows north-eastward
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Figure 1. AMM15 model domain extent with bathymetry contours (m). Red boxes highlight representative analysis zones for off-shelf (A),
shelf break (B) and on-shelf (C) areas. The L4 monitoring station is shown with a star.

between Iceland and Scotland. Water enters the North Sea in the north through central and western regions of the northerr
North Sea, and in the south through the English Channel. The dominant out ow from the North Sea is via the Norwegian
Coastal Current.

On-shelf, dynamics are controlled by seasonal changes in solar irradiance and heating, atmospheric uxes and wind forcing,
tides, river inputs and exchanges with the open ocean. Large areas of the shelf are seasonally strati ed, including in the Celtic
Sea, western reaches of the English Channel and the central North Sea. Shallower areas on the shelf may be intermittentl
strati ed or permanently mixed, with tidal mixing fronts separating strati ed and well mixed areas. Nutrient concentrations
are in uenced by exchanges with the open ocean, atmospheric deposition and, particularly in coastal areas, river discharge.
Bottom-up controls on the growth of phototrophic plankton include the availability of light and nutrients; and temperature. The
spring bloom typically occurs from late March into April (Racault et al., 2012), and tends to start in the south of the domain
before spreading northward. In coastal waters with high sediment loads, the growth of surface plankton can be light limited. In

the summer, under strati ed conditions, surface phytoplankton become nutrient limited.
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Figure 2. Correlation between mean wave energy and mean chlorophyll concentration from 1998 to 2020 for different pairs of months. Only
regions where the correlation coef cient is signi cant (p<0.1) are coloured. Wave data is from a WAVEWATCH lll reanalysis (Saulter, 2024)
and chlorophyll satellite data is from OC-CCI (Sathyendranath et al., 2019, 2023).

2.2 Monthly wave energy relationship to observed chlorophyll concentration in climatology

To explore the potential impact of waves on bloom dynamics in the NE Atlantic and on the NWES, we examine satellite
ocean colour and wave reanalysis data. We used chlorophyll-a from the Ocean Colour Climate Change Initiative (OC-CCI)
dataset (Sathyendranath et al., 2019, 2023) and wave energy from the Met Of ce regional wave hindcast from WAVEWATCH
Il (Saulter, 2024) to calculate inter-annual correlations between bimonthly-mean chlorophyll concentrations and wave energy
from 1998 to 2020. To achieve this, the temporal mean was calculated across pairs of months for each year from March to
November, when the majority of primary production occurs. Wave energy and chlorophyll data were then normalised at each
spatial pixel and the Pearson correlation coef cient calculated between them, with signi cance tested using a two-sided p-value
for the correlation being different to zero (Virtanen et al., 2020).

The results show a strong negative correlation between wave energy and chlorophyll concentration off-shelf and near the
shelf break in March-May, and a strong positive correlation on-shelf from June to October (Figure 2). This suggests that
stronger wave activity in the open ocean when phytoplankton are blooming in March-May leads to a reduction in surface
chlorophyll, whilst the reverse is true on-shelf later in the year. Off-shelf, the response to enhanced wave activity appears
positive in the south-west of the domain from June to September. In the north-west of the domain, the open-ocean response i
con ned to close to the shelf break and, where signi cant, is generally negative, except in August-September. Wave energy is
likely not the sole causal factor in this correlation: increased storminess will also decrease available sunlight.
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Figure 3. Top - Operational Sea Surface Temperature and Ice Analysis (OSTIA) SSTs for 1982—2022, mean climatology for the time period
used to de ne marine heatwave thresholds (1982—-2012) in bold, 10th—90th percentiles (anomalies smoothed with 31-day moving average),
Shading: Category |, Category Il, Category Ill marine heatwaves using Hobday et al. (2018) averaged over the NWS. Bottom - Wave
energy from Met Of ce wave regional reanalysis (Saulter, 2024) for 1997—2020. Yearly data shown with grey lines, mean climatology from
1997-2020 in black, 2018 in red. Grey shading between 10th—90th percentiles. Mean and percentiles smoothed with 31-day moving average
Wave energy averaged over the NWS (NWS=blue+purple regions in Fig. 1). Vertical dashed lines indicate three key 2018 storm periods.

2.3 Wave activity and chlorophyll concentration in 2018

The year 2018 has been selected for this study as there was a cooler ocean surface in March-April, when the spring bloom
typically occurs, and enhanced wave activity compared to climatological conditions (Fig 3). Later in the year, two marine
heatwaves (MHW) developed. The rst was in late May to mid-June and the second in July. The rst was terminated by storm
Hector, which passed over the UK between 13th and 14th June 2018, particularly impacting the North of the UK and Ireland.
The second heatwave was terminated by an unnamed storm which passed over the UK on 29th July. Storm Ali and Bronagh
passed over the UK in succession between 18th and 21st September.
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Late summer storms can either suppress or enhance chlorophyll, depending on timing and area (Fig. 4). In June, as a resul
of storm Hector, the concentration of chlorophyll was reduced in northern off-shelf areas, which were in bloom state, whereas
chlorophyll increased on the western part of the shelf in regions which were past their bloom state. Particularly strong increases
are noticeable in the Celtic Sea, Irish Sea, and Southern North Sea. Following the July storm, chlorophyll concentration was
low off-shelf and the storm had a minimal impact. In contrast, the concentration increased in coastal areas of the shelf. In
September, northern areas tended to see a decrease in chlorophyll from storms Ali and Bronagh, whilst southern and on-shel

areas saw a strong increase.

The observations con rm 2018 to be an interesting year to study the relationship between wave activity and the concentra-
tion of chlorophyll. Indeed, some years have uninterrupted summer strati cation (e.g. 2017, used in Lewis et al. (2019)): we
choose a year in which wave activity was enhanced in spring and had intense summer wave activity events able to disrupt the
ocean strati cation. In the remainder of the article, we focus on how intense periods of wave activity affected the concentration
of chlorophyll, and how explicitly coupling an ocean model to a wave model impacts model results.

3 Model Framework

The impact of ocean-wave coupling on biogeochemistry is assessed through a twin experiment. Experiments are conductec
with (WAV) and without (OCN) the coupled wave model in order to examine the biogeochemical response, as shown in Scheme
1.

OCN WAV
NEMO NEMO
FABM FABM N?ISB
e I e Y
ERSEM ERSEM ‘ WAVEWATCH III ’
G J _ J

Scheme 1: Twin experiment con gurations

3.1 Hydrodynamic Model

Both simulations have been performed using the Nucleus for European Modelling of the Ocean (NEMO) model (Madec et al.,
1998), adapted for simulating shelf sea dynamics (O'Dea et al., 2012). For this study, we use NEMO v4.04. The model domain
is the high-resolutiod:5 km Atlantic Margin Model (AMM15) con guration (Fig. 1), which is used for operational forecast-

ing by the UK Met Of ce (Tonani et al., 2019). In contrast to the more commonly Gdad con guration for the same region
(AMM7), the high resolution domain better resolves smaller scale processes such as eddies, fronts and internal waves (Grahan



Figure 4. Mean chlorophyll from satellite in the ve days before the storm (left), wave activity on the day of the storm from the Met Of ce
wave regional reanalysis (Saulter, 2024) (middle) and difference in the mean satellite chlorophyll ve days after and before (right) storm

Hector (top), July storm (middle) and storms Ali and Bronagh (bottom). The start of the ve days before and the end of the ve days after

the storms are highlighted in Figure 3 as vertical bars.
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et al., 2018a, b), all of which can in uence wave activity.

Initial elds for the simulations were provided by a previous ocean-wave experiment (Lewis et al., 2019), with lateral bound-
ary forcing from global ocean models. Meteorological forcing is provided at 3-hourly intervals from the UK Met Of ce global
Uni ed Model analysis, at &5 km resolution. There is no live coupling from sea-surface back to the atmosphere.

For the uncoupled OCN simulation a limited, parameterised version of waves are included in the following way (see Reffray
et al. (2015) for full details about the NEMO implementation):

1. Sea surface roughness is approximated as a function of the estimated signi cant wave height based on wind speed, a:
proposed by Rascle et al. (2008);

2. Water-side momentum ux (i.e., the wind stresg, ) is completely transferred into the ocean;
3. Vertical eddy viscosity is computed using the two-equation GLS turbulent closure model, taking into account:

(a) parameterised surface enhanced mixing due to wave-breaking ((Craig and Banner, 1994)), a function of water-side
friction velocity depending on wind stress;

(b) Sea surface roughnegsg estimated as above.
3.2 Wave Model

To better resolve waves effects, NEMO is coupled to a regional implementation of the WAVEWATCH Il spectral wave model
version 4.18 (Tolman, 2014) as detailed in Saulter et al. (2017). The domain, AMM15-wave, covers the same extent as the
AMM15 NEMO model but uses a Spherical Multiple Cell discretization scheme (Li, 2012) con gured to have a variable hor-
izontal resolution ranging fror8 km across much of the domain down 1 km near the coast or where the average depth

is shallower thalO m. Wave growth and dissipation terms are parameterised following Filipot et al. (2010) while non-linear
wave-wave interactions use the Discrete Interaction Approximation (DIA) package according to Hasselmann et al. (1985).

Two-way coupling utilises the OASIS3-MCT coupler (Valcke et al., 2015). NEMO shares water levels and currents with the
spectral wave model. In turn, WAVEWATCH lll injects Stokes drift, signi cant wave height and water-side momentum ux
into the hydrodynamic model. The coupling frequency is hourly.

By explicitly coupling WAVEWATCHIII to NEMO, as in the WAV experiment, the ocean momentum budget equation is
modi ed to include three wave feedbacks as described in Bruciaferri et al. (2021).

1. Surface waves induce a mean Lagrangian drift in their direction of propagation known as Stokes drift (e.g., Phillips
(1977); Stokes (1847)). When the wave-induced drift interacts with the planetary vorticity, an additional force named the
Coriolis-Stokes force (CSF) appears in the wave-averaged Eulerian momentum equation (Hasselmann, 1970). Stokes

10
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Drift at the surface is computed by the wave model and exchanged with the ocean model together with the signi cant
wave height and the mean wave period, so that the ocean model can calculate the depth-varying 3D Stokes drift according
to @yvind Breivik et al. (2016).

2. Wind blowing on the sea surface generates both ocean waves and currents. As a result, sheared ocean currents are direct
forced by the total wind stress,m , only in the case of fully developed wind-waves (Jr. and Moskowitz, 1964). Most
of the time, the wave eld is far from being in equilibrium with the local wind, and waves are either growing, with a net
in ux of momentum into the wave eld, or decaying, with intensi ed wave-breaking and a net out ux of momentum from
waves into the ocean (e.g., Komen et al. (1994)). Thus, when surface waves are considered the water-side momenturr
UX ocn (i-€., the stress that effectively forces the ocean at the surface) is given by:

ocn = atm aw T

wocC (1)

where 5 is the momentum ux absorbed by the waves (aka the wave-supported stress)oansl the momentum
ux from the wave eld to the mean ow. In the wave-ocean coupled modgl, is computed by the wave model and

directly passed to the ocean model.

3. Vertical eddy viscosity is still computed using the two-equation GLS turbulent closure model (Reffray et al. (2015)),
with the following changes:

(a) Surface enhanced mixing now dependent,@ instead of 4 ,

(b) Sea surface roughness as a function of the signi cant wave height provided by the wave model.

Due to limitations of the GLS turbulence scheme there are some processes that WAVEWATCH Il resolves which are not
currently con gured to directly in uence the ocean model through coupling. These include the effect of wave breaking on the
surface turbulent kinetic energy budget (following Craig and Banner (1994)) and explicit treatment of Langmuir turbulence,
(e.g. through use of a vortex-force formulation Uchiyama et al. (2010), ocean bed stress linked with wave/current interactions
Zhang et al. (2022) or enhanced vertical mixing Li et al. (2019)).

In this study the inclusion of wave feedback in NEMO through WAVEWATCH Il in the WAV simulation is referred to as
explicitwave coupling, whilst the standard approach of NEMO in the OCN simulation is referreghtmaneterisedvaves.

3.3 Biogeochemical Model

For this study, we use the European Regional Sea Ecosystem Model (ERSEM) for simulating ocean biogeochemistry and
phytoplankton bloom dynamics (Butenschon et al., 2016). ERSEM has been coupled to NEMO using the Framework for
Aquatic Biogeochemical Models (FABM) (Bruggeman and Bolding, 2014). FABM facilitates passing data between biogeo-
chemical and hydrodynamic models. Here, the coupling is one way, and the biogeochemical model does not feedback onto
ocean physics. Whilst ERSEM is not directly coupled to the wave model, biogeochemical processes are in uenced by changes

11
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in ocean currents and mixing that are caused by the wave model.

This is the rstinstance of ERSEM being used with the NEMO AMM15 domain. Initial values are interpolated from a re-
analysis run performed on the coarser AMM7 domain for November 2016. Since the north-west corner of the AMM15 region
extends beyond the bounds of the AMM7 domain, extrapolation is performed using a simple nearest neighbour algorithm.
Before performing the 2018 experiment, a fourteen month ocean-biogeochemistry only simulation starting on 1st November

2016 is used to “spin-up' the biogeochemical initial conditions and negate any impact of extrapolation.

A constant supply of non-depleting nutrients at the boundary can lead to spurious phytoplankton blooms and other unreal-
istic responses. This is mitigated by enforcing a constant value matching the near-zero winter values at the boundary for most
of the previously unconstrained tracer elds following the guidance in Polton et al. (2023). Biogeochemical surface boundary
conditions include nitrogen deposition from the atmosphere and light attenuation due to detritus and yellow matter (the Gelb-
stoff absorption coef cient). Nitrogen deposition data is available at monthly resolution using models run by the European
Monitoring and Evaluation Programme (EMEP) (Simpson et al., 2012), which are then converted into uxes for both oxidised
and reduced components. The Gelbstoff absorption coef cient is produced using data from OC-CCI (Sathyendranath et al.,

2019), for a multitude of wavelengths that are integrated into a single broadband eld.

River input data is an updated version of the les used in the CMEMS north-west European shelf reanalysis from Lenhart
et al. (2010). A climatology from the Global River Discharge Database (Vérosmarty et al., 2000) and data from the Centre for
Ecology and Hydrology (Young and Holt, 2007) have been used to provide time varying daily river discharge, nutrient loads
(nitrate, ammonia, phosphate and silicate), total alkalinity, dissolved oxygen and dissolved inorganic carbon.

4 Modelling Results
4.1 Validation

In Lewis et al. (2019); Graham et al. (2018a, b), a detailed validation of the physical ocean and wave models has been per-
formed, demonstrating good performance of stand-alone models and improvements to signi cant wave height and total water
level extremes when coupling ocean and waves (Lewis et al., 2019). For biogeochemistry, while there have been several mod-
elling studies using ERSEM on the coarser AMM7 domain (e.g. Jardine et al., 2022; Powley et al., 2024), this experiment is
the rst simulation of ERSEM biogeochemistry on th& km regional domain.

Pro les of temperature extracted from the EN4 Met Of ce Hadley Centre Observation Dataset (Good et al., 2013) were
compared to predicted pro les of temperature from both the OCN and WAV models for March to June (Fig. 5) in off-shelf
areas deeper th&®0 m Both models show a persistent warm bias off-shelf, which is due to the combination of surface forcing

12
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Figure 5. Potential temperature pro les within the off-shelf region, averaged over all observed pro les in the EN4 database that are located
within 1:5 km of a model grid cell for March, April, May and June (blue), along with the corresponding simulated pro les at the same point
and time for the OCN (orange) and WAV (green) simulations.

that itself has a warm bias and model drift before the start of our 2018 simulations. The coupling of waves results in a marginal
improvement during spring when the water column is well mixed, but as it strati es in June the impact of waves increases
leading to a reduction in the overall bias.

The warm bias for temperature is also present when compared to satellite surface elds from the Operational Sea Surface
Temperature and Ice Analysis (OSTIA) (Fig. 6), with a persistent positive bias across most of the domain. The warm bias re-
sults in a combination of higher phytoplankton growth rate and a higher rate of mineralisation of summer nutrients. Therefore
it is no surprise to also see a positive bias across most of the off-shelf domain for chlorophyll compared with OC-CCI surface

satellite measurements for 2018 (Fig. 6). Unlike temperature, on-shelf and coastal areas have a negative bias with the greate:

13
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Figure 6. Annual mean bias at the surface between the ocean-only model and (left) satellite temperature from OSTIA, or (right) chlorophyll
from OC-CCI.

values in areas close to river mouths. In part, the bias is a result of using climatological river input data, which prevents the

model from capturing inter-annual variability in river inputs and their impact on ecosystem dynamics.

For in situ observations of biogeochemical variables, we use data from the long-term monitoring site Station L4 (McEvoy
et al., 2023), which is located on the western edge of the English channel (Fig. 1). This site contains valuable observational
data, albeit in a region where wave activity does not have a signi cantimpact. Fig. 7 shows a comparison of the two simulations
with observations for surface temperature, salinity and chloroghfytim Station L4. Also plotted are Net Primary Production
(NPP) from both model runs and Signi cant Wave Height from the WAV simulation. Temperature is consistent between the
models, with the warm bias vs observations evident over the winter months (Fig. 7a). The effect of the marine heatwaves is
clearly visible in the observations, whilst the response in the models is more muted. In winter months, the WAV model is more
saline at the surface (Fig. 7b), indicating greater mixing of buoyant, freshwater inputs from the river with more saline waters.
These periods typically correspond to times of higher wave activity (Fig. 7e). Low salinity events seen in the observations are

missed due to the use of climatological rivers missing high rainfall events. The inclusion of waves has only a minor impact

14



Figure 7. Surface comparison of modelled and observed biogeochemical variables at the L4 station (Fig. 1). Observations are from the
Western Channel Observatory (McEvoy et al., 2023), with the addition of OC-CCI satellite chlorophyll (triangles). Red zones indicate ocean

heat waves, black vertical dashed lines denote the storm times and the blue/orange vertical lines are the estimated bloom onset time.

on the spring bloom at this location (Fig. 7c), with slower initial growth and a slightly delayed peak. For most of the year the
models over predict the chlorophyll, consistent with the ndings in Fig. 6. The models also miss the late bloom in August that
310 appears in-situ observations, although there is no evidence in the satellite measurements of a bloom at this time.
Whilst the use of biased surface forcing prohibits an in depth comparison between the model and observations, the use of &
twin experiment enables us to evaluate the impact of wave processes through explicit coupling from a mechanistic perspective.

4.2 Phytoplankton changes with wave coupling

Fig. 8 shows the simulated chlorophyll concentration throughout the year for a transect in the off-shelf region running N-S.
315 Chlorophyll elds are averaged down to the euphotic zone, the depth at which lidiwisf its surface value, in order to

capture sub-surface chlorophyll maximums.
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Figure 8. Chlorophyll (averaged over euphotic depth) time/latitude transect along the red line indicated in the top left hand inset for (top)
OCN, (middle) WAV, (bottom) WAV-OCN. Black vertical dashed lines show storm periods

In both the OCN and WAV simulations the bloom originates in the warmer, southern part of the domain with a strong signal
around April followed by a period of elevated concentrations that eventually die out in January. In the northern part of the
domain the initial bloom occurs approximately 2 weeks later, with the elevated concentration period ending by November. The
bloom is interrupted by storm Hector mid-June and a secondary bloom is clear on the on-shelf part of the g#amsext (
55N) at the start of July, which corresponds to the start of the marine heatwave (Fig 3), two weeks after storm Hector. The
WAV simulations additionally show increased chlorophyll concentration in the secondary late June peak, and then in August
and September near the shelf break betwdN and55 N.

By considering the on-shelf, shelf-break and off-shelf regions, as highlighted in Fig. 1, the temporal patterns for the different
zones can be assessed. Fig. 9 shows the difference in mean net primary production (NPP) as a time-series. The shallow, she
tered on-shelf region is relatively less affected by the addition of waves into the system, whereas the shelf-break and off-shelf
zones have a more pronounced difference. In both these regions there is a negative peak followed by a positive one, highlighting
the offset nature of the blooms. In the shelf-break region, after the initial blooms for both models NPP levels are consistently
higher throughout the summer when waves are included. In off-shelf areas, the offset is greater leading to a larger overall
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Figure 9. Mean difference in NPP between simulations for off-shelf, shelf-break and on-shelf regions as de ned in Fig. 1, with storm periods

indicated by black vertical dashed lines.

difference in primary production.

4.3 Bloom phenology

335 Accurately determining the phenology of phytoplankton blooms is challenging, with different methods yielding wildly differ-
ent results (Brody et al., 2013). Here we used the approach of Jardine et al. (2022) to predict the bloom onset, with the timing
de ned as the start of exponential growth in the concentration of chlorophyll (used as a proxy for phytoplankton biomass).
This is de ned to be the time when the change in the concentration of chlorophyll ex@d&dagm 2d * consistently for 5
consecutive days. This approach performs best with full temporal data coverage, making it ideal to apply to model output but

340 not so useful for patchy satellite data.

By applying this algorithm to both model runs, we see that coupling with waves delays the bloom onset across most of the
model domain (Fig. 10). On-shelf, the response to wave coupling is minimal as the shallow waters are already well mixed by
tidal processes, whereas off-shelf bloom onset is typically 1-2 weeks later with larger delays in the south. Across the entire

345 domain there is a mean delay®® days
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