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In the recent past observational and modelling studies have shown that the vertical displacement of water par-
cels, and therefore, phytoplanktonparticles in regions of deep-reaching convection plays a key role in latewinter/
early spring primary production. The underlying mechanism describes how convection cells capture living
phytoplankton cells and recurrently expose them to sunlight.
This study presents a parameterisation called ‘phytoconvection’which focusses on the influence of convection on
primary production. This parameterisation was implemented into a three-dimensional physical–biogeochemical
model and applied to the Northwestern European Continental Shelf and areas of the adjacent Northeast Atlantic.
The simulation was compared to a ‘conventional’ parameterisation with respect to its influence on phytoplank-
ton concentrations during the annual cycle and its effect on the carbon cycle.
The simulation using the new parameterisation showed good agreement with observation data recorded during
winter, whereas the reference simulation did not capture the observed phytoplankton concentrations. The new
parameterisation had a strong influence on the carbon export through the sinking of particulate organic carbon.
The carbon export during late winter/early spring significantly exceeded the export of the reference run.
Furthermore, a non-hydrostatic convection model was used to evaluate the major assumption of the presented
parameterisation which implies the matching of the mixed layer depth with the convective mixing depth. The
applied mixed layer depth criterion principally overestimates the actual convective mixing depth. However,
the results showed that this assumption is reasonable during late winter, while indicating a mismatch during
spring.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Photosynthesis in the oceanhas been estimated to contribute almost
50% to the total global net primary production (Field et al., 1998) and
total carbon uptake (Sabine et al., 2004). This large stake of marine pri-
mary production shows the great importance of understanding the
physical, chemical and biological processes which influencemarine pri-
mary production. Marine primary production is generally controlled by
the availability of light and nutrients. In the ocean, light decreases
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.
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exponentially with depth, limiting photosynthesis to the upper part of
the ocean, the euphotic zone.

The ‘critical depth model’ (Sverdrup, 1953) describes the relation
between the depth of the surface mixed layer and the capability of
light-dependent phytoplankton net growth. It defines the compensa-
tion depth as the depth where the gain, or growth, and the loss in phy-
toplankton balance each other. Hence, there exists a critical depth
where the vertically integrated growth is equal to the vertically inte-
grated loss. Sverdrup (1953) concluded that net phytoplankton growth
is only possible if the mixed layer depth (MLD) is less than the critical
depth, thus, allowing for positive net growth.

During winter the MLD in the North Atlantic reaches depths of sev-
eral hundred metres (e.g. McCartney and Talley, 1982) and therefore
would not allow net phytoplankton growth according to the ‘critical
depth model’, that is unless the loss terms are sufficiently low, and
thus, result in a sufficiently deep critical depth (critical depth ≥MLD).
In this context, Behrenfeld (2010) proposed the so-called ‘dilution–
recoupling hypothesis’, which is based upon earlier work by Evans
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and Parslow (1985), arguing that the dilution of phytoplankton by
mixed layer deepening reduces the grazing pressure on phytoplankton,
and thus, lowers this loss term during winter. This hypothesis has been
updated to the more general ‘disturbance–recoupling hypothesis’
(Behrenfeld and Boss, 2014; Behrenfeld et al., 2013) stating that during
the annual cycle the predator–prey interaction is disrupted by environ-
mental factors as, for example, convection, and subsequently recovers.
This disruption then allows for net primary production due to low graz-
ing pressure while concentrations still stay low due to convective
mixing.

Ocean convection – the buoyancy-driven sinking of surface waters
due to surface cooling or an increase in surface salinity – is one of the
key processes affecting the winter mixed layer deepening. Due to
mass conservation the sinking of water parcels leads to a balancing
upward motion, and thus, convection can be described as an orbital
motion. Especially in the North Atlantic Ocean extensive convectively
driven mixed layer deepening can be observed during winter.
McCartney and Talley (1982) determined an average ‘late winter’
(January–April) MLD of more than 400 m over large parts of the subpo-
lar North Atlantic using temperature and salinity profiles recorded dur-
ing the 1950s and 1960s. Holliday et al. (2000) reported on convection
in the Rockall Trough removing the seasonal thermocline and reaching
down to depths of around 700 m.

In themeantime studies showed that convection plays a key role for
primary production duringwinter (e.g. Backhaus et al., 1999;Ward and
Waniek, 2007;Wehde et al., 2001). Backhaus et al. (1999) hypothesised
a direct link between ocean convection and winter primary production
called ‘phytoconvection’. They suggested that the upward and down-
ward motion within a convection cell causes phytoplankton particles
to regularly re-enter the euphotic zone allowing them to grow, and
thus, balancing their losses due to respiration, mortality, grazing and
sinking. This relation was supported by modelling and observational
studies (Backhaus et al., 2003; Wehde and Backhaus, 2000; Wehde
et al., 2001).Ward andWaniek (2007) emphasise the role of convective
upward motion which counteracts the sinking of phytoplankton, and
thus, increases net growth.

Fig. 2 shows the time series of potential density anomaly σθ and
chlorophyll derived from fluorescence data. The time series was record-
ed by an ARGO float released in the eastern Iceland Basin in September
2005 and then drifted along the topography of the Reykjanes Ridge into
the Irminger Basin until May 2008 (see Fig. 1). The time series of σθ

(A) shows a distinct surface mixed layer in autumn 2005 and from
spring to autumn in 2006 and 2007. Due to the different hydrodynamics
Fig. 1. Trajectory of the ARGO float which recorded the time series from September 2005
to May 2008 shown in Fig. 2.
Source: D. Quadfasel, Institute of Oceanography, University of Hamburg (unpublished data).
in the Irminger Basin compared to the Iceland Basin (e.g. Krauss, 1995)
no stratification is visible in spring 2008. During late winter 2006 and
2007 the greatestMLD reached up to 600m. The chlorophyll time series
(B) is presented in relative units due to a lack of calibration data.
However, in the chlorophyll the same patterns as in σθ are shown
underlining the importance of winter convective mixing for the phyto-
plankton community.

In large-scale oceanmodels, an adequate representation of the influ-
ence of convection on primary production is often missing. These
models usually work on large horizontal and smaller vertical length
scales, and therefore normally neglect the vertical acceleration. For
many large- and mesoscale processes this does not cause any restric-
tions and the reduction of the vertical resolution saves computation
time. However, when dealing with motions characterised by spatial
aspect ratios of order 1, like convection, the hydrostatic approximation
becomes inaccurate (Marshall et al., 1998). Furthermore, the coarse ver-
tical resolution of these models cannot resolve the upward and down-
ward motion of water parcels with high vertical velocities as it is
known for ocean convection.

As a consequence of these two restrictions, models which do not a
priori consider all variables to be homogeneously distributed within
the mixed layer, may not represent the vertical exchange of water
mass properties and phytoplankton in deep MLDs properly. This neces-
sitates a parameterisation of primary production which is able to repro-
duce observed winter phytoplankton using these models (Holt et al., in
press).

Previous parameterisations of the influence of convection on prima-
ry production in Eulerianmodels lead to a reduction of primary produc-
tion in deep MLDs (e.g. Lévy et al., 1998a,b). Furthermore, these studies
focussed on the onset of the bloom in spring after winter convection
(Lévy et al., 1998b) or did not deal with mixed layers deeper than 200
m (Lévy et al., 1998a) while the study at hand focusses on primary pro-
duction duringwinterwhen convection is present reaching depths of up
to 500 m. Backhaus et al. (2003) suggested an approach for the
parameterisation of phytoconvection taking into account the spatial
aspect ratio of convective orbits. Janout (2003) adopted the idea and im-
plemented it in a one-dimensional hydrostatic physical–biological
model. The idea behind his approach was to compensate the lack of
convective vertical displacement of phytoplankton by allowing primary
production throughout the whole convective mixed layer. That was
done by distributing the daily averaged surface solar radiation over the
whole mixed layer during winter. To account for summer situations in
which the ‘conventional’ approach following Sverdrup (1953) is more
applicable, he switched between the conventional parameterisation
and the phytoconvective approach depending on the MLD. This
switching was performed abruptly by applying only the conventional
parameterisation during periods with a MLD less than 75 m and apply-
ing the phytoconvective type for deeper mixed layers.

The present study incorporates the parameterisation of Janout
(2003) and aims for the further development of this approach with
twomajor objectives. First, to develop a smoother transition schemebe-
tween the conventional and the phytoconvective parameterisation of
primary production. Second, to improve the applicability in a large-
scale, three-dimensional, physical–biogeochemical model applied to
an area including regions of deep winter convection as well as shallow
shelf seas.

2. Material and methods

2.1. The three-dimensional physical–biogeochemical model

For the three-dimensional (3D) simulations the ECOHAM4 model
system (ECOlogical model, HAMburg, version 4; Pätsch and Kühn,
2008)was used. Themodel consists of twomainmodules: the hydrody-
namicmodel HAMSOM(HAMburg Shelf OceanModel; Backhaus, 1985)
and the biogeochemical model ECOHAM. HAMSOM simulates the



Fig. 2. Hovmöller diagrams of (A) derived potential density anomaly σθ in kg m−3 and (B) chlorophyll derived from fluorescence data in non-calibrated relative units.
Source: D. Quadfasel, Institute of Oceanography, University of Hamburg (unpublished data).
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temperature and salinity distributions, the 3D advective flow field and
the turbulent mixing. It is a baroclinic primitive equation model with
a free surface and uses the hydrostatic and Boussinesq approximation.
HAMSOM is defined on an Arakawa C-grid (Arakawa and Lamb, 1977)
resolving the vertical in z-coordinates. The horizontal advective flow
field is calculated using the component upstreamscheme. A detailed de-
scription of HAMSOM is given by Backhaus and Hainbucher (1987) and
Pohlmann (1991, 1996). The vertical turbulent mixing is parameterised
by the exchange coefficient AV in depth z assuming stationarity and
neglecting advection and diffusion of turbulent kinetic energy (Mellor
and Yamada, 1974):

AV zð Þ ¼ Cml � Hmlð Þ2 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∂u
∂z

� �2

þ ∂v
∂z

� �2

−N2

Sm
:

s
ð1Þ

Here, u and v represent the zonal and meridional velocity compo-
nents, respectively. N is the Brunt–Väisälä-frequency and Sm is the
Schmidt number. Hml, representing the MLD, and Cml are the only
terms which must be prescribed. Cml ≈ 0.05 is determined after
Kochergin (1987). If unstable conditions occur (N2 b 0), AV is set to the
maximum vertical exchange coefficient AVmax = 800 ⋅ 10−4 m2 s−1 to
represent the strong vertical mixing due to convective processes
which cannot be resolved by HAMSOM.

The biogeochemical model ECOHAM describes the cycles of carbon
(C), nitrogen (N), phosphorus (P), silicon (Si) and oxygen (O2). It applies
a partly variable C:N stoichiometry dependingon the state variable and a
simple description of benthic processes (Pätsch and Kühn, 2008). The
model includes the following state variables: four nutrients (nitrate, am-
monium, phosphate, silicate), two phytoplankton groups (diatoms and
flagellates), two zooplankton groups (micro- and mesozooplankton),
bacteria, two fractions of detritus (fast and slowly sinking), labile dis-
solved organic matter, semi-labile organic carbon, oxygen, calcite, dis-
solved inorganic carbon and total alkalinity. For a detailed description
and a full list of the fluxes between the different state variables and
the model parameters, see Lorkowski et al. (2012).
2.1.1. The parameterisation of ‘phytoconvection’
In ECOHAM the phytoplankton production PB is controlled by an ex-

tended form of ‘Liebig's law’ (Liebig, 1840) considering light and nutri-
ent limitation and accounting for the temperature dependence:

PB ¼ γ � f T �min L;Nð Þ: ð2Þ

The production rate PB depends on the maximum growth rate γ,
the light L and the nutrients N. fT is a constant factor parameterising
the temperature dependence of primary production. For our area of
interest and the late winter situation it has been shown that light is
the limiting factor during winter as the whole euphotic zone is
enriched with nutrients due to the upward mixing of nutrient-rich
deep water driven by strong surface cooling, and thus, convection.
Hence, in the followingwewill focus on the light dependence of phy-
toplankton production. The empirical relationship between irradi-
ance and primary production found by Steele (1962) builds the
basis for the conventional parameterisation of the light-dependent
production PB at depth z:

PB
Steele zð Þ ¼ PB

max
Ipar zð Þ
Iopt

� exp 1−
Ipar zð Þ
Iopt

 !
; ð3Þ

in which Pmax
B depicts the maximum biomass-specific production

rate (Pmax
B = 1.1 d−1 for diatoms, Pmax

B = 0.9 d−1 for flagellates)
and Ipar is the depth-dependent photosynthetically active radiation
(or PAR) and Iopt is the dynamically calculated optimal light intensi-
ty. Ipar in depth z is calculated as:

Ipar zð Þ ¼ kpar � Isw � exp −ϵ zð Þð Þ: ð4Þ

Here, kpar=0.43 (Pätsch and Kühn, 2008) represents the photosyn-
thetically active fraction of the incoming short-wave radiation at the sea
surface Isw. The depth-dependent attenuation coefficient ϵ(z) is:

ϵ zð Þ ¼ kw þ kp � Cp þ ks � Cs

� �
� z; ð5Þ
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and includes the effect of light attenuation by water, planktonic self-
shading and turbidity due to suspended particulatematter. kw is the local-
ly varying attenuation coefficient of water after Jerlov (1976), kp = 0.03
and Cp are the attenuation coefficient inm2mmol C−1 and the concentra-
tion in mmol C m−3 of phytoplankton, respectively. ks = 0.06 and Cs are
the attenuation coefficient m2 g−1 and the concentration in g m−3 of
suspended particulate matter, respectively. ECOHAM uses a variable Iopt
and its adaptation to the actual light conditions over time is described
in Pätsch and Kühn (2008). The range of the optimum irradiance Iopt is
limited to:

40≤ Iopt≤70 W m−2
h i

: ð6Þ

Starting from Eq. (3) the new parameterisation of light-dependent
primary production under convective conditions is developed. Convec-
tion described as the upward and downwardmotion of water masses is
here considered as anorbital system within the mixed layer. Turner
(1979) and Kämpf and Backhaus (1998) studied the spatial and tempo-
ral scales of convective cells using observations and numerical simula-
tions, respectively. The spatial aspect ratio (horizontal vs. vertical
scale) has been reported to be on average about 2.5:1 (Wehde and
Backhaus, 2000) and ranging between 2:1 and 3:1 (Kämpf and
Backhaus, 1998).

The convection cell is considered having a rectangular geometry
with the depth of the convective mixed layer Hcml defining the vertical
dimension (Backhaus et al., 2003). This represents a simplified ap-
proach to account for the spatial aspect ratio of convective orbits,
since convective motion is highly turbulent and far from linear move-
ment along a rectangular track.

The conceptual view of such a convection cell is shown in Fig. 3. It is
assumed that duringwinter theMLD is identical toHcml. Hence, theMLD
determines the vertical extent of the convection cell. Using the spatial
aspect ratio of 2.5:1 and the time of a complete orbit torb can be calculat-
ed as (Backhaus et al., 2003; Janout, 2003):

torb ¼
Hcml

vc
þ Hcml

vc
þ 2 � 2:5 � Hcml

vc
: ð7Þ

Here, vc is the velocity of the convectivemotionwhich is assumed to
be constant with vc = 5 cm s−1.

Following Janout (2003), who adapted Backhaus et al. (2003) the
time within the euphotic zone is defined as:

texp ¼ 2:5 � Hcml

vc
þ Heuph

vc
þ Heuph

vc
ð8Þ

with the euphotic depth Heuph. Heuph is set to the depth where the avail-
able light is still 1% of the surface radiation. Hcml is defined as the last
depth z in which the temperature difference criterion (9) is satisfied.

SST−T zð Þ≤0:4 K: ð9Þ
Fig. 3. Scheme of the convection cell as assumed in the parameterisation of
phytoconvection. Hcml indicates the convective mixed layer depth, vc is the velocity of
theflowwithin the convective orbit. The shaded part at the sea surfacemarks the euphotic
zone. Source: Janout (2003).
The value of ΔT=0.4 K is within the range of literature values vary-
ing betweenΔT=0.1 K andΔT=1K compared to the sea surface tem-
perature (SST) (see e.g. Table 1 in Kara et al. (2000)).

Using Eqs. (7), (8) and theMLD criterion (9) the ratio texp/torb can be
calculated. This ratio implies that each phytoplankton particle within a
convective cell has the same probability of residence within the eupho-
tic zone which is the fundamental idea behind the parameterisation
presented here. It is assumed that phytoplankton production still
follows Eq. (3) and is conducted in the euphotic zone with the average
production rate under the actual light conditions. Combining this as-
sumptionwith the above ratio texp/torb, we estimate the ‘phytoconvective
production’ PpcB :

PB
pc ¼

texp
torb

� 1
Heuph

Z 0

−Heuph

PB
Steele zð Þdz; ð10Þ

which is constant throughout the whole mixed layer. It follows that
under convective conditions each plankton particle has the same proba-
bility to conduct primary production with the average light within the
euphotic zone independent of its actual position within the mixed layer.

The only term changing in Eq. (10) is the ratio texp/torb, since Eq. (10)
is only applied if Hcml N Heuph and PSteele

B and Heuph are assumed to be
identical for different Hcml. Thus, even though texp increases with in-
creasing Hcml, texp/torb decreases because of the faster increase of torb. In
other words, the frequency of convective orbits is inversely correlated
with Hcml and the same holds for the exposure to light (Backhaus
et al., 2003), causing Ppc

B to be reduced with increasing Hcml.
Convection of several hundreds of metres depth only occurs during

winter, making it necessary to distinguish between convective and
non-convective periods. The transition between convective and non-
convective regimes is controlled by Hcml which is used to build the
weighting function (11). This weighting function controls the influence
of the conventional parameterisation PSteele

B (Eq. (3)) and the
phytoconvective parameterisation Ppc

B (Eq. (10)). Furthermore, there is
a discontinuity between PSteele

B and Ppc
B in the case of Hcml = Heuph due

to the additional distance 2.5 ⋅ Hcml travelled at the surface (see
Fig. 3). This discontinuity is eluded by the use of the weighting function.

f p ¼ min 1;
max 0;Hcml−Heuph

� �
Href−Heuph

0
@

1
A: ð11Þ

Thisweighting function fp is set to 0, ifHcml is less than or equal to the
euphotic depth Heuph. Accordingly, fp is 1, if Hcml is equal or greater than
the reference depth Href = 100 m. Thus, Href defines the limit between
purely convective conditions (Hcml ≥ Href) and transitional conditions
(Heuph b Hcml b Href). The value for Href was chosen after a test run over
one year in which a maximum euphotic depth Heuph of about 45 m oc-
curred. Hrefmust be set to a significantly higher value than the euphotic
depth Heuph to allow a steady transition between the conventional
parameterisation (3) and the parameterisation of phytoconvection
(10).

Theweighting factor fp is then applied for the calculation of the actu-
al light-dependent phytoplankton production in depth z:

PB
total zð Þ ¼ 1− f p

� �
� PB

Steele zð Þ þ f p � PB
pc: ð12Þ

During summer, when themixed layer is shallower than the eupho-
tic zone, thephytoconvective parameterisation (10) is not taken into ac-
count. Conversely, during winter, when the MLD reaches several
hundreds of metres the conventional parameterisation (3) is not affect-
ing the phytoplankton productivity. The light-dependent production
rate Ptotal

B according to Eq. (12) is consequently used for the calculation
of primary production within the model.



Fig. 4.Horizontal grid and bottom topography of theNECS area as used by ECOHAM4. The x- and y-axes valuesmark longitude and latitude, respectively. The red circlemarks the station of
the one-dimensional analysis (55∘ 3′ 24″ N, 10∘ 14′ W).
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2.1.2. Model setup and data
The model was set up on the region of the Northwestern European

Continental Shelf (NECS) and parts of the adjacent Northeast Atlantic
(Lorkowski et al., 2012). The resolved model region is shown in Fig. 4.
The model applies a horizontal resolution of 1/5° with 82 grid points
in latitudinal direction and 1/3° with 88 grid points in longitudinal di-
rection. The vertical dimension is resolved in 24 layers. The levels
from the surface to the depth of 1000 m are: 10 m, 15 m, 20 m, 25 m,
30 m, 35 m, 40 m, 45 m, 50 m, 60 m, 75 m, 100 m, 150 m, 200 m,
300 m, 400 m, 500 m, 600 m, 800 m and 1000 m. The time step is set
to 10 min.

We focussed our analysis of the new parameterisation on a station
west of Ireland in the eastern Rockall Trough (55° 3′ 24″ N, 10° 14′ W,
see marked position in Fig. 4). This station was selected because winter
convection reaching depths to more than 500 m has regularly been re-
ported in the Rockall Trough (Holliday et al., 2000). Meincke (1986) re-
ported MLD of up to 1000 m during severe winters. Furthermore, it is
one of the few stations where chlorophyll measurements are available
for the winter season. The observation data was provided by the British
Oceanographic Data Centre (BODC) and was measured on February
27th, 1996, during the cruise CH125B of RRS Challenger (Hill, 1996).

The hydrodynamical model HAMSOMwas initialised with a month-
ly averaged climatology based on the World Ocean Atlas (WOA;
Conkright et al., 2002). Salinity was treated as a semi-prognostic vari-
able and adjusted to the climatology with a time constant of 14 days
to guarantee reasonable salinity distributions. At the open boundaries
temperature and salinity are prescribed during inflow situations with
a time constant of 7 days. Additionally, the surface elevation according
to the M2 tide was prescribed at the open boundaries. The meteorolog-
ical forcing including air temperature, cloud coverage, relative humidity,
wind speed and direction was calculated from NCEP/NCAR reanalysis
data (Kalnay et al., 1996) and was provided as 6-hourly values. Starting
from the initial data, the HAMSOM model applied a 10 day spin-up
during which the air pressure was constant and the wind speed was
zero. The results of the hydrodynamical simulation for 1996were calcu-
lated as averages over two tidal cycles representing daily values. This
simulation output served as the basis for the biogeochemical simulation
with ECOHAM.

To demonstrate the effect of the new parameterisation, we com-
pared a simulation run using the new parameterisation (hereafter
‘phytoconvection run’) to a simulation using the conventional
parameterisation (hereafter ‘standard run’), using Eqs. (12) and (3), re-
spectively. For both simulations, the initialisation of the biogeochemical
state variables was done using a dataset produced by amodel run using
only the conventional parameterisation following Eq. (3). All other set-
tings were according to Lorkowski et al. (2012).
2.2. The convection model

A non-hydrostatic convection model was used to evaluate the as-
sumption that the MLD is persistently mixed by convection, and thus,
constitutes a valid indicator for the vertical extent of the convective
cell. It was furthermore used to test the validity of the ratio of texp/torb.
The applied convection model uses the Boussinesq equations for an in-
compressible fluid in a 2,5-dimensional ocean slice with cycling bound-
ary conditions, thus, allowing to include the rotational effects of the
earth. For the turbulent eddy viscosity the turbulence closure scheme
by Kochergin (1987) is used. Themodel calculates the density (temper-
ature and salinity), the hydrodynamic flow fields and the non-
hydrostatic pressure over space and time. It neglects the influence of
wind stresses but allows latent and sensible heat fluxes due to fluctua-
tions in the wind speed. Thus, a free convective boundary layer is as-
sumed. For a detailed description of the model, including the
equations, the reader is referred to Kämpf and Backhaus (1998) and to
Wehde and Backhaus (2000).
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The model was set up on a domain of 1000 m depth and 250 m
width with a horizontal and vertical grid size of 5 m applying a time
step of 10 s. We conducted two simulations starting on March 17th
and March 29th to capture the transition period between winter con-
vective mixing and the decline of the mixed layer, respectively. Each
simulation ran over a period of 14 days with one additional day as
spin-up. The initial profiles of temperature and salinity for the first sim-
ulation were vertically interpolated from the simulated profiles of the
3D simulation at the station in the Rockall Trough (see Fig. 4). The sec-
ond simulationwas initialisedwith the results of the first one. The same
meteorological forcing as for the 3D simulation for the respective station
was used, provided as 3-hourly interpolated data. To test the validity of
the use of the ratio of texp/torb 200 Lagrangian tracerswere randomly dis-
tributed within the mixed layer at the beginning of the first simulation.
They record the actual light throughout the simulation period, thus,
allowing the calculation of texp and torb for each tracer.

3. Results and discussion

3.1. The three-dimensional physical–biogeochemical model

We will focus our discussion on the biogeochemical simulations as
the physical simulation only built the basis for testing the
parameterisation of phytoconvection. For this purpose, only a brief pre-
sentation of the simulated temperature and the derived MLD is given.
All Hovmöller diagrams, time series and the comparison to the observa-
tions refer to the station in the Rockall Trough marked in Fig. 4.

3.1.1. Hydrodynamic simulation
The temporal development of the simulated temperature at the sta-

tion in the Rockall Trough (see Fig. 4) and the corresponding MLD
(dashed lines) are shown in Fig. 5. The MLD resulting from Eq. (9)
(black line) is compared to the MLD determined using a temperature
difference (dark grey line) and density difference criterion (light grey
line) after Kara et al. (2000) based on aΔT of 0.8 K. The simulation starts
from the climatological dataset withmixed layer temperatures of above
10 °C which steadily decrease until mid-March due to ongoing surface
cooling and deep mixing. During this period the MLD determined after
Eq. (9) is at maximum 500mwhich is in the same order as the climato-
logical MLD reported for the northern Rockall Trough at about 57°N to
58°N (Holliday et al., 2000), which is at maximum about 700 m deep.
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the dark grey and light grey lines refer to the MLD determined with a temperature difference a
In April the mixed layer declines and a shallow seasonal surface mixed
layer develops reachingmaximum temperatures of above 13.5 °C in Au-
gust. Starting in October, the MLD deepens again reaching depths of up
to 200mat the endof the year. Throughout thewhole simulation period
the two differentMLDs determined after Kara et al. (2000) showgreater
values than the applied criterion. From January toMarch the two criteria
yield MLDs 100 m to 300 m deeper than the MLD criterion used in our
study, which contradict the temperatures visually decreasing already
in 300m to 400mdepth. Inmid-April the strong decrease in the applied
MLD coincides with the beginning of near-surface thermal stratification
whereas the two MLDs after Kara et al. (2000) stay deep until late April
showing. This supports the use of the applied MLD criterion.

Themonthly averagedMLD after Eq. (9) forMarch and Augustwith-
in thewholemodel area is shown in Fig. 6. The averageMLD of 400m to
600m inMarch in the Rockall Trough region is in good agreement with
Holliday et al. (2000). In most parts of the shelf the MLD represents the
bottom topography due to strong winter mixing reaching down to the
bottom. In August most parts of the model area are stratified with
MLD less than 20 m representing a small underestimation (Pätsch and
Kühn, 2008). Only parts of the English Channel, the Irish Sea and the
southern North Sea show a MLD reaching the bottom. This is in good
agreementwith Pingree andGriffiths (1978)who reported on perennial
well-mixed waters in these regions due to strong tidal mixing.

3.1.2. Biogeochemical simulations
Fig. 7 shows the monthly and vertically averaged specific light limi-

tation function (LLF) within the mixed layer for the standard run (dark
grey) and the phytoconvection run (light grey) at the station west of
Ireland (see Fig. 4). The LLF is defined as the light-dependent production
rate (Eq. (12)) normalised by the maximum production rate Pmax

B , and
therefore, is a direct measure for the phytoplankton production.

The two simulations generally follow the seasonal cycle of the solar
radiation showing low values during winter and high values during
summer. Because of the maximum influence of the phytoconvective
parameterisation, the phytoconvection run shows significantly higher
values than the standard run during winter due to the higher values of
the LLF in the deeper part of the mixed layer.

FromMay to October the two simulations show similar LLFs, due
to the shallow seasonal mixed layer causing the influence of
phytoconvection to be zero most times. Small differences between
the two simulations during this period are caused by the interaction
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of the conventional parameterisation and the phytoconvective
parameterisation during events of wind-induced mixed layer deep-
ening. At the end of the year the LLFs are again diverging due to the
deepening of the mixed layer, and thus, the increasing influence of
phytoconvection.

Fig. 8 shows the Hovmöller diagrams of chlorophyll-a (chl-a) simu-
lated by the standard run (A) and the phytoconvection run (B) at the
station west of Ireland. The chl-a concentrations were derived from
the simulated phytoplankton carbon applying a constant chl-a:C mass
ratio of 1:50. The phytoplankton carbon is the sum of carbon of the
two simulated phytoplankton groups diatoms and flagellates. The two
simulations start from the same initial conditions with highest concen-
trations of above 0.1 mg chl-a m−3 in the upper 100 m and decreasing
concentrations in greater depths.

In the first twoweeks, the two simulations show decreasing concen-
trations in the upper 100m and, due to downwardmixing of the higher
surface concentrations, increasing concentrations in the layers in be-
tween 100 m and the MLD. Thereafter, the chl-a of the two simulations
diverge. The standard run shows a steady decrease until late March
throughout the whole water column while the phytoconvection run is
characterised by steadily increasing concentrations throughout the
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mixed layer from early February until mid-April. This development
is controlled by the different LLFs, Fig. 7. The concentrations in
the standard run drop below 0.05 mg chl-a m−3 in the upper 100 m
and values less than 0.035 mg chl-a m−3 in the deeper layers,
while the phytoconvection run shows concentrations of above
0.05 mg chl-a m−3 throughout the whole mixed layer and concentra-
tions higher than 0.1 mg chl-a m−3 in the upper 200 m to 300 m. Max-
imum concentrations in the deep part of the winter mixed layer are
reached in early April when the MLD declines and a seasonal thermo-
cline develops with values of above 0.35 mg chl-a m−3 in the
phytoconvection run. At the same time the standard run shows the
onset of a strong surface spring bloom indicated by the increase in the
chl-a concentrations from less than 0.05 mg chl-a m−3 to above
1 mg chl-a m−3 within about two weeks. A comparably strong surface
bloom is not simulated in the phytoconvection run, because the MLD
is still 200 m to 400 m deep, and hence, the phytoconvective
parameterisation is fully taken into account.
From late April to November the two simulations show a very simi-
lar behaviour within the mixed layer as expected from the similarity of
the LLFs during this period (see Fig. 7). Caused by the increasing influ-
ence of the phytoconvective parameterisation in December, the
phytoconvection run shows slightly higher concentrations than the
standard run in the deeper layers (50 m to 300 m).

Fig. 8 showed that the phytoconvection run simulates significantly
different winter chl-a concentrations than the standard run. In order
to evaluate the simulated chl-a profiles, the standard run (dark grey,
dash-dotted) and the phytoconvection run (dark grey, dashed) are
compared to two measured chl-a profiles (solid) recorded on February
27th, 1996 (Hill, 1996) (Fig. 9). The horizontal black lines mark the
MLD determined using Eq. (9) from the simulated (dashed) and mea-
sured (solid) temperature profiles, respectively. The two observed pro-
files show a distinct structure with increased chl-a concentrations
ranging between 0.09 mg chl-a m−3 and 0.14 mg chl-a m−3 in the
upper 500 m to 600 m. Thereunder, concentrations strongly decrease
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followed by concentrations of about 0.05mg chl-am−3 below theMLD.
Chl-a concentrations in the upper hundreds of metres are in the same
order of magnitude as measurements made in different regions of the
North Atlantic (Backhaus et al., 2003).

The standard run shows maximum concentrations of about
0.05 mg chl-a m−3 at the surface and steadily decreasing concentra-
tions with increasing depth. In contrast, the phytoconvection run
shows increased concentrations of about 0.11 mg chl-a m−3 to
0.12 mg chl-a m−3 in the upper 200m to 300 m followed by a stronger
decrease and concentrations less than 0.02mg chl-a m−3 below 700m.
In the upper 200 m to 300 m these results are comparable with the ob-
servations, even though the vertical variability of the measurements is
not reproduced. The standard run shows significantly lower chl-a con-
centrations throughout the whole water column and does not reflect
the distinct vertical structure of the observations. The vertical structure
of the phytoconvection run fits the observations much better with its
higher concentrations in the upper hundreds of metres and the subse-
quent stronger gradient between 300 m and 700 mwith themaximum
gradient around the MLD. Nevertheless, the simulated chl-a is not ho-
mogeneously distributed throughout the whole mixed layer which
may be due to the verticalmixing of the phytoplankton to deeper layers.

In the observations the determinedMLD is deeper than the depth of
the maximum gradient in the chl-a which indicates that the applied
MLD criterion may overestimate the actual MLD. In the simulation the
maximum gradient corresponds to the simulated MLD. However, it re-
mains constrained by the vertical resolution of the model grid which
is only 100mbetween 200m and 600m, and therefore is not able to re-
flect the sharp gradient of the observations.

This comparison to observations is rather basic due to the low data
availability and gives just a first insight in the capabilities of the new
parameterisation. Hence, a more compelling validation is required for
a complete evaluation of the presented parameterisation, which we
leave to future work.

The comparison of the chl-a concentrations with those in Lévy et al.
(1998a) in February (the month with maximum MLD in their study)
shows that our parameterisation yields concentrations in the same
order of magnitude (about 0.1 mg chl-a m−3) while chl-a concentra-
tions at the beginning of the period simulated by Lévy et al. (1998a)
are about twice as high compared to our simulation. Thus, the
parameterisation by Lévy et al. (1998a,b) applied on our initial condi-
tions would most likely result in chl-a concentrations underestimating
the observations by about factor 2. Furthermore, the approach present-
ed here is reversed to the approach by Lévy et al. (1998a,b) regarding
the effect of convection on primary production. In our parameterisation
primary production is increased by convection while Lévy et al. (1998a,
b) included convective mixing as a limiting factor for primary produc-
tion. The parameterisation by Lévy et al. (1998a,b) applies an additional
factor γm ranging between 0.1 and 1 representing maximum limitation
of growth due to vertical mixing in the case of Hcml N 2 ⋅ Heuph and no
convection-induced limitation for Hcml b Heuph, respectively. However,
this parameterisation has not been applied to mixed layers deeper
than 200 m and Lévy et al. (1998a) do not deal with cases of Hcml N 2 ⋅
Heuph. Thus, the winter chl-a concentrations simulated by Lévy et al.
(1998a)would be reduced further in the case of a winterMLD of similar
depth as in our simulations. Consequently, the parameterisation by Lévy
et al. (1998a,b) is unlikely to reproduce the observed winter chl-a con-
centrations. We use the vertically averaged LLF which is subsequently
distributed over the MLD whereas Lévy et al. (1998a,b) used the verti-
cally averaged PAR. The advantage of using the vertically averaged LLF
is, that it allows for photoinhibition which might occur in the surface
layer when solar radiation increases in early spring. In contrast, using
the average PAR reduces the PAR in the upper layers, and thus, can pre-
vent photoinhibition resulting in an overestimation of growth.

The analysis of the phytoconvection run with respect to nutrients
(specifically nitrate, not presented here) showed that even though the
increased primary production duringwinter affects the vertical nutrient
distribution, the levels stay well above any limiting thresholds. For the
zooplankton grazing (also not presented) there are some differences
between the standard run and the phytoconvection run, especially in
the period from February to April. Themonthly and vertically integrated
grazing rates in the phytoconvection run exceed those in the standard
run by above factor 8 during March. However, during the bloom initia-
tion inmid-April the daily zooplankton grazing (not shown here) in the
surface layer is very similar in both simulations (maximum deviations
of about 13% with even higher rates in the standard run), indicating
only a small impact on the phytoplankton development.



200

300

50

150

100

500

100150

300

450

350

450

600

200

300

50

150

100

500

100150

300

450

350

600

200

300

50

150

100

500

100150

300

450

350

600

200

300

50

150

100

500

100150

300

450

350

600

200

300

50

150

100

500

100150

300

450

350

450

600

200

300

50

150

100

500

100150

300

450

350

450

600

B) March phytoconvection

50

100

100

150

150

200

300

300

350

450

450

500

600

100

100

200

100

50

150

50

50

50

150

100

100

200

100

50

150

50

50

50

150

100

100

200

100

50

150

50

50

50

150

100

100

200

100

50

150

50

50

50

150

100

100

200

100

50

150

50

50

50

150

100

100

200

100

50

150

50

50

50

150

A) March standard

50

50

50

50

100

100

100

150
150

200

250

250

250

450

350

200

250

150

200400

500

550
200

250

250

250

450

350

200

250

150

200400

500

550
200

250

250

250

450

350

200

250

150

200400

500

550
200

250

250

250

450

350

200

250

150

200400

500

550
200

250

250

250

450

350

200

250

150

200400

500

550
200

250

250

250

450

350

200

250

150

200400

500

550
200

12oW 6oE6oW 0o 12oE

12oW 6oE6oW 0o 12oE

12oW 6oE6oW 0o 12oE

12oW 6oE6oW 0o 12oE

51oN

54oN

57oN

60oN

63oN

51oN

54oN

57oN

60oN

63oN

51oN

54oN

57oN

60oN

63oN

51oN

54oN

57oN

60oN

63oN

C) August standard

150

200

200

200

250

250

250

250
350

400

450

500

550

ch
lo

ro
ph

yl
l−

a 
[m

g 
m

−
2 ]

0

100

200

300

400

500

600

ch
lo

ro
ph

yl
l−

a 
[m

g 
m

−
2 ]

0

100

200

300

400

500

600

ch
lo

ro
ph

yl
l−

a 
[m

g 
m

−
2 ]

0

100

200

300

400

500

600

ch
lo

ro
ph

yl
l−

a 
[m

g 
m

−
2 ]

0

100

200

300

400

500

600

200

250
350

550

200
150250

350

250
350

150

450

250

200

250

400

600

200

250
350

550

200
150250

350

250
350

150

450

250

200

250

400

600

200

250
350

550

200
150250

350

250
350

150

450

250

200

250

400

600

200

250
350

550

200
150250

350

250
350

150

450

250

200

250

400

600

200

250
350

550

200
150250

350

250
350

150

450

250

200

250

400

600

200

250
350

550

200
150250

350

250
350

150

450

250

200

250

400

600

D) August phytoconvection

150

150

200

200

200

250

250

250

250

250

350

350 350

400

450

550

600

Fig. 10.Monthly averages of vertically integrated chlorophyll-a in themodel region for (A) the standard run inMarch, (B) the phytoconvection run inMarch, (C) the standard run in August and (D) the phytoconvection run in August. The integration
depth is 500 m.

147
F.G

roße
etal./JournalofM

arine
System

s
147

(2015)
138

–152



Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

−60

−50

−40

−30

−20

−10

0

10

ai
r−

se
a 

flu
x 

ca
rb

on
 [m

m
ol

 C
 m

−
2 ]

 

A

standard
phytoconvection

0

2

4

6

8

10

12

14

16

18

20

ca
rb

on
 e

xp
or

t p
ro

du
ct

io
n 

[m
m

ol
 C

 m
−

2 ]

B
standard
phytoconvection

Fig. 11. Time series of monthly integrated (A) air–sea carbon flux and (B) carbon export
production for the standard run (dark grey) and the phytoconvection run (light grey).
The negative values in the air–sea fluxmean outgassing of CO2. The carbon export produc-
tion is defined as the export of fast-sinking detritus below 500 m depth referring to the
maximumMLD at the analysed station.

148 F. Große et al. / Journal of Marine Systems 147 (2015) 138–152
In ECOHAM, zooplankton grazing is directly proportional to the phy-
toplankton concentration which explains the stronger grazing in the
phytoconvection run during winter. The model implicitly accounts for
the decoupling of zooplankton and phytoplankton as zooplankton graz-
ing declines with decreasing phytoplankton concentrations, and conse-
quently zooplankton concentrations decrease. These dynamics are in
agreement with the dilution phase of the ‘Dilution-Recoupling-Hypoth-
esis’ (Behrenfeld, 2010), representing one possible approach for how
winter phytoplankton concentrations can be reproduced in models.
The ‘recoupling phase’ (Behrenfeld, 2010; Evans and Parslow, 1985)
however is not captured by the model, since zooplankton, forced by
the vertical exchange coefficient AV (see Eq. (1)), is mixed within the
water column like other state variables, and thus, is unable to retain
its position within the water column.

To analyse the functioning of the developedweighting function (11)
Fig. 10 shows the vertically integrated, monthly averaged chl-a concen-
trations of the upper 500 m for March (A and B) and August (C and D).
InMarch the standard run (A) shows significantly lower concentrations
than the phytoconvection run (B) in the areas south andwest of Ireland
due to the MLD being deeper than the reference depth Href = 100 m
(see Fig. 6). The highest concentrations in these regions exceed
600mg chl-am−2 in the phytoconvection runwhile the concentrations
in the standard run stay below 150 mg chl-a m−2 in the same area.

In the deep areas north of the shelf the concentrations in both
simulations are similarly low despite the deep mixed layers. Here,
phytoplankton concentrations are very low at the beginning of the
simulation (about factor 20 less than at the analysed station) and
stay low throughout the winter. South of Norway both simulations
show increased chl-a concentrations, but with a spatial mismatch.
Due to the deep mixed layer the phytoconvection run produces the
highest concentrations in the deepest area of the Skagerrak. In
contrast, the standard run shows the highest concentrations directly
at the coast due to the onset of the spring bloom. In the shallower
shelf regions, e.g. the southeastern North Sea the two simulations
are in good agreement with each other demonstrating that
the weighting function allows the application of the new
parameterisation on the shelf.

In August (C andD) the two simulations show the same patterns and
concentrations in most parts of the shelf and the areas off the shelf. The
shallow seasonal mixed layer in these areas (see Fig. 6) causes
phytoconvection in the phytoconvection run (D) to switch off. Only in
the English Channel and the Irish Sea the phytoconvection run shows
significantly higher concentrations than the standard run (C). In these
regions the bottom depth is around 100 m and the vertical mixing is
strong throughout the whole year due to tidal mixing and the interac-
tion of horizontal currents with the bottom topography. This prevents
the development of a persistent seasonal mixed layer, i.e. the MLD
deepens frequently causing the influence of phytoconvection to
increase. Consequently, the chl-a concentrations in the deeper layers
are significantly higher than in the standard run resulting in higher ver-
tically integrated concentrations. These regions are also known for the
regular occurrence of tidal fronts and increased phytoplankton produc-
tion during summer due to the availability of light and nutrients
(Pingree et al., 1978). This indicates reasonable chl-a concentrations
simulated in the phytoconvection run in these regions.

The monthly and vertically integrated (0 m to 500 m) net prima-
ry production (NPP) in the whole model region shows similar
patterns as the chl-a (Fig. 10) (not shown). In regions where the in-
fluence of phytoconvection is strongest (southwest of Ireland) the
NPP in the phytoconvection run exceeds the NPP in the standard
run by about factor 8 to 10 during March. Maximum values of
above 18 g C m−2 month−1 are reached in these areas in the
phytoconvection run. In August, the phytoconvection run reaches
maximumNPP of above 30 g Cm−2 month−1 in the English Channel
while a maximum NPP of about 16 g C m−2 month−1 is reached
south of the Doggerbank in the standard run.
To illustrate the effect of the new parameterisation on the carbon
cycle Fig. 11 shows the monthly integrated air–sea carbon flux (ASCF,
A) and the carbon export production (CEP, B). Negative values in the
ASCF imply outgassing of CO2. The CEP is defined as the export of fast-
sinking detritus below 500 m depth as this is the maximum MLD at
the specific station. For the ASCF the two simulations are only slightly
different from each other throughout the whole seasonal cycle. During
winter the two simulations show maximum outgassing of CO2, or the
most negative ASCF due to strong mixing, and hence, the transport of
carbon-enriched deep water to the surface. During this time the
phytoconvection run (light grey) shows slightly higher values induced
by the higher phytoplankton biomass, and therefore, increased primary
production at the surface compared to the standard run (dark grey).

During the spring bloom formation, the ASCF increases significantly
due to the increasing near-surface primary production. As near-surface
primary production during April and May is stronger in the standard
run than in the phytoconvection run, the relation between the two sim-
ulations shifts and the ASCF becomes higher in the standard run. During
summer the ASCF stays on a relatively high level due to the ongoing pri-
mary production. The slightly lower values in the phytoconvection run
are caused bywind-inducedmixed layer deepening, and thus, the influ-
ence of phytoconvection which lowers the primary production in the
surface layer. From October to December outgassing again intensifies



149F. Große et al. / Journal of Marine Systems 147 (2015) 138–152
due to increasedmixingwhich brings carbon-enrichedwater to the sur-
face, and the reduced primary production. The standard run shows only
slightly higher values. This is caused by the increased importance of the
phytoconvection leading to lower near-surface production rates, while
the near-surface phytoplankton biomass remains similar in the two
simulations after summer (see Fig. 8).

While the ASCF is very similar for the two simulations throughout
the year, the CEP shows significant differences during the annual
cycle. In the standard run the CEP is steadily decreasing from January
to April when the spring bloom is fully developed due to the decreasing
phytoplankton biomass. In contrast, the phytoconvection run shows a
steady increase in the CEP from February to April with maximum
amounts being 6 to 9 times higher than in the standard run. This is
caused by the significantly higher biomass of phytoplankton and zoo-
plankton in the water column from the surface to the MLD, and conse-
quently, higher amounts of fast-sinking detritus at great depths. The
peak in April with a CEP of about 18.5 mmol C m−2 is related to the
strong decline of the mixed layer leaving a large portion of the phyto-
plankton biomass below the mixed layer which is than transferred to
detritus sinking to the deep ocean. During summer the two simulations
are again converging and show a similar CEP until October. Thereafter,
the CEP becomes again slightly higher in the phytoconvection run due
to the increasing influence of phytoconvection, and hence, the slightly
higher concentrations of phytoplankton in greater depths (see Fig. 8).

As the spatial aspect ratio of the convection cell (see Fig. 3) is a key
factor for the parameterisation of phytoconvection we compared the
chl-a simulated by the use of three different aspect ratios. Fig. 9 shows
the effect of the applied spatial aspect ratios of the convection cell on
the phytoplankton. The previously discussed phytoconvection run
(dark grey, dashed) applying an aspect ratio of 2.5:1 is compared to sim-
ulations applying aspect ratios of 2:1 (light grey, dash-dotted) and 3:1
(light grey, dash-dotted), respectively. The presented ratios cover the
range reported by Kämpf and Backhaus (1998). Simulated chl-a concen-
trations increase with rising aspect ratios as the timewithin the eupho-
tic zone texp increases (see Eq. (8)). Furthermore, it can be seen that for
the first observed profile (left panel) the 2:1 ratio produces the best fit
regarding the concentrations in the upper 300 m, while for the second
observation (right panel) the 3:1 ratio fits best to the observations.
This suggests, that on average the aspect ratio of 2.5:1 offers a reason-
able fit.

The deviation in the simulated chl-a of the 2:1 and 3:1 ratio
simulations relative to the phytoconvection run for the purely
phytoconvective period (January to March) was calculated for each
time step and layer at the presented station as the Euclidean distance
normalised by the average of the two simulations. The maximum devi-
ation for the simulation applying a ratio of 2:1 is 23.7% reached on
March 30th. The 3:1 simulation reaches its maximum of 19.8% on
March 26th. These deviations are reached when the chl-a concentra-
tions start to significantly increase (compare Fig. 8) due to enhanced
light availability. These deviationswouldmake amore thorough valida-
tion of the results originating from different spatial aspect ratios desir-
able. However, this would require a more comprehensive dataset,
which unfortunately was not available.

The reference depth Href controlling the weighting of the standard
parameterisation and the phytoconvective parameterisation (see
Eqs. (11) and (12)) was tested by two additional simulations (not
shown). For the first test runwe chose a deeper Href of 200m compared
toHref=100m in the previously discussed phytoconvection run, which
also enlarged the transition range, where both the standard
parameterisation and the phytoconvective parameterisation are taken
into account. The analysis of the monthly and vertically averaged LLF
for the two cases showed that there are no differences during periods
with sufficiently deep (MLD ≥ Href) or shallow (MLD ≤ Heuph) mixed
layers. Whereas during the decline of the mixed layer in April and the
deepening in December the relative deviation (Euclidean distance nor-
malised by the average of the two simulations) between the two
simulations is about 6% in April and about 16.5% in December when
the MLD varies between 75 m and 150 m. The LLF in the simulation
with Href = 200 m yields a lower LLF for these periods due to the
lower influence of phytoconvection, and thus, lower light availability
at greater depth. This further implies that a deeper Href allows for a
stronger near-surface gradient in phytoplankton during the spring
bloom because of the earlier reduction of the influence of
phytoconvection.

The second test run with a shallower Href of 50 m yielded a
maximum increase in the LLF by about 5.7% compared to the
phytoconvection run with Href = 100 m in April which is due to the
stronger impact of the phytoconvective parameterisation. During the
deepening of the MLD in November and December the simulation
with the shallower Href shows only slight differences in the LLF with
maximum deviations of 3.2% compared to the phytoconvection run
which is induced by the stronger impact of the phytoconvective
parameterisation. The use of a shallower Href does not cause strong
changes in the LLF as the transitional phase between the standard
parameterisation and phytoconvection is shorter which becomes most
important during the fast decline of themixed layer in April. Conversely,
a deeper Href results in larger deviations in late autumn/early winter
driven by the longer transitional phase during the deepening of the
MLD.

3.2. The convection model

In order to validate our assumption that the MLD (after Eq. (9)) is
generally a good indicator for the convective mixing depth Hcml, we ap-
plied the convectionmodel described in Section 2.2 to two different pe-
riods: March 17th to March 31st and March 30th to April 13th. Fig. 12
shows themerged time series of simulated temperature (A) and turbu-
lence as vertical mixing coefficient (B) from March 17th to April 12th.
The colour scale for the turbulence is cut at its upper end at 8 cm2 s−1

to better resolve the values in greater depth. The vertical dashed lines
(March 30th) mark the date of assembly. The daily running average of
the MLD determined from the simulated temperature using the MLD
criterion (9) is marked by solid lines.

The temperature shows a steady decrease within the upper 400 m
from the beginning of the simulation until April 2nd (day 93). This is
in good agreement with the convective turnover times of 5 h to 8 h in-
dicated by increased turbulence of about 2 cm 2 s−1 down to depths of
300 m to 400 m during this period. The MLD in principle follows the
temporal development of the turbulence, but the MLD is estimated
about 150 m deeper than the maximum depth of convective mixing
during the whole simulation period. While the applied MLD criterion
overestimates the Hcml, the MLD determined from the convection
model and from the 3D simulation are in good agreement (see Fig. 5).
The simulated turbulence also shows that the MLD is recurrently fully
convected during winter, thus, providing a good indicator for the verti-
cal extent of the convection cell.

In the period after April 2nd, convection is strongly reduced. These
dynamics are also visible in the temperature increase near the surface.
During the same time, theMLD shows only a slight decline demonstrat-
ing that the MLD and the Hcml deviate stronger during early spring. This
period of three days of no convective mixing is followed by another pe-
riod of strong convection causing a deepening of the mixed layer by al-
most 100 m. The temperature within the whole mixed layer also
significantly decreases during this time. Convection eventually drops
on April 6th (day 97) followed by the formation of a shallow surface
mixed layer. The onset of thermal stratification is delayed compared
to the shutdown of convection by about two days. This shows that espe-
cially in the time directly after the shutdown of convection the MLD is
not a good indicator for the Hcml for the relevant dynamics to describe
phytoplankton growth conditions. This is also in good agreement with
Taylor and Ferrari (2011) and Ferrari et al. (2014) who stated that dur-
ing periods of strong atmospheric forcing the MLD is a good proxy for
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Hcml, whereas the MLD strongly deviates from Hcml when the atmo-
spheric forcing weakens in spring, thus, becoming a less strong driver
for turbulent mixing. However, as our study focusses on primary pro-
duction during winter when the MLD is frequently overturned by con-
vection, we do not further discuss this problem here.

The ratio texp/torb is about 0.38 throughout the winter period (Janu-
ary–March) in the 3D phytoconvection run due to the spatial aspect
ratio of 2.5:1 (horizontal to vertical) of the convection cell and an eu-
photic layer depth of 40m to 50m. To evaluate this valuewe calculated
themedian values of texp and torb for the 200 Lagrangian tracers added to
the first simulation. Themedianwas used rather than the average value
to retrieve values less influenced by strongoutliers occurring in the trac-
er results. We derived the values by considering tracers with an actual
light value of above or equal 1% of the surface light beingwithin the eu-
photic zone, thus, counting for texp. Tracers with light values below this
threshold were taken into account for the dark time tdark. torbwas calcu-
lated as the sum of themedian values of texp and tdark. The resultingme-
dian values for texp and torb are about 0.08 h and about 0.42 h,
respectively, resulting in a ratio texp/torb of about 0.2. This shows that
the ratio texp/torb during the 3D simulation is most likely overestimated
causing an overestimation of the simulated phytoplankton. The short
median duration of texp and torb suggests that particles in a convectively
mixed layer are not always transported down to the bottom of the
mixed layer, but spend a lot of time in the upper layers and frequently
re-enter the euphotic zone. However, laboratory experiments showed
that phytoplankton dealing with short light-dark cycles is less
productive than that dealing with longer cycle due to photoacclimation
(B. Walter, unpublished data). This is not taken into account in our
parameterisation as the different light-dark cycles are not represented
and would probably lower the simulated phytoplankton concentra-
tions. However, all tracer trajectories (not presented) show that parti-
cles also spend longer continuous periods indifferent depths since
convection is intermittent. Thus, it is likely that a certain proportion of
phytoplankton stays sufficiently long in the euphotic zone and net pri-
mary production can take place.

There are somedifferences between2Dand3Dmodelling of turbulent
convection, a point worth noting. For instance, Moeng et al. (2004)
showed that in the case of a free convective boundary layer as assumed
by themodel, the turbulent kinetic energy (TKE), surface friction velocity
and velocity variances are sensitive to the subgrid-scale eddy viscosity
and thermal diffusivity in 2D models. Especially the vertical velocity var-
iance is significantly higher in 2Dmodels than in 3Dwhich affects the ver-
tical mass fluxes (Moeng et al., 2004). Hence, a 3D simulation using the
same boundary conditions would lead to different results regarding the
TKE, and thus, to a different Hcml and MLD, respectively. Fox-Kemper
and Ferrari (2008) showed that at the mixed layer base 2D models tend
to simulate a lower vertical diffusivity compared to 3D models which
may affect the temporal development of Hcml. Even though such model
would most likely yield a quantitatively different result, this does not af-
fect the validity of our assumption that the MLD equals the Hcml during
winter as we do not expect another qualitative result from a 3D model.
With respect to the vertical displacement of particles by convection, the
differences in the vertical velocities would affect the simulated duration
of a full convective orbit, and thus, the ratio texp/torb.

4. Conclusion and perspectives

The presented parameterisation of phytoconvection (Eq. (10)) com-
binedwith thedevelopedweighting function (11) constitutes a possible
approach to reproduce observed winter phytoplankton concentrations
(e.g. Backhaus et al., 2003) in a large-scale physical–biogeochemical
model. In these models the vertical exchange is often not sufficient to
account for convective mixing, and thus, to adequately simulate phyto-
plankton concentrations within the deep winter mixed layer. This
parameterisation incorporates the hypothesis of Backhaus et al.
(1999) by allowing primary production throughout the whole mixed
layer, and thus, increasing winter phytoplankton productivity. The
resulting parameterisation (Eq. (12)) is able to simulate winter phyto-
plankton concentrations in convective regionswhich are in good agree-
ment to the available observations whereas the conventional
parameterisation of primary production fails to reproduce the observa-
tions. The more realistic winter phytoplankton concentrations and the
accordingly higher carbon export production in the phytoconvection
run suggest that convection non-resolving, biogeochemical models
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underestimate the carbon export as they also underestimate the phyto-
plankton concentrations in these depths, and hence, the sinking of par-
ticulate organic carbon.

Beyond this, for the first time the parameterisation proposed by
Backhaus et al. (2003) was tested and implemented into a large-scale
3D biogeochemical ocean model. Thus, it was possible to investigate
the effect of this parameterisation on the simulated ecosystem, for ex-
ample, nutrients and zooplankton. Even though only primary produc-
tion is directly influenced by the parameterisation, nutrients and
zooplankton are also affected. However, the increase in zooplankton
grazing and the reduction of nutrients in the pre-bloom phase only
have a minor effect on the phytoplankton bloom development. Thus,
these results question the relative importance of changes in the
density-dependent grazing pressure during winter as formulated in
the ‘disturbance-recoupling hypothesis’ (Behrenfeld and Boss, 2014;
Behrenfeld et al., 2013).

In addition, the regional model ECOHAM4 served as a testing envi-
ronment for the application of the parameterisation of phytoconvection
in a global ocean model. The promising results with respect to phyto-
plankton concentrations suggest this step to investigate the effect on
the phytoplankton and carbon export on a global scale.

The parameterisation presented relies on a number of assumptions
regarding the characteristics of convection and the functioning of pri-
mary production. First, it is assumed that the MLD is frequently mixed
by convection during winter, thus, providing a valid measure for the
vertical extent of convection. This was confirmed by the results of the
convection model, although the applied MLD criterion overestimates
the actual convective mixing depth Hcml. Second, the convection cell is
assumed to have a rectangular shapewith a horizontal to vertical aspect
ratio of 2.5:1 (Backhaus et al., 2003) and particles movingwith constant
velocity along linear pathways. The median timescales of texp and torb
resulting from the tracer experiment showed that this simplification
leads to an overestimation of the ratio texp/torb. The short timescales
also suggest that the actual motion within the convection cell is rather
turbulent than linear which also effects the particle velocity. Horizontal
current velocities in the ocean are usually larger than vertical velocities.
Hence, assuming increased horizontal velocities would lead to a reduc-
tion of texp and consequently lower primary production. The short light-
dark cycles show that the simulated phytoplankton is biased by
neglecting the effect of photoacclimation resulting in a further overesti-
mation. Consequently, taking into account these aspects would most
likely result in an overall lower primary production during winter.

Since primary production depends on absolute values of PAR, primary
production taking place in depths deeper than the 1%-threshold depth
could partly balance this decrease in primary production as it would in-
crease texp. Though it is not likely to have a strong effect during mid-
winter when radiation is generally low, it may have a beneficial effect
during March when surface radiation increases, and thus, primary pro-
ductionmay occur in greater depth. Variation in respiration is another as-
pect not accounted for in the applied model. It is known that
phytoplankton respiration rates decrease under low light conditions
(e.g. Falkowski et al., 1985). Thus, including this effect is expected to in-
crease the simulated NPP and, consequently, phytoplankton concentra-
tions. However, we did not address these aspects and further studies
are needed to analyse their influence on our parameterisation of
phytoconvection.

Besides this the analysis of the new parameterisation revealed some
other points requiring improvement. Considering that the MLD is the
main controlling factor in both the paramerisation of phytoconvection
and in the transition between the winter and summer regimes, the
use of a higher vertical resolution between 200 m to 600 m depth
would improve its accuracy in spatially explicit, especially during the
decline of the MLD. Such improvement would also be associated with
increased computation times. There is also the need of improving the
MLD criterion (9) itself to account for haline stratification. This could
be achieved by applying a density-based criterion following the
algorithm developed by Kara et al. (2000). The comparison of the MLD
criterion applied here with those based on a temperature difference of
0.8 K proposed by Kara et al. (2000) showed that these criteria yield
evendeeperMLDswhich are less consistentwith the simulated temper-
ature distribution (see Fig. 5). Hence, further testing is needed to obtain
the best-fitting criterion and to include the effect of salinity.

The introduction of the weighting function (11) allowed the smooth
transition between winter and summer regimes with deep and shallow
mixed layers, respectively. In addition, the weighting function produced
improved results in the deep open ocean and shallow shelf regions. How-
ever, with respect to the transition from a deep to a shallow mixed layer,
further improvement of the weighting between the conventional
parameterisation and theparameterisation of phytoconvection is required.

The simulations with the convection model showed that during
phases of reduced convective mixing the MLD shows only a slight re-
sponse, even though these phases last for a couple of days. The simula-
tions also showed that there is a temporal mismatch between the final
shutdown of convection and the decline of the MLD. Thus, a possible im-
provement to the weighting function (11) as well as to the ratio texp/torb
(see Eqs. (7) and (8)) would be the coupling to the Hcml rather than to
the MLD.

The vertical exchange coefficients used in some hydrostatic models
(as for example the HAMSOMmodel) in combinationwith the low ver-
tical resolution are not always sufficient to account for convective
mixing of particles. On the other hand, convection-resolving models
are not feasible to large-scale models due to immense computation
times, which represents the major challenge for the further improve-
ment of the here presented parameterisation of phytoconvection. For
this purpose, a possible solution could be the coupling of the
parameterisation of phytoconvection to the air–sea heat flux, a proxy
for convective mixing. Taylor and Ferrari (2011) used the net surface
heat flux to show that the shutdown of convection can be a better indi-
cator for the onset of the bloom than the MLD. However, other mecha-
nisms, e.g. eddy-driven stratification (Mahadevan et al., 2012) can lead
to stratification without a change in the net surface heat flux, and
would, thus, still not be captured by this approach.

Besides these possible and necessary improvements and the further
analysis of the underlying assumptions, another important step is the ap-
plication of the presented parameterisation in a model region where suf-
ficient observation data are available to obtain a significant image of the
quality of the parameterisation. Such can be achieved with the help of
other large-scale, physical–biogeochemical models, used to calculate
growth dependency on the local PAR in depth z. The parameterisation
of phytoconvection presented here is based on the originally implement-
ed parameterisation of light-dependent primary production, and thus, is
expected to be applicable by the vast majority of this type of models.
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