
1

Contribution of physical processes to variability of dissolved
silicate in the Labrador Sea between 1980 and 2015
Alizée Dale1, Marion Gehlen1, Douglas W. R. Wallace2, Germain Bénard1, Christian Éthé1, Elena
Alekseenko3

5 1Université Paris-Saclay, CNRS, CEA, UVSQ, Laboratoire des sciences du climat et de l’environnement, 91191, Gif-sur-
Yvette, France
2Department of Oceanography, Dalhousie University, Halifax, Nova Scotia, B3H 1N4 Canada
3Laboratoire d’Océanologie et de Géosciences, CNRS, LOG UMR 8187, 28 Avenue Foch, BP 80, 62930 Wimereux, France

10 Correspondence to: Alizée Dale (alizee.dale@lsce.ipsl.fr)

Abstract.We use output of an eddy-permitting biogeochemical ocean general circulation model to investigate the drivers of
the observed decline in the pre-bloom inventory of dissolved silicate (DSi) and its InterAnnual Variability (IAV) over the
period 1980-2015. Specifically, the relative impacts of an abrupt decrease in Deep Winter Convection (DWC) and changes
in Arctic inflow on DSi concentrations at the regional scale are examined. The IAV of the upper layer DSi inventory

15 covaries with both the Arctic inflow and DWC, however, the pre-bloom decline seems driven primarily by the DWC and
associated winter vertical mixing, while the contribution of Arctic inflow is negligible. Our study suggests that the inventory
responds to natural decadal variability which is influenced by two major climate modes, the North Atlantic and the Arctic
Oscillations, with the former appearing to be the main control.

20 1 IntroductionThe Labrador Sea is a highly productive region within the Subpolar Gyre (SPG; (Harrison et al., 2013; Harrison & Li, 2008),
delimited by strong boundary currents (Lazier et al., 2002). Its particularity lies in the intense and variable deep convection
which takes place at its center (Lazier et al., 2002; Yashayaev & Loder, 2016). In the central Labrador Sea, the Net Primary
Production (NPP) is maintained by deep winter convection (Harrison & Li, 2008; Harrison et al., 2013; Yashayaev & Loder,

25 2016), which modulates nutrient fluxes, enriching the euphotic layer through vertical mixing (Harrison & Li, 2008; Harrison
et al., 2013; Yashayaev & Loder, 2016). Whereas Arctic Inflow modulates NPP on the Labrador (Tremblay et al., 2015) and
Greenland shelves (Tesdal et al., 2022). In the Labrador Sea, NPP is mainly supported by diatoms (60 to 80%; Rousseaux &
Gregg, 2013). Diatom productivity is at the base of a productive food chain that supports higher trophic levels (Conti &
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Scardi, 2010; Stock et al., 2017) including valuable fisheries, among others, of Atlantic salmon, cod, mackerel, and herring
30 (Government of Canada, Fisheries and Oceans Canada, Communications Branch, 2021).

In contrast to other phytoplankton groups which are dependent on light, nitrogen, phosphorus and iron to grow, diatoms also
require dissolved silicic acid or silicate (Si(OH)4, referred to here as DSi) to form their frustules (Egge & Aksnes, 1992;
Nelson & Dortch, 1996). DSi concentrations showed a negative trend between the mid-1990s and the late 2000s (Hátún et
al., 2017; Tesdal et al., 2022). Even though the trend appeared to reverse starting from the 2010s (Tesdal et al., 2022), the

35 decrease of DSi concentrations was reminiscent of a regime shift. This regime shift may reflect projected future conditions,
which are typically characterized by a weakening of the winter-time deep convection and a slowdown in circulation (Lenton
et al., 2008; McKay et al., 2022). Variability of winter-time deep convection appears similar to that of DSi concentration. It
weakened abruptly from 1994 onwards, shoaling from a MLD of 1000-2400 m between 1987 and 1994, to roughly 1000 m
between 1994 and the early 2000s (Lazier et al., 2002; Yashayaev & Loder, 2016), while intense events reoccured between

40 2014 and 2015 (Yashayaev & Loder, 2016). During the same period, a slowdown in the SPG circulation was observed
(Hakkinen & Rhines, 2004; Hátún et al., 2005; Hátún et al., 2017; Tesdal et al., 2022). The weakening of the SPG led to
unbalanced mixing between DSi-Rich Arctic Waters (SRAW) and a greater volume of DSi-poor waters from the south
compared with the period preceding the SPG weakening (Hátún et al., 2017). This imbalance led to water that was poorer in
DSi, reaching the Labrador Sea through the SPG circulation following the Greenland continental margin (Tesdal et al.,

45 2022). From the Arctic, the SRAW transport is also supposed to have weakened from the mid-1990s (Aksenov et al., 2016),
leading to negative anomalies in DSi concentrations along their transport pathways (Tremblay, 2002; Hátún et al., 2017)
compared to the early 1990s.
The relative importance of the contribution of advective fluxes from the Arctic, from the SPG circulation and from winter-
time deep convection to the observed variability of DSi concentration has been debated (Harrison & Li, 2008; Hátún et al.,

50 2017; McKinley et al., 2018; Tesdal et al., 2022). Such a decrease in DSi, and the potential for future regime shifts, could
have significant consequences for NPP, ranging from a reduction in primary production to changes in phytoplankton
community composition (and, potentially, sinking fluxes) due to a reduction in diatom biomass.
Here, we draw on output from an eddy-permitting ocean general circulation biogeochemical hindcast simulation to examine
and quantify the relative contributions of an abrupt decrease in winter-time deep convection and changes in Arctic inflow to

55 the variability of DSi concentrations at the scale of the Labrador Sea. Finally, we briefly put the decline in DSi into
perspective with changes in net primary production (NPP).
In Section 2, we describe the model set-up and analysis methods. In Section 3, we focus on the influence of the DSi decline
on NPP, and compare the DSi decline in the model to observations along a hydrographic section. We quantify the
contribution of Arctic Inflow to the variability of DSi inventory. The use of two metrics, annual maximum MLD and DSi

60 fluxes at the base of the mixed layer induced by vertical mixing, allows us to identify deep convection as the main
contributor to the strong decrease of DSi during the 1990s. Finally, we discuss the link between weather regimes and
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variability of DSi concentrations in relation to the physical forcing factors under investigation, and associated future
ecosystem impacts.

65 2 Material and methods
The study focuses on the area delimited by two sections to the north and south of the Labrador Sea (Fig. 1). To account for
mass transport through Hudson Strait, the northern limit is defined by a section located just to the south of Davis Strait. We
refer to this as the Northern section in the remainder of the paper. The Labrador Sea is closed to the south by the OSNAP-
West section (Fig. 1.a). To address the variability of DSi available for primary production, our analysis focuses on the upper

70 layer of the water column between 0 and 450 m depth. This depth criterion (<450 m) corresponds to the shallowest extent of
the maximum Mixed Layer Depth (MLD), as simulated by our model within the area of study.

2.1 Observational and numerical datasets
2.1.1 NEMO-PISCES model

75 The model used to evaluate physical contributions to the variability of the DSi inventory within the Labrador Sea is based
on a global configuration of the Nucleus for European Modelling of the Ocean (NEMO; stable 3.6 version; Madec et al.,
2017). The extended version of the tripolar grid eORCA has a resolution of 0.25° in longitude and 0.25° cosϕ in latitude
(eORCA025). There are 75 vertical levels with a resolution of 1 to 15 m between the surface and 200 m depth, and of 50 m
to 100 m between 500 m and 1000 m depth. The model is forced with the DRAKKAR Forcing Set (DFS) 5.2 (Dussin et al.,

80 2016) for the period 1958 to 2015 under constant pre-industrial atmospheric CO2 (284.32 ppm). The ocean general
circulation model is coupled online to the Louvain-la-Neuve sea-ice model LIM3 (Vancoppenolle et al., 2009) and the
Pelagic Interaction Scheme for Carbon and Ecosystem Studies (PISCES-v2; Aumont et al., 2015). PISCES is a
biogeochemical model which describes the lower trophic levels of the marine food web with four plankton functional types:
diatoms and nanophytoplankton, as well as micro- and meso-zooplankton. Phytoplankton growth is co-limited by 5 nutrients

85 (iron, phosphate, nitrate, ammonium and dissolved silicic acid), light, and modulated by temperature. The model has been
initialized with observation-based climatologies listed in table S3 and with external nutrient sources listed in table S4 of the
supplementary material (section 2).
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90 Figure 1: Observed (black) and simulated (red) anomalies of the DSi concentration along the AR7W section in spring
(April, May, June) relative to the mean over the 1993-2015 period for the upper (0-450 m) layer. (a) The region of study
is delimited by the OSNAP-west section to the south and a Northern section south of Hudson Strait (HS) and Davis Strait.
Model grid points that constitute the sections are shown in red. The DSi concentration profiles measured along the AR7W
section are shown in black. (b) The solid line shows average DSi concentrations anomalies (0-450 m) along the AR7W

95 section from the model (red) and observations (black). Red shaded areas represent the standard deviation of monthly
concentration anomalies in the model. The dark grey shading indicates the standard deviation of observed concentration
anomalies along the whole section.
In this study, we consider the following variables: dissolved silicate (DSi), conservative temperature, practical salinity,
effective transport, Mixed Layer Depth (MLD; defined by a density difference of 0.01 kg/m3 relative to water at 10 m depth),

100 and Sea Level Pressure from the atmospheric forcing dataset (DFS5.2). The simulation starts from an ocean at rest in 1958.
We limited our analysis to the period 1980-2015, i.e., the period from which the integrated volume between OSNAP and the
Northern section reached a quasi steady-state (Fig. S1).

2.1.2 Observational dataset
105 This study draws on several observational data sets for the evaluation of mean state and interannual variability of modeled

properties. Units were converted as needed. Details of model evaluation are presented in the supplementary material.
Modeled temperature and salinity were compared along Davis Strait to data from the 2004 R/V Knorr cruise
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(https://cchdo.ucsd.edu/cruise/316N20040922). Simulated mixed layer depths were evaluated over the 1980-2017 period
against observation-based estimates derived from a combination of Argo and CTD data across the Labrador Sea and

110 processed at the Bedford Institute of Oceanography (Yashayaev & Loder, 2016; Raimondi et al., 2021). Modeled mean
states of temperature, salinity, DSi, and MLD over the full area of study and 1981-2010 were compared to corresponding
averages computed from the World Ocean Atlas 2018 Reanalysis (https://www.ncei.noaa.gov/).

Interpolated data from the Atlantic Repeat Hydrography Line 7 West (i.e., AR7W, from GO-SHIP, WOCE, and CLIVAR
115 cruises supported by Canada’s Atlantic Zone Offshore Monitoring Program) were used to evaluate the modeled variability of

DSi. This section lies between the OSNAP, and Northern sections and data are available from 1992 to 2015
(https://cchdo.ucsd.edu). Note that DSi concentrations were mainly measured in spring or summer and that we used only the
average concentrations between 0 and 450 m in this study.

120 2.2 Methods
2.2.1 Spring bloom NPP
Total monthly NPP has been integrated from top to bottom and between April and June (the months in which the spring
bloom occurs), in order to describe NPP conditions preceding and following the trend in DSi concentration. The bloom
initiation is determined following Siegel et al (2002) as the time at which NPP exceeds its yearly median by 5%. The

125 threshold is relative to the spring bloom of a given year, thus eliminating the effects of inter-annual variability.

2.2.2 Pre-bloom DSi inventory
The variability of DSi is represented by its average pre-bloom inventory (March-April average) as a measure of its potential
to limit annual primary production. The pre-bloom DSi inventory is calculated from an integration of pre-bloom DSi

130 concentrations (μM ) of each grid cell within the entire volume of the upper layer (0-450 m) between the OSNAP and
Northern sections, multiplied by the volume of the associated grid cell. The inventories are given in teramoles (Tmol) of
DSi.

2.2.3 Contribution of the Arctic inflow
135 The annual average DSi import by transport across the Northern Section is given in Tmol and calculated by integration of the

monthly DSi transports (in kmol/s). The variability of DSi transport is assessed with reference to its annual average (1980-
2015).
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In the model, net volume transport (TRP) and net DSi transport (TRPDSi) are calculated from the meridional and zonal
components of effective transport (Teff ), following Eq. (1) and (2). The effective transport is derived from the sum of the

140 Eulerian velocity and the eddy-induced velocity diagnosed during the simulation at the model time step for each grid cell.

𝑇𝑅𝑃 =  ∫𝑒𝑎𝑠𝑡
𝑤𝑒𝑠𝑡 ∫ℎ=450𝑚

0 𝑇 𝑒𝑓𝑓 x, y, z 𝑑𝑧 𝑑𝑥,𝑦 (1)
𝑇𝑅𝑃𝐷𝑆𝑖 =  ∫𝑒𝑎𝑠𝑡

𝑤𝑒𝑠𝑡 ∫ℎ=450𝑚
0 𝑇 𝑒𝑓𝑓 x, y, z  ×  𝐷𝑆𝑖 x, y, z 𝑑𝑧 𝑑𝑥,𝑦 (2)

where [DSi] is the average nutrient concentration at the center of the two grid cells surrounding the Teff grid point (details in
145 section 2.1 of the supplementary material). Teff is located on the edges of the cells at point U or V (Fig. S7) on the type-C

Arakawa grid (Mesinger and Arakawa, 1976). z is the depth coordinate, and x, y are the zonal and meridional coordinates of
the section. Hydrographic sections have been co-localized on the model grid to select the suitable component of Teff and to
associate it with the appropriate mean concentration. Note that by convention, southward transports are negative and
northward transports are positive.

150
2.2.4 Contribution of deep winter convection
To assess the contribution of deep winter convection, we evaluated (i) the temporal evolution of the Mixed Layer Depth
(MLD), and (ii) the net exchanges of DSi at the base of the Mixed Layer (ML). The latter allows quantification of the
variability of DSi import into the ML by vertical mixing processes (Eq. (3)), i.e. entrainment or detrainment of DSi at the

155 ML base (positive sign for detrainment and negative for entrainment to the ML) and the contribution of vertical diffusion of
DSi across the ML base. These terms were computed during the simulation and, at the time step of the physical model. In
order to compare the contribution of import by vertical mixing to the variability of the DSi inventory, it has been converted
from kmol/s to an annual amount (Tmol of DSi) as was done with the DSi transport across the Northern section.

160 𝑉𝑒𝑟𝑡𝑖𝑐𝑎𝑙 𝑚𝑖𝑥𝑖𝑛𝑔 =  (𝑘𝑧𝜕𝑧 DSi 𝑚𝑙𝑑
𝑉𝑒𝑟𝑡𝑖𝑐𝑎𝑙 𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛

 −  DSi 𝑚𝑙𝑑 ∙𝜕𝑡𝑚𝑙𝑑
𝐸𝑛𝑡𝑟𝑎𝑖𝑛𝑚𝑒𝑛𝑡/𝐷𝑒𝑡𝑟𝑎𝑖𝑛𝑚𝑒𝑛𝑡

(3)

In Eq. 3, kz is the vertical diffusion coefficient at the mixed-layer base whose minimal value is 10-5 m2/s, mld is the depth at
the ML base and [DSi]mld is the DSi concentration at the ML base.

165 2.2.4 Climate Indices
The region of study is under the influence of two weather regimes that influence the atmospheric forcing (i.e., winds, surface
air temperature) above the North Atlantic: the North Atlantic Oscillation (NAO) and the Arctic Oscillation (AO).
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The NAO is characterized by a redistribution of atmospheric mass between the Arctic and subtropical Atlantic (Hurrel et al.
2003). It is an oscillation that represents a pressure gradient between the Azores high-pressure and the Iceland low-pressure,

170 between which flow the westerlies. Since the intensity of these winds may increase or decrease the heat loss from the
Labrador Sea (Bersh et al., 2007; Lohmann et al., 2009; Hakkinen et al., 2011), we calculated the NAO index to quantify the
variability of this oscillation and relate it to the observed trends in DSi concentration. The NAO index is based on an
Empirical Orthogonal Function (EOF) analysis of the Sea Level Pressure (SLP in Pa; Hurrel et al., 2003) over the domain
30°N-80°N, 85°W-30°E. SLP comes from the DFS5.2, which forced the model with ERA-interim reanalysis. For the EOF

175 analysis, we use the winter mean (DJF) of the SLP over the 1979-2015 period. The result shows a first mode representing
26.9 \% of the SLP variability and a South-North dipole.
A similar method is used to quantify the AO. The AO is described as a pattern of SLP centered on the Arctic (Thompson et
al., 1998; Hamouda et al., 2021) . To track its variability, it is defined by an index calculated from the principal component
of an EOF analysis of the winter mean SLP (DJF) above 20°N (Thompson et al., 1998; Hamouda et al., 2021).

180
3 Results
3.1 Observed and simulated DSi variability
A Labrador Sea-wide evaluation of simulated temperature, salinity, MLD and DSi concentration against observation-based
datasets is reported in the supplementary material (section 1.2) along with a synthesis of data sets (Table S1). Overall, the

185 model overestimates surface DSi concentrations on the eastern side of the Labrador Sea (i.e., on the Greenland continental
margin) whereas they are underestimated at the surface on the western side of the Labrador Sea (i.e., on the Canadian
continental margin). DSi concentrations below the surface, and over the full upper layer (0-450 m) are underestimated
throughout the basin. The temporal evolution of average DSi concentrations in the model and measured along the AR7W
section (Fig. 1a), are shown in Fig. 1.b, where concentrations are presented as anomalies relative to the average over the

190 period 1993-2015. The model underestimates observed concentrations by 2.3 μM on average (Fig. S5). Despite this bias, the
phasing and amplitude of DSi interannual variability are well reproduced, with a strong, significant correlation between the
observed and modeled decline (1994 to 2007: Pearson’s R = 0.71, p-value < 0.01, Fig. S5b).

The period of DSi decline (Fig. 1b), between 1994 and 2007, is surrounded by a) a first period, between 1980 and 1993,
195 characterized by a higher average concentrations and strong interannual variability; b) a third period, between 2008 and

2015, which is marked by an increase of DSi concentrations. During the period of decline (1994-2007), modeled DSi
anomalies decreased linearly at a rate of -0.09 μM.yr−1 (p-value < 0.01). Observed DSi concentrations displayed a smaller
decrease over the same period (-0.05 μM.yr−1, p-value < 0.01).
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200 3.2 Contribution of the Arctic inflow
Between 1994 and 2007, the pre-bloom DSi inventory and the import of DSi from the Arctic both declined. The negative
trend was, however, much larger for the inventory (-0.038 Tmol.yr−1) than for the DSi import (-0.0013 Tmol.yr−1) across the
Northern section (Fig.2a). The difference in trends translates into a much larger amplitude of decline of the prebloom
inventory (0.66 Tmol) than of the average annual import of DSi from the Arctic (0.02 Tmol). This implies that the reduced

205 influx of DSi across the Northern section is responsible for only about 3% of the inventory decline. On the other hand, time
series of DSi transport across the Northern section and of the Labrador Sea DSi inventory show a consistent variability over
the entire study period (1980-2015) and are significantly correlated (Pearson’s R = 0.88, p-value = 10−5). The former
suggests a common driver of variability which is also indicated by the linear relationship between DSi transport and
inventory shown in Fig. 2c.

210
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Figure 2. a. Temporal evolution of the upper layer average pre-bloom DSi inventory (in red) and annual average import of
DSi from the Arctic inflow across the Northern section upper layer (in blue) between 1980 and 2015. Note that the sign of the

215 DSi transport across the Northern section has been reversed for comparison with the DSi inventory changes. The more
positive the transport, the more DSi is transported into the area of study. Standard deviations around the two averages are
shown by colored shading. A linear regression model has been computed from 1994 to 2007 for both time series (dashed line,
p-value < 0.01). The result of the linear regression is given in the top right corner of the Fig. b. Time-series of the Arctic
Oscillation index calculated from an Empirical Orthogonal Function analysis of the Sea Level Pressure for latitudes greater
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220 than 20°N. c. Scatter plot of the pre-bloom DSi inventory and annual average DSi inputs from the Northern section transport
(as shown in Fig. a.).

3.3 Contribution of deep winter convection
The annual variations of the pre-bloom inventory also co-vary with estimates of DSi entrained into the mixed layer by deep

225 winter mixing (Fig. 3), particularly before (r = -0.88, p-value = 10−5) and during (r = -0.81, p-value = 10−4) the period of
decline. Due to the shortness of the final period, the same relationship cannot be statistically confirmed but the time series in
Fig. 3a is still suggestive of a correlation. The input of DSi from vertical mixing dropped between 1993 and 1996, followed
by a roughly linear decline of -0.12 Tmol.yr−1 up to 2007 which mirrors the decline in inventory (-0.39 Tmol.yr−1). The
amplitude of the decline of the contribution of deep winter mixing is -0.83 Tmol between 1994 and 2007 which is

230 comparable with but somewhat larger than the corresponding reduction of the pre-bloom DSi inventory (-0.66 Tmol). The
entrainment of DSi through vertical mixing was calculated at the base of the mixed layer which reaches depths far exceeding
450 m during some years (e.g. 2000 m in 1993). As a result, it is associated with a layer much deeper and richer in DSi than
the layer over which the inventory was calculated explaining why its amplitude exceeds that of the inventory (e.g. in 1993,
MLD reached 2000 m where the DSI concentration was 11.6 μM, whereas its average concentration varies from 6 μM (in

235 2007) and 8 μM (between 1990 and 1994 at 450 m) .
In the following, we focus on the annual maximum Mixed Layer Depth (MLD) as a metric to describe the intensity of deep
winter convection. The annual maximum MLD corresponds to the maximum depth reached by the ML over the course of a
year. The convection zone associated with the renewal of Labrador Sea water is identified based on a critical depth of 1000
m following Rühs et al. (2021). Figure 3.c presents the annual maximum MLD averaged over the three periods identified

240 before, as well as the horizontal extent of the associated convection zones. The extent of the convection zone and the depth
reached were both greatest between 1980 and 1993, just before the decline in DSi inventory. This was followed by a sharp
decrease in the area of the convection zone between 1994 and 2007, associated with shallower MLDs. Between 2008 and
2015, the convection zone expanded again. The histogram (Fig. 3d) displays the depth distribution of the annual maximum
MLD within the 1980-2015’s average convection zone (black contour in Fig. 3c) for each of the three periods. It confirms

245 the existence of distinct regimes with the first period (in red) being characterized by deep convection depths and clearly
distinct from the period of declining DSi (in green). The third period (in blue) could be interpreted as a transition phase
towards greater convection depths. Contrary to the DSi transport across the Northern section, which is characterized by an
overall linear decline, the reduction of the annual maximum MLD occurs in the model as an abrupt shift towards shallow
MLDs over a period of about two years (1993 to 1995).

250
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Figure 3. Relationship between winter deep convection and the pre-bloom DSi inventory. (a.) Temporal evolution of
average winter DSi inputs from vertical mixing in blue and the average pre-bloom DSi inventory of the upper layer in red.
Coloured shading displays the standard deviation. (b.) Relationship between average winter DSi inputs from vertical mixing

255 and the pre-bloom DSi inventory of the upper layer with a focus on the three study periods, which suggests a constant linear
relation between these two variables. (c.) Annual Maximum MLD averaged for the three periods. The red contour delimits
the convection zone specific to the period under consideration, while the black contour indicates the average convection zone
over the entire period (1980-2015). The same critical convection depth as Rühs et al. (2021) of 1000 m has been chosen to
define convection zones. Note that MLDs greater than 1500 m are displayed in oversaturated yellow. The associated

260 histogram (d.) represents the depth distribution of the ML at each grid cell within the 1980-2015 average convection zone
(black contour), for each period.
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3.4 Changes in Net Primary Production
In order to evaluate the impact of the DSi decline on NPP, we compare average total NPP before and after the decline in DSi

265 concentration (Fig. 4a). Prior to the decline in DSi concentrations (i.e. 1980-1993), modeled average total NPP integrated
over the months of the spring bloom reached maximum values on the continental shelf of Greenland and Canada (Fig. 4a;
between 200 and 240 gC/m2/year). Values were lower in the central basin (between 120 and 160 gC/m2/year). Considering
the period following the decline in DSi concentrations, NPP declined over ~69% of the study area between 1980-1993 and
2008-2015 Fig. 4b). Increases in NPP were mostly confined to the eastern to northern slopes of the basin. NPP anomalies for

270 the period 2008-2015 relative to the 1980-1993 period, were modest compared to the average NPP values.

Figure 4. Evolution of top-to-bottom integrated NPP. a. Average between 1980 and 1993. b. 2008-2015 NPP anomalies
relative to the 1980-1993 mean.

275

4 Discussion
The present study has highlighted distinct differences in NPP, DSi concentration (and inventory), lateral transport, and MLD
in the Labrador Sea between the three time periods from 1980 to 2015. Compared to the first period (i.e., 1980-1993),

280 between 2008 and 2015, the Labrador Sea showed a slightly reduced NPP (i.e., the median reduction is equivalent to -4% of
the median NPP where anomalies are negative. Maximum negative anomalies reach -14% of the local average at the point
where the reduction is the greatest) in the center of the basin and in the most productive areas of the study region. This
reduction coincides with lower DSi concentrations and inventory, a minor reduction in lateral DSi inputs from the North and
east, and a major reduction in vertical mixing. The latter relates to shallower winter-time convection. Between these two
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285 periods, from 1994 to 2007, the concentrations and inventory of DSi in the Labrador Sea declined progressively, as did all
physical sources of nutrients (i.e., lateral transport and vertical mixing). In the following discussion, we will first address the
changes in the Labrador Sea between 1994-2007 and then qualitatively assess the implications of this natural variability in
the context of projected future global warming conditions.

290 4.1 Observed and modeled decline in DSi
The model suggests a linear decrease in DSi concentration between 1990 and 2015 of -0.09 μM/yr , twice as large as the
observed trend (-0.04 μM/yr, Hátún et al., 2017; Yeats et al., 2011). This difference can be partly explained by the
interannual variability of the modeled DSi concentration, which has a higher amplitude than its measured counterpart. For
example, (Fig. 1a) between 1990 and 2015, modeled concentration anomalies along the AR7W section range from (-1.08 ±

295 0.19) μM in 2011 to (+1.67 ± 0.36) μM in 1993, whereas the anomalies in observations range from (-0.64 ± 0.30) μM in
2012 to (+0.92 ± 0.94) μM in 1993.
The above values are given between 1990 and 2015 for comparison. From observations (Hátún et al., 2017; Tesdal et al.,
2022) and the model, it is clear that the DSi decline began in 1994. Coupled with the fact that model outputs stopped in
2015, the reappearance of strong interannual variability from 2007 onwards makes it difficult to identify the end period of

300 the decline and the possibility of a return to 1980-1993 concentrations. However, recent observations (up to 2018) indicate
increased DSi concentrations to the level observed before 1994 (Tesdal et al., 2022). Whereas the decline in DSi from 1994-
2007 was caused by the abrupt weakening of winter deep convection, the increase surrounding 2015 seems conversely to
follow conditions favorable to intense winter deep convection (Yashayaev, 2023).

305 4.2 Regime shifts in the central Labrador Sea
The model output shows a change in the winter-time deep convection regime between the period 1980-1993 (annual
maximum MLD between 1184 and 1970 m) and 1994-2007 (between 508 and 1130 m). This change in regime does not
affect the DSi inventory as dramatically, as the DSi inventory shows a linear decrease. The plurality of processes modulating
the variability of the DSi inventory, such as boundary currents (i.e. the West Greenland Current and the Labrador current),

310 may be the cause (Tremblay et al., 2015; Tesdal et al., 2022). Similarly, NPP is not affected as strongly by the change in
convection regime because of its modulation by other factors (e.g. co-limitation by light and nitrate (not discussed in this
paper; Harrison & Li, 2008). Nevertheless, model results suggest a change in phytoplankton community composition to the
north of the study area which is marked by an increase in nanophytoplankton biomass and a decrease in diatoms biomass
(Fig. 5), the two phytoplankton groups represented by the model. Such a change is consistent with observations of an

315 increase in small phytoplankton and a decrease in large phytoplankton (Harrison & Li, 2008).
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Figure 5. Evolution of top-to-bottom integrated diatoms (top) and nanophytoplankton (bottom) biomasses integrated
320 on spring months (April to June). (a.,c.) Average between 1980 and 1993. (b.,d.) 2008-2015 biomass anomalies relative to

the 1980-1993 mean. (e.-f.) Ratio of average nanophytoplankton biomass (N) over biomass diatoms biomass (D) for the
period 1980-1993 (e.) and 2008-2015 (f.). Note that purple highlights diatoms-dominated areas and green
nanophytoplankton-dominated areas.
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325 4.2 Physical causes of DSi variability
The present study has shown that the contribution of DSi transport from the Arctic is correlated but negligible (= 3%). Our
estimate of the Arctic inflow's contribution to DSi's pre-bloom decline falls below the range of 10 to 20% given by Hatun et
al. (2017). The difference between the estimates most likely reflects the different approaches taken: direct computation of
transport of DSi across a section closing the Labrador Sea to the North (this study) as opposed to an indirect assessment

330 based on an estimation of DSi retention upstream in the Beaufort Gyre. Both estimates, however, suggest a minor to
negligible contribution of DSi transport from the Arctic to the decline of its inventory in the Labrador Sea. Although the
contribution is negligible at the scale of the study region, Arctic water appears to dominate and locally characterize the water
occupying the Labrador Shelf along the Canadian coast (Torres-Valdés et al., 2013; Fragoso et al., 2016). This DSi-rich
water (Tremblay, 2002) limits primary production locally (Fragoso et al., 2016).

335
More broadly, DSi concentration in the study region is dominated by deep convection variability. Winter-time convection is
controlled by the stratification of the water column, which in turn depends on upper-layer density variations, all of which are
influenced by the wind (Sarafanov, 2009; Delworth et al., 2016; Yashayaev & Loder, 2016, 2017). To further explore the
underlying causes of the interannual variability of the DSi inventory, the NAO as an indicator of wind-forcing and the

340 preconditioning variables of temperature, salinity, density, stratification, and heat loss are examined (Fig. B1). In the model,
the NAO index was positive between 1988 and 1996 and between 2006 and 2011, with two years of negative NAO in 2009
and 2010. The 5-year running mean indicates that the NAO index started to decline around 1989. According to Brodeau &
Koenigk (2016), the 1990s winter-time deep convection shutdown was caused by limited preconditioning of the water
column between the warming and the cooling seasons (i.e., autumn-winter). This weak preconditioning is partly induced by

345 a neutral to negative NAO index (Brodeau & Koenigk, 2016), consistent with the model behavior. Associated with the
decrease of the NAO index, the model displays a density loss, more stratification, and a warming of the upper layer (Fig.
B1). This links the NAO index to the variability of the winter-time deep convection, which is itself linked to the variability
of DSi inventory in the model.

350 On the other hand, variations in Arctic inflow follow variations in the Arctic Oscillation (AO, also referred to as the
Northern Annular Mode; Wallace, 2000) index (Kelly et al., 2020; Zhang et al., 2021). We found several similarities when
comparing the AO index calculated in the model to the DSi transport through the Northern section. For example, when the
index is very positive, as was the case between 1989 and 1993, there is a strong positive DSi transport response compared to
the rest of the period considered (i.e., 1980-2015). Following the same logic, when the index was low, from 1985 to 1988,

355 the DSi transport was reduced. The lowest value of DSi transport was found in 2010 which was the year with the lowest AO
index. Several studies have converged on the same explanation, which is that accumulation of water in the Beaufort Gyre is
reinforced when the atmospheric circulation is anticyclonic, i.e., when the AO index is either negative (Qi et al., 2017; Kelly
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et al., 2020; Zhang et al., 2021) or neutral (i.e., close to zero with alternation of weak positive and negative indices; Steele,
2004). In the model, the AO index was strong and positive before 1994, neutral between 1994 and 2006, and tended to be

360 negative after 2006 (Fig 2b). The neutral AO index negatively impacts both volume and DSi transport in the model, which
explains the mid-1990s negative trend. The temporal evolution of the volume transport across the Northern section is
consistent with the hypothesis of water retention upstream of the Northern section (Fig. C1). However, the slope of DSi
transport through the Northern section is much steeper than for volume transport, suggesting a decrease in the DSi
concentration of Arctic outflow waters. This difference in slope could be explained by a change in the trajectory of the Arctic

365 waters when the AO index is neutral or negative (Kelly et al., 2019). The Ekman transport generated by the anti-cyclonic
atmospheric circulation along the North American coast, drives the current away from the Canadian Arctic Archipelago
(CAA; Kelly et al., 2019). This new trajectory crosses a region dominated by the Atlantic inflow (Tremblay et al., 2015;
Torrès-Valdès et al., 2013), which is poorer in DSi than Pacific Waters (Scheme and DSi concentration in the Arctic are
available in Fig. C2). While the AO index and volume and DSi transport are strongly related up to 1993, and during the

370 period of decline, this relationship is not observed after 2006.

4.3 Implications for future ecosystems
Historically, NAO and AO are correlated (Ambaum et al., 2001; Feldstein & Franzke, 2006; Hamouda et al., 2021), which
explains why the variability of Arctic transport is similar to that of deep convection. In future projections, according to the

375 RCP8.5 scenario and two CMIP5 models (MPI-ESM-LR and IPSL-CM5A-LR), it is likely that these two modes of
variability will be decorrelated (Hamouda et al., 2021). The intensification of the variability of the pressure dipole over the
Pacific, which partly characterizes the AO, contrasting with the weakening of the variability of the NAO and of the pressure
dipole over the Arctic, which also characterizes the AO, would be responsible (Hamouda et al., 2021). According to our
results, such a change in the climate variability modes implies that the Arctic inflow contribution variability, dependent on

380 the Arctic atmospheric vortex variability (Hatun et al., 2017; Kelly et al., 2019), will be greater than deep convection,
modulated by the NAO. Thus, future increases of the Arctic inflow contribution to the DSi inventory variability in the
Labrador Sea should be considered.

Whether positive or negative, the NPP anomalies (Fig. 2b) are relatively small compared to local mean values (Fig. 2.a).
385 When integrated over the study area and for the period of DSi decline (1994-2007), NPP exhibits a less significant negative

trend than the trend in DSi inventory (-0.06 MgC/yr; p-value < 0.05). This low significance is coherent with NPP trends
derived from SeaWiFS (Sea-viewing Wide Field-of-View Sensor) ocean color observations between 1998 and 2007 (Fig.
D1). Three (standard-VGPM, Eppley-VGPM, and CAFE models) out of four (CbPM) models for estimating NPP from these
observations (https://sites.science.oregonstate.edu/ocean.productivity/) found a negative trend (p-value < 0.05) in the

390 northern/northeastern part of the study region, where NPP is highest for the 1998-2007 period. In the southern half of the
region, which includes the convection zone, there has been no consensus on a significant trend among the NPP estimation
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models. It can be inferred that the weakening of DSi concentrations in the mid-1990s was not sufficient to significantly
impact NPP in the southern Labrador Sea, or that compensatory effects, such as a reduction in light limitation (Harrison &
Li, 2008) in response to ML shallowing or a reduction in grazing pressure, might help to maintain NPP levels close to those

395 of 1980-1993.
According to future projections (RCP2.6) the annual maximum MLD of the Labrador Sea could decrease by 10% (for non-
abrupt models; Sgubin et al., 2017) compared to the period 2006-2015, or even be restricted to depths to around ten meters
for a shutdown of deep convection (Drijfhout et al., 2015). The most extreme projections of changes in winter MLD exceed
the range of observed and modeled natural variability of deep convection. The projected reduction in MLD in response to

400 global climate change exceeds that of the 1994-2007 period. It could therefore have a greater impact on DSi availability and
NPP, compared to the recent natural analog.
Our results suggest that diatom productivity is modulated by the natural variability of DSi. The signal will spread through the
food web, from the dominant mesozooplankton grazer Calanus finmarchicus, which represents over 60% of
mesozooplankton biomass (Head et al., 2003), to higher trophic levels (Yebra et al., 2009). By forming the base of the food

405 chain, spring bloom dynamics impact the variability of upper trophic levels (Cury et al., 2008) indirectly influencing fish
stock variability, independently of fishing practices.

5. Conclusion
The analysis of model output shows that variability of deep winter convection (DWC) was the dominant factor influencing

410 the variability of the DSi inventory in the central Labrador Sea between 1980 and 2015. In turn, DWC responds indirectly to
the NAO index, which switched from a positive to a negative phase over the study period, and led to a regime shift in DWC
in the mid-1990s. The DWC variability relates to early preconditioning of the water column (e.g., necessary heat loss and
destratification) between late autumn and early winter, conditions that are influenced by the North Atlantic Oscillation
(NAO). Our results suggest that the regime shift in DWC did not extend to the DSi inventory or the NPP, whose variability

415 also depends on other factors. The variability of DSi transport from the Arctic was correlated with DSi inventory variations,
however its quantitative impact is negligible at basin scale (i.e., responsible for only ∼3% of the DSi decline in the central
Basin). The correlation of the variability was attributed to the correlation between the Arctic Oscillation (AO) with the NAO.
We note, however, that the Arctic Inflow contributes more significantly to NPP over the Labrador Shelf, where the model
output showed an increase in the nanophytoplankton biomass at the expense of diatoms biomass between 1980 and 2015.

420 However, North Atlantic natural modes of climate variability (i.e., AO and NAO) are expected to change significantly under
climate change and could decorrelate. This decorrelation could increase the contribution of the Arctic inflow to the future
Labrador Sea DSi inventory. Moreover, the DWC weakening that is projected under climate change could be more intense
than observed during the 1994-2007 period suggesting the possibility for more pronounced impacts on DSi availability and
future spring bloom dynamics .
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425
Appendices
Appendix A. Transport calculation in the ORCA025 grid
The transport is a product of a velocity in m.s-1 and a surface area in m2. This operation has been done at the model time step
(i.e. 900 sec) in the case of the effective transport. It is, therefore, equivalent to a flow rate expressed in Sv (= 106 m3.s-1).

430 Transport calculation depends on the direction of the section's integration on the model grid (represented by the red arrow in
Fig. A1). The sum of horizontal (Fig. A1) and vertical transport components gives the flux balance across the section
resulting in the net volume transport. The ORCA025 grid is irregular and follows the Arakawa’s grid C shift between (i) U
and V points, relative to the velocities and effective transport components; (ii) T point for computation of DSi
concentration, temperature, and salinity; and (iii) F point is relative to vorticities (not represented in Fig. AA). The DSi

435 transport is the integration along the section of the effective volume transport at point U or V and average DSi concentration.
According to Fig. A1, DSi transport across the section at the point T(j,i) is the product of the average DSi concentration of
the T point surrounding the V(j,i) point, i.e. of the point T(j,i) and T(j+1,i).

Figure A1. Schematic of the ORCA025 grid adapted from Madec et al., (2017) highlighting points used to calculate
440 volume and DSi transport across a section. Orientation of black arrows are conditioned by model convention (positive

sign for northward and eastward transport and velocities).
Appendix B. Heat Content and Stratification Index (1980-2015)
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To evaluate the preconditioning of deep winter convection (November-December) over the entire period (1980-2015) and in
the upper layer (< 450 m), the heat content (HC) was calculated following Eq. (B1).

445
𝐻𝐶 x, y, h =  𝜎0 x, y ×  𝐶𝑝 x, y ∫ℎ=450𝑚

0 𝑇 x, y, z 𝑑𝑧 (B1)

where 𝜎0 is the mean potential density of the upper layer equal to 1027 kg.m-3, Cp is the specific heat capacity, equal to 3990
J.kg-1.K-1. Both are calculated with the Gibbs Sea Water Oceanographic Toolbox (Feistel, 2003; 2008) from absolute

450 salinity, conservative temperature and pressure. T is the potential temperature in K. The heat content, HC, is given in J.m-2.

To further characterize the preconditioning of the upper layer, we calculated a Stratification Index (SI) representative of
December in each year (Beuvier et al., 2010; Keller et al., 2021; Léger et al., 2016) following Eq (B2).

455 𝑆𝐼 x, y, h =  ∫ℎ=450𝑚
0 𝑁2 x, y, z  𝑧 𝑑𝑧 (B2)

where N2 is the Brunt-Väisälä frequency 𝑁2 =  𝑔
𝜎0

 𝜕𝜎
𝜕𝑧

with g the acceleration due to gravity (g = 9.81 m.s-2) and 𝜎0 the
potential density at each grid cell in kg.m-3. SI corresponds to the buoyancy that must be removed to allow the water column
to be mixed to a depth of 450 m. Following Keller et al. (2021), the Brunt-Väisälä frequency is approximated constant over

460 the 0 and 450 m depth interval, which leads to the simplified equation: 𝑆𝐼 x, y, h =  ℎ2

2  𝑁2 (𝑥, 𝑦), where h equals 450 m.
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Figure B1. Temporal evolution of the upper layer preconditioning for the period 1980-2015. (black) Annual Maximum
MLD over the study area. (red) Average temperature and potential density (in purple) within the 1980-2015 average

465 convection area in November (i.e. time of year when the sign of the average upper layer temperature anomalies changes from
positive to negative). (blue) Heat loss as defined by the difference of heat content between November and December
(surrounding transition from the warming to cooling season) over the 1980-2015 period. (gray) Stratification index in
December, i.e at the beginning of the cooling season. The last panel displays the winter-time NAO index. The red line
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exhibits the 5-year running mean of the index. All of the colored shadings around mean values, except for the NAO,
470 represent standard deviations.

Appendix C. Arctic Inflow

Figure C1. Annual average of the net volume transport, Arctic Oscillation index, and DSi
475 transport across the northern boundary. Coloured shading shows the standard deviation around the

annual mean. The AO index has been calculated for the winter months (DJF). The solid black line over
the AO index is the 5-year running mean. The gray shaded area highlights years when the AO index
was neutral. Note that transport is weaker as it approaches zero.

480

485
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Figure C2. Annual upper 450 m average DSi concentration in the Arctic Ocean for the period preceding the DSi
490 decline (1980-1993). The concentration diagrams show the trajectories according to Kelly et al. (2020). The green arrow

illustrates the dominant trajectory of water masses under AO+ conditions (i.e., cyclonic atmospheric circulation). The orange
and yellow routes show the deviation during the AO- conditions (i.e., anti-cyclonic atmospheric circulation)

495 Appendix D. Observed Net Primary Production
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Figure D1. Mean and trends of 1998-2007 NPP integrated from top to bottom and from April to June (i.e., spring
bloom). NPP is estimated from SEAWiFs ocean color using the standard VGPM model, (c-d) the CbPM model, (e-f) the

500 Eppley derived-VGPM model which considers temperature dependence of phytoplankton growth, based on the work of
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Eppley et al. (1972), and (g-h) the CAFE model. In b, d, f, and h, significant trends (p-value $<$ 0.05) are circled in black.
NPP trends could not be calculated over the entire period of this study (1994-2007) due to a lack of observations prior to
1998.

505
Supplementary material and data availability
Model output used in this study is available from the IPSL Data Catalog via the DOI: https://doi.org/10.14768/99d68638-
53d3-49b6-9af4-c19f21670a8e.
Evaluation of model output for the Labrador Sea are available in the Supplementary material file.
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