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Abstract Biogeochemical (BGC) Argo floats were used in this study to investigate phytoplankton blooms.
We assessed the seasonal and annual rates of net primary and community production, along with respiration in
the Norwegian Sea. The years 2020 and 2021 were contrasted to illuminate similarities and differences. In both
years the onset of the bloom occurred at the beginning of February, coinciding with a deep winter mixed layer.
However, during spring and summer the biological production appeared to develop differently. In 2020 the
mixed layer depth shoaled quickly in April due to surface heating, triggering a strong spring bloom event. In
contrast, a significant surface cooling in April 2021 triggered a substantial vertical mixing, that delayed the
mixed layer's shoaling. This delay initiated cascading effects impacting nitrate consumption and bloom
development that resulted in increased respiration in 2021 compared to 2020. In both years, vertical nitrate
mixing from deeper layers to the surface emerged as a pivotal factor determining primary production. Using a
mixed layer model in combination with Argo observations, we found that the upward nutrient fluxes due to
mixing doubled net community production. These findings underscore the capability of BGC-Argo floats,
operating at a 5-day resolution, to unveil the intricate interplay between hydrography, physical drivers, and
biogeochemical processes in shaping phytoplankton dynamics and overall ecosystem productivity in the
Norwegian Sea.

Plain Language Summary The magnitude of seasonal phytoplankton growth is complex but
generally depends on several physical and chemical variables. Thus, estimating the annual phytoplankton
production accurately is a challenging task as it requires measurements with high temporal resolution over a full
season. In this study, we used data from two vertical biogeochemical profiling Argo floats, operating at 5 days
resolution. Combined with a mixed layer model, we resolved the development of phytoplankton production and
respiration in the Norwegian Sea. We found that the vertical mixing of nutrients from deeper layers to the
surface appeared as a determining factor on phytoplankton production and contributed to 50% of the production.
In 2021, an anomalous wind and cooling event in April caused deep mixing at the onset of the spring bloom.
This caused a slower and delayed phytoplankton growth and nutrient consumption, resulting in higher grazing
of phytoplankton and reduced phytoplankton biomass, compared to the 2020 spring bloom. This study
demonstrates the unique capability of Argo floats to resolve coupled physical-biogeochemical processes
including phytoplankton growth dynamics in the Norwegian Sea.

1. Introduction

Hydrographic conditions in the upper layer of the southern Norwegian Sea, the Norwegian Basin, are influenced
by two main water masses. Warm and saline Atlantic Water (AW) is flowing northward on the eastern side of the
basin, and the relative less saline and colder Arctic waters are transported into the area from the west (Helland-
Hansen & Nansen, 1909; Figure 1). The upper layers in the central Norwegian Basin are therefore occupied by
modified AW, which is a mixture of these two water masses. Below the upper layers and above the deep water lies
the Arctic Intermediate Water, that originates from the Greenland and Iceland Seas as a product of winter con-
vection (Blindheim, 1990; Jeansson et al., 2017).

The Norwegian Sea is a highly productive area with a pronounced seasonal cycle in terms of light, temperature
and dissolved nutrients driving primary production (Skjoldal, 2004). In winter, intense surface cooling and strong
winds deepen the mixed layer depth (MLD) to several hundred meters (Nilsen & Falck, 2006). Winter mixing
events bring nutrient-rich deep water to the surface creating an even distribution of nutrients throughout the winter
mixed layer. The magnitude of the seasonal phytoplankton bloom is determined by the amount of nutrients
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Table 1
Argo Float Information

Float ID Abbreviation Cycle time Calendar year First profile Last profile Float model

6903549 A 5 days 2020 05 Jan 2020 30 Dec 2020 PROVOR CTS4
6903574 B 5 days 2021 03 Jan 2021 29 Dec 2021 PROVOR CTS4

renewed from deep waters during winter mixing (e.g., Rey, 2004; Sundby et al., 2016). Skagseth et al. (2022)
described the hydrography and seasonal nutrient dynamics in the Norwegian Basin for the period 1995-2019, and
from 2017, a “freshening” of the Atlantic layer was observed due to expansion of low saline Arctic water with
higher nitrate and silicate content.

The magnitude of seasonal phytoplankton growth is complex and depends on several physical and chemical
parameters (e.g., Rey, 2004). Until more recently, we were not able to estimate these parameters with great
accuracy, as annual primary production estimates require sampling at high frequency to resolve the considerable
temporal variabilities of the processes (Rey, 2004). In recent years, however, biogeochemical (BGC) Argo
profiling floats operating at high temporal resolution have been providing persistent observations on seasonal to
interannual scales and have successfully been used to study phytoplankton blooms, respiration and carbon export
(e.g., Briggs et al., 2018; Bushinsky & Emerson, 2018; Dall’Olmo & Mork, 2014; Johnson et al., 2017; Plant
et al., 2016; Yang et al., 2021). Here we present the first investigation of annual net primary and community
production, including respiration in the Norwegian Sea using BGC-Argo data.

Net Community Production (NCP) is the difference between gross primary production (GPP) and community
respiration (heterotrophic and autotrophic respiration of photosynthetic products). Dugdale and Goering (1967)
defined the primary production based upon nitrate brought into the euphotic zone by winter mixing as new
production. Williams (1993) equated new production to NCP only on annual scales, defining NCP as the upper
limit for annual carbon export from surface waters (Brix et al., 2006; Emerson, 1987). In the Norwegian Sea
estimates of NCP were often derived from annual budgets of nitrate or oxygen concentrations (e.g., Falck &
Anderson, 2005; Skjelvan et al., 2001) or from settling rates of particulate carbon (Wassman, 1990). The
contribution of autotrophic respiration has traditionally been associated with a large uncertainty due to lack of
direct measurements, for example, by the Winkler bottle incubation method. However, Yang et al. (2021) used
recent BGC Argo-profiles in the North Atlantic to estimate net primary production (NPP), the difference between
GPP and only autotrophic respiration, using chlorophyll-a content and optical backscattering measurements.

In this study, we used data from two BGC-Argo floats in the Norwegian Basin to quantify the annual cycle of
phytoplankton. We estimated seasonal and annual rates of NPP, NCP, and respiration over the years 2020-2021.
Annual NCP was estimated from nitrate consumption assuming a fixed carbon:nitrogen relationship (Redfield
et al., 1963). We contrasted the 2 years to demonstrate similarities and differences of the responses of growth
dynamics and biogeochemistry with respect to hydrography and physical forcing. Specifically, we investigated
the influence of physical mechanisms, particularly vertical mixing, on bloom development, nitrate consumption,
NCP, and respiration.

2. Methods
2.1. Biogeochemical Argo Floats

Two BGC-Argo floats were deployed sequentially in the Norwegian Basin, first in May 2019 and then in August
2020, respectively (Table 1). When appropriate, abbreviation of the floats is hereafter described as A (float
6903549) and B (float 6903574), respectively.

In March 2021, float A drifted out of the Norwegian Basin and into the Lofoten Basin. As the hydrographic
conditions are different for these two basins, only data from year 2020 were used for this float. Float B drifted
counterclockwise in the Norwegian Basin the whole lifetime and data from its first calendar year (2021) were used
in this study as a comparison with year 2020. All the time series and budget values for the years 2020 and 2021 are
therefore based on data from floats A and B, respectively (Table 1). The trajectories of the floats within each
calendar year are shown in Figure 1. The floats were programmed to have a parking depth at 1,000 dbar and to
profile from 2000 dbar to surface every 5 days. Both floats were equipped with a Conductivity, Temperature,
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Figure 1. Schematic view of the main surface currents in the Nordic Seas and the tracking of float A (red line) and B (blue
line) during 2020 and 2021, respectively. Yellow dot indicates location of the first profile within each calendar year. Color
contours represent the bottom depths (upper left corner).
Depth (CTD) instrument, together with nitrate, chlorophyll a (Chl-a) and optical backscatter (b,,) sensors, and a
photosynthetically available radiation (PAR) sensor. The details of the sensors are given in Table 2.
The Argo data were downloaded from the Coriolis Data Center (France) after quality control as recommended by
the international Argo Data Management Team (ADMT, Bittig et al., 2019). The Chl-a data were corrected for an
Table 2
Sensor Information
Variable Sensor
CTD Seabird 41CP
Nitrate Submersible ultraviolet nitrate analyzers (SUNA) optical sensor
from Satlantic
Chl-a and by, Seabird ECO triplet with a fluorometer and a backscattering
sensor at 700 nm
PAR OCR-504 radiometer from Satlantic measuring downwelling
irradiance integrated over 400-700 nm
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in-situ instrument dark signal, non-photochemical quenching (Schmechtig et al., 2018), and divided by a factor 2
to account for a calibration error in fluorometers (Roesler et al., 2017) as recommended by ADMT. The back-
scatter data (by,) were calculated from the sensor output using the manufacturer's coefficients, and quality
controlled (range and spike tests) in real time at Coriolis Data Center. Additionally, all data were checked visually
before use. The Chl-a profiles, together with profiles of by,,, were used to compute particulate organic carbon
(POC) using the algorithm from Koestner et al. (2022).

POC* = kl . bbpkz . rk3 ) rk4 log bbp (1)
£ -POC* — &3, POC* <POC 1y

POC = @
POC* . POC* > POC

where r is the ratio r = Chl-a/by,, and the coefficients (k;, k,, k3, ky, &, €,) and POC,;, are given by Koestner
et al. (2022). The drift and bias in the nitrate data were corrected by comparing the data at 2000 m depth with
World Ocean Atlas 2018 (Garcia et al., 2018), and applying the calculated anomaly at depth to the entire profile.
Eventually, the corrected data were validated with nitrate measurements from in-situ water samples collected
during each deployment of the Argo floats.

The MLD was defined as the depth where the difference between potential density at depth and at 10 m equals
0.03 kg m™ (e.g., de Boyer Montégut et al., 2004; Holte et al., 2017). We assume 0.415 mol quanta m™> day™" to
be the threshold depth (zp,r) Where the depth below was insufficient to support photosynthesis (Boss & Beh-
renfeld, 2010; Letelier et al., 2004). By using BGC-Argo data in the Southern Ocean, Arteaga et al. (2022) showed
that 90% of total NPP in a vertical profile was within the 0-zp, layer. Depth integration of Chl-a, POC, NPP and
NCP were calculated for each profile and over the depths where the vertical profile of annual NCP was positive
(see Plant et al., 2016 for details). For the Norwegian Basin, NCP stayed positive between surface and 42 m depth
for both years (see Results).

2.2. Net Primary Production

Net primary production (NPP) was estimated from the carbon-based productivity model (CbPM), originally from
Westberry et al. (2008), that was modified for use with BGC-Argo floats to estimate vertical profiles of NPP
(Arteaga et al., 2022). NPP is the product of phytoplankton carbon and phytoplankton growth rate:

NPP = i Cppyo (3)

where C,,, is phytoplankton carbon and p is phytoplankton growth rate. C,y,, €stimates are obtained from the
Argo by, profiles using the empirical relationship (Graff et al., 2015):

Cohyio = 12128 - by, (470) + 0.59 )
where by, at 470 nm is estimated from by, at 700 nm (Morel & Maritorena, 2001):
700
470) = —- 7
by (470) = 176+ (700) ©

For each by,,(700) profile spikes were removed using a median filter. The averaged concentration between 1900
and 2000 m was subtracted from the entire vertical profile in advance of the calculation to ensure that phyto-
plankton carbon approaches zero at depth (Arteaga et al., 2020).

The phytoplankton growth rate p at each depth in Equation 3 is a function of the maximum growth rate
(Upmax = 2 days™', Banse, 1991), light limitation index Ljjgn, and the cellular nutrient index L,

H = Hmax * Ilighl : Inul (6)

The light index (Ijj,p, ) is a function of the local light level (PAR) at each depth while the nutrient stress index (I,
is a function of the Chl-a:C ratio and PAR (Behrenfeld et al., 2005; Westberry et al., 2008). Both light and

phyto
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nutrient indices range from 0 to 1. The Argo floats used by Arteaga et al. (2022) were not equipped with in-situ
light sensors, so they used satellite PAR data from sea surface that were depth resolved using the diffuse
attenuation coefficient derived from Chl-a concentrations. In this study, both Argo floats were equipped with light
sensors. The floats were programmed to surface at noon to record maximum light levels. A daily light profile was
estimated by combining the float PAR measurement at noon with the theoretical solar elevation and day length as
function of the float's location and day of year (e.g., Berger, 1978).

2.3. Net Community Production

Net community production (NCP) of organic carbon was estimated as the net biological consumption of nitrate.
New (nitrate) production (Dugdale & Goering, 1967) only approaches NCP on annual scales (Williams, 1993).
Therefore, on seasonal and longer time scales, we assume new production to be equivalent to NCP in this study
(Platt et al., 1989; Williams, 1993). Since the change in nitrate concentrations with depth is a sum of both physical
(mixing and advection) and biological (incorporation) processes, they were separated:

N N N
) (). )
ot observed ot biology ot physics

A one-dimensional mixed layer model (PWP-model, Price et al., 1986) was used to estimate the physical signal of
changes in nitrate concentrations, as suggested by Plant et al. (2016). The PWP-model was initialized with a depth
profile of temperature, salinity and nitrate, and run until the next float profile. The difference in nitrate (N) be-
tween observations (float data) and the model results determined at time n + 1 (t,, ;) was interpreted to be the
biological component:

®)

<0N) — Nobserved (tn+1) - Nmodel (tn+1)
biology

E thp1 — Ty

The physical signal was determined by the difference between the model results at time t,,, and the initialized
float profile at time t,:

©)

(ﬁ) — Nmodel (tn+1) - Nobserved (tn)
ot physics

thy1 — Ty

The profile of biological incorporation of nitrate rate in Equation 8 was converted to carbon (C) and NCP using
the Redfield C:N-ratio of 106:16 (Redfield et al., 1963). Positive or negative NCP imply net production or net
respiration rates, respectively. Averaged annual NPP and NCP were calculated for the years 2020 (float A) and
2021 (float B), as depth integrations over the time-course of each calendar year.

In the PWP-model it is assumed that the horizontal flux of nitrate is negligible compared to the vertical fluxes
(e.g., Gislefoss et al., 1998). This assumption looks also justified since the strongest currents are at the rim of the
Norwegian Basin, while currents appear weaker in the interior (Sgiland et al., 2008; Voet et al., 2010) where the
two BGC-Argo floats drifted (Figure 1). Previous estimates of annual NCP in the Norwegian Sea have also been
based on this assumption (e.g., Falck & Anderson, 2005; Possenti et al., 2021; Skjelvan et al., 2001).

2.4. Optimizing the Mixed-Layer Model

The PWP-model (Price et al., 1986) was forced by air-sea heat and freshwater fluxes and wind, using the ERAS
reanalysis data set with one-hourly temporal resolution (Hersbach et al., 2020). The model was initialized with
Argo temperature and salinity depth profiles that were interpolated onto the model grid with 1-m vertical reso-
lution. At each model time step, 1 hr in our case, the model checked for internal stabilities, and performed mixing
with depth to remove instabilities. Following Glover et al. (2011) the model was optimized to reproduce local
physical condition as best as possible (details in Text S1 in Supporting Information S1). There are three pa-
rameters in the model that can be tuned. These include the vertical mixing coefficient and offsets of heat and
freshwater fluxes, that can be derived, for example, from errors in the air-sea heat and freshwater fluxes and
horizontal advection that are not included in the model. During the optimization, the model was run freely for
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1 year several times over with a range of different values for the vertical mixing coefficient and offsets of heat and
freshwater fluxes. Modeled surface temperature and salinity, including the MLD, was compared with the ob-
servations for all runs that gave an optimized vertical mixing coefficient about 10~* m?s~! (Figure S1 in Sup-
porting Information S1). In the Nordic Seas, the mixing coefficient in the upper layer has been estimated to be in
the range of 10~°—10~* m?
value is in the upper range. Furthermore, 12 W m™> of heat for both 2020 and 2021 (Figure S1 in Supporting
Information S1) was added to the surface in addition to the ERAS air-heat sea heat fluxes. The added heat flux

likely accounted for horizontal advection of heat from AW into the basin. These offsets were small compared to

s depending on the level of stratification (Naveira Garabato et al., 2004). Thus, our

the air-sea heat fluxes that ranged from ~—400 W m ™2 to ~200 W m™2. No additional freshwater flux was needed
to optimize the model.

The modeled surface temperature and salinity, including MLD, agreed well with the observations when the model
was run freely over 1 year with the optimized values. During the last four months, modeled surface temperature
was too high in 2020 and too low in 2021 (Figure S2 in Supporting Information S1). The modeled MLD agreed
well with the observed MLD in 2020 but in 2021 the model overestimated the MLD during winter (Figure S2 in
Supporting Information S1). Even so, the model appeared to reflect the physical conditions quite well.

After the model was optimized, it was run for the whole period for each float and initialized every fifth day. The
observed data showed evidence of internal waves (see Figure 2) that the PWP-model could not simulate. This
resulted in unrealistic temporal oscillations in the nitrate rates and NCPs near the base of the mixed layer. In order
to correct for this discrepancy, Plant et al. (2016) stretched or compressed the water column above and below the
modeled MLD to match the observed MLD from float data. However, this introduced new errors around the
MLD. To overcome this mismatch, Briggs et al. (2018) integrated the NCP to a depth shallower than the MLD.
Instead, we filtered the depth-integrated NCP series in time using a low pass seven-point Hamming filter, to
remove oscillations with periods less than 1 month in order to maintain monthly resolution.

3. Results
3.1. Biogeochemical Argo Data

Seasonal temperature, salinity, nitrate concentrations, backscatter, and Chl-a in the upper 400 m together with the
MLD and zp g during 2020 and 2021 are shown in Figure 2. The MLD reached a maximum at 248 m (2020) and
226 m (2021) depth during winter and a seasonal minimum at 15 m in summer for both years. The MLD in 2020
decreased from 200 m to less than 50 m during April, while it took approximately two months in 2021 (April—
May) to reach the same seasonal minimum. In winter and early spring (January—April) the water column above
the MLD was homogenous with temperatures of about 4°C, and during seasonal heating surface temperatures
were higher than 10°C in summer for both years. Both years had maximum nitrate concentrations in the mixed
layer above 10 pmol kg™' during winter. Below the mixed layer, nitrate concentrations were higher and the
mixing during winter therefore determined the mixed-layer nitrate concentrations. Concurrently with the
development of a shallow MLD in both years, we observed a rapid drawdown of nitrate in the mixed layer due to
biological production. During autumn and winter, nitrate concentrations increased as deeper mixing brought
nutrient-rich deep water into to surface waters. Surface backscatter data peaked during the May—June transition in
both years, but the peak was more pronounced in 2020. In 2021 however, higher particle concentrations were
observed at greater depths. Sinking of particles below the mixed layer were observed for both years during spring
and summer.

Minimal Chl-a concentrations (0.01 mg m™) appeared in general at depths similar to MLD, in spring and prior to
the seasonal (Figure 2). The low Chl-a concentrations observed during winter (>0.01 mg m™>), for both years,
indicated net growth of phytoplankton even during deep winter mixing. Toward the second half of January (2020)
and mid-February (2021), the modeled mixing depth was frequently shallower than the light level, zp,i. Thus,
vertical active mixing of the water column at that time meant that the phytoplankton, periodically, remained
within the photic zone. As a result, accumulation of Chl-a already started at the beginning of February for both
years (Figure 2, Chl-a). Phytoplankton growth continued through summer into November for both years, at which
time the mixed layer deepened and surface light levels decreased. Maximum zp,r appeared in spring (March—
April) and approximately at 80 m depth for both years. At the start of the spring bloom period, we observed a
shoaling of zp, i due to an increase in light attenuation caused by increasing numbers of more suspended particles
at surface (see Figure 2, by,,). However, zp g Was in general located deeper than the MLD during summer for both
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Figure 2. Time series of temperature, salinity, nitrate, backscatter (by,,), and Chl-a in the upper 400 m from the Argo floats and mixing depth every 15 hr from the model
for 2020 (left hand panels) and 2021 (right hand panels). The mixed layer depth is shown as black or white solid line, while ZPAR is shown as a red line. Note that the
ranges for by, and Chl-a are non-linear. The minimum value (0.01 mg m™?) for Chl-a corresponds to the sensitivity of the fluorescence sensor given by the manufacturer

(Table 2).

years and ranged from 25 to 55 m during June—September. The MLD is a product of the history of active mixing,
and we observed that maximum modeled mixing depths followed in general the MLDs (Figure 2). The modeled
mixing depth was however somewhat shallower than the observed MLD during winter-spring in 2020.

Figure 3 shows the time series of the depth-integrated Chl-a (iChl-a) and POC (iPOC) over two depth intervals in
2020 and 2021. The depth interval 0-300 m was chosen to include all detectable Chl-a in the water column at
given point in time. We observed an increase in iChl-a at the beginning of February for both 2020 and 2021
(Figures 3a and 3b). During February—March, most of this increase occurred within 0-300 m and not within the
shallower depth range (042 m). In 2020 iChl-a peaked around May—June with additional smaller peaks in mid-
July, August, and September—October. In 2021, iChl-a developed differently over time as the largest peak was
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Figure 3. Depth-integrated Chl-a (iChl-a) (a, b) and particulate organic carbon (iPOC) (c, d) over two depth intervals for 2020

(a, ¢) and 2021 (b, d).

only half of that in 2020 and appeared about one month later, in June—July. The iPOC time series appeared similar

to the iChl-a development. In 2020, a large peak in iPOC at both depth intervals also appeared in May—June. In

2021, a smaller peak appeared in June—July at 0-42 m depth.

In both years, average nitrate concentrations in the 0~300 m depth interval, were 11-12 umol kg™ during winter

and about 10 pmol kg™" during summer (Figure 4). Nitrate concentrations at 0-300 m interval were in general
slightly higher in 2021 than in 2020. Nitrate at 0-42 m appeared to be utilized much faster in 2020 than in 2021. In
2020, most of the nitrate was depleted in surface waters within one month and by the end of May (equaled to

2021

O N b~ O

an

Feb Mar

Apr

May Jun

Aug Sep Oct Nov Dec

Figure 4. Average nitrate concentrations measured in 2020 (a) and 2021 (b) at two different depth intervals.
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—

0.2-0.4 pmol kg=' d™"), while it took three months in 2021 to reach similar
, concentration level by August (0.1 pmol kg™' d™"). The minor increase in
J surface nitrate concentrations in July 2020, was also observed as a minor,
secondary peak in the iChl-a (Figure 3a) that co-occurred with a brief ocean
heat loss (data not shown) and vertical mixing introducing nutrient-rich deep

water into surface waters. From September on surface nitrate concentrations
1 increased again, due to low biological activity and increased mixing with
] deeper nitrate rich waters, and approached winter values by December.

Time series of estimated phytoplankton carbon biomass (Figure 5a) appeared

similar to observed averaged Chl-a and POC concentrations. A major peak in
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Cpinyto Was observed in May-June 2020 and several smaller, less distinct
peaks in 2021. Estimated growth rate in both years started to increase in mid-
January and dropped to zero again in mid-November (Figure 5b). The growth

rates in 2021 were largely higher than in 2020 (Figure 5b), this was also seen

0
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Figure 5. Depth averaged (0-42 m) of phytoplankton carbon (Cohyio) (@),

in the levels of incident light (Figure 5¢). Maximum growth rates peaked in
April and June of 2020 (1.1 d=") and in April-May of 2021 (1.6 days™").

phytoplankton growth rate (p) (b) and light index (I;;yp,,) (C).

3.2. Seasonal Variability of NPP and NCP

The seasonal, depth integrated NPP and NCP, determined from nitrate pro-

files for 2020 and 2021, are shown in Figure 6. NPP started to increase in
February—March and the largest peak appeared in May—June of 2020 and in mid-June of 2021. The two peaks
were of similar magnitude and close to 130 mmol C m™2 d™". In 2021, NPP stopped increasing temporarily in
May, decreased until May—June when Chl-a was at a local minimum, and then it peaked again in mid-June. Both
years had local but smaller peaks in July followed by a gradual and steady decrease until November when zero
NPP was reached.

Minor, positive values of NCP were observed in the second half of January 2020 and in February—March of 2021.
After that, NCP stayed positive until October 2020 and was only interrupted by shorter periods with negative

a 150 T
——NPP
——NCP
100 —— Physics |7

\

mmol C m™2 day'1
0
o
T

2020
.50 ! !
b 150 :
——NPP
. ——NCP
§ 100 - — Physics | ]
D)
€ 50
©]
[
E i —=———
1S
2021
.50 ! ! ! ! ! ! ! ! ! ! ! !

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

Figure 6. Depth-integrated (0—42 m) rates of net primary production and net community production (NCP) and nitrate rates
from physical processes (Equation 9), determined for 2020 (a) and 2021 (b). Positive NCP rates imply nitrate consumption
and net production. The nitrate rates from physical processes were converted to carbon using the C:N-ratio of 6.6 (Redfield
et al., 1963). The time series were low pass filtered (seven-point Hamming filter).
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Table 3

values (Figure 6). In 2020 the June peak in NCP was also reflected as higher

Averaged Annual Depth Integrated (0—42 m) NPP (ANPP), NCP (ANCP), Chl-a biomass (see Figure 3a), while in 2021 the NCP curve was more lev-
and Heterotrophic Respiration (R;; = ANPP-ANCP) for 2020 and 2021 eled. In 2020, the peak in NCP was 120 mmol C m~2 d~! while in 2021

ANPP

ANCP Ry maximum NCP was only 50 mmol C m™2 d™'. Temporal oscillations seen in

Year

S the NCP on ~ monthly scales may derive from variability in physical forcing.
mol Cm ~ yr for example, during September—November before a deep MLD was devel-

2020 11.7
2021 12.4

55 6.2 oped, the ocean heat loss frequently fluctuated between positive and negative
34 9.0  values (data not shown) with associated variability in mixing depth and

nutrient mixing. The low pass filter we applied may not completely remove
variabilities in the NCP on time scales less than 1 month and smear some of the variability over higher time scales
(e.g., ~monthly scale).

The depth-integrated rates of nitrate introduced to surface water, due to physical processes and estimated by the
PWP-model, were either positive or close to zero during both years (Figure 6). Thus, nitrate-rich deep water was
continuously brought into surface waters during most of the year. Maximum rates of physical nitrate mixing
(70 mmol C m~2 d~") occurred at the beginning of June 2020, immediately after peak levels of nitrate incor-
poration (NPP and NCP). This was a result of a large vertical gradient in nitrate concentration due to the strong
surface nitrate consumption at that time. In 2021, maximum intrusions of nitrate caused by physical processes
were lower (about 20 mmol C m~2 d™!) and occurred in September.

Even though NCP and phytoplankton biomass started to increase as early as in February—March (2020) and
February—April (2021), surface nitrate concentrations did not decrease accordingly during this period (see
Figure 4). Intriguingly, a constant or slight increase in surface nitrate concentrations due to nitrate mixing were
observed instead (Figure 4). Over this period a rise in Chl-a concentrations were noted, by approximately
0.25 mg m™ (equivalent to 10.5 mg m™2 over a 42 m depth). By using a regional average C:Chl-a ratio of 61
(Jonasdottir et al., 2022; Roy et al., 2017) and a C:N ratio of 6.6 (Redfield et al., 1963) this increase in phyto-
plankton biomass was equivalent to a nitrate utilization of 0.2 umol kg~'. This marginal change in the nitrate
time-series was minor compared to the vertical nitrate flux.

3.3. Annual Averaged NPP and NCP

Annual NPP (ANPP) and annual NCP (ANCP) for 2020 and 2021 were integrated with time, using depth-
integrated NPP and NCP for each calendar year. This resulted in an ANPP of 11.7 mol C m™ yr~' and
12.4 mol Cm~2 yr~!, and an ANCP of 5.5 mol C m~2 yr~' and 3.4 mol C m™2 yr™" for the years 2020 and 2021,
respectively (Table 3). We calculated heterotrophic respiration (Ry) as the difference between ANPP and ANCP.
For the two years, 2020 and 2021, heterotrophic respiration was estimated to 6.2 mol C m™2 yr~' and
9.0mol C m™ yr~!, respectively (Table 3). A Kolmogorov—Smirnov hypothesis test (Press et al., 1992) indicated
that the ANPP and ANCP were not significant different between the 2 years within a 95% confidence level. The
same test assessed, however, that the annual heterotrophic respiration was significantly different between the

years (95%, p = 0.03).

The principal distinction in the vertical profiles of ANPP and ANCP between the two years was concentrated
within the upper ~25 m, where both ANPP and ANCP were greater in 2020 as opposed to 2021 (Figure 7). At the
surface, ANPP was 800 mmol C m™ yr™' in 2020, compared to 580 mmol C m™ yr~' in 2021. In both years
ANPP was zero below approximately 60 m depth. Vertical profiles of ANCP below ~25 m depth for 2020 and
2021 were also comparable (Figure 7) even with a quite different seasonal development of the NCP for the two
years (see Figure 6). Maximum ANCP was found at the surface, with nearly twice the rate in 2020
(225 mmol C m™ yr™") compared to 2021 (120 mmol C m™ yr™'). Both years had positive ANCP (net annual
biological production) in the upper 42 m of the water column, and negative ANCP (net annual respiration) be-
tween 42 and 175 m depth. Below 175 m, ANCP was close to zero for both years. The highest calculated rates of
net community respiration for both years were at 60 m depth, where ANPP also became zero. This occurred
primarily in July (2020) and September (2021) (Figure S3 in Supporting Information S1). Deeper than this 60 m
threshold, the available light levels were insufficient to support photosynthesis, with net respiration likely being
driven by heterotrophic processes. Heterotrophic respiration (Ry) was however, at a maximum at surface in both
years.
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4. Discussion

] Various physical and chemical factors, fluctuating in intensity and duration

—— ANPP throughout the year, play a critical role in shaping the extent and success of
——ANCP| seasonal phytoplankton growth. Consequently, accurately assessing annual
—hRy primary production is a complex endeavor, requiring comprehensive seasonal

data at high temporal resolution. From Argo BGC-profiling floats, we used 5-

2020 day interval depth profiles, to determine NPP and NCP for the Norwegian

Sea. In our approach, we utilized a simple one-dimensional physical model to

replicate key physical processes. This enabled us to isolate the physically
driven nitrate exchange, between the deep-water reservoir and surface waters
from the observed nitrate change, that allowed us to calculate annual NCP.
When observed nitrate change equaled the modeled nitrate change, NCP
i becomes zero. This approach is similar to the approach used by Plant

2021 et al. (2016) using oxygen and nitrate measurements from the Gulf of Alaska

200 :
0 200

mmol C m™3 yr‘1

Figure 7. Annual average vertical profiles of ANPP, ANCP and Ry; (ANPP-

ANCP), for 2020 (a) and 2021 (b).

and Briggs et al. (2018) using oxygen and pH measurements in the Southern
Ocean. Plant et al. (2016) concluded that oxygen-based estimates of NCP
were sensitive to the accuracy of oxygen determinations and that the modeled
surface gas exchange needed to be optimized. They therefore concluded that

400 600 800

nitrate based ANCP was more reliable than the oxygen based one.

4.1. Seasonal Net Primary and Community Production

As was evident from the Chl-a and POC time series (Figure 3), net phyto-

plankton growth exceeded net respiratory losses at the beginning of February
for both years, despite the continued presence of a deep mixed layer. However, due to low numbers and internal
variability of the NPP and NCP estimates during this period, precisely pinpointing the beginning of net growth
from NPP and NCP can be a challenge. Based on BGC-Argo data from the Norwegian Sea, Mignot et al. (2016)
proposed that the onset of the phytoplankton bloom corresponded with a daily photoperiod longer than 10 £ 1 hr.
This conclusion was based on observations of weaker and shallower vertical mixing provided a longer photo-
period for phytoplankton, compared to deep mixing events where algal cells are exposed to a shorter photoperiod.
Our results showed, however, that when the bloom started the day length was shorter (~7 hr on February 1st). In
the PWP-model, from late January (2020) and February (2021) onward, instances of shallow mixing above the
minimum light level (zp,r) became more frequent (Figure 2). This occurred even during the presence of a deep
winter mixed layer which persisted well into April. This seeming paradox can be attributed to the fact that the
deep mixed layer is formed by historical patterns of deep mixing. This observation is similar to the findings of
Behrenfeld (2010) who observed North Atlantic phytoplankton bloom events that were initiated during winter
when the MLD was at its maximum. Behrenfeld (2010) suggested that deep winter mixing and associated dilution
of grazers is essential for bloom formation, as it decouples phytoplankton growth from grazing losses and hence,
allowing net growth at sub-optimal light levels.

Physical forcing may explain the striking difference in the seasonal time course of biological incorporation of
nitrate and NCP between the 2 years. The observed drop in ocean heat flux in April 2021 (Qnet = —400 Wm ™2,
Figure 8a) appeared simultaneously with relatively strong winds (20 m s~ ', Figure 8b) resulting in an unstable
water column and deep mixing (~200 m depth). Therefore, the seasonal MLD needed longer time to shoal than
compared to the previous year (Figures 8c and 8d). While the MLD in 2020 shifted from a deep to shallow depth
within a month and by the end of April, the shoaling in 2021 was prolonged and a shallow MLD was not reached
until May—June. The fast and early shoaling of the MLD in April 2020 initiated a rapid spring bloom. This
contrasted with 2021 when a spring bloom peak was absent despite higher growth rate and more favorable light
condition compared to 2020. We propose that the reason for this was that deep mixing in April 2021 stirred the
phytoplankton within the deep mixed layer and decreased access to photosynthetic light. This slowed down the
spring bloom and prolonged the period of nitrate consumption. Consequently, phytoplankton biomass remained at
a lower concentration throughout the spring bloom period. The unique combination of lower phytoplankton
stocks (Cphyto
removal of algal biomass was higher than phytoplankton growth in that year. This is also supported by the ~50%
higher heterotrophic respiration rates in 2021 than in 2020 (Table 3).

and Chl-a), combined with high growth rates in 2021, would imply that grazing pressure and
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Mar Apr May Jun

Figure 8. Daily averaged (a) net air-sea heat fluxes (negative values are ocean heat loss), and (b) wind speed for 2020 and
2021 from the ERAS reanalysis data set, (c) mixed layer depth from Argo floats (dashed lines with filled circles) and mixing
depth from model (solid lines), and (d) occurrences of modeled vertical mixing due to static instability. The model data in
(c) and (d) are shown every 15 hr. Only data for the periods March—-May 2020 (red lines) and 2021 (blue lines) are shown.

Rey (2004) investigated the timing of the spring bloom at Ocean Weather Station M (66°N, 2°E) in the Norwegian
Sea, and concluded that late bloom and low phytoplankton biomass probably were associated with stronger
grazing pressure. Other studies from the Norwegian Sea have demonstrated the impact by zooplankton grazing on
the spring-summer bloom community of phytoplankton (e.g., Bathmann et al., 1990; Wassmann et al., 1991), and
grazing pressure can effectively eliminate a bloom as phytoplankton biomass becomes low (e.g., Noji
etal., 1996). Bgrsheim et al. (2014) investigated the phytoplankton bloom in the Nordic Seas using Chl-a biomass
and estimates of primary production derived from satellite, together with field measurements. They concluded
that low Chl-a at the end of the spring bloom may have been the result of a succession of highly successful
grazers. High Chl-a concentrations at the end of the spring bloom period, however, could only occur when
phytoplankton outgrew their predators (Bgrsheim et al., 2014). These studies agree with our observations, and we
can conclude that the large discrepancy between NPP and NCP in June—July 2021 was indicative of a larger
impact by heterotrophic respiration and zooplankton grazing, initiated by a prolonged, strong ocean heat loss and
deep mixing in April 2021.

Grazing pressure in the Norwegian Sea appears to continue after the initial spring bloom event and is only relaxed
in autumn when the new zooplankton generations are starting their downward migration prior to the over-
wintering period (Melle et al., 2014). Surface nitrate concentrations started to increase again in September, due to
deeper mixing caused by stronger wind and strong cooling of surface waters, and the local peak in NCP during
September—October 2020 was a direct result of renewed nutrients and less grazing during that time.

4.2. Annual Net Primary and Community Production

Past assessments of ANPP in the Norwegian Sea have revealed significant disparities between estimates derived
from satellite data, in-situ measurements, and modeling efforts (Table 4). Skogen et al. (2007) utilized the
NORWegian ECOlogical Model system (NORWECOM), a coupled physical, chemical, and biological ocean
model, to compute an average ANPP of 6.7 mol C m™2 yr~! for the Norwegian Sea. This finding is similar to
Rey (2004) who combined multiple, multi-year in-situ nitrate profiles to estimate annual primary production in
the Norwegian Sea at 80 g C m™2 yr~' (corresponding to 6.7 mol C m~2 yr~"). The highest estimate however, was
derived from satellite data and using the Vertically Generalized Production Model (VGPM, Behrenfeld &
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Table 4
Annual NPP and NCP Estimates for the Norwegian Sea

ANPP ANCP

Study (mol C m™2 yr™) Data/method Integration depth Area Period
Falck and Gade (1999) - 3.0 0o," 30 m 62°N-80°N 1955-1988 (Apr—Sep)
Skjelvan et al. (2001) - 2.0 0,"" 300 m 69°N-71°N 1957-1970 and 1991-1998
Skjelvan et al. (2001) - 2.6 0,*" 300 m T4°N-75°N 1957-1970 and 1991-1998
Rey (2004) 6.7 - Nitrate® 62°N-73°N
Falck and Anderson (2005) - 34 Nitrate™® 100 m 62°N-70°N 1981-1988 (Apr-July)
Skogen et al. (2007) 6.7 - Modeling 62°N-73°N 1981-2004
Bgrsheim et al. (2014) 14 - Satellite 63°N-73°N 1998-2012
Possenti et al. (2021) - 4.2 Ozc’b 45 m 63°N-67°N 2014 (Mar—July)
This study 11.7 5.5 BGC-Argo® 42 m 65°N-68°N 2020
This study 124 34 BGC-Argo® 42 m 65°N-68°N 2021

?Estimates are from water samples. Pvertical flux is included. Sensor data from glider.

Falkowski, 1997), which exceeded all other estimates by more than twofold (Bgrsheim et al., 2014). Our esti-
mates of the ANPP falls between the lower and higher estimates but is gravitating toward the satellite-derived
estimate.

Previous assessments of ANCP shows a range spanning from 2.0 to 4.2 mol C m™2 yr~' (Table 4). Estimates
derived from O, determinations (2.0-3.0 mol C m~2 yr~!) appears to be slightly lower than those obtained
through alternative methods (3.4—4.2 mol C m™2 yr™"). Our estimate of ANCP for 2020 (5.5 mol C m ™2 yr™") was
higher than previously estimated (Table 4), while the 2021 estimate (3.4 mol C m™2 yr "), was equal to the
seasonal estimate based on nitrate-profiles (Falck & Anderson, 2005), confirming the reliability of our findings.
Our study used an integrated depth of 42 m, while Possenti et al. (2021) used an integration depth of 45 m as a
default choice for calculating the average ANCP, and their estimate lies between our two annual estimates
(Table 4). Since our estimates of ANPP for 2020 and 2021 were almost similar, the difference in ANCP between
the two years could be explained by higher degree of grazing in 2021 compared to 2020.

Previous ANCP estimates are based on different integration depths, so we
estimated the effect of using different depth integrations for ANCP (Figure 9).

50

—~ 100

150

Depth (dbar

200

250 r

It follows that by using a depth larger than 42 m, ANCP estimates are getting
lower due to an increase in net respiration with depth. For instance, using an
_ integration depth of 100 m would give an ANCP estimate less than half of the
estimate at 42 m. Depth integrations down to 175 m would give an ANCP
estimate close to zero. Thus, using different integration depths greatly in-
§ fluences the ANCP estimates, and we conclude that cautions should be
exercised when comparing ANCP estimates.

, Based on this 2-year study, it is evident that disregarding the vertical nitrate
flux can result in a considerable underestimation of biological incorporation
in surface waters of the Norwegian Sea. To quantify this discrepancy, we
evaluated nitrate drawdown in surface waters (0—42 m) during the productive
period computed from winter values (March—April) to minimum summer

—2020 | values (medio September) when NCP was positive (see Figure 6). Average
— 2021 nitrate concentrations (042 m mean) ranged from approximately
10 pmol kg ™" during winter to approximately 1 pmol kg™" during summer for

300

both years. Integrating these seasonal nitrate deficits in the upper 42 m of the

5 6

2 3 -2 4 -1 I d ing them fi i b ival
ANCP (mol C m™ yr™") water column, and converting them from nitrate to carbon, was equivalent to

2.5mol C m™> yr~!. By integrating NCP over the same period and depth, we

. -2 —1
Figure 9. Annual net community production for 2020 and 2021 as function of calculated seasonal (April-September) NCP as 5.5 mol C m™~ yr (2020)
integration depth. The depth of 42 m is indicated as a dashed line. and 4.5 mol C m™ yr71 (2021). Thus, nitrate introduced to surface waters
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from physical mixing amounted to 3.0 mol C m™2 yr~' (2020) and 2.0 mol C m™2 yr~' (2021) respectively,
constituting 55% (2020) and 44% (2021) of total cellular nitrate-incorporation. This observation is similar to the
findings of Falck and Anderson (2005), who also included the vertical nitrate flux in their calculation of new
production during the period of April to July. Their calculated vertical upward flux of nitrate into surface waters
amounted to 2.5 mol C m™2 yr™", which is similar to our estimate, and corresponded to 74% of their new pro-
duction estimate (3.4 mol C m ™2 yr_l). In contrast, Skjelvan et al. (2001) estimated a much lower vertical flux at
0.4 mol C m™2 yr™" for the Gimsgy-NW section and 0.2 mol C m~2 yr~" for the Bear Island-W section. Similarly,
Possenti et al. (2021) found this flux to be negligible. The exact reasons for these disparities are not clear but could
potentially be attributed to variations in the integration layer thickness (e.g., 300 m as used by Skjelvan
et al., 2001) or by different choice of vertical diffusion coefficient (e.g., 107> m? s~' as used by Possenti
et al., 2021).

5. Conclusions

In this study we utilized data from BGC Argo floats to assess phytoplankton bloom dynamics and annual net
primary and community production in the Norwegian Sea for the years 2020 and 2021. The distinct growth
patterns each year were correlated with hydrographic conditions and physical drivers. To our knowledge this is
the first study of annual net primary and community production in the Norwegian Sea based on observations over
a full year, allowing us to estimate heterotrophic respiration. The onset of the bloom occurred at the beginning of
February each year, coinciding with a deep winter mixed layer. The interplay of physical mechanisms, partic-
ularly vertical mixing, exerted significant influence on bloom progression and nitrate consumption in the sub-
sequent months. In April 2021, a notable event with pronounced surface cooling and strong winds led to extensive
mixing and a delay in the shoaling of the mixed layer. We propose that this alteration had cascading effects on
nitrate utilization, NCP, and respiration (e.g., grazing and removal of phytoplankton biomass). Consequently, this
led to a reduction in NCP and appeared to increase the impact by zooplankton grazing and community respiration
in 2021 compared to 2020. Across in both years, vertical nitrate mixing from deeper layers to surface emerged as a
pivotal factor in determining primary production. Disregarding this mechanism may significantly underestimate
biological incorporation of nitrate by a factor of two. These findings underscore the capability of BGC-profiling
floats, operating at a 5-day resolution, and their ability to elucidate the intricate interplay between hydrography,
physical drivers, and biogeochemical processes in shaping phytoplankton growth dynamics and overall
ecosystem productivity in the Norwegian Sea.
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