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Mesoscale Advective and Biological Processes Alter Carbon Uptake Capacity in a Shelf Sea
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Marine uptake of carbon dioxide reduces the accumulation of carbon dioxide in the atmosphere. Continental shelf seas are essential for carbon uptake from the atmosphere, but are also highly variable environments, for which uncertainties of carbon budget estimates are large. Recent studies indicate that their carbon sink capacity is weakening. A way to reduce the uncertainty of carbon budgets is to increase our observational capacity, for example through FerryBox installations on Ships-of-Opportunity. Here, we compare FerryBox observations in the North Sea for the fall seasons of 2019 and 2020. We show that short-lived mesoscale events can be characterized when the sampling resolution is adequately high, and that these events cause changes in essential environmental variables on the same magnitude as seasonal cycles. Whether advective or biological in origin, these events rapidly lowered seawater pCO2 by 8–10% and influenced the carbon uptake capacity. We demonstrate the importance of resolving and integrating the variability of these smaller features in regional carbon budget assessments and advocate for the tuning of models in order to capture this small-scale variability.
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INTRODUCTION

Many continental shelf seas are net sinks of atmospheric carbon dioxide (Chen and Borges, 2009; Laruelle et al., 2018). This is largely due to their highly productive nature, driven by nutrient supply from neighboring terrestrial and oceanic regions (Gattuso et al., 1998). The organic matter from primary production enriches the bottom shelf waters with carbon and the subsequent transfer of these waters to the stratified subsurface open ocean completes the “continental shelf pump” (Tsunogai et al., 1999; Thomas et al., 2004). Recent estimations situate the global net carbon uptake by coastal seas and continental shelves at around 0.2 Pg C yr–1 (Laruelle et al., 2010; Roobaert et al., 2019). It is still unclear how the size of this sink will evolve since the estimated rates of increase of the partial pressure of carbon dioxide (pCO2) in coastal waters were found to be variable between different regions and time periods (Wang et al., 2017; Laruelle et al., 2018).

Compared to the open ocean, the larger variability in trends in coastal seas is caused by the highly dynamic nature of their physical and biogeochemical essential ocean variables on a range of different scales (Bauer et al., 2013). Riverine influence impacts the long-term biogeochemical trends of shelf seas through time-varying nutrient runoff (Jickells, 1998), but also their short-term variability through episodic events such as floods (Voynova et al., 2017; Kerimoglu et al., 2020). As for long-term, cyclical variability, it has been shown that shelf sea biogeochemistry responds to forcings such as the North Atlantic Oscillation (Kühn et al., 2010; Salt et al., 2013; Legge et al., 2020; Xu et al., 2020). Variability could also exist on scales that we are missing if observations and models do not resolve them. Irregular, small temporal scale events might be overlooked even in open-ocean studies (Fischer et al., 2021). Since coastal ocean variability is large, inadequate sampling may bias our interpretation, for example when budgeting attempts are made over large areas extrapolating from sparse data (Landschützer et al., 2016).

A recent summary report of the current state of ocean carbon research has identified that large data gaps remain for coastal and marginal seas due to a lack of systematic pCO2 measurements (IOC-R, 2021). This is a problem considering diurnal variability of over 60 μatm has been observed in some coastal environments (Dai et al., 2009). Also, in dynamic regions such as the Skagerrak Strait in the North Sea, two different water masses caused variations of up to 50–100 μatm in surface pCO2 within a small area (Macovei et al., 2021b). Including data from previously under-sampled regions can change annual average CO2 flux estimates (Li et al., 2020). Similarly, sustained observations can identify events that would have been otherwise missed due to the paucity of observations.

The North Sea is a large temperate shelf sea known to be an important carbon sink in the past (Thomas et al., 2005). More recently, it has been found that its carbon uptake capacity is weakening (Lorkowski et al., 2012; Clargo et al., 2015; Macovei et al., 2021a). The highly dynamic nature of coastal and shelf seas makes it difficult to adequately constrain carbon fluxes (Bauer et al., 2013). As a consequence, their biogeochemistry can only be well-characterized through observations with high temporal and spatial resolution. The carbonate chemistry in the North Sea has been investigated through recent large-scale studies, with results focusing on intra-annual variability and typical annual cycles and budgets (Hartman et al., 2019; Kitidis et al., 2019). While such studies have undoubtedly improved our understanding of the seasonality of North Sea biogeochemistry, they were constructed using large spatial and temporal extrapolations of relatively sparse observations in time and space, which do not capture small to mesoscale events. Conversely, sampling may be done only during an anomalous event, which poses the risk of wrongly assuming typical conditions. With FerryBox Ship-of-Opportunity (SOO) monitoring in place, we can observe the evolution of smaller scale biogeochemical variabilities in surface waters, and determine their magnitude and causes, as well as their impact on ecosystem services, such as atmospheric carbon uptake through algal bloom formation. Given that local physical and biological processes control coastal seawater pCO2 (Cai et al., 2020), here we show that short-lived events (in this study defined as 2–4 weeks) driven by various mesoscale (in this study defined as 100–200 km) processes impact North Sea biogeochemistry significantly, and to the same extent as the long-term trend or seasonal variability.

The typical setting for the Northwest European Shelf in the fall season is that of a weak carbon sink, where the thermal effect of cooling water temperature and the biological effect of remineralization of organic matter act in opposite directions to maintain a close to neutral CO2 flux (Kitidis et al., 2019). More recently, attention was drawn to the effect of fall phytoplankton blooms in this shelf sea as a driver of carbon uptake (Wihsgott et al., 2019). The Central North Sea, in particular, lies on the boundary between being a carbon source/sink in late summer to early fall (Hartman et al., 2019). Furthermore, the same region was recently found to feature increasing trends in seawater pCO2 with the potential of losing its uptake capacity (Macovei et al., 2021a). It is therefore important to first identify the forcing that is acting upon this environment through adequate observational capacity and second, to quantify the effect of mesoscale variability on the fragile carbonate chemistry balance.

In this study, we will present the biogeochemical variability along two SOO lines in the Central North Sea in two consecutive falls (2019 and 2020). We will make use of the high spatial and temporal resolution of the FerryBox sampling to identify short-lived, mesoscale anomalous events during an advectively-driven cold-water intrusion and a late fall phytoplankton bloom. The origin of these events will be investigated with the aid of Lagrangian simulations and physical and biogeochemical models. Finally, the impact of these events will be assessed in the context of regional long-term pCO2 trends and sea-air CO2 fluxes.



MATERIALS AND METHODS


Observations in Our Study Area

One of the main ways we can improve our understanding of the biogeochemistry of coastal and shelf seas is through increasing our observation capacity (Roobaert et al., 2019). Detailed hydrographic research cruises, which are focused on an area or an event, have in the past provided invaluable information about the biogeochemical evolution of shelf seas (Thomas et al., 2007). However, large time gaps were left unresolved, since they normally capture only a few sampling days in a year. Fixed-point stations, on the other hand, provide long-term records, but the overall coverage of the “footprint” of such observatories only extends over 9–15% of the global ocean surface (Henson et al., 2016). More recently, autonomous underwater gliders or floats have been equipped with biogeochemical sensors (Chai et al., 2020; von Oppeln-Bronikowski et al., 2021), but they are not yet commonly used in coastal regions and they still depend on deployment opportunities restricted to set expeditions. SOO, such as commercial vessels equipped with scientific instruments, are now being used to complement the gaps in data coverage left by other methods. These platforms are a cost-effective way of observing the surface ocean (Jiang et al., 2019). In particular, when the route is repeated often between two ports, the SOO create a pseudo-continuous time series that allows observing short-lived events over a larger spatial scale than fixed-point observatories (Callies et al., 2021).

A continental shelf region with a particularly good coverage by SOO is the North Sea, and this is largely due to the FerryBox program (Petersen, 2014; Petersen et al., 2018). Automated instrument packages are installed on SOO, making use of the regular shipping routes to provide surface seawater measurements. An array of sensors is connected to the ship underway system and typically measures seawater temperature, salinity, turbidity, dissolved oxygen, chlorophyll-a fluorescence, pCO2, and pH, with the ability to include extra sensors through its modular functioning. One of the newest additions to the fleet of FerryBox-equipped SOO in the North Sea is the cargo vessel Magnolia Seaways (DFDS Seaways, Copenhagen, Denmark). The FerryBox was installed in the summer of 2019. In this study, we will focus our analysis on the comparison between two consecutive fall seasons (in 2019—on the Immingham, United Kingdom to Gothenburg, Sweden route and in 2020—on the Immingham, United Kingdom to Esbjerg, Denmark route; see Figure 1). This choice is due both to the identification of significant biogeochemical events during these periods and to ship schedule changes and perturbations to the normal instrument maintenance schedule for the period in-between caused by the COVID-19 pandemic. The routes were repeated often during each season, with port calls at Immingham every 3–4 days in 2019 and every 2 days in 2020.
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FIGURE 1. Bathymetric map of the North Sea showing Magnolia Seaways’s tracks in the fall 2019 (blue lines) and fall 2020 (red lines) seasons. The color scale changes shades and spacing at the 50 m isobath. The locations of the ports of Immingham, United Kingdom (Imm.), Gothenburg, Sweden (Got.), and Esbjerg, Denmark (Esb.) are indicated by the white diamonds. The Humber river estuary in the United Kingdom is highlighted in yellow. The locations of the Dogger Bank (DB), Skagerrak Strait (S), and Kattegat Strait (K) are also marked on the map.




Data Acquisition


FerryBox Data

The use of FerryBoxes as a cost-effective method of observing the marine environment is now well established. The ability to remotely control autonomous measurements and cleaning procedures, the minimum maintenance requirements, the overall low costs, and the ease of new sensor integration makes them an ever-growing and versatile platform for ocean observation. They have been used in various studies ranging from new sensor integrations (Voynova et al., 2019), instrument intercalibrations (Macovei et al., 2021b), ocean acidification monitoring (Reggiani et al., 2016) to an analysis of river influence on the coastal environment (Frigstad et al., 2020).

The seawater pCO2 was measured with a membrane-based HydroC CO2-FT sensor (4H-Jena Engineering GmbH, Germany; accuracy of ± 1%). The sensor was calibrated by the manufacturer in March 2019 and kept on the ship for the entire duration of this study. Integration with the FerryBox system allowed for automatic cleaning to be performed. At every port call, the tubes were flushed with acid, pressure cleaned, and freshwater was subsequently kept in the opaque tubes to prevent biofouling. Raw data were corrected for sensor drift and processed according to manufacturer recommendations (Fietzek et al., 2013). Seawater was pumped from the ship underway system through a filter to remove large debris and after approximately 4 m of piping and tubes, was brought to the FerryBox-integrated sensor at a flowrate of approximately 6 L min–1. Since the instrument is installed in the engine room, some warming is expected between the intake and the measurement. At the time of the measurements in this study, no intake temperature measurements were available, therefore a direct pCO2 correction is not possible. The expected warming, based on a similar installation on a different ship and on a ship-buoy comparison (Haller et al., 2015), is 0.4°C. The effect this has on our estimated CO2 fluxes will be explored in the respective section. During the last part of the fall 2020 journeys, the pCO2 sensor became slow to reach optimal operating parameters following the departure from port. As a result, the measurements in the first few hours of each journey were overestimated, evident when comparing with the measurements at the same location on the return route, or before the problem arose. We therefore discarded the first half of each of the affected journeys from the pCO2 dataset (details in Supplementary Material). The frequent journeys of the ship allowed for the removal of flagged data without significant impact on data coverage.

Seawater temperature and salinity were measured with sensors from Teledyne Instruments/Falmouth Scientific, United States (uncertainties of ± 0.1°C and ± 0.02, respectively). Seawater pH was measured with a pH electrode in 2019 (Sensortechnik Meinsberg, Xylem Analytics, Germany; resolution of 0.01 units) and an ion selective field effect transistor (ISFET) in 2020 (Endress Hauser GmbH, Germany; uncertainty of ±2%). In 2020, the pH instrument was slow to reach optimal performance following the departure from port, so the measurements from the first 1 degree of longitude were discarded. The 2019 electrode data, initially reported on the NBS pH scale, were converted to the total scale to match the ISFET results using the Matlab version of the CO2SYS program (van Heuven et al., 2011). The concentration of chlorophyll in seawater, as well as the separation into algal classes (green algae, diatoms, cryptophytes, blue-green algae) was measured by a fluorescence-based AlgaeOnlineAnalyser (AOA) instrument (bbe Moldaenke GmbH, Germany; resolution of 0.01 μg L–1 chlorophyll-a). Total chlorophyll-a was also measured using a microFlu fluorometer (TriOS Mess- und Datentechnik GmbH, Germany; uncertainty of ±5%). The 2020 AOA chlorophyll data were initially over-estimated, but were corrected using the relationship to the microFlu data (details in Supplementary Material). All these sensors were integrated with the FerryBox and operated with LabView routines. Data are available from the European FerryBox Database.1 The pCO2 measurements are also available from the Pangaea repository.2



Drift Simulations

In order to investigate the origin of the water masses sampled by the SOO, we used the Drift App of the CoastMap Geoportal3 under CC BY-NC 4.0 license. The simulations can be performed using the web-based tool.4 The application specifies drift trajectories using the Lagrangian transport program PELETS-2D (Callies et al., 2011). Water mass movements are determined offline based on pre-calculated 2D marine currents, optionally complemented by random dispersion and an extra wind drag forcing. For our study, marine surface currents were extracted from archived output of the three-dimensional hydrographic model BSHcmod (Dick et al., 2001, 2008), run operationally at the German Federal Maritime and Hydrographic Agency (BSH).5 With random dispersion being switched off, 2-week backward trajectories were calculated from chosen points of interest without additional wind drag strength. Using BSHcmod surface currents, Callies et al. (2017) found an extra wind drag specified as 0.6% of 10 m wind velocity to best reproduce observed trajectories of drifters representative for a 1 m surface layer. Since the intake of the FerryBox is located at around 5 m depth, we do not use any extra wind drag, but the conclusions are the same with either method.



Model Outputs

In order to (1) further evaluate the FerryBox observations, (2) compare them to model predictions, and (3) investigate the influence of biogeochemical variables not measured by the FerryBox, such as inorganic nutrients, we used outputs from the Northwest Shelf Analysis and Forecast models available from the Copernicus Marine Environment Monitoring Service.6 Daily surface means were extracted for selected variables of interest from the Physical—NORTHWESTSHELF_ANALYSIS_FORECAST_PHY_004_013 (Tonani et al., 2019) and Biogeochemical—NWSHELF_ ANALYSISFORECAST_BGC_004_002 (Butenschön et al., 2016) models that have a horizontal resolution of 1/33° longitude × 1/74° latitude and 1/9° longitude × 1/15° latitude, respectively. The results were analyzed both through North Sea-scale mapping of the products, as well as through matching each time step of the FerryBox observational dataset to a corresponding time and location grid cell in the models.



Additional Data

We used atmospheric CO2 measurements from the Lutjewad, Netherlands observatory due to its proximity to our study area. The data are found in the ICOS Carbon Portal.7 We used the Level 2 release for fall 2019 investigations and the growing time series for fall 2020 ones (Chen and Scheeren, 2020, 2021).

We used barometric pressure, dew point temperature and 10-m wind speed from the ERA5 reanalysis product (Hersbach et al., 2018) available from the Copernicus Climate Data Store8 for specific areas and times of interest matching the FerryBox observations.




pCO2 Decomposition and Flux Calculations

The effect of changing the temperature of a seawater parcel on a known value of seawater pCO2 when the initial and observed temperatures are also known was calculated according to Takahashi et al. (1993) sensitivity factor as follows:
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where SST is the surface seawater temperature. This equation allows differentiating between the thermal and non-thermal component of an observed pCO2 change. The thermal component can be calculated from the initial conditions and the observed change in temperature, while the non-thermal component is the difference between the observation and the result of the thermal calculation, added to the initial conditions for ease of plotting:
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In order to obtain a measurement representative of the atmospheric offshore concentrations, we ran a 14-day moving minimum filter through the raw hourly atmospheric dry air mole fraction of carbon dioxide (xCO2) data (details in Supplementary Material). We converted the atmospheric xCO2 to pCO2 using the water vapor pressure formula of Alduchov and Eskridge (1996), alongside barometric pressure and dew point temperature. First, the saturated water vapor pressure (Pv, in bar) was estimated from the dew point:
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where Tdp is the dew point temperature. The atmospheric partial pressure of CO2 (in μatm) was then calculated:
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where Pb is the barometric pressure. The sea to air CO2 flux was then calculated using code available online9 —see Humphreys et al. (2018)—following the parameterization according to Wanninkhof (2014):
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where k is the gas transfer velocity, α is the solubility of carbon dioxide, a function of sea surface temperature and salinity evaluated following Weiss (1974), and the “sw” and “air” indices represent the seawater and atmospheric terms, respectively. The gas transfer velocity depends on the square of the 10 m wind speed (U10) and on D, the dimensionless Schmidt number for carbon dioxide at the surface layer seawater temperature (Wanninkhof, 2014):
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RESULTS


Small-Scale Biogeochemical Variability

pCO2 is a key indicator both in terms of increasing CO2 levels in the atmosphere, as well as a variable which is affected by changes in physical and biological conditions in the water column. Therefore, it is used in this study as an indicator of water column variability. During the fall seasons investigated here, variability in the observed pCO2 allowed the identification of three 2–4 week-long periods with distinct biogeochemical characteristics (Figure 2). While the reason for choosing this temporal separation was the pattern in the pCO2 variability, additional FerryBox measurements help to further explain the biogeochemical differences. There are moderate to strong correlations between the measurements. For example, the Pearson correlation coefficients between pCO2 and dissolved oxygen saturation range between −0.35 and −0.61, while the correlation coefficients between pCO2 and pH range between −0.74 and −0.98, depending on the sub-period investigated. The synchronous changes identified by instruments with different measurement techniques serve as a quality assessment of our data. Correlation plots are available in the Supplementary Material.
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FIGURE 2. FerryBox variables [seawater pCO2 (A,B), sea surface temperature (C,D), sea surface salinity (E,F)—including a zoom-in, total chlorophyll-a concentration (G,H), and pH (I,J)] measured in fall 2019 (left column) and fall 2020 (right column) plotted against longitude. The color shades are used to separate the respective season into three sub-periods. Individual crossings are plotted as thin lines, and longitudinal averages for each sub-period are plotted as thick lines. The difference in the x-axis extent of the measurements is due to different ports in the east (Gothenburg, Sweden in 2019 and Esbjerg, Denmark in 2020, see Figure 1).


In fall 2019, pCO2 measurements (Figure 2A) can be split into three 2-week periods, guided by the nearly 100 μatm decrease which took place in the second half of September, between 6.5 and 9.5°E. Further variability was observed in the western part of the transect. Within less than 2 degrees longitude, between 0.5 and 2°E, the along-track pCO2 dropped and rose by nearly 100 μatm. These features were observed throughout August and September 2019, irrespective of sailing direction. The ship also consistently measured seawater pCO2 levels above 700 μatm near the port of Immingham, United Kingdom.

In fall 2020, pCO2 measurements (Figure 2B) can also be split into three distinct periods. Before the 25th of October, low pCO2 values (below 350 μatm) were observed near the eastern end of the transect. Between October 25 and November 24, low values (down to almost 350 μatm) were also recorded between 3 and 4°E, in the middle of the Central North Sea. The final period featured little variability along the ship track, with the exception of high values (occasionally > 700 μatm) recorded in the Humber estuary, also observed in 2019. In fall 2020, the eastern port was Esbjerg in Denmark, so the ship did not take any measurements in the Skagerrak Strait.

Sea surface temperature in the Central North Sea in 2019 featured an expected behavior, with crossings later in the fall measuring lower temperatures (Figure 2C). The final 2 weeks of measurements, however, identified an event east of 6.5°E, roughly 2°C colder than the expected cooling trend due to shorter days and shallower solar incidence angles later in the year. Furthermore, all the temperature measurements in the fall of 2019 identified differences of up to 4°C between the warm Humber estuary, the very cold region adjacent to the estuary (0.5°E, Figure 2C), and the warmer waters of the North Sea further away from the United Kingdom coast (1.5–3°E). The salinity profiles (Figure 2E) showed consistently high values (near 35) in the Central North Sea, with salinity rapidly dropping in the Humber estuary in the west, and near the northern Danish coast, the Skagerrak and Kattegat regions in the east. The low temperature event between 6.5 and 10 °E also featured low salinity (∼33 on average). Total chlorophyll-a concentrations (Figure 2G) were highest in the near-shore areas, while in the North Sea, west of the Skagerrak (1.5–8°E), they did not typically exceed 5 μg L–1. In the Skagerrak, chlorophyll-a concentrations decreased with time. The pH measurements (Figure 2I) were anti-correlated with the pCO2 pattern, as observed and modeled before (Gypens et al., 2011; Salt et al., 2013).

The along-track temperature measurements in 2020 (Figure 2D) did not show the same differences near the United Kingdom coast, in spite of covering the same region (Figure 1) and ending at the same western port, Immingham, United Kingdom. The eastern port of the transect was Esbjerg, DK, where the salinity (Figure 2F) was higher than the Baltic Sea-influenced Kattegat (Kristiansen and Aas, 2015). The chlorophyll-a concentrations were generally lower than in 2019 since measurements were taken later in the year, when days at these latitudes are shorter. An increase in the concentrations in the Central North Sea to over 3 μg L–1 was observed around 3 °E. Furthermore, high chlorophyll levels were observed near the Danish coast, east of 6.5°E. Especially in the first period of measurements, concentrations increased from around 3 μg L–1 120 km offshore to over 7 μg L–1 just outside of Esbjerg. Similarly to 2019, the pH measurements in 2020 (Figure 2J) were anti-correlated with pCO2, exemplified by the highest measurements coinciding with the two low pCO2 events.

Figures 3, 4 are Hovmöller diagrams simultaneously showing the spatial and temporal variability of the FerryBox variables for the two investigated fall seasons. They were produced in Ocean Data View 5 (Schlitzer, 2020), using DIVA interpolation with automatic x and y-scale lengths and automatically adjusting the color scale according to the median and non-linearity of the data. Contours were added to the pCO2 diagrams (Figures 3A, 4A) joining points of equal pCO2 in the interpolated product in steps of 50 μatm. These contours (white lines) were then kept as an overlay on top of all diagrams in Figures 3, 4 (Figures 3B–F, 4B–F, respectively) in order to show the synchronicity of biogeochemical changes.
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FIGURE 3. FerryBox measurements in fall 2019 between Immingham (west) and Gothenburg (east) interpolated over time and space. Surface seawater pCO2 (A), pH (B), temperature (C), salinity (D), total chlorophyll-a concentration (E), and diatom-specific chlorophyll-a concentration (F) are shown. The black lines indicate when and where respective measurements were available along the ship tracks. White pCO2 isolines based on (A) are drawn in all subplots, so that the pCO2 pattern is compared to other biogeochemical parameters.
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FIGURE 4. FerryBox measurements in fall 2020 between Immingham (west) and Esbjerg (east) interpolated over time and space. Surface seawater pCO2 (A), pH (B), temperature (C), salinity (D), total chlorophyll-a concentration (E), and diatom-specific chlorophyll-a concentration (F) are shown. The black lines indicate when and where respective measurements were available along the ship tracks. Notice the removal of the first half of each journey for seawater pCO2 data for later journeys. White pCO2 isolines based on (A) are drawn in all subplots, so that the pCO2 pattern is compared to the other biogeochemical parameters.


Close inverse variation between seawater pCO2 (Figure 3A) and pH (Figure 3B) can be observed. East of 6.5°E, pCO2 in the second half of September 2019, was lower than 400 μatm. The low pCO2 coincided with an area of persistent colder temperatures. This indicates a link between lower carbon dioxide values and a change in the water mass in September 2019. Another feature was a region at approximately 0.9°E, where pCO2 was consistently below 500 μatm. Adjacent to the 400 μatm pCO2 contour was a “band” of colder temperatures at 0.5°E (Figure 3C). This suggests that a more persistent feature near the United Kingdom coast (0.5–0.9°E) is causing colder temperatures and low carbon dioxide content in surface waters in early fall. Interestingly, the high temperatures of over 18.5°C in the Central North Sea (2–9.5°E) between the 26th and 29th August 2019 did not have a large impact on pCO2, especially in the eastern part of the transect. The correlation between temperature and pCO2 was stronger at lower temperatures. Similar to the temperature diagram, the 400 μatm contour also surrounded an anomalous area in the salinity diagram (Figure 3D). The chlorophyll-a concentrations (Figure 3E) were generally low outside the near-shore areas, with most measurements below 5 μg L–1. In the open North Sea, between 88 and 94% of the total chlorophyll-a fluorescence was assigned to diatom cells (Figure 3F).

The pCO2 values in fall 2020 were less variable, with most measurements between 400 and 450 μatm (Figure 4A). Two major low pCO2 events were identified with values below 400 μatm in the Central North Sea and near the Danish coast. In the Humber estuary, the largest pCO2 measurements were recorded during spring tides, when the difference between the sea level at low and high tide was at a maximum and potentially more mixing occurred. The pCO2 variability was anti-correlated to pH (Figure 4B). pH higher than 8.1 coincided with the two main low pCO2 events. Sea surface temperature (Figure 4C) had an expected seasonal cooling trend, but also a large temperature difference east and west of 4°E in October, with temperatures in the eastern half of the transect up to 4°C higher. The warm event did not appear to induce pCO2 changes. The interesting features in the salinity diagram (Figure 4D) were the low salinity “band” bordering the low pCO2 measurements in the Central North Sea (4–4.5°E) and the high salinity values bordering the low pCO2 in the Danish coastal North Sea (6.5–7°E). Chlorophyll-a concentrations (Figure 4E) were generally lower than in 2019, with three main regions with higher concentrations: near the Danish coast, the Central North Sea area around 3°E, and the estuarine-influenced region near the United Kingdom coast. The first two matched regions with low pCO2 measurements. An influence of the spring-neap tidal cycle at the Humber estuary outflow could be observed in the chlorophyll concentrations, similar to the pCO2 variability. The diatom-specific chlorophyll (Figure 4F) was dominant in the two non-estuarine regions with high total chlorophyll.



Thermal vs. Non-thermal Influence and Sea-Air Co2 Fluxes

The high spatial and temporal resolution sampling provided by the FerryBox-equipped line allowed the identification of anomalously low pCO2 events. We focus on two restricted regions (Figure 5A)—the northwestern Danish coast and the Central North Sea south of Dogger Bank—and decompose the pCO2 signal into its thermal and non-thermal components.
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FIGURE 5. (A) Past tracks of Lysbris Seaways (black) in the same regions as the advectively-driven low pCO2 event in fall 2019 (blue) and the biologically driven low pCO2 event in fall 2020 (red) measured on the Magnolia Seaways tracks. (B) Measured pCO2 before and after the cold advective event initiated on the 15th of September 2019 (the two shades of blue, respectively) and expected average pCO2 values at the sampling times calculated using the pre-event pCO2 measurements and only applying the thermodynamic effect of decreasing water temperature, as well as the non-thermal component. (C) Measured pCO2 before and after the Central North Sea bloom initiated on the 25th of October 2020 (the two shades of red, respectively) and expected average pCO2 values at the sampling times calculated using the pre-event pCO2 measurements and only applying the thermodynamic effect of changing water temperature, as well as the non-thermal component. In subfigures (B,C), the black symbols denote what the pCO2 would have been at the time of the ship crossing if only thermal or non-thermal effects acted upon the water mass. The closeness to the observations indicates the dominant mechanism.


Considering the advective nature of the 2019 low pCO2 event, we determined the relative influence of thermodynamic changes on seawater pCO2. We used the average of the measurements of the last two crossings before the cold event to establish a baseline level for late-summer pCO2. Then, we calculated the expected pCO2 values solely due to the change in observed seawater temperature (black circles in Figure 5B) and found that the temperature change can explain almost all of the observed pCO2 change. It is likely that any additional decrease is due to the different chemical signatures of the advected waters. Past measurements have identified the Skagerrak as a relatively low pCO2 region (Macovei et al., 2021b). The cold water event lowered the average pCO2 by over 40 μatm, or >9% of the pre-event values, changing the CO2 flux regime from a net carbon source to the atmosphere in the beginning of September to a net carbon sink at the end of September 2019 (atmospheric pCO2 shown in Supplementary Figure 3). This also points to the dynamic nature of coastal regions, and the biogeochemical consequences of short-term changes in coastal ocean physics.

The 2020 low pCO2 measurements coincided with increases in chlorophyll-a concentration suggesting a biologically driven event. Indeed, the calculated thermal component of the pCO2 changes (black circles in Figure 5C) did not match the observations. Instead, the non-thermal component (black squares in Figure 5C, calculated as the difference between observations and the thermal component and added to the baseline), attributed to biological processes in the water column, explained most of the observed changes. The Magnolia Seaways observations presented in Figure 5C are extracted from the region defined by the smaller inner orange rectangle in Figure 5A, since the lowest pCO2 observations in late fall 2020 were measured at this location. The late fall phytoplankton bloom lowered seawater pCO2 by over 35 μatm, or > 8% of the pre-event values.

In fall 2019, before the cold advective event, the region north of the Danish coast (Figure 5A) was a CO2 source to the atmosphere, with a flux of 1.3 ± 0.6 mmol m–2 day–1. In mid-late September, during the event, the seawater pCO2 was in relative balance with the atmosphere, resulting in a flux of −0.04 ± 0.34 mmol m–2 day–1. During the 2020 fall bloom in the Central North Sea, the area south of Dogger Bank was a CO2 sink, with a flux of −0.6 ± 1.4 mmol m–2 day–1. The calculated uncertainties for these fluxes result from error propagation of the respective input term uncertainties. The gas transfer velocity and the carbon dioxide solubility have defined uncertainties, while the seawater and atmospheric pCO2 uncertainties were given by the standard deviation of the measurements in our time and space-restricted selections.




DISCUSSION

Through the high-resolution FerryBox monitoring, we were able to observe small-scale and short-lived events that significantly lowered seawater pCO2. We will discuss the implications of these events, compare the effect to existing studies on North Sea pCO2 variability and carbon uptake, and evaluate if the observations were adequately predicted by regional models. In this study, we show how two consecutive fall seasons in a coastal shelf sea can differ in their biogeochemical characteristics and how each of these seasons featured mesoscale events captured through the high resolution FerryBox sampling. These low pCO2 anomalies occurred over 100–200 km spatially and 2–4 weeks temporally. Surface seawater pCO2 variability in the North Sea can be influenced by a variety of factors including changes in general circulation patterns, near-shore interactions, as well as inorganic nutrient changes.


Small-Scale Physical Processes Driving Co2 Uptake

The extensive low pCO2 event observed in the second half of September 2019 (Figure 6A) was strongly correlated with temperature and salinity changes (Figures 6B,C), without a simultaneous increase in chlorophyll-a. This suggests a physically driven phenomenon. In order to determine whether the advection of a new water mass was the explanation, we used Drift App simulations. The surface water circulation was investigated by choosing a point at 56.75°N, 7.50°E (location “A” in Figure 6D), on the main Immingham-Gothenburg route, centered at a location near the largest fluctuations between the first and second half of September. Fourteen-day backward simulations were applied to determine the origin of the water masses reaching this location. Several other locations along the ship route were tested with similar results. We found that the low-pCO2, low-temperature and low-salinity water mass observed in the second half of September had a contrasting origin to that from earlier in the month. While in the first half of September, the waters reaching location “A” were advected from the south-west, in the second half of September, the waters reaching this location had a 2-week backward trajectory origin just south of 58°N near the Norwegian coast, north of the investigated location.
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FIGURE 6. Seawater pCO2 (A), temperature (B) and salinity (C) shown as colored symbols plotted against longitude and time in a restricted area off the northwest coast of Denmark where anomalously low temperatures and salinities were recorded in the second half of September 2019. Subfigure (D) shows the simulated 2-week backward trajectories of water parcels reaching location “A” (thick lines), as well as four other similar locations (thin lines) on the 11th (red) and 21st (blue) of September, respectively.


The typical circulation of the North Sea in general and of the German Bight in particular is cyclonic. For a 1-week period starting on the 15th of September 2019, the German Bight circulation was consistently anticyclonic, associated with a sudden change in wind direction (not shown, circulation table available at bsh.de10). In the first half of September 2019, before the low pCO2 event, the origin of the water mass off the coast of Denmark was from the south-west. This is close to the expected south-to-north alongshore current drift (Holt and Proctor, 2008). In the second half of September 2019 however, the origin of the water arriving at location “A” (Figure 6D) was from the north, likely from the Skagerrak, confirming an anticyclonic circulation pattern. Therefore, at that time at location “A,” surface waters had a physical and biogeochemical signature characteristic of the low salinity outflow to the North Atlantic (low salinity, low temperature, Figure 6). During normal circulation patterns, the water export would be toward the North Atlantic along the Norwegian Coastal Current (Winther and Johannessen, 2006; Gröger et al., 2019). However, during the second half of September 2019, waters near the southern Norwegian coast returned to the Danish coast and produced the anomalous signal unveiled by the FerryBox sampling. Similar changes in the usual circulation patterns have been linked with strong winds in the region, but after the blocking event ended, the outflow was intensified (Gustafsson, 1997). Considering that the Norwegian Trench is the main carbon burial conduit in the North Sea, this change in circulation could have an effect on the usual carbon export from the North Sea (Hill et al., 2008; Luisetti et al., 2020). In September 2019, we found that this advective event lowered surface temperature, and prevented the region north of the Danish coast from releasing carbon to the atmosphere. Therefore, the anomalous event can in fact have a positive effect on the region’s carbon uptake capacity. Initially, a stronger air to sea flux occurs during the low seawater pCO2 period, followed by a strong export of the newly carbon-loaded waters to the North Atlantic, where they can be sequestered from the atmosphere for a longer term assuming the waters move to deeper, stratified layers.

Our study area fluctuates between being a carbon sink or source, depending on the spatial extent of the observations or the time period investigated. Flux calculations in coastal environments are known to be difficult (Meyer et al., 2018). As shown here, a 2-week event in a small region changed the CO2 saturation state and prevented carbon from being released into the atmosphere from an expected carbon source region. In the South and Central North Sea, the annual integrated sea-to-air carbon flux was −720 Gg C yr–1 in 2014 (marine carbon uptake) and 190 Gg C yr–1 in 2018 (marine carbon release) (Macovei et al., 2021a). Anomalous short-term biogeochemical events, like the ones described in this study, could influence the balance between regional carbon sinks and sources, especially if they become more frequent. In general, this study points toward the need to capture such events both through observational and modeling approaches. The caveats are that the coastal ocean was modeled to uptake a relatively small fraction of anthropogenic carbon (Bourgeois et al., 2016) and that such short-lived events may not allow sufficient time for air-sea gas exchange. However, since the main influence on the timescales of equilibration is given by wind speed and mixed layer depth (Jones et al., 2014), a fall setting in a shallow shelf sea, when winds are higher and mixing is stronger, should also contribute to a fast sea-air gas exchange rate.

Another example when low pCO2 was related to low seawater temperature occurred off the United Kingdom coast in fall 2019. The consistently lower pCO2 measurements around 0.9°E bordered a persistently low temperature water mass at around 0.5°E. This cold water mass was also modeled in BSHcmod throughout the fall 2019 sampling period (details in Supplementary Material). Intrusion of cold water from higher latitudes reaching the region offshore the Humber estuary is in fact a feature of the normal cyclonic circulation of the North Sea (Winther and Johannessen, 2006; Holt and Proctor, 2008). For example, the Southern North Sea is supplied with nutrients through the East Anglian plume (Weston et al., 2004). An additional influx of nutrients from the North Atlantic brought together with the cold water plume could explain our observations of matching peaks and troughs at 0.9°E in total chlorophyll-a and pCO2, respectively (Figures 2A,G). In 2020, the anomalously low temperature signal off the United Kingdom coast was absent in spite of measurements being taken on the same transect line west of 2°E in both years. However, our 2020 measurements happened later in the year compared to the 2019 ones, so the signal of a low sea surface temperature water mass was harder to observe.



Small-Scale Biological Processes Driving CO2 Uptake and How This Compares to Past Observations

The late fall 2020 blooms we observed suggest that, despite the low light availability in October-November, this season may be important for carbon drawdown in the North Sea. This becomes particularly important for a region where the main period of biologically driven CO2 undersaturation is the spring season (Hartman et al., 2019), and for which the summer and fall seasons are considered times of carbon release. In the first period of fall 2020, high chlorophyll-a concentrations near the Danish coast matched past observations in the Southern North Sea where phytoplankton blooms are initiated in nearshore waters and propagate offshore (Gypens et al., 2011). In the second period of observations, however, a phytoplankton bloom identified in the Central North Sea persisted over 4 weeks, lowered pCO2 and increased pH, and reached chlorophyll concentrations of over 3 μg L–1 (Figures 2H, 4E), similar to levels in early fall 2019. Despite the late fall occurrence and light limitations, this bloom significantly affected dissolved and particulate carbon in the region, bringing up the question whether such events happen in this region frequently, and if so, whether late fall blooms may have a larger influence on carbon dynamics than previously thought.

To compare these events with the long-term trend, we used results collected between 2013 and 2018 on another SOO equipped with a FerryBox, Lysbris Seaways. Quality controlled pCO2 data from this ship (Macovei et al., 2021a) are also available from the Pangaea repository (see text footnote 2). We selected measurements between 2013 and 2018 in the same two regions as the events (Figure 5A) and from the same time intervals—between the August 15 and September 30 (matching the 2019 measurements) and between October 25 and November 24 (matching the 2020 bloom), respectively. The average seawater pCO2 measured before the 2019 cold event was higher than predicted from the long-term trend, while the average pCO2 during the cold event was lower than predicted (Figure 7A). This could indicate that similar events might be common in this region and can help regulate the seasonal pCO2 averages. The pCO2 drawdown during the 2020 late fall bloom lowered the seawater levels to values similar to those observed by the FerryBox installed on Lysbris Seaways in 2015 in an analogous time of the year and area (Figure 7B). The identification of such a late fall bloom is particularly relevant since CO2 fluxes are stronger at this time of the year, and since satellite chlorophyll products typically do not cover the latitudes of our observations so late in the year (Ocean Productivity, 2021). In both regions in Figure 5, the long-term trends of increasing surface water pCO2 are higher than the atmospheric CO2 trend (Macovei et al., 2021a). The identification of these relatively short-lived events, which have such a large effect on the North Sea biogeochemistry, reinforces the idea that coastal and shelf seas are highly dynamic environments. Consequently, high-resolution observations are necessary to quantify biogeochemical changes induced by such events so that their importance on the average behavior of the region is properly assessed. Using the predicted trend from past measurements in the same region and time of year as the late fall bloom, the flux should have been strongly positive at 2.7 ± 2.1 mmol m–2 day–1. Both of the calculated (−0.6 ± 1.4 mmol m–2 day–1) and predicted fluxes are within the estimated range for the North Sea (Meyer et al., 2018; Becker et al., 2021). The fall season usually features strong fluxes due to higher wind speeds, including during storms, so the under- or oversaturated seawater state makes a large difference to annual budgets (Thomas et al., 2004).
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FIGURE 7. (A) Time and space equivalent pCO2 averages ± 1 standard deviation measured by Lysbris Seaways off the coast of Denmark in previous years with a best-fit linear trendline (black solid), prediction (black dotted), and the pre- and post-advective event averages ± 1 standard deviation measured by Magnolia Seaways in the same region in fall 2019. (B) Time and space equivalent pCO2 averages ± 1 standard deviation measured by Lysbris Seaways in the Central North Sea in previous years with a best-fit linear trendline (black solid), prediction (black dotted) and the average ± 1 standard deviation pCO2 measured by Magnolia Seaways in the same region during the fall 2020 phytoplankton bloom. The regions for data selection are the same as in Figure 5A.


Approximating the surface area of the two restricted regions at 6,600 and 8,600 km2, respectively, and including the large flux uncertainties, we were able to estimate the effect on the carbon budget in these regions. The 15-day advectively-driven low pCO2 event in 2019 prevented up to 2.8 Gg of carbon from being released into the atmosphere. The 31-day biologically driven pCO2 uptake event during the late fall 2020 bloom absorbed up to 21.8 extra Gg carbon from the atmosphere compared to the long term trend prediction. We performed the same calculations assuming a 0.4°C warming of the seawater inside the pipes of the FerryBox, potentially causing a slight overestimation of our measurements. The calculated maximum prevented and absorbed amounts of carbon for the 2019 and 2020 events, respectively, were 3.1 and 23.1 Gg—values which do not change the interpretation of our findings in the context of the large uncertainties involved in these flux calculations.

Kitidis et al. (2019) estimated an atmospheric carbon uptake in 2015 over the entire Northwest European Shelf of 23,000 Gg C yr–1 by averaging their observations and other literature estimations (Frankignoulle and Borges, 2001; Thomas et al., 2005; Borges et al., 2006; Laruelle et al., 2014). Compared to this value, the relative influence of our events seems small, but most of the atmospheric carbon uptake in the European Shelf occurs in the Northern North Sea and the Celtic Sea, which are outside the area of observations for this study. The location of our measurements lies approximately at the fall season boundary between the Northern North Sea, a carbon sink, and the Southern North Sea, a carbon source—see Figure 1 from Kitidis et al. (2019). Furthermore, here we show an integrated carbon exchange value for the short duration of the identified events and over two small areas, rather than upscaling over a whole year and the entire 1.06 × 1012 m2 surface of the Northwest European Shelf. Downscaling the Kitidis et al. (2019) estimation would result in a mean flux of 4.95 mmol m–2 day–1, stronger than what we calculated during the low pCO2 events in our study. However, the seawater pCO2 in the North Sea has increased at a rate exceeding the atmospheric rate since 2015 (Macovei et al., 2021a). In addition, this study highlights the importance of late fall blooms, which was a surprising finding considering the limited light availability during this time of year.



Evaluation of Model Results

In 2020, the low pCO2 events coincided with slightly increased chlorophyll-a concentrations in the open North Sea and therefore were likely driven by late fall blooms. This was substantiated by results in Figure 5C, where most of the pCO2 decrease during this period could be attributed to the non-thermal component, i.e., biological CO2 drawdown. What led to the chlorophyll increase so late in the year? Past observations in the Northwestern European Shelf showed that fall phytoplankton blooms were supported by increases in surface nitrate concentrations (Wihsgott et al., 2019). Since inorganic nutrients are not currently measured on board our ships, we used the output from a Biogeochemical Northwest European Shelf model. The model predicts surface seawater temperature in fall 2020 well—Figure 8A is nearly identical to Figure 4C. The model also does a good job of predicting seawater pCO2, except in the region influenced by the Humber estuary (Figure 8B). However, the model is not able to reproduce the chlorophyll observations, both in terms of distribution and scale (Figure 8C). Modeled nitrate and phosphate concentrations were highest near the coasts (Figures 8D,E), suggesting a land origin. Both nitrate and phosphate were higher in the eastern Central North Sea basin, which did not match with the location of the Central North Sea fall 2020 bloom occurring west of 4°E. While the individual nutrient concentrations did not explain the observed patterns, the ratio of nitrate to phosphate revealed a remarkable match between the highest N:P and the two main phytoplankton blooms (Figure 8F). This could be a result of the influence of primary production and nutrient drawdown. If the model assumes that, during times of high primary production, phosphate is consumed but nitrate is left over due to the stoichiometry of this uptake, the resulting N:P ratio could increase further. On the other hand, past observations in the open North Sea around the location of the Central North Sea bloom found a N:P ratio below 16 (Burson et al., 2016), and far below what the Copernicus model predicted. Furthermore, the absolute concentrations from the model output are larger than those modeled for the late fall months by Kerimoglu et al. (2018)’s coupled physical-biogeochemical model of the German Bight and southeastern North Sea, as well as from the measurements Kerimoglu et al. (2018) use. Therefore, most likely this model overestimates surface nutrient concentrations.
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FIGURE 8. Modeled surface temperature (A), pCO2 (B), chlorophyll-a (C), dissolved nitrate (D), and phosphate (E) concentrations, as well as the N:P ratio (F). The model outputs were “sampled” along the ship tracks of Magnolia Seaways in fall 2020 (shown in black lines). The upper limits of the color bars are restricted to better show variability at the lower end. The white contours show the measured pCO2 values (equivalent to Figure 4A).


In this study, we find that despite the short days during this period, late fall blooms did occur in 2020, and their magnitude, spatial extent, and impact on surface water North Sea biogeochemistry were identified by our SOO observations. In this region, phytoplankton blooms usually consume nitrate (Weston et al., 2004), but nutrient addition experiments where both nitrate and phosphate were added resulted in a higher biomass (Mustaffa et al., 2020). The bloom in the Central North Sea was perhaps a result of mixing of previously stratified waters south of the Dogger Bank, with resulting nutrient inputs to surface waters. The bloom took place in high salinity waters and was bordered on the eastern edge by slightly lower salinity waters (Figures 4E,D). South of the Dogger Bank, a region with depths of more than 50 m (Figure 1, at 54°N; 2°E) may help to funnel deeper, nutrient enriched water to the surface. Interestingly, the region between 4 and 6°E, where the Copernicus model predicted higher inorganic nutrient concentrations (Figures 8D,E), featured lower chlorophyll-a concentrations than east of 4°E.



Wider Implications

Despite their relatively small size and short time scales, the events described in this study had effects that are relevant on much larger scales. For example, we know that the pCO2 dynamics in the Southern North Sea are controlled by biological activity (Schiettecatte et al., 2007) and that model runs without biology resulted in the North Sea as a whole to act as a source for atmospheric CO2 (Kühn et al., 2010; Lorkowski et al., 2012). However, biological influence has been mostly evaluated during the spring productive season. The effect of late fall blooms might be underestimated and here we show that such blooms can produce strong surface water CO2 undersaturation.

Recent global carbon cycle assessments define the sources of uncertainty in quantifying the ocean carbon sink as variability in the circulation, internal variability and anthropogenic changes in nutrient supply (Friedlingstein et al., 2020). The shortest time scale of these processes is the annual one, but in a coastal setting, due to the large gradients and intrinsic small-scale dynamics, carbon budgeting uncertainties are further complicated. This study suggests that short-lived features which occur on relatively small scales have potentially large scale impacts and thus, an aggregation of these events may impact the mean state of the system. We show here that model predictions are better for physical variables, which are better constrained in data assimilation schemes because of the remote observation possibilities. On the other hand, the scarcity of biogeochemical observations may hinder the efficacy of operational models. Reaching a better agreement between observations and operational models is crucial for their use in climate change analysis and prediction. Climate models are predicting that high latitudes will be more sensitive to changes in the future because their buffering capacity will decrease faster (Gallego et al., 2020). This could give an increased importance to small-scale events such as the ones identified in this study. The Southern North Sea is an area of coastal alkalinity generation (Burt et al., 2016; Voynova et al., 2019), and this extra alkalinity increases the CO2 buffering capacity (Thomas et al., 2009). While these are natural negative feedback mechanisms, the prevailing direction of biogeochemical change is toward increasing CO2 in surface waters (Macovei et al., 2021a). Only through sustained high-resolution observations of coastal regions and well-tuned models will we have the tools necessary for accurate future predictions in these highly dynamic environments and, in particular, for quantifying the role of mesoscale, short-lived events.




CONCLUSION

The FerryBox instrument array installed on the Magnolia Seaways provided high-resolution measurements in the dynamic and biogeochemically important region of the Central North Sea, resolving mesoscale changes in surface biogeochemistry in response to biological and water mass changes. Here we show results from two consecutive fall seasons that featured mesoscale variabilities with different origins, but with similarly large effects on surface water biogeochemistry and carbon uptake capacity. In fall 2019, an advectively-driven low pCO2 event was identified off the Danish coast, while in fall 2020, the main drivers of low pCO2 in the Central and Eastern North Sea were phytoplankton blooms. These events lowered surface seawater pCO2 and increased the atmospheric CO2 absorption capacity, temporarily offsetting the general long-term trend of pCO2 increase in this area. Despite being small in terms of spatial and temporal scales, they had a significant effect on the biogeochemistry of the North Sea and on the carbon sink or source status of two smaller subregions. We demonstrate the value of sustained biogeochemical observations in dynamic shelf sea environments and advocate for the consideration of these episodic events in regional carbon budget assessments and operational model forecasts.
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