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Tidal forcing is a dominant physical forcing mechanism on the Northwest European Shelf (NWES) that regulates the mixing-stratification status of the water column and thus acts as a major control for biological productivity and air-sea CO2 exchange. Tides further influence the marine carbon cycle on the shelf by affecting benthic-pelagic coupling, vertical mixing and the large-scale residual circulation. The cumulative tidal impact on oceanic uptake of atmospheric CO2 on the NWES, however, remains largely unexplored. We use a coupled physical-biogeochemical ocean model to gain quantitative understanding of the tidal impacts on the air-sea CO2 exchange of the NWES by comparing hindcast simulations with and without tidal forcing. Our results show that tidal forcing weakens the annual oceanic CO2 uptake on the NWES by  , corresponding to a ~13% stronger CO2 sink in the experiment without tidal forcing. The tide-induced increase in marine primary production demonstrated in earlier studies, which primarily enhances biological carbon fixation in shallow inner-shelf regions of the NWES, does not significantly affect net air-sea CO2 exchange. Instead, we find tidal mixing, tide-induced baroclinic circulation and the tidal impact on benthic-pelagic coupling to be dominant controls of air-sea CO2 exchange. Tidal mixing in the permanently mixed shelf regions accounts for the majority (~40%) of the weakening effect on CO2 uptake, while the modulation of water mass composition in the Celtic Sea by tide-induced baroclinic circulation reduces the uptake further (~33% of the difference in annual mean CO2 uptake). In terms of the shelf carbon budget, the tidal response of air-sea CO2 exchange is primarily mediated by changes to the pelagic DIC reservoir (~73%;  ). Tidal impacts on off-shelf carbon export to the North Atlantic only account for ~20% ( ) of the tidal impact on shelf CO2 uptake, and changes in sedimentation of particulate organic carbon account for the remaining ~7% ( .
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1 Introduction

Tidal forcing is one of the dominant physical forcing mechanisms on the Northwest European Shelf (NWES) and affects turbulent mixing, stratification and circulation on the shelf. Being a broad mid-latitude continental shelf, the NWES forms a highly dynamic land-ocean transition zone that connects the terrestrial and ocean carbon reservoirs (Bauer et al., 2013). The continental shelf pump mechanism (Tsunogai et al., 1999), which efficiently exports carbon-enriched subsurface waters from the shelf into the deep North Atlantic, further makes the NWES a vital part of the global ocean carbon sink (Thomas et al., 2004; Legge et al., 2020). Despite its relevance, major knowledge gaps remain regarding the control of oceanic CO2 uptake on the NWES and the relative contributions of tides and other shelf-specific processes. Therefore, large uncertainties persist regarding the magnitude, variability and future development of carbon sequestration on the NWES (Legge et al., 2020; Ward et al., 2020; Dai et al., 2022).

Tidal forcing affects a wide range of physical and biogeochemical processes that are relevant for the marine carbon cycle on the NWES. Bottom-driven tidal mixing structures the NWES into shallow permanently mixed regions, transitionary regions with tidal fronts and weak stratification and seasonally stratified deep regions (Simpson and Hunter, 1974). Tides can also generate vertical mixing in stratified shelf regions by causing intermittent shear instabilities within the pycnocline (Rippeth, 2005; Becherer et al., 2022). Several studies report elevated pycnocline mixing associated with the internal tide at the shelf break and adjacent outer shelf regions of the NWES (New and Pingree, 1990; Rippeth and Inall, 2002; Sharples et al., 2007). Tides further contribute to the large-scale residual circulation on the NWES by generating baroclinic residual currents (Hill et al., 2008) and also by directly affecting the barotropic residual circulation on the NWES (Tinker et al., 2022). Tides also induce residual mean flow at small-scale bathymetric features, which has been hypothesized to affect the large-scale circulation on the NWES (Polton, 2015).

Tidal forcing has been shown to substantially affect biological productivity on the NWES (Richardson et al., 2000; Sharples, 2008; Zhao et al., 2019; Kossack et al., 2023). Observations further suggest that tidal mixing acts as a major control for air-sea CO2 exchange on the NWES (Thomas et al., 2004, 2005; Bozec et al., 2006; Prowe et al., 2009). Diapycnal nutrient fluxes induced by internal tides or other tidal processes (Sharples et al., 2007; Becherer et al., 2022) sustain subsurface primary production on the NWES that is suggested to be relevant for air-sea CO2 exchange (Richardson et al., 2000; Hickman et al., 2012; Rippeth et al., 2014). Tidal impacts on the residual circulation (Hill et al., 2008; Tinker et al., 2022) also affect the large-scale spatial distribution of the carbonate system and thus air-sea CO2 exchange.

The compound impact of tides on air-sea CO2 exchange on the NWES is largely unexplored. A fundamental understanding of the role of tidal processes is however relevant for the assessment of potential impacts of climate change on the shelf carbon cycle. Tidal impacts might change over time and with rising sea levels, which will modulate the mixing-stratification status of the tidal shelf system suggested to exert significant control on the magnitude of the continental shelf CO2 pump (Rippeth et al., 2008). Climate projections further indicate a strengthening of the stratification on the NWES (Holt et al., 2010; Mathis et al., 2018), with potential impacts on internal tides and associated vertical mixing as well as on the density-driven circulation on the NWES (Holt et al., 2022; Tinker et al., 2024). A better understanding of tide-related shelf-specific processes would further provide valuable insights on systematic biases in model-based assessments of the global shelf CO2 sink, as recently emphasized by Resplandy et al. (2024), as many state-of-the-art global models still do not consider tides.

In this paper, we evaluate tidal impacts on air-sea CO2 exchange by comparing two separate multi-year numerical model experiments with and without any tidal forcing. We extend the high-resolution coupled physical-biogeochemical regional model framework introduced in Kossack et al. (2023) for the investigation of the marine carbon cycle by incorporating an additional carbonate system model. The model system is based on a flexible unstructured grid that realizes kilometrical-scale horizontal model resolution on the NWES, which for the first time allows an investigation of the impacts of the regionally important internal tide field on air-sea CO2 exchange in a fully coupled physical-biogeochemical model framework.

We present the details of the applied model configuration, and assess the performance of the carbonate system model in Section 2. In Section 3, we investigate the tidal impacts on air-sea CO2 exchange and elucidate the role of tidal processes for the shelf carbon cycle. Section 4 discusses the presented results and provides conclusions on the role of tidal forcing for the shelf carbon cycle.




2 Materials and methods



2.1 SCHISM-ECOSMO model configuration

We apply the coupled physical-biogeochemical regional model framework SCHISM-ECOSMO introduced in Kossack et al. (2023) in this study. The 3D hydrodynamic model SCHISM (Zhang et al., 2016) is coupled to the lower trophic level ecosystem model ECOSMO II (Daewel and Schrum, 2013) via the FABM framework (Bruggeman and Bolding, 2014). The additional coupling to a carbonate system model is described in Sect. 2.1.2. We use the high-resolution NWES-IT grid configuration introduced in Kossack et al. (2023). The model domain in NWES-IT extends from 40°N – 66°N and 20° W – 30°E and thus covers the entire NWES as well as a part of the north-east Atlantic (Figure 1). We impose a minimum water depths of 10 m in the model domain. The Baltic Sea is included to adequately resolve basin-exchange processes, but is not particularly attended to in this study, as it does not feature relevant tidal energy.




Figure 1 | Bathymetry in the model domain (A). Arrows schematically show the general circulation on the NWES (adapted from Ricker and Stanev, 2020). Horizontal model resolution of the unstructured triangular grid of the NWES-IT configuration (B). Red lines delineate subareas: southern North Sea (SNS), central North Sea (CNS), northern North Sea (NNS), Skagerrak/Kattegat (SK), Norwegian Trench (NT), N-W Approaches (NWA), Celtic Sea (C), S-W Celtic Sea (SWC), N-E Celtic Sea (NEC), Irish Sea (I), I Sea W. of Sc. (Sc), Armorican shelf (A).



The physical model component SCHISM is a numerically efficient and robust modelling system based on an unstructured horizontal grid. SCHISM is specifically designed for cross-scale simulation of 3D baroclinic ocean circulation from shallow coastal areas to the deep open ocean (Yu et al., 2017; Ye et al., 2020; Wang et al., 2022). The applied NWES-IT model configuration realizes a telescoping high horizontal resolution of 1.5km in the Celtic Sea and in a 75km wide band delimited in off-shelf direction by the 200m isobath. The high-resolution model grid explicitly resolves the kilometrical-scale internal tide field on the NWES (Graham et al., 2018; Guihou et al., 2018; Kossack et al., 2023) and the generation of tide-induced residual mean flow at small-scale bathymetric features (Polton, 2015). The horizontal resolution in the remaining model domain smoothly varies from a maximum of ∼ 2.5km in the shallow coastal zones, or even 500m at the Danish Straits, to a minimum resolution of ∼ 10km in the deepest parts of the shelf. The horizontal grid resolution in the NWES-IT configuration is shown in Figure 1B. In the vertical, the model applies a flexible Localized Sigma Coordinate with shaved cells (LSC²) with a maximum of 53 vertical layers. The specific implementation of the physical SCHISM setup and an extensive model validation is provided in Kossack et al. (2023).

The biogeochemical model ECOSMO II uses a nutrient-phytoplankton-zooplankton-detritus (NPZD) conceptual model approach with a total number of 16 state variables (see Figure 2), including three phytoplankton functional groups (diatoms, flagellates and cyanobacteria), two zooplankton functional groups (herbivorous and omnivorous) and three functional groups for detritus (particulate organic matter, dissolved organic matter, biogenic opal). All organic matter pools contain carbon, nitrogen and phosphorous in elemental Redfield ratios of 106:16:1 (Redfield et al., 1963). Benthic-pelagic coupling is implemented as described in Daewel and Schrum (2013). The model considers three different integrated surface sediment pools for each of the three nutrient cycles, one for opal/silicate, one for particulate organic material consisting of carbon, nitrogen and phosphorous at a Redfield ratio, and one for iron-bound phosphorous. Sediment processes include sinking, deposition, and resuspension of particulate organic matter (POM) and opal depending on a critical bottom shear stress, as well as benthic remineralisation of POM and opal. The extended formulation of ECOSMO II allows the simulation of lower trophic level dynamics in a wide range of ecosystems and resolves pelagic and benthic biological processes that affect the marine carbon cycle. The coupled SCHISM-ECOSMO system is introduced and validated by Kossack et al. (2023). The parameter set used here is documented in Supplementary Table S1 in the Supplementary Material.




Figure 2 | Schematic diagram of biochemical interactions in ECOSMO II and coupling to carbonate system model.






2.2 Carbonate system model

We employ the FABM framework to further couple the SCHISM-ECOSMO model configuration to the carbonate system model introduced by Blackford and Gilbert (2007). The carbonate system model simulates the carbonate chemistry in seawater based on four state variables: pH, the partial pressure of CO2 (pCO2), dissolved inorganic carbon (DIC) and total alkalinity (TA). When two of the four state variables are known, the model estimates the other two iteratively. In the subsequent text, the used model configuration is referred to as SCHISM-ECOSMO-CO2.

Different adaptions of the implemented carbonate system model component have been employed to investigate carbonate chemistry on the NWES in several previous studies (Artioli et al., 2012; Wakelin et al., 2012; Artioli et al., 2014; Blackford et al., 2017). In this study, DIC and TA are provided as prognostic state variables from the ecosystem model component ECOSMO II. The carbonate system model then uses DIC and TA, along with temperature, pressure and salinity, to derive the speciation of DIC in seawater and iteratively solve for pH and pCO2. The applied carbonate system dissociation constants are taken from Millero et al. (2006). Air-sea CO2 exchange is calculated based on the pCO2 gradient between the ocean and prescribed atmospheric pCO2air using the gas transfer parameterization of Wanninkhof (2014).

Figure 2 illustrates the coupling of ECOSMO II and the carbonate system model. Simulated DIC is influenced by organic carbon production by net primary production by the three phytoplankton groups ( ), and by organic carbon decomposition by pelagic remineralization of DOM and POM, zooplankton excretion and DIC release from benthic remineralization  :

  

Here   denotes the respective biomass of DOM, POM, herbivorous zooplankton (Z1) and omnivorous zooplankton (Z2).   denotes the respective remineralization rates for DOM and POM, and   the excretion rates   for the two zooplankton groups. We do not simulate a sediment DIC pool and consequently do not include a DIC flux to the sediment. In ECOSMO II, exchange of carbon across the sediment-water interface depends on pelagic-benthic coupling via POM deposition, resuspension and benthic remineralization. Following Daewel and Schrum (2013), pelagic-benthic interaction is defined as:

	

Here   denotes sediment biomass and   is the loss rate through permanent burial in the sediment.   is the sedimentation rate if the bottom shear stress is lower than the critical bottom shear stress (τ<  ) and   is the resuspension rate for τ>  . The diffusive DIC flux from the sediment into the bottom layer of the water column due to aerobic or anaerobic (denitrification) benthic remineralization is given by:

	

with the temperature-dependent aerobic benthic remineralisation rate   and the denitrification rate  .

We implement TA as a fully prognostic variable that is influenced by benthic and pelagic biological processes as described by Wolf-Gladrow et al. (2007) and Gustafsson (2013). TA is explicitly affected by nitrate and ammonium based primary production and aerobic and anaerobic pelagic and benthic remineralization of organic matter in ECOSMO II.




2.3 Model forcing and experiments

Atmospheric forcing and SCHISM-ECOSMO forcing at the open boundaries used in this study are equivalent to Kossack et al. (2023). Boundary conditions for temperature, salinity, nitrate, phosphate, silicate and oxygen are provided from monthly mean WOA2018 climatological data (Boyer et al., 2018) and thus do not include inter-annual variability. The model configuration used in this study includes spatial varying surface deposition of nitrate and ammonium based on EMEP MSC-W data from MET Norway (https://emep.int/mscw/mscw_moddata.html; downloaded 09/2023), which was not yet implemented in Kossack et al. (2023). Boundary conditions for TA are provided from the global 3D NNGv2LDEO TA climatology (Broullón et al., 2019). Boundary conditions for DIC are provided from the global NNGv2LDEO DIC climatology (Broullón et al., 2020). We add an additional trend for the simulation period derived from a global ICON-coast simulation (Mathis et al., 2022) to account for the effect of rising atmospheric CO2. Atmospheric pCO2 is prescribed from monthly mean atmospheric pCO2 data measured at the Mace Head station (Lan et al., 2022).

River forcing is provided in form of daily river discharge and nutrient, DIC and TA loads for the 172 largest rivers in the domain. River input for ECOSMO state variables other than nutrients are set to zero. River discharge as well as nitrate, ammonium, phosphate and silicate loads represent multi-year daily mean values computed for the period 2000-2015 from a regional river dataset compiled and used by Daewel and Schrum (2013) and further updated by Zhao et al. (2019). We use annual mean concentrations compiled by Pätsch and Lenhart (2008) for riverine DIC, DOM and TA input via the Scheldt, Meuse, Rhine, Ems and Elbe on the European continental coast. We use annual mean concentrations compiled in Neal and Davies (2003) for riverine DIC, DOM and TA input via the Humber estuary, Wear, Twead, Great Ouse and Thames on the eastern UK coast. As done in Kühn et al. (2010), we assume that only 10% of the riverine DOM is bioavailable and, assuming rapid remineralization in the land-ocean transition zone, directly add it to riverine DIC. We prescribe an average DIC concentration of 2700 mmol C m-3 computed from Pätsch and Lenhart (2008) for the remaining rivers on the NWES with no available DIC. For missing DOM concentrations, we assume a DOM/DIC ratio of 1/10, of which only 10% is considered bio-available and added to riverine DIC. Due to the overall lack of riverine TA data, we use the end member approach following Hjalmarsson et al. (2008) and Artioli et al. (2012) to estimate riverine TA concentrations for the rivers on the NWES with no available data. For rivers not included in the resulting geographic groupings, we use the average of the estimated riverine TA on the NWES (2050 mmol m-3).

As done in Kossack et al. (2023), a faster coarse resolution SCHISM-ECOSMO-CO2 NWES-LR configuration was used to run a 5 year spin-up simulation from which the initial conditions for the high-resolution configuration used in this study are interpolated. The separate coarser resolution NWES-LR configuration is described in Kossack et al. (2023). Temperature, salinity, nitrate, phosphate, silicate and oxygen for the spin-up simulation were initialized from WOA2018 (Boyer et al., 2018). Initial conditions for DIC and TA are interpolated from the respective NNGv2LDEO climatologies (Broullón et al., 2019, 2020), except for the Baltic Sea, where TA initial conditions are generated using the end-member approach following Hjalmarsson et al. (2008). ECOSMO sediment fields for NWES-LR were interpolated from long-term ECOSMO simulations provided by F. Werner (in pers. comm.) and Samuelsen et al. (2022). Forcing data for the spin-up simulation is equivalent to the high-resolution model configuration described above.

We perform two numerical experiments with the high-resolution SCHISM-ECOSMO-CO2 model configuration to assess the impact of tides on air-sea CO2 exchange on the NWES. The TIDE experiment includes tidal forcing at the lateral open boundaries and tidal potential in the domain. In the NOTIDE experiment, the same model configuration is run completely without tidal forcing. Both experiments are integrated for a period of 6 years from 2000 to 2005 with hourly instantaneous model output that is averaged to daily means. The first year of the TIDE/NOTIDE experiments is treated as a secondary spin-up period and omitted from the analysis.




2.4 Analysis methods for the carbonate system



2.4.1 Biological and temperature control of pCO2 in the ocean

We assess the temperature and biological control of surface pCO2 following the approach proposed by Takahashi et al. (2002), which uses a linearization of the temperature dependency of pCO2 to differentiate between temperature and biologically driven changes of pCO2. We calculate the effect of temperature and biology on pCO2 over an annual cycle as

 

 

where   and   are in-situ pCO2 and temperature, and   and   denote annual means.   here estimates the pCO2 values expected from changes in sea surface temperature alone. The biological signal   in this approach inherently comprises all non-temperature related effects on pCO2 (e.g. also changes in TA).

Again, following Takahashi et al. (2002), the ratio of the effects of temperature and biology on surface pCO2 was calculated to assess the relative importance of biology and temperature over the annual cycle:

 

with the seasonal amplitudes of the change in pCO2 related to temperature and biological effects:

 

 

Regions with annually strong biological effects on pCO2 will show a smaller   ratio, while regions with weaker biological effects on pCO2 show a higher   ratio.




2.4.2 Net community production

We calculate net community production (NCP), i.e. the difference between net primary production and heterotrophic pelagic and benthic remineralization, to evaluate the net change of DIC in the water column evoked by biological processes. We calculate net community production as

 

where   is net primary production by the three phytoplankton functional groups,   is pelagic heterotrophic remineralization comprising DOM and POM remineralization and zooplankton excretion (see Equation 1) and   is the DIC release from benthic remineralization.




2.4.3 Diapycnal fluxes driven by turbulent mixing across the pycnocline

To assess turbulent mixing relevant for the carbonate system, we compute turbulent fluxes of DIC and nitrate following Sharples et al. (2001) and in line with Kossack et al. (2023) as

 

 

with the (vertical) eddy diffusivity   computed by the model turbulence closure, the difference in nitrate and DIC concentrations between the respective discretized vertical model layers   and  , and the vertical model layer thickness Δz in meters. To get the upward diapycnal fluxes from the nutrient-rich deeper water masses into the euphotic zone, we evaluate the diapycnal fluxes at the nutricline   (defined as the maximum vertical nitrate gradient in the water column) using daily averaged model output. The nutricline   is here assumed to constitute the base of the euphotic zone.

The turbulent nitrate flux   into the euphotic zone can be used to estimate a potential for subsurface primary production, which constitutes a DIC sink that may affect air-sea CO2 exchange. Assuming full utilization of the vertically mixed nitrate by phytoplankton, we compute potential subsurface primary production as

 

where   is the turbulent nitrate flux evaluated at the base of the euphotic zone and   the standard N:C Redfield ratio.





2.5 Carbonate system model validation

We validate the model results against different observational products to evaluate the model’s performance in reproducing the marine carbon cycle on the NWES. We focus on the results of the carbonate system component of the model system. The model performance with respect to general hydrographic conditions and lower trophic level ecosystem dynamics has already been evaluated for the NWES (excluding the Baltic) in Kossack et al. (2023). The subareas used to evaluate model performance in this section (see Figure 1B) are chosen as in Kossack et al. (2023) and account for the spatial heterogeneity of physical and biogeochemical processes on the NWES.

DIC and TA are validated against observational data obtained from the Global Ocean Data Analysis Project version 2 data product (GLODAPv2.2022; Key et al., 2015; Olsen et al., 2016). GODAPv2.2022 comprises a total number of 4283 quality controlled in situ seawater samples for DIC and 3824 samples for TA on the NWES in the simulated time period from 2001-2005, the majority of which are from the greater North Sea area. Simulated pCO2 is validated against observational data obtained from the Surface Ocean CO2 Atlas version 2023 data product (Sabine et al., 2013; Bakker et al., 2016). SOCATv2023 contains a total number of 786018 in situ surface ocean fCO2 (CO2 fugacity) measurements collected on the NWES in the simulated time period from 2001-2005. Ocean surface fCO2 is converted to pCO2 using the PyCO2SYS v1.8.2 software (Humphreys et al., 2023). The SOCATv2023 data has high temporal and spatial resolutions, but the coverage of the NWES is irregular. Data coverage is high for the greater North Sea region, intermediate in the Celtic Sea and sparse on the North Western Approaches.



2.5.1 DIC and TA validation

We co-locate the observational DIC and TA samples from the GLODAPv2.2022 data product and daily mean model output in time and space for each subarea to quantitatively assess the model’s consistency with the spatial and temporal variability of the large-scale carbonate system. Data sparsity limits the quantitative validation of DIC and TA to the greater North Sea area (i.e. the SNS, CNS, NNS, SK and NT subareas in Figure 1B). The direct co-location of observational data and model results is a rigorous test for the model and sensitive to relatively minor spatial and temporal mismatches between model and observations (Allen et al., 2007; Artioli et al., 2012).

Figure 3 shows the normalized and centered statistics of the co-located DIC data for the greater North Sea subareas in form of a Taylor diagram. Correlation coefficients between simulated DIC and observations are   for the NNS, NT and SK subareas and   in the central North Sea. The southern North Sea shows the lowest correlation for DIC (SNS  ). The normalized standard deviation for DIC is below 1 in all evaluated subareas and lowest in the CNS, indicating an underestimation of the amplitude of DIC variability (in time and space) in the model. Normalized centered root mean square differences (CRMSD) calculated for DIC in the subareas are between 0.5 and 1, which suggests a good fit between the model data and observations. The SNS shows the highest normalized CRMSD, which again underlines reduced model performance for DIC in the shallow SNS compared to the deeper North Sea areas.




Figure 3 | Taylor Plot of model DIC data (orange) and TA data (green) co-located against GLODAPv2.2022 data for 2001-2005, and pCO2 data (red) co-located against SOCATv2023 data for 2001-2005. Statistics are normalized with the standard deviation of the observations. Note that pCO2 data availability allows the additional evaluation of subareas E and C.



The Taylor plot in Figure 3 illustrates that TA shows poorer agreement with observations than DIC, particularly in the northern North Sea subarea. The correlation coefficient between simulated TA and observations is moderately high for the NT ( ) and SK ( ) subareas, and   for the SNS. Correlation is however low   in the CNS ( ) and statistically insignificant in the deep NNS (  and p-value > 0.3). The normalized standard deviation for TA is   for all subareas except the Skagerrak/Kattegat subarea (NSTD  ), which suggests a general underestimation of the amplitude of TA variability in the model. The normalized standard deviation for TA is particularly low for the CNS (NSTD  ) and the NNS (NSTD  ). Normalized centered root mean square differences for TA are between 0.75 and 1 in the NT, SK, SNS and CNS subareas. The NNS subarea shows the highest normalized CRMSD ( ).

The evaluation of the percentage bias (i.e. the sum of model error normalized by the data) documented in Table 1 complements the normalized and centered statistics in Figure 3 and provides a measure for systematic over- or underestimation of observations (Allen et al., 2007). The percentage biases for both DIC and TA in Table 1 are   % in all subareas except the SNS, where the percentage bias is 1.7% for DIC and 1.1% for TA. The low percentage bias in Table 1 underlines the good fit between model data and observations demonstrated by the centered statistics in Figure 3, but suggests a minor overestimation of both DIC and TA concentrations in the model. An additional evaluation of the mean bias of seasonal surface DIC concentrations (Supplementary Figure S1 in the Supplementary Material) indicates that the model particularly overestimates surface DIC concentrations in spring (MAM) and summer (JJA). We additionally calculate the cost function (CF) following Holt et al. (2005) as  , where   is the standard deviation of the observations. The cost function gives a non-dimensional value that indicates the goodness of fit between models and observations. Performance levels are categorized following Radach and Moll (2006) as CF< 1 = very good, 1–2 = good, 2–3 = reasonable, > 3 = poor. The cost function values documented in Table 1 thus suggest very good model performance (CF<1) for DIC in all evaluated subareas except the SNS, which is classified as reasonable. The evaluation of the cost function in Table 1 further corroborates generally reduced model performance for TA. The cost function suggests model performance for TA is highest in the SK and NT subareas (CF<1), good in the SNS and NNS subareas (CF<2) but only poor (CF>3) in the CNS.


Table 1 | Statistics from validation of DIC, TA and pCO2 against observations. DIC/TA model data are co-located in time and space against GLODAPv2.2022 (2001-2005). pCO2 model data is co-located in time and space against SOCATv2023 (2001-2005).






2.5.2 pCO2 validation

The evaluation of surface pCO2 is an important indicator for the representation of air-sea CO2 exchange on the NWES, and in combination with the validation of DIC and TA, can provide insights on the main processes responsible for limitations in model performance. Errors in the derived carbonate system variable pCO2 are larger than in TA and DIC, as errors in DIC, TA and the applied parameterizations accumulate (Artioli et al., 2012; Wakelin et al., 2012). Simulated pCO2 is quantitatively evaluated by co-locating it in time and space against surface in situ measurements obtained from the SOCATv2023 data product for the period 2001-2005. The normalized statistics of the centered co-located pCO2 data are aggregated for subareas with relevant observational coverage and are shown in the Taylor plot in Figure 3. Table 1 further shows the annual mean percentage bias and the cost function calculated for the co-located pCO2 data. Simulated mean seasonal pCO2 for the period 2001-2005 is additionally qualitatively compared against seasonal averages derived from monthly gridded SOCATv2023 observations (Sabine et al., 2013) in Figure 4.




Figure 4 | Top panel shows simulated seasonal mean surface pCO2 (2001-2005). Bottom panel shows respective seasonal mean surface pCO2 obtained from monthly gridded SOCATv2023 observations (Sabine et al., 2013) for the period 2001-2005. The monthly gridded SOCATv2023 observations are binned on a spatial grid of   and constitute cruise weighted averages computed by averaging the arithmetic mean value for each cruise passing through the cell.



The Taylor plot in Figure 3 shows expected poorer model performance for pCO2 compared to DIC and TA. The correlations between simulated pCO2 and SOCATv2023 observations are moderate to low. Correlation is highest for the SNS ( ) and the NNS ( ). The correlation in the CNS subarea is  , while it is< 0.25 for the remaining SK, NT, E and C subareas. The normalized standard deviation for pCO2 is< 1 except for the NT subarea (NSTD  ), suggesting a general underestimation of the amplitude of pCO2 variability in the evaluated subareas of the NWES. The normalized standard deviation is particularly low for the SNS (NSTD  ) subarea. Normalized CRMSD are between 0.5 and 1 for the SNS, CNS and NNS subareas and between 1 and 1.5 for the SK, NT, E and C subareas.

The percentage bias and cost function for pCO2 shown in Table 1 suggest reasonable model performance in terms of bulk errors. The percentage bias indicates that the model overestimates pCO2 over the period 2001-2005 in all evaluated subareas except the southern North Sea (Pbias = -13.6%). The percentage bias for pCO2 is   in the CNS, NNS and English Channel, and slightly larger than 10% in the SK, NT and Celtic Sea subareas. The cost function calculated for pCO2 in the respective subareas indicates highest model performance in the North Sea subareas (CF<1), reduced model performance in the SK and E subareas (CF<2) and poorest model performance in the NT and C subareas (CF  3).

The additional qualitative comparison of simulated seasonal mean pCO2 to gridded SOCATv2023 data shown in Figure 4 demonstrates that the model reasonably reproduces the seasonality and spatial variability of surface pCO2 on the NWES. Figure 4 however also highlights substantial regional differences and temporal variability in the mismatches between simulated pCO2 and observations.

Simulated mean winter (DJF) pCO2 compares well against observations in the deeper areas of the North Sea and Celtic Sea. Shallow inner-shelf areas like the English Channel and the southern North Sea in contrast show a strong underestimation of winter pCO2. The model further moderately underestimates autumn (SON) pCO2 in parts of the NWES (Figure 4), again particularly in the central and northern North Sea.

The model resolves a strong drawdown of surface pCO2 in spring induced by biological DIC consumption during the spring bloom, but Figure 4 suggests the model underestimates the magnitude of the spring drawdown in parts of the NWES (i.e. the model overestimates spring pCO2 compared to the gridded SOCATv2023 data). The overestimation of pCO2 in spring is particularly high in the shallow southern North Sea, parts of the central North Sea and the Skagerrak. Some shelf regions, for example in the English Channel, however, rather locally underestimate mean spring pCO2. The higher temperature and heterotrophic remineralization of spring bloom remnants increase surface pCO2 again in summer, especially in permanently mixed shallow inner-shelf regions. The model captures the increase in surface pCO2, but overestimates summer pCO2 nearly everywhere on the NWES. The overestimation of summer pCO2 is particularly high in the Southern Bight region of the North Sea, the Norwegian Trench and parts of the central North Sea. The underestimation of simulated pCO2 in autumn/winter and the overestimation of spring/summer pCO2 predominantly identified for central and inner-shelf regions of the NWES cancel out over an annual mean.




2.5.3 Air-sea CO2 flux validation

We further assess the overall model performance by comparing the simulated annual mean air-sea CO2 flux in the TIDE experiment (2001-2005) to the observational product of Becker et al. (2021). The simulated air-sea CO2 flux is additionally evaluated with observation and model-based literature estimates for the NWES. The annual air-sea CO2 flux in Figure 5A and Table 2 shows that most regions of the NWES are net sinks of CO2. Simulated oceanic CO2 uptake is high in deep outer shelf areas and strongest on the N-W Approaches and in the northern North Sea. Simulated oceanic CO2 uptake is substantially lower or nearly neutral in shallow inner-shelf areas like the southern North Sea and English Channel. Permanently mixed regions in the Irish Sea and along the German North Sea coast show neutral air-sea CO2 exchange or weak outgassing. The simulated annual CO2 flux in the Irish Sea suggests the region is a minor source of CO2 to the atmosphere over the year (see Table 2). ROFIs close to the major rivers on the continental and UK coasts also show outgassing of CO2 to the atmosphere.




Figure 5 | Annual mean air-sea CO2 flux (2001-2005) for TIDE experiment (A). (B) shows the mean air-sea CO2 flux map for 2001-2005 obtained from the data supplement (https://doi.org/10.18160/939X-PMHU, last accessed 06/2024) to Becker et al. (2021). The air-sea flux in Becker et al. (2021) is calculated based on SOCATv5 data using multi linear regression. (C) shows the annual mean air-sea CO2 flux (2001-2005) for the NOTIDE experiment and (D) the difference (TIDE – NOTIDE) of the air-sea CO2 flux between the two experiments. Positive (red) values in (A–C) indicate oceanic CO2 uptake, negative values (blue) indicate outgassing to the atmosphere.




Table 2 | Area mean annual CO2 flux (2001-2005) on the NWES in TIDE and NOTIDE experiments.



The decrease of the oceanic CO2 sink from the deep northern North Sea to the shallow southern North Sea qualitatively fits to the spatial structure of observations by Thomas et al. (2004) and the mean air-sea CO2 flux map for 2001-2005 shown in Figure 5B derived from the data used in Becker et al. (2021). The model shows an increase in CO2 uptake towards the Fair Isle Channel in the north-east of the North Sea, in agreement with Thomas et al. (2004). Based on an extensive observational campaign in 2001, Thomas et al. (2004) estimate annual oceanic CO2 uptake of   in the northern North Sea, which compares well to the estimated annual mean flux of   in our simulations. Comparison to Figure 5B suggests the model underestimates annual mean CO2 uptake in the Norwegian Trench. Our model shows a weak oceanic CO2 sink in the Southern Bight of the North Sea and the eastern English Channel. Thomas et al. (2004) and Becker et al. (2021) in contrast found the region to be a weak source of CO2 to the atmosphere (see Figure 5B). Yet there is large interannual variability in the region and studies from different years and with different methodologies conflict in the direction of the CO2 flux in the region (Thomas et al., 2004; Schiettecatte et al., 2007; Omar et al., 2010; Kitidis et al., 2019).

Simulated annual mean oceanic CO2 uptake of 0.8   in the north-eastern Celtic Sea and 1.4   in the south-western Celtic Sea are higher than respective estimates in Marrec et al. (2015), who proposed 0.6   for the north-eastern Celtic Sea and 0.9   for the south-western Celtic Sea. Frankignoulle and Borges (2001) however estimated a higher oceanic CO2 uptake of   for the Celtic Sea and Bay of Biscay region. Simulated area-mean weak outgassing of   in the Irish Sea matches the estimate of   in Marrec et al. (2015).

The overall mean annual oceanic CO2 uptake on the NWES (delineated by the 200m isobath plus the Norwegian Trench) for the period 2001-2005 is  , compared to the estimated range of   proposed in Legge et al. (2020) based on two observational and two modelling studies. The standard deviation of the simulated annual mean shelf CO2 uptake, i.e. the interannual variability for the simulation period 2001-2005, is  . The overall mean net annual oceanic CO2 uptake in the North Sea (here defined as the SNS, CNS and NT subareas) is   in our simulations, with a standard deviation of  . Using a slightly larger geographical definition of the North Sea, Thomas et al. (2005a) estimated an annual oceanic CO2 uptake of   for the North Sea based on observational surveys in 2001 and 2002, with an estimated range of uncertainty of 20-50% related to differences in gas transfer parameterizations (Watson et al., 2009; Meyer et al., 2018).





2.6 Validation summary

The validation demonstrates that the applied SCHISM-ECOSMO-CO2 model system reproduces key features of the marine carbon cycle on the NWES. Simulated oceanic CO2 uptake on the NWES compares favourably with estimates from literature, but the model shows a tendency to underestimate the shelf CO2 sink. The validation of the carbonate system model state variables DIC and TA indicate quantitative agreement between the model and observational data. Model performance for DIC is better than for TA. The model biases for both DIC and TA indicate a minor overestimation against observations in both variables. Bulk errors for the derived carbonate system model variable pCO2 suggest reasonable model performance (Table 1), but are larger than for DIC and TA. Further comparison against pCO2 observations (Figures 3, 4) identifies model limitations in the simulation of the full spatial heterogeneity and temporal variability of the shelf carbonate system.The presented model validation here generally aligns with the modelling studies by Artioli et al. (2012) and Wakelin et al. (2012), who find comparable quantitative agreement to observations for DIC and TA, and also poorer model performance for pCO2.

The good quantitative validation results for DIC underline the model’s general ability to reproduce the spatial and temporal variability of DIC on the shelf. Model performance for DIC is lower for the shallow and highly heterogenous southern North Sea (SNS) compared to the deeper North Sea areas. The validation suggests that the model underestimates DIC drawdown during the productive season, especially in summer. Overestimated DIC is likely a dominant factor for the identified overestimation of surface pCO2 in spring and summer (Figure 4), and therefore potentially contributes to the underestimation of the NWES CO2 sink in the model. The overestimation of DIC in spring and summer is presumably linked to an underestimation of primary productivity commonly identified for ECOSMO II (Daewel and Schrum, 2013; Zhao et al., 2019). Small summer SST warm biases (Kossack et al., 2023) might also locally contribute to the overestimation of surface pCO2. The strict application of Redfield stoichiometry in ECOSMO II likely is a key factor that contributes to DIC overestimation in the model. Non-Redfield DIC fixation has been observed on the NWES (Bozec et al., 2006; Humphreys et al., 2019), and ecosystem models assuming Redfield stoichiometry in the production and decomposition of organic matter generally tend to underestimate biological carbon fixation, especially in summer (Prowe et al., 2009; Kühn et al., 2010). The introduction of variable stoichiometry is further suggested to improve the seasonality of surface pCO2 and associated air-sea CO2 fluxes by reducing the overestimation of surface pCO2 in summer and the underestimation of surface pCO2 in autumn and winter (K. Demir, in pers. comm.).

Further model limitations arise from applied model parameterizations. POM is parameterized with a constant sinking rate. POM and DOM remineralization in ECOSMO II are parameterized with only temperature-dependent bulk remineralization rates that potentially contribute to the misrepresentation of spatial and temporal variability of the shelf carbonate system. Further differentiation of size and lability of the POM and DOM compartments, or the explicit parameterization of the microbial loop (Azam et al., 1983) hold potential for further model improvement. Uncertainty in benthic carbon stocks and parameterizations of benthic-pelagic coupling also restrict model performance on the NWES (Legge et al., 2020). Benthic-pelagic coupling is particularly relevant in shelf settings where the sediment and atmosphere can directly interact. Recent work has shown the importance of macrobenthos and associated bioturbation for the sedimentary organic carbon budget and benthic-pelagic coupling (Zhang et al., 2019). The inclusion of macrobenthos and associated bioturbation could potentially improve the seasonal cycle of pelagic DIC concentrations (and associated air-sea CO2 fluxes) by modulating benthic remineralization and resuspension.

Given the substantial inter-annual variability of DIC concentrations in the eastern North Atlantic (Thomas et al., 2008), the climatological forcing applied at the open boundary further impedes model performance on the NWES. The river loads for DIC and TA also lack seasonal and inter-annual variability. Given the general sparsity of adequate data for riverine and other coastal carbon inputs, the applied riverine forcing is generally subject to particularly high uncertainty (Legge et al., 2020) that limits model performance in the coastal regime. This likely contributes to the lower model performance found for DIC in the southern North Sea.

The use of climatological data at the open boundary also likely limits model performance for TA and potentially contributes to the low TA model skill in the northern North Sea. In contrast to other approaches, the applied prognostic TA model enables the simulation of the highly heterogeneous NWES including the Baltic Sea, for which no single reliable TA-salinity regression is applicable. The complex biological dynamics and coastal processes and inputs that affect TA however are a challenge for the fully prognostic simulation of TA. Benthic processes and associated TA fluxes have been shown to be relevant on the NWES (Brenner et al., 2016), but are only partially reproduced in the model system. Simulated TA will also be restricted by errors in the simulation of nutrient sources and sinks in ECOSMO II (Kossack et al., 2023). Another significant caveat is the large uncertainty in riverine inputs of TA and the lack of adequate (basin-scale) data for additional coastal TA inputs, for example from the Wadden Sea (Thomas et al., 2009). The moderate model performance in the southern North Sea is therefore already promising. The comparatively high model performance in the Skagerrak/Kattegat and the Norwegian Trench further suggests a reasonable representation of TA in the Baltic Sea outflow.

The dynamic shelf environment and the complexity of coastal ecosystems, as well as the large uncertainty in riverine and other coastal inputs relevant to the carbonate system (Legge et al., 2020), make modelling the coastal and shelf carbon cycle very challenging. Despite its limitations, the presented SCHISM-ECOSMO-CO2 model system is accepted to reproduce key features of the marine carbon cycle on the NWES both qualitatively and with reasonable quantitative skill. The moderate complexity of the biogeochemical components of the applied model configuration further facilitates the use of a high horizontal model resolution of 1.5km required to resolve key tidal processes on the NWES (Polton, 2015; Guihou et al., 2018) at reasonable computational cost (Kossack et al., 2023). The model validation therefore encourages the use of SCHISM-ECOSMO-CO2 for the investigation of tidal impacts on the air-sea CO2 flux in the following sections of the study.





3 Results



3.1 Tidal impacts on air-sea CO2 exchange

We find that annual mean oceanic CO2 uptake on the NWES (area delimited by the 200m isobath, excluding the Baltic Sea) is   lower in the experiment with tidal forcing than in the experiment without tidal forcing (Table 2). This amounts to a 13% higher annual mean oceanic CO2 uptake on the NWES in the NOTIDE experiment (Figure 5C) compared to the TIDE experiment (Figure 5A).

The difference of mean annual air-sea CO2 flux (2001-2005) between the two experiments documented in Figure 5D and Table 2 shows spatially heterogeneous tidal impacts on the air-sea CO2 flux on the NWES. Tidal forcing substantially decreases oceanic CO2 uptake in large parts of the NWES, predominantly in shallow inner-shelf regions. The relative difference in the air-sea CO2 exchange is particularly pronounced in the Irish Sea (-157%), which shows net CO2 outgassing over the annual cycle in the TIDE experiment but net oceanic CO2 uptake in the NOTIDE experiment. Inner-shelf subareas like the North-Eastern Celtic Sea (-44%) or the English Channel (-34%) also show a relevant reduction of oceanic CO2 uptake. Tidal forcing however also increases oceanic CO2 uptake (up to  ), predominantly in seasonally stratified areas in the central and northern North Sea. The northern North Sea is the only subarea in which tidal forcing marginally increases mean annual oceanic CO2 uptake (+5%). The seasonally stratified Celtic Sea in contrast shows a distinct reduction of mean annual oceanic CO2 uptake. The tidal impacts on the air-sea CO2 flux on the outer-shelf N-W Approaches are generally negligible, with only small local decreases of oceanic CO2 uptake in shallow near-coast areas. Figure 5D however indicates that tidal forcing substantially decreases oceanic CO2 uptake on the continental slope along the Celtic Sea and on adjacent outer-shelf areas of the south-western Celtic Sea.




3.2 Understanding the mechanisms behind the tidal impacts on air-sea CO2 exchange



3.2.1 Tidal impacts on the NWES carbon budget

The strongest tidal imprints on the net carbon budget are found in the carbon enrichment of the shelf waters and the net carbon transfer to the sediments. Tide-induced processes decrease the total pelagic DIC stock (~  in the TIDE experiment and  ~  in the NOTIDE experiment for 2001-2005), as neglecting tides results in a ~50% stronger DIC enrichment of  , compared to an accumulation rate of   when tides are included. Net carbon sedimentation on the NWES is low in the TIDE experiment ( ; mean for 2001-2005). Neglecting tides, and therefore primarily the impact of physical resuspension, considerably increases POC deposition and results in an elevated sediment carbon content (Figure 6). Although benthic remineralization returns the bulk of the carbon in the sediments back to the water column in the NOTIDE experiment, the resulting net sedimentation rate is higher by a factor of 10 ( ). Prescribed riverine carbon input is the same in both experiments (  and the net carbon import from the Baltic Sea is only marginally affected by tidal forcing (  in the TIDE and   in the NOTIDE experiment). By closing the carbon budget, we infer that   (or ~80%) of the annual shelf CO2 uptake in the TIDE experiment ( ) is exported off-shelf, while   (or ~73%) of the annual CO2 uptake ( ) is exported off-shelf in the NOTIDE experiment.




Figure 6 | Difference of the annual mean sediment organic carbon inventories (2001-2005) between the two experiments (TIDE-NOTIDE).






3.2.2 Tidal impacts on net community production

Tidal forcing has been shown to substantially increase net primary production (NPP) on the NWES (Kossack et al., 2023). Changes in heterotrophic remineralization however also need to be considered to obtain the net tidal impact on biological carbon cycling on the NWES. We directly evaluate tidal impacts on net community production (i.e. the metabolic balance between NPP and heterotrophic remineralization) computed with Equation 7 to assess tidal impacts on biological cycling of carbon. Mean annual NCP in the TIDE and NOTIDE experiments is shown in Figures 7A, B, respectively. The difference in mean annual NCP between the TIDE and NOTIDE experiments is shown in Figure 7C and additionally documented in Table 2.




Figure 7 | Mean annual net community production (2001-2005; Equation 7) in (A) TIDE experiment and (B) NOTIDE experiment. (C) Difference of mean annual net community production (2001-2005) in the two experiments (TIDE – NOTIDE).



Our results suggest that the entire NWES is net heterotrophic ( ) in the TIDE experiment (mean for 2001-2005). The North Sea is also net heterotrophic ( ) in the TIDE experiment, with particularly negative NCP (i.e. strong heterotrophy) in the Norwegian Trench. Figure 7C and Table 2 show a spatially heterogeneous tidal response of NCP on the NWES, and suggest that tides make the NWES slightly more heterotrophic (by  ). The difference between the experiments amounts to ~7% (relative to the TIDE experiment). Including tides decreases the burial of POC in the sediment by   (see Sect. 3.2.1). This decrease in the net removal of organic carbon from the NWES carbon cycle explains about ¼ of the increase in heterotrophy (i.e. decrease in NCP) with tidal forcing. As other organic carbon fluxes on the NWES are not changed in the sensitivity experiment without tidal forcing, the remaining increase in heterotrophy with tidal forcing implies higher organic carbon import onto the NWES. We therefore find that although tides substantially increase net primary production on the NWES, this does not move the shelf system closer to autotrophy.

The tidal impact on heterotrophic remineralization is primarily facilitated through the strong tidal impact on benthic-pelagic coupling on the shelf (see Sect. 3.2.1). Higher sedimentation of POC in the NOTIDE experiment redistributes heterotrophic remineralization from the water column into the sediment. Benthic heterotrophic remineralization is also slower than pelagic heterotrophic remineralization (Krumins et al., 2013). The difference in the parameterized remineralization rates (see parameter set in Supplementary Table S1 in the Supplementary Material) therefore additionally affects the timing of heterotrophic remineralization in the two experiments. Heterotrophic remineralization in the TIDE experiment consequently occurs earlier in the annual cycle than in the NOTIDE experiment. Compared to the TIDE experiment, the NOTIDE experiment is more autotrophic in summer and more heterotrophic in autumn and winter (see Supplementary Figure S2 in the Supplementary Material).

Tidal impacts on mean annual NCP in Figure 7C show large spatial heterogeneity on the NWES. Tidal impacts on NCP are most pronounced in inner-shelf regions, where Figure 7C shows areas with strong increases of NCP with tidal forcing, but often also directly adjacent areas of strong decreases of NCP. Tidal impacts on NCP in the deeper shelf regions are generally smaller, but also show a pattern of local increases and local decreases. Only the northern North Sea shows a moderate net increase in NCP with tidal forcing (Table 2), particularly in the region east of the Shetland Islands. The observed spatial pattern in the tidal response of NCP in Figure 7C, with local increases and often adjacent local decreases of NCP, is consistent with the strong tidal impact on benthic-pelagic coupling and suggest advective transport of tidally resuspended POM. The tidally resuspended POM is advected downstream, for example with the cyclonic circulation in the North Sea (see Figure 1A), while the sedimented POM in the NOTIDE experiment remains stationary. Advective transport of POM out of a specific area decreases local heterotrophic remineralization relative to primary production, i.e. it increases local autotrophy. Local increases in heterotrophy in turn suggests tides enhance advective transport of organic matter into the respective area. The substantial reduction of NCP with tidal forcing in the Norwegian Trench ( ) suggests tides are particularly important for organic matter transport from the North Sea shelf into the Norwegian Trench.

Tidal forcing therefore mainly laterally redistributes organic matter on the shelf, affects the balance of benthic and pelagic heterotrophic remineralization and determines the timing of heterotrophic remineralization. The large mismatches between the tidal impacts on the air-sea CO2 flux and tidal impacts on NCP shown in Table 2 however suggests there is no direct relationship between the tidal impacts on NCP and air-sea CO2 exchange. The discrepancies are particularly large in shallow inner-shelf regions like the Irish Sea and English Channel, where tides decrease annual mean oceanic CO2 uptake even though tidal forcing makes the subareas more autotrophic (which generally facilitates more CO2 uptake from the atmosphere). This indicates that other tidal processes are the prevailing factor for the tidal impacts on air-sea CO2 flux in shallow inner-shelf regions.




3.2.3 Tidal impacts in permanently mixed regions

Tidal mixing partitions the shelf into permanently mixed and seasonally stratified regions, which both constitute distinct biogeochemical regimes with implications for air-sea CO2 exchange (Thomas et al., 2004). Seasonal stratification enables the drawdown of surface DIC concentrations by means of the biological pump mechanism (Volk and Hoffert, 1985). The drawdown of surface DIC in spring and summer counteracts the effect of seasonal warming, which drives up surface pCO2, and thus facilitates net oceanic uptake of atmospheric CO2 over the annual cycle. In permanently mixed regions, primary production and heterotrophic remineralization are not vertically separated and (respired) carbon in the water column can constantly exchange with the atmosphere. Strong tidal resuspension of POM from the sediment additionally increases the organic carbon pool available for pelagic heterotrophic remineralization in spring and summer. Permanently mixed regions consequently generally exhibit weak air-sea CO2 exchange or show a tendency to weak outgassing of excess carbon to the atmosphere (i.e. from riverine input).

Neglecting tides leads to a larger part of the shallow inner-shelf being seasonally stratified (see Supplementary Figure S3 in the Supplementary Material), which in turn affects biogeochemical cycling in the region. We investigate the associated tidal impact on air-sea CO2 exchange by evaluating the tidal impacts on temperature and biological control of surface pCO2. We use Equations 2, 3 to calculate the effects of temperature and biology on pCO2 from monthly mean surface pCO2 and SST (2001-2005). We subsequently use Equations 5, 6 to compute   and  , the respective mean seasonal amplitudes of surface pCO2 changes related to temperature and biology, and assess the relative importance of temperature and biological effects on pCO2 over the mean annual cycle by means of the T/B ratio calculated with Equation 4.

The T/B ratio in the TIDE experiment (Figure 8A) shows that the temperature effect on surface pCO2 strongly dominates in inner-shelf areas, while central and outer shelf areas exhibit a stronger biological effect on pCO2. The tidal impact on the T/B ratio shown in Figure 8B, i.e. the difference between the T/B ratio in the TIDE and NOTIDE experiments, demonstrates that tidal forcing is largely responsible for the relative dominance of the temperature effect on surface pCO2 in the areas that are permanently mixed in the TIDE experiment. The tidal impact on the T/B ratio in central and outer shelf regions is generally low.




Figure 8 | (A) T/B ratio of the temperature and biological effects on pCO2 over the mean annual cycle (2001-2005) in the TIDE experiment calculated with Equation 4. (B) Difference in the T/B ratio between the two experiments (TIDE-NOTIDE). Magenta contour indicates PEA=   in the TIDE experiment. The difference in the amplitudes of surface pCO2 changes related to temperature (C) and biology (D) between the two experiments (TIDE-NOTIDE). (E) Surface pCO2 evaluated at 53°N 5.25°W in the Irish Sea [marked with green star in (B)].



In general, tides affect both temperature and biological control on pCO2, which in turn determines the tidal impact on the T/B ratio. Tidal mixing affects temperature control of pCO2 by modulating oceanic heat uptake on the NWES (Arnold et al., 2021), which results in colder summer SST and warmer winter SST in the shallow inner-shelf areas of the NWES (Supplementary Figure S4 in the Supplementary Material). Neglecting tides thus results in a larger seasonal amplitude of the temperature effect on pCO2 ( ; Equation 5) on most of the NWES (Figure 8C), which suggests larger temperature control on air-sea CO2 exchange in the NOTIDE experiment. The tidal impact on   is however small compared to the tidal impact on the biological effect on pCO2 ( ; Equation 6) shown in Figure 8D. Neglecting tides results in a larger seasonal amplitude of pCO2 changes related to biology (i.e. a stronger biological control of pCO2) on the NWES, particularly in regions that are permanently mixed regions in the TIDE experiment, but are seasonally stratified in the NOTIDE experiment (Supplementary Figure S3 in the Supplementary Material). Our results therefore indicate that it is mainly the tidal weakening of the biological effect on pCO2 that causes the tidal impact on the T/B ratio documented Figure 8B.

Figure 8E exemplifies the tidal impact on surface pCO2 at a station in the permanently mixed Irish Sea. The strong tidal mixing in the Irish Sea nearly completely offsets the biological buffering of the temperature-driven pCO2 increase during seasonal warming, and thus leads to temperature-driven net outgassing in the Irish Sea over the annual cycle (Table 2). If tides are neglected, the water column at the station is seasonally stratified and allows the biological buffering of the seasonal warming effect, which draws down surface pCO2 in summer and enables net oceanic CO2 uptake in the Irish Sea over the annual cycle.

The analysis of the tidal impact on the T/B ratio demonstrates how the partitioning of the NWES into seasonally stratified and permanently mixed regions plays a key role in controlling surface pCO2, and thus air-sea CO2 exchange. Dominance of temperature control on pCO2 in the permanently mixed shelf regions ultimately entails stronger CO2 outgassing in summer (Thomas et al., 2004), which limits annual CO2 uptake or even leads to net outgassing like in the Irish Sea. We find that the permanently mixed regions (as defined in Figure 8B) alone account for ~40% ( ) of the difference in oceanic CO2 uptake on the NWES between the experiments.




3.2.4 Tidal impacts in the seasonally stratified North Sea

Large parts of the deep northern and central North Sea show a moderate increase in mean annual oceanic CO2 uptake with tidal forcing (Figure 5D), which indicates that there is a tidal impact specific to these seasonally stratified central and outer-shelf regions. The evaluation of the annual cycle of surface pCO2 at a station in the northern North Sea shown in Figure 9A demonstrates that the higher annual oceanic CO2 uptake in the TIDE experiment predominantly stems from lower surface pCO2 in winter.




Figure 9 | Surface pCO2 evaluated at (A) 61°N 0.75°E in the northern North Sea [marked with magenta star in (C)] (B) 49.9°N 8.2°W in the Celtic Sea (marked with green star in (C). (C) Difference in mean surface winter DIC (2001-2005; TIDE-NOTIDE). (D) Mean DIC concentration in TIDE experiment and (E) difference in mean DIC concentration (TIDE-NOTIDE) at 61°N 0.75°E in the northern North Sea [marked with magenta star in (C)].



We find that the lower winter pCO2 at the station in the northern North Sea is the result of a weaker biological mitigation of the seasonal cooling effect on pCO2 in the TIDE experiment (Figure 9A). Heterotrophic remineralization of organic matter produced in summer increases the DIC concentration in the water column in autumn and winter, which constitutes a biological buffering of the effect of seasonal cooling on pCO2 and controls winter uptake on the shelf. Figure 9C shows that mean winter surface DIC is lower in the TIDE experiment than in the NOTIDE experiment in large parts of the northern and central North Sea, which indicates that the weaker biological mitigation of the seasonal cooling effect on pCO2 occurs throughout most of the seasonally stratified North Sea.

We find that the difference in the winter DIC concentration in the seasonally stratified North Sea is caused by the tidal impact on benthic-pelagic coupling and associated differences of heterotrophic remineralization between the two experiments (see Sect. 3.2.2). The comparison of the annual cycles of mean DIC in the water column (2001-2005) for the station in the northern North Sea shown in Figure 9E reveals significant tidal impacts on the vertical structure and seasonality of the DIC concentration. In the TIDE experiment, primary production draws down surface layer DIC during the productive season, while vertical POM export and subsequent heterotrophic remineralization increases DIC in the bottom layer (Figure 9D). Resuspension and mixing by strong tidal currents retains POM in the water column and limits sedimentation. With seasonal cooling at the end of the summer, surface cooling then convectively mixes the DIC-enriched subsurface water to the surface.

Neglecting tides in contrast redistributes heterotrophic remineralization from the water column into the sediment, where heterotrophic remineralization is slower and only diffusively releases DIC into the bottom layer. Bottom layer mixing is also low in the absence of tides, so that the respired DIC accumulates in a shallow bottom boundary layer and leads to substantially higher bottom layer DIC concentrations in the NOTIDE experiment (up to  ; see Figure 9E). The entrainment of the DIC-enriched bottom layer into the water column by December results in higher winter DIC throughout the water column in the NOTIDE experiment, which ultimately leads to higher surface pCO2 (Figure 9A) and thus lower oceanic CO2 uptake during winter compared to the TIDE experiment.

Local increases in NCP in the central and northern North Sea with tidal forcing (Figure 7C) imply a reduction of local heterotrophic remineralization relative to local primary production. The local increases in NCP therefore suggest that subsurface advective transport of organic carbon out of the respective shelf areas in the North Sea, predominantly in form of POM (not shown), is more effective in the TIDE experiment than in the NOTIDE experiment. Tidally enhanced advective transport of organic matter in the bottom layer ultimately reduces the magnitude of the biological buffering of the effect of winter cooling on surface pCO2, and thus contributes to the higher oceanic CO2 uptake in winter. We find that about 5% ( ; Table 2) of the high annual mean oceanic CO2 uptake in the northern North Sea subarea is related to tides.




3.2.5 Tidal impacts in the seasonally stratified Celtic Sea

Unlike in the North Sea, the majority of the seasonally stratified Celtic Sea shows a decrease in the oceanic CO2 uptake with tidal forcing (Figure 5D). The evaluation of surface pCO2 at a station in the central Celtic Sea (Figure 9B) indicates that the dominant cause for the lower annual mean oceanic CO2 uptake in the TIDE experiment is higher biologically-driven surface pCO2 in late autumn/early winter. Figure 9C shows corresponding higher winter surface DIC concentrations in the Celtic Sea in the TIDE experiment. The area of higher surface winter DIC in the TIDE experiment extends from the Armorican shelf in the south across the Celtic Sea to the south-west coast of Ireland.

We find a strong tidal impact on the large-scale residual circulation in the Celtic Sea to be the main reason for the difference in winter DIC that causes the regional reduction of oceanic CO2 uptake with tidal forcing. The seasonal mean depth-averaged residual circulation (2001-2005) and respective seasonal mean surface DIC fields in the TIDE and NOTIDE experiments are documented in Figure 10. Tidal forcing evokes a seasonal cyclonic circulation pattern in the Celtic Sea and Western English Channel not present in the experiment without tides. In summer, Figure 10 shows northward residual transport in the Western English Channel tidal frontal zone and along the south-western UK coast, westward flow at the tidal front in the St. George Channel and a tendency to southeastward flow in the south-western Celtic Sea in the TIDE experiment. Winter (DJF) circulation in the TIDE experiment also shows a tendency to southeastward flow in the south-western Celtic Sea, and weak northwestward flow from the Armorican shelf into the Celtic Sea. The NOTIDE experiment in contrast shows very weak residual circulation in summer. In winter, the NOTIDE experiment shows pronounced northwestward flow from the Armorican shelf across the Celtic Sea. A vertical transect of mean summer horizontal velocity across the south-western Celtic Sea reveals that the cyclonic residual circulation in the TIDE experiment is caused by a near-surface baroclinic current generated at the density gradient of a cold pool trapped below the seasonal thermocline (Figure 11). Such a cold pool flanked by sharp density gradients is only set up in the Celtic Sea with tidal forcing.




Figure 10 | Mean winter (left) and summer (right) surface DIC and overlayed seasonal mean depth-averaged residual circulation in the Celtic Sea (2001-2005) in the TIDE experiment (top panel) and NOTIDE experiment (bottom panel).






Figure 11 | Mean summer horizontal u-velocity on transect across Celtic Sea in TIDE experiment (A) and NOTIDE experiment (B). Positive values (red) denote eastward flow. Location of transect marked in inset figure in (B).



The tidal impact on the residual circulation is relevant for air-sea CO2 exchange because it affects the water mass composition in the Celtic Sea. The strong northward transport in the NOTIDE experiment flushes the Celtic Sea with low-DIC waters from the Armorican shelf and Bay of Biscay in the south, while in the TIDE experiment the Celtic Sea is more influenced by DIC-rich waters from the north, and potentially from the Bristol Channel. Mean winter surface DIC in the Celtic Sea is consequently lower in the NOTIDE experiment than in the TIDE experiment, with the largest difference (up to  ) occurring in December (not shown). The lower winter DIC concentration in the NOTIDE experiment drives stronger oceanic CO2 uptake in the Celtic Sea. The seasonally stratified part of the Celtic Sea consequently takes up   more atmospheric CO2 in the NOTIDE experiment than in the TIDE experiment. This makes up more than 90% of the difference in annual mean oceanic CO2 uptake between the experiments in the Celtic Sea ( ; Table 2), and amounts to ~34% of the difference of the annual mean NWES CO2 sink between the experiments.



3.2.5.1 Impact of internal tides in the Celtic Sea

The Celtic Sea shelf break and adjacent outer-shelf areas also exhibit a substantial decrease of annual mean oceanic CO2 uptake with tidal forcing (Figure 5D). The tidal impact at the Celtic Sea shelf break is dominated by internal tides generated by the interaction of tidal flow with the steep local topography. The high-resolution NWES-IT model configuration applied in this study resolves kilometrical-scale internal tides on the NWES (Kossack et al., 2023) and thus allows the investigation of their impact on the shelf carbon cycle. Internal tides produce strong pycnocline mixing at the Celtic Sea shelf break and on the adjacent Celtic Sea shelf, which locally decreases SST and enhances primary production by generating diapycnal nutrient fluxes into the surface layer (New and Pingree, 1990; Sharples et al., 2007; Kossack et al., 2023). We calculate the net effect of pycnocline mixing on surface DIC concentration by computing the difference of the diapycnal DIC flux into the euphotic zone (  calculated with Equation 9) and compensatory potential subsurface primary production sustained by the diapycnal nutrient flux into the euphotic zone (calculated with Equation 10). Diapycnal POM and DOM fluxes into the surface layer are found to be negligible.

Figure 12A demonstrates that in the Celtic Sea, the mean summer diapycnal DIC flux into the euphotic zone is marginally overcompensated by primary production sustained by the diapycnal nutrient flux. On the Armorican shelf and in the shallow north-eastern Celtic Sea, the diapycnal DIC flux is larger than the effect of potential new production. The net reduction of surface layer DIC by potential subsurface primary production is mostly   in the area of tidally enhanced pycnocline mixing along the shelf break of the Celtic Sea. Sites of strong pycnocline mixing at the shelf break or at small-scale bathymetric features on the shelf show a net reduction of surface layer DIC by up to  . Integrated for the south-western Celtic Sea subarea along the shelf break (SWC in Figure 1B), the effect of the dominantly tide-driven pycnocline mixing only amounts to a net reduction of surface layer DIC by   over the entire summer (June to August). The low net reduction of surface layer DIC resulting from pycnocline mixing thus only marginally affects the biological control on surface pCO2 in summer. This is further emphasized by the analysis of surface pCO2 at a station at the Celtic Sea shelf break in Figure 12B, which only shows a small tidal impact on biological pCO2 control in summer.




Figure 12 | Difference of the summer mean turbulent DIC flux (2001-2005; Equation 9) evaluated at the base of the euphotic zone and summer mean potential subsurface primary production (Equation 10) sustained by the turbulent nitrate flux into the surface layer. Permanently mixed regions are masked out. (B) Surface pCO2 evaluated at 14.4°W 53°N on the Celtic Sea shelf break [marked with magenta star in (A)].



The surface pCO2 in Figure 12B further illustrates that the tide-driven reduction of local mean annual oceanic CO2 uptake at the Celtic Sea shelf break rather stems from warmer winter SST and a stronger biological buffering of winter cooling on surface pCO2 in autumn and winter. The warmer winter SST in the TIDE experiment (see also Supplementary Figure S4B in the Supplementary Material) is likely largely the result of tidally enhanced heat storage in the water column. The relatively stronger biological-driven increase of surface pCO2 in the TIDE experiment is also evident in the higher winter surface DIC concentrations along the Celtic Sea shelf break (Figure 9C). Our results indicate that the higher surface DIC concentration mainly result from a higher end-of-summer POM concentration in the upper water column above the shelf break in the TIDE experiment (Supplementary Figure S5 in the Supplementary Material). The higher POM concentration results from the overall tidally elevated net primary production at the shelf break (Kossack et al., 2023), but tide-induced turbulent mixing potentially also retains more POM within the reach of the deep winter surface mixed layer.







4 Discussion and conclusion

We use the novel SCHISM-ECOSMO-CO2 model configuration to assess the impact of tidal forcing on oceanic uptake of atmospheric CO2 on the NWES. Tidal impacts on air-sea CO2 exchange on the NWES are multifaceted and show high spatial variability. We find tidal forcing responsible for a reduction of mean annual oceanic CO2 uptake on the NWES by  , which amounts to a ~13% stronger NWES CO2 sink in the experiment without any tidal forcing.

The dominant tidal impacts on air-sea CO2 exchange are summarized in Figure 13. Tidal mixing in the permanently mixed shelf regions accounts for the majority (~40%;  ) of the tidal weakening of the NWES CO2 sink. The tidal intensification of temperature control on surface pCO2 in the permanently mixed shelf regions, and the corresponding decrease in oceanic CO2 uptake, agrees with prior studies that found tidal mixing to distinctly structure air-sea CO2 exchange on the NWES (Thomas et al., 2004, 2005; Prowe et al., 2009; Omar et al., 2010). Another significant tidal impact on air-sea CO2 exchange is mediated by the modulation of water mass composition in the Celtic Sea by tide-induced baroclinic circulation, which accounts for ~34% ( ) of the tidal weakening of the NWES CO2 sink. Our results indicate that a cyclonic baroclinic circulation induced by a cold and dense bottom pool that is only set up in the presence of tidal forcing contributes to the seasonal near-surface southeastward transport observed in the south-western Celtic Sea (Pingree and Le Cann, 1989; Charria et al., 2013). The presence of cold pools in the Celtic Sea and the importance of associated cyclonic baroclinic circulation was previously suggested in Brown et al. (2003) and Hill et al. (2008). The relevant impact of the tide-induced baroclinic circulation on air-sea CO2 exchange suggests that projected climate-induced changes of the magnitude of the southeastward flow in the Celtic Sea over the 21st century (Tinker et al., 2024) would likely entail significant local changes in oceanic CO2 uptake.




Figure 13 | Schematic illustration of tidal impacts on air-sea CO2 exchange on the NWES.



The evaluation of net community production in the model describes the NWES as a net heterotrophic system ( ). Simulated net heterotrophy of   in the North Sea agrees well with the observational estimate of   provided by Thomas et al. (2005a). We find tidal forcing to strengthen net heterotrophy on the NWES by   (~7% relative to TIDE experiment). Physical resuspension by tides affects the balance of benthic and pelagic heterotrophic remineralization, which in turn modulates the lateral distribution and timing of heterotrophic remineralization on the shelf. Neglecting tides however only results in a minor increase in the net carbon flux to the sediment by POC deposition (by  ), which suggests that the increase in heterotrophy with tides mainly stems from higher organic carbon import onto the NWES. The tidal increase in heterotrophy implies a corresponding decrease in the shelf’s uptake capacity for atmospheric CO2, which contributes the remaining ~26% of the difference in oceanic CO2 uptake between the experiments. A key finding of this study therefore is that the substantial increase in biological productivity with tidal forcing demonstrated in Kossack et al. (2023) does not translate into a general strengthening of the oceanic CO2 sink on the shelf.

Our results further suggest that the kilometrical-scale internal tide field does not substantially affect summer-time air-sea CO2 exchange in the Celtic Sea, in part because of the effective mutual compensation of internal-tide driven diapycnal fluxes of DIC and primary production sustained by diapycnal nutrient fluxes. The identified low impact of diapycnal mixing on air-sea CO2 exchange in the Celtic Sea is in agreement with Rippeth et al. (2014), who also estimated diapycnal fluxes of nitrate and DIC to largely compensate each other. The hydrostatic model applied in this study likely underestimates pycnocline mixing by the non-hydrostatic internal wave field in the Celtic Sea (Vlasenko et al., 2014). Nevertheless, our results indicate that tide-induced pycnocline mixing impacts the vertical mixing of heat and heterotrophic remineralization on the continental slope of the Celtic Sea. The tidal impacts on the continental slope of the Celtic Sea lead to a substantial local decrease of oceanic CO2 uptake, which motivates further investigation of internal-tide driven impacts on air-sea CO2 exchange on the continental slope of the NWES. Our results here suggests that observations of air-sea CO2 exchange in the area should especially cover the entire seasonal cycle to verify the role of tide-induced pycnocline mixing at the Celtic Sea shelf break.

The presented study considers major bottom-up processes controlling the sensitivity of the shelf carbon cycle to tidal forcing. The 10-m minimum water depths used in this study however limits the representation of very shallow coastal regions, as a wetting and drying scheme is not implemented in the model configuration. The tendency to underestimated oceanic CO2 uptake on the NWES due to underestimated primary production identified in the model validation (Sect. 2.3) is not expected to significantly affect the sensitivity to tidal forcing, as the tidal response is rather determined by the tidal impact on the balance between net primary production and heterotrophic remineralization. The identified tidal response of the shelf carbon cycle may however be affected by the lack of sediment retention by macrobenthos (Zhang et al., 2019) in the applied model configuration.

The results of this study generally suggest that (subsurface) primary production in seasonally stratified shelf regions sustained by tide-induced pycnocline mixing does not significantly contribute to air-sea CO2 exchange. As argued in Rippeth et al. (2014), the simulated net sensitivity of the air-sea CO2 exchange to (tide-induced) pycnocline mixing in summer however relies on the Redfield ratio in phytoplankton growth and is thus limited by the use of constant Redfield stoichiometry in our study. The production and subsequent lateral export of long-lived organic matter with C-rich non-Redfield stoichiometry, as for example shown for the seasonally stratified Celtic Sea by Humphreys et al. (2019), could also marginally increase the sensitivity of oceanic CO2 uptake to tide-induced pycnocline mixing.

Tidal impacts, mainly the upward transport of respiratory DIC by tidal mixing and the modulation of water mass composition by tide-induced baroclinic circulation in the Celtic Sea, constrain the annual increase of the pelagic DIC stock on the NWES due to the rising atmospheric CO2 concentration. Neglecting tides therefore results in a higher annual increase of the NWES DIC stock of  , while the TIDE experiment shows an increase rate of  . Considering that neglecting tides also increases the carbon flux to the sediment by  , the difference in the increase rate of the NWES DIC stock ( ) implies that only ~20% (  of the enhanced shelf CO2 uptake in the experiment without tides ( ) is exported off-shelf. Our results therefore suggest that tidal forcing mainly affects carbon reservoirs on the shelf and only marginally modulates off-shelf carbon transport into the North Atlantic. To which extent tidal forcing affects carbon export below the permanent pycnocline critically depends on tidal impacts on the downwelling circulation and cross-shelf fluxes at the shelf break. Tidal impacts on bed stress and friction (Tinker et al., 2022) likely affect Ekman drain in the bottom boundary layer at the shelf break. Previous studies have also demonstrated direct tidal impacts on the European Slope current (Stashchuk et al., 2017; Tinker et al., 2022) that potentially affect the downwelling circulation. Tidal motion further directly affects cross-shelf transports at the shelf break, for example through internal-tide-driven Stokes transport (Spingys et al., 2020; Huthnance et al., 2022). Graham et al. (2018) for example demonstrated relevant on-shelf transport at internal depths likely associated with internal tides on the NWES that is only resolved at kilometrical-scale horizontal model resolution. The evaluation of tidal impacts on cross-shelf fluxes and the downwelling circulation is beyond the scope of this study, but is planned for future work.

In conclusion, our study highlights the importance of representing multifaceted tidal phenomena in ocean models used to investigate marine carbon cycle dynamics on continental shelves. Our simulations at kilometrical-scale horizontal resolution suggest that the effects of tidal mixing, tidal impacts on shelf circulation and benthic-pelagic coupling are most relevant for air-sea CO2 exchange on the NWES. High-resolution modelling and improved realism of shelf-specific biogeochemical processes has recently been shown to significantly improve coastal carbon dynamics in global ocean models (Mathis et al., 2022) and these improvements in modelling skill further show potential for constraining uncertainties in our understanding of the marine carbon cycle (Mathis et al., 2024). However, as the computational demands likely remain challenging for the near future, further work is required to improve the parameterization of tidal processes in large-scale regional and global model applications.
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