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Tidal impacts on primary production in the North Sea
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Abstract. This study highlights the importance of tides in controlling the spatial and temporal distigmitjgimytoplankton

and other factors related to growth, such as nutriand light availability. To quantify the resposeénet primary production
(NPP) to tidal forcing, we conducted scenario model simulations considesiagdVi tidal constituents using the physical
biogeochemical coupled model ECOSMO. The results \saedysedwith respect to a reference simulation without tidal
forcing, with particular focuson the spatial scale of the titlalinduced changes. Tidal forcing regulates the mixing
stratification processes in shelf seas such as the North Sea and herinfiiEaces ecosystem dynamics. In principle, the
results suggest three different response types with respect to primary produatiaouihern shallow areas with strong tidal
energy dissipation, tidal mixing dilutes phytoplankton concentraiioithe upper water layers and thereby decreases NPP.
Additionally, tides increase turbidity in neeoastal shallow areas, which has the potential to further hamper NPP. ii) In the
frontal region of the southern North Sedich is atransition zone between atified and mixed areas, tidal mixing infuses
nutrients into the surface mixed layer and resolves summer nutrient depletion, thus sustaining the NPP during the summe
season after spring bloom nutrient depletion. iii) In the northern North Sea, the Ni®Rseeso tidal forcing is limited.
Additionally, our simulations indicate that spring bloom phenology is impacted by tidal forcing, leading to a later threset of
spring bloom in large parts of the North Sea and to generally higher spring bloom pegitartkytmbiomassesBy testing

the related changés stratification, light conditions and grazing pressure, we found thtiirat factorpotentially contribute

to the change in spring bloom phenology with clear local differences. Finally, warelgsedthe impact of the springeap

tidal cycle on NPP. The annual mean impact of spniegp tidal forcing on NPP is limited. However, localye found
substantial differences in NPP eitherphase or anfphase with the springeap tidal cycle. Thesdifferencescould be
attributed to locally different dominant factors such as light or nutrient availability during spriadtidgeneral, we conclude
that in shallow shelf seas such as the North Sea, intensified vertical mixing induced by tidal fariciregtber promote NPP

by counteracting nutrient depletion or hinder NPP by deteriorating the light environment bectheseesfispension and
mixing of suspended matter into the euphotic zone.

Key words: North Sea, tides, mixirgjratification, net primg production
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1 Introduction

Coastal and shelf seas, such as the North Sea, generally show primary productior5ujiries2hat of the open ocean
(Simpson and Sharples, 2012mong the potential reasorfsr this differenceare the tides, one dhe dominanphysical

forcing factors in the North Sea, which regulate the misdtrgtification statugPingreeand Giriffiths, 1978; Simpson and
Souza, 1995)with potential implications for primary producti¢gBaly and Smith, 1993; Otto et al., 199The relevance of

tidesto primary production has been investigated in a number of previougstwehich show substantial -c@riability

between hydrodynamic tidal characteristics and biogeochemicalRlatav etal., 2012; Jago et al., 2002; McCandliss et al.,
2002; Pietrzak et al., 2011; Richardson et al., 20D@es influence biogeochemical cycling in various wayghancing the

vertical mixing of biomass, suspended matter and nutrients anihgaeslimem resuspension. Vertical mixing injects
nutrients(e.g.,Hu et al., 2008)nto the euphotic zone and thereby sustains primary production. However, vertical mixing also
promotes the dilution of phytoplanktdsiomass(Cloern, 1991) which hinders plankto production.The esuspension and
upward vertical mixing of nedrottom sediment§Bowers et al., 1998; Smith and Jones, 20d&Eriorate light condiins

(Porter et al., 2010and result in decreasing productivity. Theamiion of these nwhanisms results in eithéavourable or
unfavourable impacts on ecosystem productivity depending on local hydrodynamic and biochemical conditions, thus shaping
the specific structure and sensitivity of North Sea net primary production (NPP).

In the NorthSea, several subystems emerge with respect to tidal forcing and bathymetry, leading to a high spatial diversity
of primary production dynamicf/an Leeuweret al., 2015)and potentially also NPP sensitivity to tides. In principle, the
system can be differentiated into a permanently mixed shallow area in the southern North Sea, a seasonally stratified area
the central and northern Nor8ea and a transition zottet includedrontal and weakly stratified are@Schrum et al., 2003)

In permanently mixed shallow areas, strong vertical stirring slows the development of the spring bloom and prevents summe
nutrient limitation (Wafar et al., 1983). Nutrient availability in shallow coastal areas is additionally enhanced by onshore
nutrient and organic matter transport driven by estudsipe baroclinic circulatiorfHofmeister et al., 2017; Rodhe et al.,
2004)and landborne nutrient supps Consequently, light limitatiors dominantn shallow coastal areg3ett and Walne,

1995) In contrast, the central and deepenpaf the northern North Sea are seasonally strat{f®himann, 1996)and

summer nutrient depletion occurs in the upper mixed layer after the spring flooghurst, 2006) Becausehe bottom

mixed and surface mixed layers in these regions are largely decoupleiathyedriven nutrient replenishment from the
deeper layers is expected to be rather small. In shallower areas, the bottom mixed laytyr istalfiere with the thermocline,

and nutrients can be mixed into the euphotic zone (e.g., Rippeth et al. 2008; Richardson et al. 2000, Sharples 2008, Daew
and Schrum, 2013) and sustdiire NPPin the euphotic zone isummer. In these areahge breakirg up of stratification is

mainly driven by the springeap tidal cycle or wind mixingMahadevan et al., 2010; Schrum, 199The physical
mechanisms of thepsing-neap cycle, such ake shifting of fronts(Simpson and Bowers, 1981jeriodical erosion of the
thermocline and relevant ecological respa{gdlen et al, 2004) mainly in regard to replenishment of nutrie(fsanks and

Chen, 1996and interruption of biomass buildiBalch, 1981; Sharples et al., 2006ave been studied previously. In addition
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to largescale stratification patterns that regulate tidal impacts on NPP, local impacts have been obkergdhiness of
chlorophyll (C(HL) concentration at the eastern Britishoast, for example, was shown to be associated with local vertical
mixing generated by tideand bathymetryScott et al., 2010)Iin the Rhine river plume area, suspended particulate matter
concentrationa arecharacterized by a periodicity following a fortnight cy(Retrzak et al., 2011)

So far, earlier studies have focused largely on the local effects of nutrient injection into the euphotic zone. Unddwmsyanding
processes andssessingegionally differing regponseshave been accomplished byossfrontal field studies and idealized
model simulations(e.g.,Cloern, 1991; Richardson et al., 2000; Sharples, 20®8ne of these studies have quantitatively
evaluated tidal contributiato NPP based on nutrient replenishment from observed data or 1D sinsileiog simplified
upscaling, neglecting the spatial diversity of the North Sea system. However, it remains an open question how dynamic
zooplankton and tidenodulated benthipelagic couplingaffect the sensitivity of plankton production to tidal forcing
Furthermorea compehensive understanding of tidal impaata basin scale is still lacking for the North Sea. To answer these
guestions and investigate highly dynamic tidal impacts on ecosystem productivity in differeystrs in the North Sea,

the application of 3D wdelling is indispensable. Here, we will addrédss aboveguestions usingeCOSMO (Daewel and
Schrum, 2013; Schrum et al., 200&well-validated 3Bcoupled physicabiogeochemical model for scenario simulations to
elaborate the relevance ofdal impacts on NPP and underlying processes. The model resolves key physical and
biogeochemical processes, such as turbulent mixing, zooplankton growth and predationpautd ofparticulate and
dissolved organic matter on light conditions. The modslahhottom component, which is dynamically coupled to the water
column through the fluxes of particulate and dissolved matter, allowing for resuspension. We will assess the spattgl variabil
of the responses PP to major tidal componentse.,M; andS,, and disentangle different processes contributing tolyidal
induced variatioain NPP,mainly variations related tstratificationrmixing patters, spring bloomonset time and intensity,

and the maintenance NPP in the subsurface of stratified areas. We will further investigate variations in NPP related to the

spring-neap tidal cycle.

2 Methods
2.1 Model description and validation

In this study, we employatiewell-validated 3Bcoupledphysicatbiochemical mdel ECOSMO (Daewel and Schrum, 2013).

The hydrodynamic component of ECOSMO builds on the 3D baroclinic model HAMSOM (HAMburg Shelf Ocean Model)
(Schrum and Backhaus, 1999he capability to simulate the hydrodynamic status of the NortfBSkiz Sea systerwas
validated by Janssen et al(2001)and Schrum et al.(2003) The simulation domain covers the North Sea and Baltic Sea,
with open boundaries to the northern Atlantic Ocean in the north and the mouth of the English Channel in tRegsiputh (
Themodel was formulied on a staggered ArakaMia gr i d using spherical coordinates,
and 10 Nj iTie nhodehtimé stepas20.min, which allows for a robust representation of the tidal cyelpliysics

and biogeochemistry. lWwas also coupledonline using the same time stegsthose forhydrodynamics. In this study, we
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focuseedon the North Sea region between 5%6°E and 48°No8.5°N because tides are only of minor relevance in the Baltic
95 Sea. To resolve thermal stratification the upper water column, the vertical resoluti@sset to 5 m in the upper 40 m of the

water columnand decreasegradually with depttbelow 40 m To reduce numerical diffusion in the implemented upwind
advection scheme, shapepreserving totalariation diminishing(TVD) scheme(Yee et al., 1985was adopted, which
significantly improve the representation of hydrodynamansd ecosystem processespeciallyprocesseselatedto fronts.
A detailed description of the method and model respotasthe changed advection scheme has Ipeevidedby Barthel et

100 al. (2012)
The biogeochemical component of ECOSMO was developed to describe the lower trophic level dynamics of the marine
ecosystem using a Nfignt)P(hytoplankton)Z(ooplankton)D(etritus) conceptual model fraonk. The ecosystem model
component was first introduced for the North SeaSohrum et al. (2006agnd further developed for a wider range of
ecosystems, including relent characteristics for the Baltic S&g Daewel and Schrum (2013). Detailed validations against

105 nutrient observationsave showrthat the model is capable of simulating lower trophic level ecosystem dynamics in the North
Sea and the temporal variabiliy at interrannual to decadal scales simulated by ECOSMO could be corroborated by
observations (Daewel and Schrum, 201IBEOSMO simulatethe nutrient cycling of silicate, phosphorus and nitrogen in the
water column and in the sedimsibnsidering procees such as primary production, grazing and excretion by zooplankton,
remineralization and sedimewater coupling. A detailed description of the ecosystem nisdgen in Daewel and Schrum

110 (2013. In total, 16 state variablegeresolved, including thre functional groups for primary producers (diatoms, flagellates
and cyanobacteria). In the second trophic level, two groups of zooplamiteaonsidered and differentiated based on feeding
preferencesTo additionally account for the shading effects @M and detritus, which were not considered in Daewel and
Schrum (2013), the formulation of light attenuatisas modified as previously suggested by Nissen (201RJ. capture the
productive and turbid characteristics, dissolved organic matter (D&gparameterized byastremineralization rates arad

115 low sinking velocity, in contrast to the fast sinkimglocity and slow remineralizationratesof particulate organic matter
(detritus). Therefore, the vertical light attenuation coasief background atteuation {Q ) (induced bythe water bodyand
inorganic SPN), phytoplanktonself-shading 1), and additional shading impacts of DO (  and detritus Q ), as

shown in Eq.1

120 0Op @ QD 0 VOO Q VQoO (1)

While background attenuatiof (0.034 , Urtizberea et al., 2013pmaired constant in the water column, sshiading

depenédonboth™@ (0.24 & & € & § and the phytoplankton concentration (P). As suggest&tdmmon et al. (2000) and

Tian et al. (2009)Q  and detritusQ weresetto 0.2% Q6 and 0.26 "Q6 , respectively. Compared to Daewel and
125 Schrum (2013), these changesilelad the dynamical coupling of turbidity to the seasonal production cycle, as previously

discussed bWissen (2014)A corresponding validation of surface nutrients and comparison of mean primary production



(Appendix B) confirms that the performance of @EMO in the North Sea region changes only marginally with respect to the
original model versiorfrontal production and production in deeper stable stratified wategesised slightly, whilproduction
near the coaswas slightly decreasedhe modelis thereby capable of resolving tidal influences on primary produeimn
130 potentially competing processes. Tidal mixirgjeasesnutrient limitation thus fostering NPP, but tides also caube
resuspension and mixing of suspended matter into the euphotic zone, which reduces light availability in the waténeslumn,
reducing NPP. In addition televantbottomup processes, the model also resteytoplanktorzooplankton feedbackad
vertical oxygen and temperatupgofiles, whichalterthe ramineralizationof organic matter andonsequentiyutrient cycling.
Besides organic matter contribution to light shading, in the coastal area inorganic SPM also has the potential todifieér ligh
135 reduce primary production. We do nobnsider a dynamic coupled SPM modelling approach, but consider a simplified
consideration of inorganic SPM throughplementing thebackground attenuatiof.o address the uncertainties related to
SPM, we tested the effeof inorganic SPM on our findirggwith help of an additional numerical simulation, where we
implemented a climatological SPM field (daily resolution, with 31 vertical laiyetise original datasg{Grol3e et al., 2016;
Heathetal., 20020 nd added the SPM6s contribution to kBRMdatasgptht a
140 and implementidon are given in the Appendi€. The results confirmed the validity of our assumption that the spatial
variability of SPM can be neglected for the sensitivity study performed bespite the existing effect of inorganic SFM
light conditions and spatial variability of inorganic SPM, there is only minor sensitivity found for the case studissital v
tidal forcing, andEq.1can be considered as a proper parameterisation within the contextsitidy.
The ability b properly resolve intensified frontal production and the consideration of key processes influencing light and
145 nutrient limitation related to tidal forcing make ECOSMO an appropriate tool to assess tidal impacts on NPP in the spatially
highly diverse NorttSea. As already stated in Daewel and Schrum (2013), ECOSMO estimates of annual NPP in the North
Sea(Fig.2) are at the lower edge of what has been simulated faardaHolt et al., 2012; van éeuwen et al., 2013The
relatively low estimates mainhappearin the northern North Sea (NNS), where primary produci®estimated to be
approximately 125Qd@ & based on observatiorf¥an Beusekom and Dig€hristiansen, 1994)andin the European

150 continental coastyhere NPP observations range between2®B'Qd@ « (Joint and Pomroy, 1993The simulation fits

aaaaa

-----

atDoggerBank, respectivelyJoint and Pomroy, 1993)

2.2 Model setup

155 A detailed descriptio of the model setuprasgiven by Daewel and Schrum (201#&)erefore we will only providea brief
overview of the forcing data used for the model simulatmarticularly emphasizinghe changes made to the previously
described setup. These changes myagdncern the river discharge and nutrient lalda source The simulation was
initialized in 1948 using climatological data from the World Ocean Atlas (W@&hkright et al., 2002jor nutrients and

observational climatology for temperature and salilanssen et al., 1999)he full simulation period encompasses 68 years
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ending in2015 andis forced with atmospheric boundary conditions provided by the NCEP/NCafalgsis(Kalnay et al.,

1996) Additional forcing déa include wet deposition for nitrogen, which were prescribed using data from a Community
Multiscale Air Quality (CMAQ) mode(Matthias et al., 2008and boundary values for nutrients, temperature and salinity at
the open boundaries to the North Atlanfio; which we used the same wiatological data athose usedor the initial
conditions. For salinity, additional annual anomalies were retrieved from observational data available at the ICES
(International Council for the Exploration of the Sea) database (http://www.ices.dk). Aedigdabf river runoff and nutrient

load datawas appliedvith more completeiver forcing datacoveragefor the North Sea and Baltic Sea. A multitude of data
were provided by Sonja van LeeuweRdyal Netherlands Institute for Sea ReseapdETs. communication) containing the
following datasets: UK datavere processed from raw dafeom the Environment Agency (England and Wales, contains
Natural Resources Wales information © Natural Resources Wales and databagehigl®cottish Enviranent Protection
Agency (Scotland), the Rivers Agency (Northern Ireland) and the National River Flow Archive. French water quality data
were provided by Agence de I'eau LeBeetagne, Agence de I'eau SeiMermandie, OSUR web LoifBretagne and SIEAG
(Syseme d'information sur I'eau du bassin Adour Garonne), while daily flow data were obtained from Le Banque Hydro
(www.hydro.eaufrance Yr German and Dutch riverine data were provided by the University of Hgr(latsch, J., Lenhart,

2004) Norwegian water qualitgata were provided by the Norwegian Water Resources and Energy Directorate (NVE), with
daily flow data supplied by the Norwegian Institute for Water Research (NIVA). Danish water quality data were provided by
the National Environmental Research InstifiNERI). Water quality data for Baltic rivergereprovided by the University of
Stockholm and the Baltic Nest. Furthermore, nutrient statufreshwater runofinformationin the southern and eastern
Baltic Seavassupplemented by data from the Belgpe model(Arheimer et al., 2012; Lindstrém et al., 201Rutrient loads

from Danish waters were provided by Marie Maar (pers. communicationjvarekimilar to the forcing data used for the
HBM-ERGOM simulation (Maar et al., 2016). ®etata stem from a national monitoring progr@niindolf et al., 2011,

2012) and from the hydrological Denmark mogde&Vhich providesrundf calculations for ungauged areas of Denmark
(Henriksen et al., 2003)

We selected eelatively shortime period (199€2015) for our analysis to assure a long enoughgpitime that accounts for

the characteristic lantime scales of the North S&altic Sea systenDaewel and Schrum, 28). The period from 1990
2015will hereafter be called thanalysedperiod Tidal cycles with long periods, such as the nodal and elliptical ycle
although considered in the forcimg nodal corrections of partial tide amplitudes and phases (sgpa&dot targeted in this

study.

2.3 Tidal forcing and scenarios

Sea surface elevatiamasprescribed at the open boundaries, with a time step of 20 min. Daily mean sea surface el&teation
weretaken from a diagnostic model simulation for the widethneast European Sh€Backhaus and Hainbucher, 19&i#d
also forced with the NCEP/NCAR reanalysis. In addition, tidal elevati@ne calculated from tidal constituents provided by

the German Federal Maritime and Hydrographic AgeiiEgderal Maritime and Hydrographic Agendyeutsches
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Hydrographisches Insititut, 1967Nodal corrections were implemented in the calculation of tides to represent tieriong
variationin lunar nodes. For the stdard tidal scenario, partial Mide (principle lunar tideand S tide (principle solar tide)
(Thomson and Emery, 201djere considered; weereafter call this scenaribetidal scenario To evaluate the contribution
of the springneap tidal cycle, a tidal scenario using only the pdrtial tide called theM, scenario,was simulated and
discussed in comparison to ttidal scenario To quantify the overall impact of tidal forcing, a scenario without tidal forcing

at the open boundary wabsnulatedto yield thenontidal reference state of the systemoittidal scenarig.

2.4 Postprocessing of model results

The responsof ecosystem productivity to tidal forcingereassessed by comparing the annual mean NPP duriagdhgsed
period between thdidal and nonttidal scenarios(tidal scenariominus nontidal scenarig. Furthermore, wedisentangld
processes thahight contribute to variations in NPP, such as the seasonality of spatial patterns in linfi¢ettoa(nutrients
vs. light), spring bloom phenology, the impsat the springneap cycle on NPP variability, and the contribution of subsurface
production to the overall NPP. We quaistif these processes using subdomains and furtteete comparisonsdetween

scenariosemphasizing spatial variability and the seasayale.

2.4.1Subdomain division and identification of representative grid cells for process based analysis.

The predivision of the area into subdomains is based on a combination of geographic location, bathymetry and the local
responses of NPP to tididrcing (increase, decrease). First, SNS and NNS were divided by the 65 m isobath. In the SNS,
areas with positive and negative NPP response to tides were sefaig@®dThe negatively responding area in the SNS was
further geographically divided intthe English Channel (EC, south of 52°N) and an area along the continental coast (neg.
SNS). In the NNS, the area of the Norwegian Trench (NT) characterized by a water depth deeper thara86parated

The remaining region of the NNS was further didideesed on the response of NPP to tidal forcing. The area along the eastern
British coast (BC)which showselevated NPP in response to tides was separated from the negative responding area in the
middle of NNS (deep NNJJFig.2). In the east of the NN&,separatarea with mild increase of NPP was identified (s&n.

NNS). Based on this prdivision of subdomains, we identifiethe most representative grid ceithin each subdomain using
correlation analysi¢Eliasen et al. 2017(Fig.Al). To identifythe most representative grid cell locatioreach subdomajn

we firstproduced a@ime series of the NPP differereieetween thenontidal scenarioandtidal scenariofor each grid cell.
Subsequently, we estimated, for each of the grid cells, the c@refatthe time series of thahergrid cells within the same
pre-divided subdomain. The grid cell with the highest correlation coefficient to all other gridrceldeh subdomaiwas

selected as the most representative point for further analysis.

2.4.2 Quantification of key processes controlling the spring bloom

The peak amplitude and the onset time of the spring bfoothedifferent scenariosrere comparedlhe onset of the spring

bloom is defined here as the day when the daily vertically intehN®Preachests maximum prior to the spring maximum

7
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in diatom biomaséFig.A2) (Sharples et al., 2008)iatom time seriewere preprocessed by a iday running mean to remove
shortterm maxima induced by the springap tidal cycléSharples et al., 2006) o further disentangle mechanismsulting

in spring bloom phenologglifferences amonthe scenarios, we quantified potentially related biological and physical factors
relevant for spring bloom dynamicsuch aghe zooplankton biomass prior to the onset of the spring bloom, light comslitio
and development of stratificatipfor each grid cell.

In particular i) the vertically averaged zooplankton biosriaghe winter season (January&bruary)was considered proxy

for potential grazing pressure at the beginning of the growth sa@s®he integrated value of the lighiniting term in the
upper 50metres of the water columwasused to estimate the light conditgfier phytoplankton growth. To quantify the time
when the lightvassufficient for phytoplankton growth in each year, wareated the date when the integrated light limiting
term exceedd 0.85 for three consecutive days. ilipe stratification wasecognizedas r i t i cal t emper atur |
between surface layers and laybetowexceedind).53 . Similar method have been used in many other stud{€ong et

al., 2014; Karl and Luka4996; Richardsonetal.,280For t he i denti fication of the ons:s
0.5°C for three consecutive daigsrequired. Théime window (3 daysfSharples et al., 2008)aschosen to filter out short
lived stratification variations and the daight heating/cooling cyel The mixed layer depth is defined as the thickness of the
surface mixed layer, nging from surface to pycnocin&) The averaged mixed layer depth in Magisused as a measure
for stratification depth.

The onset of the spring bloom, thiest dayof the year withstratification andhe first day of the year witlsufficient light
conditions weradentified for each grid poinfor every simulategear; subsequently the percentage of yearghich those
time identifiers wer@dvancear delayedn the tdal scenario compared to that in the #imal scenarias aresponse to tidal
forcing was estimatedfor everygrid cell Thetidal inducedincrease/decrease of winter zooplankbiomassand of peak
spring bloomamplitudewere alscestimatedfor each gril celland eaclyear.Using thosendexes we obtained the spatial
patternfor thepercentage of years with 1) highsaring bloomamplitude, 2) later onset of the spring bloom, 3) later onset of
stratification, 4) deeper mixed layer depth, 5) later oenwe of sufficient light conditions for building phytoplankton
biomass, and 6) higher concentration of winter zooplankiomassn response to tidal forcingidal scenariovs. nontidal
scenariq.

Furthermore we studied thechanges in the spring bloopmenologyin response tthe springneap tidal cycldi.e. whether
spring or neap tide promote/hinder NP@pnsidering that several springap cyclesnaytake place during the spring bloom
development, wstudiedthe NPP differencduringof spring blom development betwegitlal scenaricandM; scenarioin
relation to the springieap tidal phase. The period of spring bloom development was defined as the timaleaodncrease

in NPPfrom 12.5% to 87.5% of the maximum NPP. During this time period, we identified the occuw(eriten a time
window of one fortnight cycle) of positive/negative maxima of the NPP differenceeammbrally relatd the day of maximum
differenceto the adjacenday ofthe spring tide. This enabdeus to evaluate the impact of springap tidal cycles on spring

bloom phenology.
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2.4.3 Quantification of limiting pattern of phytoplankton growth: light vs. nutrients

In ECOSMO, NPP is estimated as the sum of net pyipesduction for all phytoplankton functional groups (Eq.2, denoted
by j). For each functional group, the net primary produc{®RP)is calculated by multiplying the maximum growth rate
specified forthefunctional group,,  with the minimum values( ) of all limiting terms & ( L i e bdée Baér&994)aadv ,
the prevailing amount of phytoplankton biomass (standing stofkEq. 2). The limiting term- for each growth resource

is derived from the Monod equatiokl@nod, 1942, using the concentration of each growth resourcésbi: silicateonly for
diatom growthN: nitrogen, P: phosphorus, L: light) and the specific-katfiration constant (h) (Eq. 3). Further detailthef
nutrient limiting terms are given ibaewel and Schrum (28). We hereaftercall the minimum value of all limiting terms
(Eq.4)thelimiting value. The limiting value quantifies the availability of growth resouvgéisa rangeof 0-1. The closer the
value is to 1, the more sufficient the resource is. Aoiditly, we identified the most limiting factefor each phytoplankton
type ¢ ) (N, P,andL for flagellates; Si, N, PandL for diatoms).

600 B 0 (2)
— i1 3)
« a0 h-h-h- )

We analysedhe limiting value to represent the environmental condstadiphytoplankton growtland thespatial and temporal

dynamics of the most limiting factor.

2.4.4. Vertical distribution of phytoplankton: detection of subsurface maximum layer

The mixing intensity in the water column controls the distribution of phytoplankton and nutrients. As suggested by previous
studies, phytoplankton may develop high subsurface concentrations in layers of low turbulence such as the pycnocline
production cotinues locally in lowturbulent zones as long as the growth requirements of nutrients and light are balanced
(Cullen, 2015) In the stratified season, we differentiatbeé NPP generated in the suréatayer (above 15 m) and the
subsurface layersis asubsurface biomass maximum (SBM) emerdgene BM wasdefined by its width, whichivassmall
compared tahewater depthandwaspersistent in both time and spg@ekshenieks et al., 20Q1j thisstudy, we regared

layers deeper than 15 m the subsurface. As an SBM necessarily includes local peaks, we firstesdleetdepthat which

the firstorder derivative of biomass chambfeom positive to negative in the vertical biomass profile as antiatdocation

for an SBM peak. To further identify the boundarieshaf potentiaSBM, different strategiesereapplied depending on the
number of vertical layers on either side of the potential SBM peak. If tenemore than 5 vertical layers on either side of

the potential SBM peak, the vertical layer with the local maximum in the sexxdedderivative on each side of the potential

SBM peakwasrecognized as the boundary of the SBM laigenoitBird et al., 2009) Otherwise, the adjacent layenere
assumed to confine the potential SBM. The SBM pmakd be ncshallower than 20 m. We estimdtine localbackground

9
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biomass value by linearly interpolating thiemass values of thgper and lower edges to the deptlereithe peak in biomass
emergel. If the peak maximum biomagsceeded..5 times higher than the estimated background biomass in the respective
water column, the local vertical plankton biomass maxinasconsidered an SBMsimilar methods which has begopdied

to analyse phytoplankton (Chlorophyll a) vertical profiles in the German Bight and more details were laid wa iet
al.,(2019)

2.4.5 Identification of representativegrid cells for spring-neap cycle impacts

In addition to tidal forcing, atmospheric forcing and bathymetry modulates stratifi¢atgpivan Leeuwen et al., 2018nd
producton pattern(Daewel and Schrum, 2017Tonsequentlytidal impactson stratification and primary production are
subject to spatialemporal variability. Furthermore, no#inear interactions among tidal constituents are pronounced in
shallower waters, as suggestedBackhaus (1985 inshore areas for the German Bight and Danish Coast. Although we
preliminarily estimatd the influence of the springeap tidal cyclevia the difference in NPP between ttiéal scenarioand

the M scenaio, related responses would not necessarily be visible in a fortnightly cycle. To better associate the imariation
NPP with the springieap tidal cycle, we identified specific grid cells where both currents and biochemical factors displayed
a distinguishble springneap cycle. Those locations were identified by using the estimated squared coherence between the
power spectra (SCPS) of currents and NEtica et al., 2005; Welch, 196 By adopting the SCPS method, we were able to

select representative grid cells where both NPP and velocityeshawious springneap cycle.

3. Results &Discussion
3.1 Spatial changes in mean production

The average annudlPPand the difference in NPRetween thdidal andnonttidal scenariosare shown irFig.2 The area
averaged NPP increases slightly from 100.7 to 1@3# « when tidal forcing is applied (Table 1); however, high spatial
diversity in the sensitivity to tidal forcing is shown. Generally, estimated tidal impacts on NPP are highest in tleel stratifi
shallow North Sea, with a maximum response of up t€d « (Fig.2c). In thenontidal scenarig high productivity is
restricted to the neahoreshallow regions along the British coast and the European continental [eiga2d)( whichare the

main regions where the euphotic zone reaches the bottom and tmetniémeralization fosters production throughout the year.
The pimary production at the coast is additionally supported by estugmi@ebaroclinic circulation in summer, which
transports detritus and nutriemth bottom water towards the coggibenhdh et al., 2004; Geyer and MacCready, 2014,
Hofmeister et al., 2017Yides cause a significant reductiorstratification in the shallow nea&oastal areasf the North Sea

and in the E at Dogger Bank and south of Dogger Bank and foster the development of tidal mixing fronts. Consequently, the
production pattern changes notably when tidal forcing is considered. The primary produoakionumis shifted furtter
offshore towards the frontal regioRi@.2b). Large areas of the SNS, includibgggerBank, the easterBC, and the Danish

Coast in the east, together with th&,Nxhibit an increasin NPP when tidal forcing is prescribed. The shallmarcosstal
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areas in the south and the deeper areas in the NNS show a negative response of NPP to tidal forcing. A stronger negati\
response is observed in the highly dynami(Eig.2c). TheNPP ofDogger Bank and the tidal mixing froateasouth and
southeast of Dager Bank resporsl the strongest tdidal forcing, with a mean change in NPP of up to 60

‘‘‘‘‘

Qi o H AAAT OAT EBDI A O.AKREMplitudes of thelecreasein NPP in the negatie responding areare

in the EC. The intensity of this difference might be slightly sensitive to the consideration of inorganic SPM (see Appendix C).
The tidaly induced change in NPP &ssociated with variations in the spatial distribution of the main limiting resources
(limiting pattern) Fig.3). Generaly, in the tidal scenarig the areaexperiencingnutrient limitation decreases due tloe
enhanced mixing of inorganic nutrients inteeteuphotic zonegspeciallyin the shallowNorth Sea where the bottom and
surface mixed layeinteract with each otheiSimultaneously, light limitation increasethe predominantly lighlimited
regions,which arerestricted to the shallow coastal regiain thenonttidal scenario(Fig.3a), expand offshoren the tidal
scenaridFig.3b). Tidally induced resuspension and mixing of particidaredDOM into the euphotic zone result in dominant
light limitation in almostthe entire shallow North Sea (beloWw & depth) Fig.3b). In contrast, in the surface layers of the
stratified area, summer nutrient limitatipredominantand thelimiting value remains below).3 in both scenarios. The
change from nutrient to light limitation in the SNS changes theitigh¢alue to >0.4 in thédal scenario,allowing better
resource exploitation in these areas and sustaining NPP during summer.

The subdomakulivision method described in section 2.4.1 identifies 7 different subdondmé) (thatshow characteristic
respnses to tidal forcing. Based on the division and the puise correlation of NPP variatisin each subdomair{g.Al),
representative grid cells were selected to study the mechanistarlying the spatial variabilitgf tidal responsgin detail.
Areas with correlation coefficients higher than 0.3 occupied at leastd&@3%ch subdomajrcomprising77% of the entire
study area. This indicates that the division effectively explains the spatial diversity of the system with respeitaibythe
inducedchanges in NPP and the predominantly inherent similarity within each subddrhaigven identified subomains

are listed belowKig.4):

1. The EnglishChannel(EC; dark blue)is characterized by an early onset of the spring bloom, strong mixing due to
tidal stirring and shallow bathymetryhe EC is the most productive area in thentidal scenario(Fig.2a), with a
mean NPP above 120&

2. Negatively responding soutimeNorth Sea (neg. SNS; bludhe neg. SNSs sparated from the EC by 52°N and
from the positively responding area in the southern North Beaneg. SN haracterizes the permanently mixed
area in the shallow water near the coast.

3. Positively respondingouthern North Sea (pos. SNS; light bluEhis area includes the frontal regions thatre
identified as the areas with the highest respeimsBPP Fig.2).

4. Eastern Britistcoast (BC; green)This area is a highly productive, positively responding ireshegion of the eastern
British coast.
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5. Deeper northern North Sea (deep NNS; yelloWedeep NNSegion coincides with areas of seasonal stratification
andthelowest annual NPP in th&lal scenario(Fig.2). In this area, a slight decrease in NPBstimated when tidal

355 forcing is considered.

6. The Norwegian Trench (NT; orangepresents the area off the Norwegian coast, which is strongly impacted by the
low saline outflow from the Baltic Se@he NT shows a slight increase in NPP due to tidal forckig.Q).

7. Lowsensitivity area in thaorthern North Sea (loveen. NNS)The magnitude of the response of NPP to tidal forcing
here is below 5Qd@ & . This sulllomainis influenced by two amphidromic points in the eastern North Sea, with

360 tidal amplituds of the M partial tide generally below 0.5 m.

Some narrow transient zones between the pobitiesponding areas and negaljveesponding areas are shown in white in
Fig.4. These transient zones with absolute variation INPP lessthan®d @ are excluded from the following anaégs
Changes in NP response ttidal forcing for each subdomain are listed in Table 1.

The subdomain division corresponds well with the regional characteristics tidd¥lenergy dissipation rates, as suggested

365 by the simulation study dbavies and Sauvel (1985)he EC subdomainincludesthe areas with the highest tidal energy
dissipation rateswhich exceed 0000 & i  (Davies and Sauvel, 1985). tmostof theneg. SN&ind some pasbf theEC,
the tidalenergy dissipation rates are in the range of 10000 & i . In thepos. SNSheBCand part ofthedeep NStidal
energy dissipation rates range from 10 to @@ i . Thelow-sen. NNSndNT are located in the area with tidal energy
dissipation rates below 100 & i . The strong tidal energy in the SNS destabilizes stratificatisrlso revealed hye

370 subdivision based on stratification pattpnesented byan Leeuwen et al. (2015purneg. SN&ndEC subdomains coincide
with permanently mixed regions defined in tid@ove study;in addition,the definedBC correlates with mixed or temporally
stratified belts along the eastern British coast, as suggestédrbleeuwen et al. (2015J he subdomains identified in the
NNS coincide with seasonally stratified areashia aforementioned studilowever, the majoritpf pos. SNSwhich shows
the strongest response to tidal forcing, could not be identifiedthdtimethodof Van Leeuwen et alVan Leeuwen eal.,

375 2015) due to the variable stratification in these frontal areas induced by the-spdpgcycle, wind forcing, river runoff and
air temperaturéDippner, 1993; Schrum et al., 2003a; Sharples and Simpson,. I#88subdomains alsagreewell with
subdomainspreviously identified by ICES (ICES, 1983) Compared to the ICES subdivisgyrwhich were determined
consideringbiochemical and hydrographical characteris{iES, 1983) the northern 4 subdomains in our study coincide
with regions wheréhegrosswater mass influis mainly influenced by Atlantiwater inflow. In contrast, for the 3 subdomains

380 in the south, the influence of wind is more important for water mass excffiegéssmund, 2001)

3.2 Characteristic seasonal changes

Out of the 7 subdomaing&ig.4), we selected 3 representative subdomains for further analysis of the changes in seasonality of
NPP andthe respective ssociated mechanisms. Theg. SNSepresentshe areaalong European continental coagtere
strong tidal forcing leads to permanent mixing and the NPP decreases as a consequence of tidal fqgosgs NBenbodies

385 the transient zone betwesnxedandstratified water column and is characterized by the most significant positive response of
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NPP to tidal forcing. Thdeep NN$s characterized by stable seasonal stratification. Here, the bottom mixed layer and surface
mixed layer are well separatatius,tides have a limited impact on the euphotic zone. The averaged time serie2(1990

for each subdomain anlde ime series ofhevertical profiles of each most representative grid cell (see section 2.4.1) are given
in Fig.5andFig.6, respectively.

In the neg. SNYFig.53a), the spring bloons delayedand strong fluctuations appear during the productive season in both
scenariosKig.5a & Fig.6a, b, ¢, d). The pulses in NPP are probably due to prefedgrinteractioaand possibly modulated

by advectbn. These pulséa NPP have previously been described Dgt{ and Walne, 19957 he lemyth ofthesefluctuations

is slightly longer in theidal scenariothan in thenontidal scenarig andchanges irbloom initiation andhe length of the
guastperiodic fluctuations generate positigegative fluctuations ithe NPP differencebetween botlscenarios. We found

no nutrient limitation in the water column in either scenafig.a, b) and no significant changes in the limiting va(Eq.

4) (note: the minimum limiting valustemsfrom light limitation), except fothe slightly higher values inleepwatercolumn
underthetidal scenario(Fig.6. ¢, d). This exceptioris likely caused bythe downward mixing ofshadeproducingorganic
materials (e.g., phytoplankton, DOM and detritus), which leads to improved light conditions in the uppandtHyetter
penetrationHowever, thigesultdoes not explain the negative NPP response in the area. Lower NPEdalteeenariathan

in thenontidal scenarig especially in spring and early sumnresults inan overall negative response in NPP. A likelgison

for the reduction in NPP ithe neg. SNSubdomain could be theally induced dilution of phytoplankton biomass in the
euphotic zone ithe shallow areas. The increased mixing in tidal scenariodilutes the phytoplanktoconcentrationn the
upper, highly productive water layésee vertical profiles of biomagsg A4, a,b and consequently reduces the tichging
which phytoplankton cells are exposed to high surface irradig®eossidering the small difference ihe growth resources
betweenhe two scenariof-ig.6c, d), we mainly attribute the variation in NPP to the vertical distribution of standing stocks.
The most dominant change in seasonality as a consequence of tidal fotbiegeasonally stratified subdomainmé. SNS
anddeep NNJ¥is the delay of the spring bloom in ttigal scenario(Fig.5b, ¢). However, in thpos. SN&his delay is only a

few dayslong; in thedeep NNSthis delay encompassese month. Accompanying the delay, the amplitude of the spring
bloomin thetidal senario, especially in thgpos. SNSexceeds that of theontidal scenario The spring bloom in the NS
typically consists of diatoms, while after silicate depletion, flagellates dominate the summer pro@dc@urattersGollop

et al., 2007; Schrum et al., 2006jJomparing the seasonality of NPP variatiéig(5h, ¢) with the annual averaged NPP
deviation between scenaridsid.2c), we found that the variatian NPP in surmer is basically in phase with the direction of
the NPP&6s response tdeep NN&ddpds. SNSEspedially in thipasr SN$Fm.Bol sutniner blooms
arehigher in thetidal scenariothan in thenornttidal scenarig with a maximum diffeence in July and August, fostered by
weaker stratification and regular nutrient injections into the surface mixed layer dueltoitidated turbulenceFg.6&f, h).
Surface summer production is sustained throughout the summer at values of apprositnat&dd ‘Q and more in the
upper 15 mKig.6f), and lightremainghe dominant limiting factor in the surface layer, except for a temporal silicate limitation
afterthespring bloom Fig.6h). In contrast, without tidal stirring, surface waters beeamtrient depleted soon after the spring

bloom in May. After silicate limitation, nitrogen limitation persisiEg.6g) in the surface waters throughout tseasonal
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stratification, which results ithe characteristic sigurfaceproduction in summerHig.6e). Due tothe weaker stratification
and enhanced turbidityaused byides, noSBM productionoccurs in this simulation. The nutrient supplyvantagen the

tidal scenariopersists until the beginning of Octob&iid.6f), when the water column ineémonttidal scenariois also mixed

by atmospheric conditions, causing iaarease improduction at the surfac&or the pos. SNS the modulation of nutrient
availability is the most important factor responsible for changes in NPP. The high biomass #ftaypyionocline during
summer due to the weak mixing in thentidal scenario In contrast, due to the weak stratification and strong mixing,
generated high biomass is continuously mixed in the euphotic zonetidahscenario(Fig.A4, c,d).

In thedeg NNS the influence of tides on NPPridatively weakand mainly visible in summeF{g.5c). Thedeep NN$Fig.6i-

) is typically characterized by stable seasonal stratification and summserrfadeprimary production in botthetidal and
nontidal scenarios The delay of the spring bloom in thielal scenariocauses a quicker succession and consequently
overlappingdiatom and flagellate bloom&i@.6, Fig.5c). The productive period, which lasts nearly 3 morthd includes

two pulses of NPP in theorttidal scenario(Fig.6), is shortenetio 6 weeks in thiddal scenario(Fig.g). The NPP contributed
from subsurface production is higher in tltlal scenariathan that in theontidal scenaria(Fig.6, j). Because of stratification
and nutrient deplatin, high biomass is confined to a region within the pycnocline in both scenarios. The SBMidalthe
scenario deepens because of mixed layer deepenindaltides Fig.A4, e,}).

In the other identified subdomains (results not shown), the changes in primary probastiatly followthe pattern explained
above. In theEC subdomain, the tidal impact on production is comparable to that imnege SNSwhereas in th&3C
subdomainnutrients are rarely the most limiting factors due to weak stratification, and the response can be cortigred to
in thepos. SNSIn thelow-sen. NNSwhere tidal dissipation is weak, the vertical distribution pattern of NPP in both scenarios
is almostidentical.

Our results indicate that, in principle, tidal stirring causes two n@janges in th&lPP pattern: i) a change the spring
bloom phenologwyf some areas and ii) an altered ratio between surface and subsurface production. Both featfuethenerit

discussion, which is given in the following paragraphs.

3.2.1 Changes in spring bloom phenology

As one of the most important biological events in the NPP annual (Bafmiewski et al., 2011; Sabine et al., 2004}
spring bloom requires specific attention. Zkown by theime series analysis for some subdomaltig.p) and the time series

of profiles atthe representative pointEi@.6), the postponement of the spring bloom is a prevalent phenomenon when tidal
forcing is applied. Thehanges in spring bloom phenology andpghecessesesponsible for these changesich ashedelay

in theonset of strification, variations inight conditiors, themixed layer depth and winter zooplankton concentra{biy.7),
wereanalysedising the method outlined in section 2.4.2.

In line with the distribution of tidal energy dissipation givendgvies and Sauvel (198%he spring bloondelayis robust in

the SNS and along thBritish coasfFig.7a), while in the northeastern part of the North,$leaspring bloom is delayed in no

more than 50% of all yearé.n increase irthe peak spring bloom biomaski¢.7b), mainly in areas with a positive response
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of NPP to tidal forcingKig.2c). However, in some isolated locations in the negatively responding areas, suchegp BES
andEC, the spring bloom amplitudes are still higher in tigal scenariothan that in th@on-tidal scenarioin more than 50%

455 of the years. One potential reagonthe $ring bloomdelayis a change in light conditions, especially in very shallow coastal,
non-stratified areas where tidal stirring enhances resuspension in the water cblgric).( Theonset oflight conditions
sufficient for phytoplankton growth in the watlixed water columis delayed in the coastal areas of the southern and eastern
boundaryandin the shallower parts of Dogger Bank. However, the distribution of this impact does not explain the major
patterrs of changesn thespring bloom phenology. Tides also increase mixing and hence potentially prevent stratification in

460 shallow water columns or delay the onset of stratification, as discpseeibuslyby a number of authorf@owden and
Hamilton, 1975; Loderrad Greenberg, 1986Because tidally induced energy dissipation is alhigproportional tothe
strength ottidal currentgSimpson and Hunter, 1974)e can expect the strongest variation in stratification in regions with
the strongest tidalurrents,as observedlong the British coast, in tHeC and in the German BigliDavies and Sauvel, 1985)

This expectation isupported by earlier observations suggesting that the onset of the spring bloom is triggered by improved

465 light conditions because of solar radiation and stratificatiam der Werd et al., 2011)The onset of stratificatior{g.7e)
in thetidal scenariois mainly delayedn the Scottish coast and the frontal areithe SNS. Furthermore, the response of
stratification to tidal forcing is more stable in the southwestern (tfaet Estuary of Humber, Dogger Bank) than in the
southeastern paof the SNSFig.7e). Apart from solar heating, the stratification in the southeasterofpaids additionaly
influenced by freshwatesupplies from landand wind forcing(Jacobs, 2004; Ruddick et al., 1995; Schrum, 1997)

470 Consequently, the variation in the onset of stratificatideds cleain the southeastern pahan in other parts of the SNB
the NNS, the tidalwave propagationrdeepens the mixed layer depfig.7d), which similarly results in a later onsettbg
spring bloom, despite only weak changes in the onset of stratification. As a consequence of the thickemlaipbr
phytoplankbn are mixed, the phytoplankton are legxposed to théavourble surfacdight conditions and will thus take
longer to build up the spring bloom biomass.

475 Although the North Sea is in principle a bottamcontrolled ecosystem, zooplankton predat®occasionallyan important
processontrollingNPP(Daewel et al., 2014)n early spring, even undi&vourable growth conditions, the spring bloom will
only initiate until production exceeds the loss due to gra@Bmprge et al., 2015; Martin, 1965)his grazing pressure is
basically correlated with the ovemtering zooplankton stock. Based on our resuftsteases in thevinter zooplankton
biomass andelays in thespring bloom coincide only in the frontal regioithe SNS and central NNS. Therefore, we conclude

480 that the delay in spring bloom by tides isstip due to bottorrup control.

The spatial pattern given ikig.7 showsthat the delayed onset of the spring bloom inttlal scenariomay mainly be
attributed to deteriorated light conditions in the shallowweied areaKig.7c) and changes in theatificationof seasonally
stratified areas, suds delays in thdevelopment of stratificatior-{g. 7e) orthedeepenin®f the upper mixed layef{g.7d).
Although the predator biomass arehigher prior to spring bloom in some areas, enhanced grazing pressure at the beginning

485 of the bloom periodioes not seem to be theain mechanisndelaying theonset ofthe spring bloom Fig.7), although we

assumaehis pressurglays an additional role ithe centraNNS and frontal regions.
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3.2.2 Changes in subsurface production in stratified season

To further quantify the magnitude of the changes in surface and subsurface production during the stratified season, wwe
separaté NPP vertically into uppelayer production (above 15 m) and production in 8#M layer and compared the results
between scenarioFig.8), using the mean annual value for #malysederiod(1990-2015). At the stratified side of the frontal

zones pos. SNE the surface production sponseof NPP is positive almost everywhere, wahmaximum reaching +50
bothnegativeandpositive responses aroutite Dogger Bak (Fig.8a). A positive response to tidal forcing, which is generally

one order of magnitude smaller than the increased amplitude of NPP in the surfacedeyer oly at the northern edge
around Dogger Bank and the deeper part of the German Bight.ilargirattern with a strong positive response to tidal forcing

at the surface and a negative response in the SBM appears in the BC area. In line with former studies in the therth Sea,
NPP in the upper layer dominates the whole production bugget Leeuwen et al., 20L3\though the expansn and

duration time of the SBMdecreasalue to tidal forcing, e.g., in theshoreareas along the BC and at the Danish Coast
(Fig.A3,b,d), tidal forcing promotes NPP within the SBM in some areas, especially at the northern edge of the Dogger Bank.
Obsevational studies suggested that the productive areas at the edge of the Dogger Bank are fueled by baroclinic circulatior
related to the front and the springap adjustmeriPedersen, 1994yWhen considering an SBM duration of 110 ddyig.A3,

c) at the northeradge of the Dogger Bank, the average dailyPN&educed from the annual NPP (Fig.#3 is approximately

2394 "Qda 'Q , which corroborates the observatibased estimate of NPP (285Q& 'Q ) calculated from measured
oxygen surplus concentiah data(Richardson et al., 2000)

In the NNS, the variation caused byl forcing in NPP is below 1®d@ « (Fig.2c). In some parts of thdeep NNSthe

tidal forcing causes higher production in the SBM and lower production at the sigée |; Fig.8a). Due to the decoupling
between the surface and bottom mixagels, the pycnocline acts as a barrier that keeps the stigatlitrients below the
pycnocline and sustains NPP in the SBNY(6i, k). Because the amplitude of NPP variations in the upper layers is ten times
higher than thaih the SBM (Fig.8), the oveall response to tidal forcing is negativéd.2c) in thedeep NNS

3.3 Impacts of the springneap cycle

The springneap tidal cycle introduces a fortnightly periodic change in tidal mixing, which has a significant influence along
the British coast and ithe English ChanneF{g.9). The differences in current speed betweenitta¢ andM tidal scenarios

vary over the springeap tidal cycle The maximum springneap range ofhese differences igp to 0.30.6 m/s Fig.9),
indicating that a nomegligiblechange in turbulent kinetic energy is introduced to the water coliarthe springneap cycle.

Here, we will provide model estimedon the spatial variability in the resultingsponse of thBIPP to the springeap cycle

and explore the potential mechsmisof these responses

Annual NPP changes induced by the spiiegp cycle reach maximum values of up tQ& « (Fig.9). Although this

amount is relatively small compared to the overall system productivity, the chdungesspringneap dynamicsould be
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veryrelevantiocally and in specific timperiods. An average positive response of NPP emerges in the southeastern part of the
520 North Sea, in the English Channel and along the British C&&s9). The highest mean changes in NPP are found in the

western part of the Dogger Bank, in the English Channel and off the Scottish coast. In contrast, a negative resporise in annu

production emerges off the Northumbrian coast and in the Southern Bight off the European céngr#nT e response of

NPPto springneap tidal forcing is weak in early spring and winter (data not shown). Under mixed conditions or during periods

of theestablishment and decay of stratification, spiiegp tidal mixing can be overridden periodically by other mixing events
525 (e.g driven by wind)hencepronounced irregularities in NPP respasteespringneap tidal forcing are detected. A significant

response of NPP to sprimgap tidal forcing is found for summer periagsderstable stratification. To illustrate the basic

mechanisms responsible foihhe response of NPP duedpringneaptidal cycle,we presentime seriesof thebiomass, nitrate,

NPP and turbidity (Eq. 1) profiles for two characteristic grid cells (selection described c.f.tRatrgéspond differently to

spling-neap tidal forcing. The neahore grid cell off thé&stuary ofHumber (EH,Fig.9) shows a negative response, and a
530 grid cell located at the frontal zone at thesternedge of Dogger Bank (WDB, Fig.8esponds positively to springeap tidal

forcing. The model results are presented for a couple of selected successivensppniidal cycles simulated for the year

2001 Fig.10.

The EH site, which is located further inshore compardhld®/DB, is characterized hyighturbidity. The increased nitrogen

in the upper layers is in phase with elevated turbidity but ingase with biomass and NPP. This phenomenon indicates that
535 during spring tide, thprocess ophytoplankton biomasdilution (Fig.10c) and shading due tbe upward mixing of organic

material Fig.1() slows NPP in the upper mixed layer, resulting in a negative NPP response during springHidpd€ds. (

The elevated NPP reaches a maximum at the end of the neap phase (Fig. 10d), possibly becauhecetitherteal mixing.

The decreasing turbidity inthe neap phases, despite increage phytoplankton biomass, reveatbsat suspended and

resuspended organic matetiave a reduced impagh the surface light conditismuring neap phasesmpared to thepring
540 phaseqFig.1M). In neap tidal phase, given less vertical mixipgytoplankton cellsemainin the lighted surface layer for

longer timeand access better light conditiphencetheavailable nutrients can be utilized for phytoplankton graitd.10c).

In contrast, the WDB site is typically characterized by seasonal stratification and summer riidrjenitrgte) depletion in

the surface layer. Howevexs the WBD site ikcated in the frontal zone, relevant factorthils zonedo not necssarily show

the springneap fluctuation aslearly as those in thEH site. During spring tide, enhanced vertical mixing dilutes the
545 phytoplanktorbiomassin the upper layer and redistribdteomassmore evenly in the whole water column, resulting in less

phytoplankton biomass in the upper layer (blue) and more biomass in the lower layer (red) compared to Mataetiaio

(Figgure.10y. Spring tidal forcing results in the replenishment of nutrients in the euphoticapdre pulse of increased NPP

follows spring tide mixingFig.10e, h).The dwnward mixing of biomass into lower layers has no substantial negative effect

on NPP during spring tideé={g.10g). As a consequence of nutrient replenishmenhe surface layer during former spring
550 tides, given less vertical mixing during neap tid@pmass increases in the upper layd¥g).(0g). Resuspension effects

resulting in increased turbidity at lower layers are visible from neap to spring but digmfitantly change turbidity in the

surface layergFig.10). Surface turbidity changeareconsequenasf increased NPF-{g.10).
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Observation based estimates of spirggp impacts on NPP given Bychardson et a(2000)found that increaseditrate
fluxes by tidal pumping contributed tNPPwith 4-6 " &  for one springneap cycleat the northern edge of the Dogger
555 Bank, mainly due to increased production in the subsurface Byarpscaling these results to the entire stratified season,
considerings-8 spring neap cycteRichardson et a[2000)proposed that the additial NPP contribubn by the spring neap
cycle was in the range of 28 "Qd&  for the whole stratified seasowe resampled the simulated NPP along the same
transectassampled by Richardson et €2000)and for the same time perio29/07-04/08 1997. We extended the time period
to 26/07/199708/08/1997 to cover a full springeap cycleand foundour simulatedesponse of NP tidal forcing(thetidal
560 scenarioi nontidal scenariQ is 3.03"Q6a  for one springneap cycle (Fig.A5)aThesevalues areslightly belowthe lower
edge of Richardsdn estimatse (4-6 Q@ ). However, simulated frontal locations are not always conform to the observed
fronts due tounresolved sulscale processes, which remain unconsidered in a 10km x 10 km model resolution and coarse
atmaosphericforcing (NCEP/NCAR reanalysisyVhen we resampled the NPP along the fronts in our simulatioich is at a
distance of fewgrid points further soutfrom the fronts irRichardson et al(2000)(Fig.A5,a), we found that the simulated
565 change in NPP (5.9®06a  for one springneap cyclgreaches the upptvel of estimates based on observations (FiggA5
Table.Al). When we compare the NPP response throughout the whole stratified season (simulafed as)lWwe find this
to be | ower than etimatiora@4-d8s@in 6 for the pvsote sthaiifiedgseaspnThe reason for this
discrepancy is a too simplified upscaling gedure used bRichardson et al(2000) neglecting the sensitivity to seasonality
Conditions measureodvera few days between July and Aug(Rtchardson et al., 200@ye not representative for the whole
570 stratified seasarin contrast tdRichardson et &k conclusion(2000)thatspringneap cycleplayed the major role in fuelling
NPP, our studyndicatesfurther,that the semidiurnal tide plagise major role in pumping up nutrients and sustaining the NPP
but not the springneap cgle as hypothesized by Richardson et al. (2000). Our estimfte®ragely 0.1906& of NPP
promoted by the springeap tidal cycle during one tidal cycle (Fig.A5,b) is considerably lower than that supported by the
standard tidal forcing (MS;) (5.99Q64 ) (Fig.A5,a) and hence spriageap tidal pumping contributes only little to the
575 increase in NPP. Based on our simulatitieal pumping sustaining subsurface NPP mainly occurs in July and August, with
an average value of approximatelyBa &€ €@ in frontal areas arounBogger Bank. Thiss closeto theestimate of
Richardsons et al. (2000). In other weakly stratified months, the value is no more'@@n 14 ¢ € or even negative
(data not shown).

580 Sharpleg2008)investigated a similar question for the Celtic 8&& model simulations. He found that the NPP varied up to
70% with the springneap tidal cycle. We could not confirm such higlal impactson NPP for the North Sea; our estimates
of the response of NP#® the springneap tidal cycle are only up to approximately 10% of the tidal impagt$)Ylon NPP
(Fig.2 & Fig.9. One explanatiorior this discrepancys the higher springeap tidal currenamplitude in the Celtic Sea
compared tdhe North Sea, whiclmay result in a stronger response of NPP to the spnagap cycle. However, it is also

585 possible thathe simpler modebketupused by Sharples, suchreaeglection of advectiora constant grazingte and neglected
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impacts on resuspension and shading by DOM and detritus,ecsulhigher NPP sensitivity to tidal forcing in their
simulation.

As discussed in section 3.2, tidal forcing not only impacts the magnitude of NPP but also spring binologphét is
reasonable to assume that spimaap tidal forcing also modulates the development of the spring bloom. To understand the
impact of the springieap phase on the biomass buifpiduring the spring bloom, which typically occurs over one orraéve
springneap cycles, we related the time periods with the maximum difference in NPP betwedal theenarioand theM,
scenarioto the springneap cyclephase(Fig.11) at the SN site (seEig.9). The SN site is located in the tidally energetic
northwesternNorth Sea, where the development of the spring bloom often benefits from thermal stratifRatibe, 1998)

but is sensitive to epi $WadékQ008)Buwiigshe devebphere af thdspringwloond in the r ¢ |
differencebetweenNPP time seriestiflal scenaridé M, scenarig, an increasén NPP often occurs in neap phases, whereas
NPP is ofterdecreaseth spring phase This indicates that the development of the spring bloom benefits from the neap phase
butis interrupted or dampened duritige spring tide Fig.11). A similar phenomenon has been explored and confirmed by
Sharples et al., (20086} a site south of the SN site. As suggeste8hmrples et al., (2008he onset time dhespring bloom

is shifted by the springeap tidal cycle because the onset or intensity of stratification is strengthenedngapntides when

the vertical mixing is dampened.

4. Summary and Conclusions

A modelbased sensitivity experiment with varied tidal forcing was performed to evaluate tidal impacts on NPP, considering
the major bottorrup controlling processes, includitige tidal mixing of nutrients, organic matter and plankton biomass and

tidal resuspension of suspended matter. The respomgales in the North Sediffer regionally and depend on the local
hydrodynamic characteristics. In permamgmixed areas in the sthern part of the North Sea, light availability is the major
limiting factor. The enhanced tidal resuspension and mixing of suspended matter into the surface layers deteriorate ligh
conditions in the upper layers for phytoplankton growth and thus himioleany production. In contrast, in frontal areas and
seasonally stratified areas in tB&ISwhere stratification is susceptible to tidal mixing, nutrient replenishment due to tidal
forcing sustains NPP in summer and thus contributes a significant inineld&in boththe surface layer and within the
pycnocline. In theNNS, which is characterized bylatively weak tidal forcing andleepbathymetry, the bottom and upper

mixed layers are well separated, and the influence of tidal forcing on NPP is limited.

However, the quantitative estimates provided here are maadgiparameterizatiespecific. Dominant biochemical processes

are generally well represented in simplified NREPe models, and the ECOSMO model used here is applicabksolving
ecosystendynamicsat seasonal to decadal time scales when forced by realistic boundary con(d@weel and Schrum,

2017) However, parameterization and unconsidered processes, such as the role of macrobenthos in the system, internal wav

at the shelf break, and coastal light attenuation ditganic suspended mattand simplified physiological processes could

19



620

625

630

635

640

645

650

potentially modulate or change the mddeensitivity to tidal forcing. Studies identifying the contribution of these processes
to tidal impacts on primary production areededthus far, we can only speculate on potential impacts.

Macrobenthic grazing likely changéhe biochemical cycling and turbidity in the water colyrsabsequently changirtbe
sensitivity of NPP to tidal forcing. In shallower waters, high #Am@tom concentitions of suspended organic matter are
susceptible to mixing into the euphotic zone, and increasing light attenuation leads to decreasing produEtmiic(sefe
section 3.1). Macrobenthic biomass, specificiibyn filter feeders, might significantlgeduce resuspension and rbattom
suspended matter concentratiotiereby increasing thgroportion of organic mattehat remainsn the food wek(Prins et

al., 1996) From dservations, we know that macrobenthos show a distinct spatial pattern following principle production
patterrs inthe North Sea with higher biomass in the shalBM5(Heip et al., 1992)Therefore, we &n expect an increase in
NPP sensitivity to tidal forcing due to macrobenthos activity.

Furthermore, we hypothesize that the positive response of NPP to tidal forcing NiNShevas underestimated by our
simulation due to the implementation of identicalibdary conditions for all scenariodle neglecedthe influence of tidal
generated internal waves on nutrient conditions. Tggalerated internal waves are initiated at the shelf edge and enhance
turbulent mixing at the shelf break and on the sfiddfathershaw et al., 198oder et al., 1992; New and Da Silva, 2002;
Sharples et al., 200JAs internal tidedreakat the shelf edge, energy dissipates mainly at the shelf break and other bathymetric
features which causesertical mixingthatdrives vertical nutrient flugsand sustains phytoplankton growitolligan et al.,

1985; Pingree et al., 1981; Sharples et al., 200W8reforeinternal tidal waves will likely lead to mixing and increase nutrient
pulses onto the shelfonsequently suppang NPP. In our sefp, the average impact of tidgénerated internal waves on
nutrient concentratiawasconsideredvith the climatological boundary conditiof€onkright et al., 2002)and differences
amongthe simulated scenarios were not considered.

Another source of uncertainty in our model stems frloeneglection feedbacks relatedrtorganic material, whitinfluences
underwater light conditions, especially in shallow areas. Seasonal differences in yellow substance coreeuitraittEnwith

fresh water inpuSchaub and Gieskes, 1991; Warnock et al., 1988re are two main sazes of SPM plumes in the North
Sea. One source lies at the southern British caagtoriginatesrom local discharges (Humb&Yash & Thames rivers),
coastal erosion and influx from the English Char{&$ma, 2009)The other major source of SPM originates from the large
continentativers and diffusive sources entering the North Sea from the Europetmerttal coast, particularly off the Belgian
coast and the Wadden Sgan Alphen, 1990; Postma, 198¥avesand currents are the controlling factofghe dispersion,
resuspension and deposition praessof SPMHolt and James, 19990 winter, the two SPM plumes expand further offshore
due to intensified mixing and both SPM plume depositsoitnthe Skagerrak and Norwegian Chann&le have evaluated

the potential impactsfanorganic SPM on our findings (Appendix C) and found that the general results regarding the tidal
impacts on NPP remains largely insensitive to consideration of inorganic SPM and its seasonality. The reason liegain the spat
and temporal distributionfahe SPM in the North Sea.ufing summerSPM concentrations are lofFig.Cl)especiallyin
stratified conditions andpper watetayers(Capuzzo et al., 2013; Dobrynin et al., 201Dhly in shallow areas with permanent

mixing concentrations are highévan Raaphorst et al., 1998)his is criticalfor our analyss since most differences in NPP
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actually occur in summestratified conditions A simulation study(Tian et al., 2009)n the German Bight found that
implementing SPM is only critical at the onset of bloom, given reasonable parameterizatiar, lsioaiin amplitude was
achievedin scenarios including or omittingPM. Furthermore, masurements suggested that in the central North Sea, the
water body itself triggers most of the attenuaiidones et al., 19985PM is more relevant to attenuatiomiar shorareas

due to cliff erosion and river inp(Eisma, 2009)The relevance to turbidity of fluvial SPM is confined to river mouths because
SPM deposits quicklyPleskachevsky et al., 2011; Siegeak, 2009) Organic suspended matt@vhich is considered in the
model)accounts foa high fraction ofhetotal suspended matter (TSM) in most areas in the southern North Seafextept

very near shore aregdSchartau et al., 2018Yhe areas werénorganic suspended mattdominatesare in the negative
responding regionsf our analysigFig.2c). The distribution of inorganic suspended matter is influenced by many factors, such
as transportation with residual currents, aggregation with organic matter, type of benthic sediments and so on. Clearly
interaction processes as mentioned above cdrena@solved by implementing a climatological SPM field. Thus, the numerical
experiment presentdtere is considered to lafirst step towards understandihg role of SPM fotidal impacts, andurther
studiesspecifically focussing on shallow coastatas would requireeasonable boundary conditidios inorganic matter from
benthic sediments and river inputs as well as a more reasonable representatighgs$icil interactions related to inorganic
matter. However, this is beyond the scope of theectiistudy and should be emphasized more thoroughly in future work.

The major tidal impacts on NPP afia vertical mixing. Given the small horizontal gradiefbothnutriens and biomass and

weak tidal residuals afo more than a fewentimetre per seond (Prandle, 1984), the impacts of horizontal advection are
negligible. To investigate the influence of advection on the concentration of nutrients and phytoplankton biomass in our stud
we estimated the net horizontal transport between grid cellsoshparts of the study domain, we found that the contribution

of meantidal advection does not exceed 5% (not shown here). Exceptions occur in the Skapamaklwhererelatively
highresidual currents drive water exchange between the North Sea agicd8a(Brettschneider, 1967and in the E close

to the model boundayywhererelatively highcurrent speedsaused bytmospheric forcing and topograpémyperge irregularly

mainly in spring and winter. However, thissultis not true for smaller horizontal and temporal resolutions.

Since the North Sea can in general be considered as bogtaontrolled(Daewel et al., 2014; Heath, 200%)king a lower
trophic level model for investigating tidal impacts on NPP is a valid approach. Although situations with etkawagntrol

on zoopankton hae been observe(Munk and Nielsen, 1994}hese events occurred highly restricted in time and space and
assimed to be only of minor relevance for the general processes described in this manuscript. In previous studies, whict
addressed similar scientific question, constant grazings r@barples, 2008)r grazing loss being prop@mnal to
phytoplankton biomag€loern, 1991)ere prescribed in the simulations. In this study, we utilize a lower trophic level NPZD
type modelonly considering lower trophic level dynamics up to zooplankton, which is simulated as a state variable considering
feeding preference, growth, excretiand mortality. Fish predation is only implicitly considered as part of the zooplankton
mortality rate. Simulations with ECOSMO E2E (an updated version of the ECOSMO model) including functional groups for

fish and macrobenthos revealed that temporal amatiaspsariations in zooplankton mortality due to fish predation are
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determined by the specific hydrodynamics of the North (Baswel et al., 2018 Repeating a similar study with an NPZD

Fish model would be interesting, however, beyond the scope of our study.

Given the importance of tidal forcirig NPP, especially in frontal areas, which are kndéwhe biological hotspoiBelkin et

al., 2009) tidal impacts on highdrophic levelsthan those studied hemgerit further consideratioand investigationn the

future. Regardingthe growth of macrobenthos, tidal stirring influences the sinking and resuspension of organic matter and
thus influences food quality and bioturbati@oshtomi et al., 2015; Zhang and Wirtz, 20Tdylal forcing in frontal areas not

only provides enough prey for fish larvae due to nutrient enriohined higher NPP but also influences convergence zones,
which are typical places for fish spawning and nurgidgkun, 2006) Further inveigations based on a combination of
observatios and multiprocess coupled simulatiosuld enable a better understandingtioé impacts otidal forcing on
ecosystem processes and their variabilipngterm tidal variations, such as the 18y&har nodbcycle or the 8.8%ear lunar

perigeecycle, merit particular consideration.
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Nontidal scen.

Tidal scen.

Subdomain NPPIQG & ) NPPQE & ) Rel.Diff (%)
EC 125.2 97.2 -29%
neg.SNS 114.5 101.6 -13%
pos.SNS 93.3 118.8 21%
BC 121.0 135.3 11%
deep NNS 93.8 82.6 -14%
NT 97.7 106.4 9%
nonsen.NNS 92.3 94.5 2%
Total 100.7 103.2 3%
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Figure 1 Bathymetry and simulation domain of ECOSMO. Bléinks indicate the area of the North Sea used for analysis, from%SME
in the eastvest directiorand from 48°N58.5°N in the soutimorth direction. SNS and NNS are short for the southern and northern North
SearespectivelyBS is short for the Baltic Sea. DB and EH are short for the Dogger Bank and the Estuary of Humber, respectively.
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Figure 10Springneap cycle impact on nitrate @, turbidity (b/), phytoplankton biomass (g) and primary production (&). Differences

betweerthetwo scenariost{dal scenario(M2+S) - M2 tidal scenarig are presented for two characteristic pgints, EH: upper panel (a,

b, ¢, d), WDB: lower panel (ef, g, h). To show the periodical fluctuation of currents and NPP and thlese fluctuationto changes in

nitrate, turbidity, biomass and NPP, the differericethe depthraveraged velocity amplitude (black) and dejotiegrated NPP (green) are
1100 presented in each subplot; both time series underwent smoothing withcai2dunning mean.
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1110 Figure 11.Theoccurrence of an increase (red) or decrease (blath® MPP differencet{dal scenario(M2+$)-M: tidal scenarig relative
to the nearest spring tide (spring and neap phase indicated). The development of the spring bloom periatias theditiene when NPP
increases from 12.5% to 87.5% of the maximum NPP prior to the major peak of the spring bloom.
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Appendix A

division of subdomain
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Figure Al. Subdomain divisionga), correlation coefficient of NPP variations at the nregresentative grid cell (black dot) and NPP
1125 variations in the surrounding grid cells for the English Channel (b), negatively responding area in the southern NQrthdSdevety

responding area in the southern North Sea (d), the eastern Britisife)pts deeper part of northern North Sea (f), the Norwegian Trench
(9), and the lowsensitive area in the northern North Sea (h).
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1140 Figure A2. The definition of onset time of the spring bloom. The dash black line isntieestries of diatoms biomass and the dash red line
is the time series of NPP. Both time series have underwestdiylbrunning average. The black arrow depicts the time when the spring bloom
reaches its maximum biomass. The red arrow depicts the time b &PP reaches its maximum prior to biomass peak, which is defined
as the onset time of the spring bloom. The time series is extracted from a grid cell (4.2 °E, 61°N) from the ECOSMOhsfontlatigear
2000.
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Figure A3. Annual mean NPP contributed by SBM in tiigal (a) andnontidal scenariogb). Survivaltime of the subsurface biomass
maximum (SBM) for theidal (c) andnontidal (d) scenarios
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Figure A4. Annual mean (199@015) tme series ofertical biomass profiles thetidal (right) andnon-tidal (left) scenarioatrepresentative

grid celsfor theneg.SNSthe negatively responding southern North Sea @, pos.SNSthe positivey responding southern North Sega,
1155 & d) andfor thedeep NNSthe deeper northern North Sea&(€)
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1170

Figure A5 Vertically integrated NPP contributed by tide £/\) (a) and springneap tieé (b) for one spring neap cycle (26/07/1997
1175 08/08/1997)during the observationaperiod studied byRichardson et al., 2000. Magerdats depict the location of theansect which
Richardson et al. (2000) has analyzed. Black dots depict the exact location of fronts in our simulation.
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