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Response | etter for re

We appreciate the thoughtful ahdlpful comments on our manuscript. We reply below. Original text
from reviewers in black color and our answers are in blue c@leralso lay out corresponding line
numbers where modifications has made, in green color.

1) The present limitation to only organic SPM is not acceptable to describe the dynamics

of suspended matter realistically enough, in particular in the southern S&ath

We agree that inorganic SPM has the potential to reduce primary production, specifically in tidally
influenced shallow waterln this study, w considered this effect through a slightly elevated
background attenuatioi(.1). We further assumed thtlite spatial variability in SPM can be neglected
for the sensitivity study performed here. However, the reviewer isaigihdur assumptiomeeds to be
verified. We agree that the impact of inorganic matter on light attenuatinits furtheranalysisand
have performed further sensitivity experiment to verify our assumption, widctscuss below.

To address the uncertainties related to SR#ltested the effect adpatiattemporal variednorganic
SPM on our finding byperforming an additional numeical sensitivity experiment. Hereve
implemented a climatological SPM filed (daily resolutiaithin in one yearwith 31 vertical layers)
(Fig.Cl1) and addedhe S P M6 s ¢ o metplicitlybrutheilightrattenuation schemeDetails of the
SPM data setral implementatiorare given in Appendix C. By runningthe tidal/nortidal scenarios
again using the new light attenuation scheme, we evaluatesntiect of tids on NPP firstly by
comparing annual mean NPP between tidal scenario andidabnscenario.We found themost
significant changappeaing in the frontal area wheithe tidal induced NPP elevation wadscreasety
about 10Qd@ w (Fig.C2) compared to the original versidiig. ), which indicates thain the
front al area SPM6s i mpact dampens t heHoweveoth®t i on proces
positive and negative responding pattasndentified by the original simulationsmainconsistent even
after consideringspatial and seasonal vations in SPM (Fig.C2). This confirms that the general
mechanismdiscussed in the manuscript and @anclusios regardingthe former parameterizations

remain valid
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Many earlier published studiesupport our assumptionand the conclusion of the additional
sensitivity experimentFirst, with regard tothe seasonality, SPM concentration and contribution to
turbidity are low during summeésee alsd-ig.C1), (Capuzzo et al., 2013; Dobrynin et al., 2Q1@hich
is critical in ouranalysis since most differerecén NPP actuallyoccur and accumulatin summer.
Measurements suggested thattlie central North Seathe water body itself triggers most dhe
attenuation; in Qyster grounds, attenuation has been controlled to a large extend by CDOM and
phytoplankton; SPM in the surface layer decreases after the onset of stratifidaties et al., 1998)

The SPM is more relevant to attenuation in nearshore area due to cliff erasiovesnnput.Astoreca

et al. (2009)suggested that CDOM is mainly derived from local autochthonous rather than terrestrial
source in offshore waters (salinity>34).eTtelevance to turbidity of fluvial SPM is confined to river
mouths because SPM deposits quicleskachevsky et al., 2011; Siegel et al., 2008) spring,
simulation study in the German Bight found that implementing SPM is only critical at the onset of
bloom, given reasonable parameterization, similar bloom amplitude was achievieoth scenarios
including or omitting SPMTian et al., 2009)Horizontally, organic suspended matter shaadsigh
fraction of total suspended matter (TSM) in most areas in the southern North Sea except in very near
shore areas. The area wharerganic matter dominates reachesJ®.m stormy season (autumn) and

are confinedfurther inshorein summer(Schartau et al., 2018)The inorganicsuspended matter
dominating areasre in thenegative responding regions based on our simulation re@tii<2¢.
Considering enhanced resuspensiod further attenuatiocaused byidal forcing, the NP in the near
shore areavould also respond negatively.

The distribution of inorganic suspended matter is influenceahdoyy factors, such as transportation
with residual currents, aggregation with organic matigye ofbenthic sedimentand so onClearly,
interaction processes as mentioned abzamnot be resolved biynplementing a climatologicesPM
field. Thus, the numerical experiment presentedaram first step towards understanditndal impacts,
andfuture studes aresuggestedgivenreasonabléoundaryconditiors of inorganic matter fronbenthic
sedimentsand river inpus as well as a moreeasonablaepresentation obio-physical interactions
related to inorganic matteHowever, this is beyond the scopetbé current stdy and should be

emphasized more thoroughly in future work.
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The ypdate in the manuscript

In the manuscript, consideration of SRMs first metioned in the description of model setup (line
134 143). In the result part, we add a short description regarding the influence of SPM (Linén325)
the conclusion part, we further discussed the uncertainty (linés®&86 Further details of scenarios
consideing SPM were laid out in Appendix C.

(2)As stated, compared to their reference paper Daewel & Scf013), the implementation of the
SPM dynamics was significantly modified. If thistise case, a thorough validation of this strongly
modified scheme igdispensable, iparticular since SPM dominates the light attenuation.

Yes, we agree that due to the modificationhafparameterizatioran assessment of the changed model
performanceis necessaryNew parameterizationof sedimentary respiration and light shadingéa
been implemented in the new versidollowing Nissen, 2014) Therefore we will add a discussion of
changesn mean primary production pattermcawe will repeat the validation exercise proposed by
Daewel and Schrun2013)focusing on surface nutrient concentration, and compared results from with
and without the new parameterizatiolge found only small changes in productipattern from the

new parameterization introduced (Bg). Frontal production is slightly enhanced and production

increased slightly in deeper stable stratified waters and decreased weakly near the coast. The rigid

validation of nutrient surface concentaaits also revealed only small chandEgy.B2). Here wefound
that theperformance of the model in tiNorth Sea region isther stablend changes only marginally
The pdate in the manuscript

We added a description of the updated setup used in this study in the methods part -1ib&).1A2
short description of the comparison between two setups were also added (9L 25etails of the
validation were in Appendix B.

(3) General criticisn of minor importancesi the missing predation by fistnd higher trophic levels.
This deficit is only mentioned in the conclus& Howevera more serious discussion of this aspect
would definiteyy be appropriate, in particulaince it was noted in lin@29 that the predator prey

interaction is considered, whiel the first glance is even misleading.



We agree that the definition of predapey interactionis misleading and define this more
appropriagly as phytoplanktorzooplanktonfeedbacksat lower trophic leveldbetween the considered
functional groups of zooplankton and phytoplankton in the model.
85 Since the North Sea can in general be considered as boptaontrolled(Daewel et al., 2014; Heath,
2005) using a lower trophic level model for investigating tidal impacts on NPP is a valid approach.
Although situations with clear tegiown control on zooplankton has been obse(ahk and Nielsen,
1994) these events occurred highly restricted in time and space and assumed to be only of minor
relevance for the gerar processes described in this manuscript. Howeverwil include a more
90 thorough discussioabout therelevance of fish predation in the discussidn previous studiesyhich
addressed similar scientific question, constgrazing rate(Sharples, 2008pr grazing loss being
proportional to phytoplankton biomag€loern, 1991)were prescribed in their simulati®nin this
study, weutilize a lower trophic level NPZiBype model only considering lower trophic level dynamics
up to zooplanktonwhich is simulated as a stateariable considering feeding preferencgrowth,
95 excretionand mortality Fish predation is only implicitly considered as part of the zooplankton mortality
rate.Simulations with ECOSMO E2Eanupdated version of the ECO® mode) including functional
groups for fish and macrobenth@vealed thatemporal and spatial variations in zooplankton mortality
due to fish predation are determined by the specific tdyaramics of the North Se@aewel et al.,
2018) Repeating a similar study with an NPzZEsh model would be interesting, however, beyond the
100 scope of our study.
The updatén the manuscript
We first gave a more appreprfaedbaeksdithohi ase HP2edHii
discussion about this issue in the conclusion part (line6843
(4) Line 138: «cTohaes ttoe rsnh ofiusloducldddg.rsnpeci fi ed mor e
105 Yes, we agree that this term is ambiguous. I'n the u
continental coasto
The updaten the manuscript

We changed this word in line 150
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(5) Line 280: The sentence is not clear. How ¢ame fiener gy 0 imteract withdhel currents
atmospheric forcing? Moreover, iti®t clear whether this specifisteraction process is considered in
this study. | guesso, but however, this should biated.

We agree thait is necessaryot changehe waythis is expressednd a similar comment was added by

reviewer 2 To address the comments of both reviewers, 28@ waschangedtdil| n addi ti on to ti da
forcing, atmospheric forcing and bathymetry modulates stratificgiiam Leeuwen et al., 201%)nd

productivity patterr(Daewel and Schrum, 20%®onsequently tidal impacts on stratificatiorddrence

primary production are subject to spatak mpor al variability. o

Update in the manuscript

This update can be found in the line 2288
(6) Line 540: Obviously, the difference to obseiwatis larger than one order ofagnitude. The

arguments, wich are presented to defend this inconsisteneynaitfully convincing to explain such a

very large discrepany. In particular, the argumengtven at line 547 that observations over a few days

between July and August cannot bemparedvith seasonally averaged model data is not acceptable. It

shouldbecasyt 0o extract the actual observation period from a

This seem to be a misunderstandiHgre we explore a discussion and conclusion by Richardson et al.
(2000). The upscaling of the sherérm observation to seasonal pattern wWwasally proposedby
Richardsoret al.(2000) They upscaled their measured NPF6{®d  per spring neap cycle during

29 July to 4 August]1997, in their publication) to the whole stratified season (May to October) which
contains €3 times of spring neap cycle as they assurBaded on this simple upscaling, they suggested
NPP contributed byhe spring neap cyclef about24-48"Qdx  for the whole stratified seasoriWe
believe that thisupscaling istoo simplistic and discussed the mean local impacts based on our
simulations toprovide dynamically consistergstimates.Making use of our simulatian we have
analyzed monthly variabilityegarding to the NPP contributed by tides. As we have pointed out in our
manuscript (line B5-577), the strongest contribution by tides to NPP is in June, July and August; in
other seasons, the contributions are weaker or even nedativéhe whole sttdied season, thédal
contribution to the NP the frontal area in our simulation is &&

We added a direct comparison betwemm resultswith the observations made by Richardsbar the
compari son between our observation, wethave extraated NPHRat theheaactd s on 6 s
location where they did their measurements for the same p@98@i#04/081997in Richardson et al.,
2000. We extended tb 26/07/199708/08/11997 to cover a full springeap cyclg In the previous
version we only usd the NPP generated in the subsurface layer to make comparison, sinstatbdy
that the NPP was mainly generated in the subsurface (Rygrardson et al., 2000However, in their
study, thg used the integrateaxygen surplus in the whole water colutenestimate NPPWe think it
would make more sense to uséegrated NPP in our simulation to compare with Richardgoal6 s
results. It is true that ousimulated changes in NRB.03"Qd  for one spring neap cyclé& smaller

than the obseed changes at the same locatfthe magenta transedtig.A5, TableS1). However, we

5
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found substantial small scale variabilitytire response to tidal forcirand only at a distance eéveral

grid pointsfurther southwhere the fronexactlylocates in our simulation (the black transect, &%,

the modelledtidal contribution (M+S,) reaches the levéb.99 "Qd@&  per spring neap cyclewith the
observedvalue (Table. A1). We think that the discrepangtem fromuncertainties introduced by
unresolved suiscale processes, which remain unconsideredliikan x 10 km model resolution and
coarse scale atmospheric forcing (NCEP/NCAR reanajysignsity of simulated fronts is likely
influenced. Keeping the uncertainties in estimating the exact location of a front in, minen
comparing to poinbbservationswe think that the overall response of the model is rather consistent
with observations and can be used to assess the overall tidal vs thengaintidal impact to update
Richardson et al. estimates of tidal impamtsprimary production and to conclude improved seasonal
mean estimates.

Update in the manuscript

We updated this discussion in the line &3.

Reference

Astoreca, R., Rousseau, V. and Lancelot,&loured dissolved organic matter (CDOM) in Southern
North Sea waters: Optical characterization and possible origin, Estuar. Coast. Shelf Sci., 85(4), 633
640, doi:10.1016/j.ecss.2009.10.010, 2009.

Capuzzo, E., Painting, S. J., Forster, R. M., GreenwblodStephens, D. T. and Mikkelsen, O. A.:
Variability in the subsurface light climate at ecohydrodynamically distinct sites in the North Sea,
Biogeochemistry, 113{B), 85 103, doi:10.1007/s1053312-97726, 2013.

Cloern, J. E.: Tidal Stirring and Phytapkton Bloom Dynamics in an Estuary, J. Mar. Res., 49(1),
203 221, doi:10.1357/002224091784968611, 1991.

Daewel, U. and Schrum, C.: Simulating letegm dynamics of the coupled North Sea and Baltic Sea
ecosystem with ECOSMO II: Model description and vdlaa J. Mar. Syst.,, 11920, 3049,
doi:10.1016/j.jmarsys.2013.03.008, 2013.

Daewel, U. and Schrum, C.: Lefrequency variability in North Sea and Baltic Sea identified through
simulations with the ® coupled physicabiogeochemical model ECOSMO, Eartlgs§ Dyn., 8(3),

801 815, doi:10.5194/es8-801-2017, 2017.

Daewel, U., Hjgllo, S. S., Huret, M., Ji, R., Maar, M., Niiranen, S., TraUeket, M., Peck, M. A. and
Van De Wolfshaar, K. E.: Predation control of zooplankton dynamics: A reviesbs#rvations and
models, ICES J. Mar. Sci., doi:10.1093/icesjms/fst125, 2014.

Daewel, U., Schrum, C. and Macdonald, J.: Towards-ERdd modelling in a consistent NPZD
modelling framework (ECOSMOEZ2E_vs1.0): Application to the North Sea and Baltic ®eaciG
Model Dev. Discuss., (November),40, doi:10.5194/gm@&018239, 2018.

Dobrynin, M., Gayer, G., Pleskachevsky, A. and Gunther, H.: Effect of waves and currents on the
dynamics and seasonal variations of suspended particulate matter in the NodthMeea Syst., 82(1



190

195

200

205

210

215

220

225

2), 1 20, doi:10.1016/j.jmarsys.2010.02.012, 2010.

Heath, M. R.: Changes in the structure and function of the North Sea fish foodwet200®7&and the
impacts of fishing and climate, ICES J. Mar. Sci., doi:10.1016/j.icesjms.20033) 2005.

Jones, S. E., Jago, C. F., Bale, a J., Chapman, D., Howland, R. J. M. and Jackson, J.: Aggregation and
resuspension of suspended particulate matter at a stratified site in the southern North Sea: physical and
biological controls, Cont. Shelf Re48, 12881309, doi:10.1016/S0274343(98)00044£, 1998.

Van Leeuwen, S., Tett, P., Mills, D. and Van Der Molen, J.: Stratified and nonstratified areas in the
North Sea: Longerm variability and biological and policy implications, J. Geophys. Res. @rQQce
120(7), 46704686, doi:10.1002/2014JC010485, 2015.

Munk, P. and Nielsen, T. G.: Trophodynamics of the plankton community at Dogger Bank: Predatory
impact by larval fish, J. Plankton Res., doi:10.1093/plankt/16.9.1225, 1994.

Nissen, C.: PhysicaBiogeachemical Couplings in the Laddcean Transition Zone, The University of
Bergen. [online] Available from: http://hdl.handle.net/1956/18682, 2014.

Pleskachevsky, A., Dobrynin, M., Babanin, A. V., Gunther, H. and Stanev, E.: Turbulent Mixing due to
Surface Waes Indicated by Remote Sensing of Suspended Particulate Matter and Its Implementation
into Coupled Modeling of Waves, Turbulence, and Circulation, J. Phys. Oceanogr., 41{#24,08
doi:10.1175/2010JP04328.1, 2011.

Richardson, K., Visser, A. W. and Bo d&sen, F.: Subsurface phytoplankton blooms fuel pelagic
production in the North Sea, J. Plankton Res., 22(9),116643L, doi:10.1093/plankt/22.9.1663, 2000.
Schartau, M., Riethmiller, R., Fléser, G., Beusekom, J. E. E. Van, Krasemann, H., Hofmeistdr, R. a
Wirtz, K.: On the separation between inorganic and organic fractions of suspended matter in a marine
coastal environment, Prog. Oceanogr., doi:https://doi.org/10.1016/j.pocean.2018.12.011, 2018.
Sharples, J.: Potential impacts of the spriiegp tidal gcle on shelf sea primary production, J.
Plankton Res., 30(2), 18897, doi:10.1093/plankt/fom088, 2008.

Siegel, H., Gerth, M., Heene, T., Ohde, T., RUB, D. and Kraft, H.: Hydrography, currents and
distribution of suspended matter during a dumping expettinmethe western Baltic Sea at a site near
Warneminde, J. Mar. Syst., doi:10.1016/j.jmarsys.2008.04.005, 2009.

Tian, T., Merico, A., Su, J., Staneva, J., Wiltshire, K. and Wirtz, K.: Importance of resuspended
sediment dynamics for the phytoplankton sprbigom in a coastal marine ecosystem, J. Sea Res.,
62(4), 214228, doi:10.1016/j.seares.2009.04.001, 2009.



Response | et2ter for 1

230 We appreciate the thoughtful ahdlpful comments on our manuscript. We reply below. Original text
from reviewers in black color and our answers are in blue c@ler.also lay out corresponding line
numbers where modifications has made, in green color.

(1) One of them is enhancing the vertical biomass mixing into the euphotic zone so that sustains the
primary production. Another way is by vertical mixing dilutingethiomass so that reducing the

235 productivity. The latter process seems to not be well discussed in the current version of the manuscript.
We agreeBoth mechanism@.e. pumping up nutrients & dilution of biomass out of euphotic zptes)

a significant ro¢ in modulating the tidal response of productivitpwever, heimpact of tidal mixing
on phytoplankton biomass distributioasulting in a lower productivithasonly beenexploredshortly
in the discussion of the negatively responding southern North Sea and while discussing the impact of

240 the spring neap cycle (s€&y.10g and Fig.1QcOur discussion in the submitted version is indeed a bit
too brief and we expand the discussimgardingto dilution effects of standing stock®r 3
representative subdomains (Fig.Adxhe revised version
The update in the manuscript
Added discussions for 3 representative subdomains in lind@2ine 424426, line 43-435

245 (2) A point of view as anodeler, | am somehow confused with the meaning oftphea t i a | resolution 6
x 106 (line 91) because a) tha commentivay wa aresusingi at ed wi t h, an
The model uses a sphericabordinates. To makethis more clear we changée satenceintoi T h e
model was famulated on a staggered Araka@agrid using spherical coordinatewith a spatial
resolution of &n latitude and 18n longitude.

250 The update in the manuscript can be found in lin®@21
B)Line 138, fAsowkdridunderstamdast 0 i s not
Yes, we agree that this term is ambiguous. In the updated version, we changéitragmean
continental coast
The updaten the manuscript

255 We changed this word in line 150



260

265

270

275

280

(4) Between line 19204, authors divided the North Sea ithoee subdomains by tidal forcing, and

then further separate it with positive net primary production and negative one. After, authors separate
the southern North Sea into EC and outside of EC, separate the northern North Sea into NT and the
deeper area. T™se of sentences are not clear until figure 4 is mentioned. Please make it clear.

Yes, weagree that this is somewhat uraridn therevisal version of the manuscript weaake the logic

of subarea divsionmore clear and reconstruct the paragraph

Theupdatein the manuscripis in line 2(0/-216.

(5) Line 2197 226 also makes confuse to me. It looks like the authors want to fditteiss  the

described i mpact on/ before | i neexRolnd.For&dampledhescr i pti ons,

definition of stratification is defined by the vertical seaw&tenperature difference reaching to 0.5-deg

C; however, why 0.5 deG isusingheredli dndt expl ai n. Al so, how t he
measure the depth of stratification needs to &gt

In coastal and shelf sgastable stratification with lighter water above heavier watemerges as a
consequence adn increase irbuoyancy from surface heating @mdfreshwater inputtounteracting
mixing processegfrom tides, waves, windsPncestratification establishes, the water column fam

layer, which separated the upper surface mixed ldyem the deep water anacts as a barrier that
dampes vertical mixing and exchange of materidtscept forregions of fresh water influence (ROFI)

the dominantreason for stratificatiors surfaceheating which has a strong seasonal cycle in the North
Sea resulting in seasonal stratification pat{&chrum et al., 2003Yhat is why we usthetemperature
differenceto quantify the stratificationT he differenceof temperature reachir53 between surface

and layers below is a criterion we have chosen to identify the onset of stratification and mixed layer
depth. The same method has also been used in many other gaahgset al., 2014; Kadnd Lukas,

1996; Richardson et al., 2002; Sharples et al., 2006js has beerlarified in a revised version ofié
manuscript.

The updatén the manuscripis in line 233-235.

(6). Line 229i 237 and line 280 needs to well describe.

aver ageé
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290

295

300

305

310

315

To further clarify the method to quantify the potential environmental drivbish are responsible for
changes of spring bloonthe line 223237 in the original submitted version was rewritten in the line
240-258.

To better explain the reason why we BEPS method to identify the representative grid cells for
springneap tidal cycle impactshe line 280 in the original submitted version was rewritten in the line
295-298.
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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 diststmftjgnytoplankton

and other factors related to growth, such as nugiemd light availability. To quantify the resposs® net primary
production (NPP) to tidal forcingve conducted scenario model simulations consideringu $ tidal constituents using

the physicabiogeochemical coupled model ECOSMO. The results wesdysedwith respect to a reference simulation
without tidal forcing with particular focuson the spatial scale of the titlainduced changes. Tidal forcing regulates the
mixing-stratification processes in shelf seas such as the North Sea and henadl@sices ecosystem dynamics. In
principle, the results suggest three different response types with respect to primary productisoutiern shallow areas

with strong tidal energy dissipation, tidal mixing dilutes phytoplankton concensatidhe upper water layers and thereby
decreases NPP. Additionally, tides increase turbidity in-oeastal shallow areas, which has the potential to further hamper
NPP. i) Inthe frontal regionof the southern North Seahich is atransition zone betweestratified and mixed areasdal

mixing infuses nutrients into the surface mixed layer and resolves summer nutrient depletion, thus sustaining the NPP during
the summer season after spring bloom nutrient depletion. iii) In the northern NortheSBéePresponse to tidal forcinig

limited. Additionally, our simulations indicate that spring bloom phenology is impacted by tidal forcing, leading to a later
onset ofthe spring bloom in large parts of the North Sea and to generally higher spring bloom peaaglgikton
biomases By testing the related changgsstratification, light conditions and grazing pressure, we found thahré
factorspotentially contribute to the change in spring bloom phenology with clear local differences. Finally, asabised

the impact of the springeaptidal cycle on NPPThe annual meammpact of springneaptidal forcing on NPP islimited.
However,locally, we found substantialifferences in NPP either inrphase or anphase with thespringneaptidal cycle.
Thesedifferencescould be attributed to locally differedbminantfactors such as light or nutrient availability durisgying

tides. In general, we conclude that in shallow shelf seas such as the North Sea, intensified vertical mixing induced by tidal
forcing could either promot&PP by counteracting nutrient depletion or hinN&P by deteriorating the light environment
because otheresuspension and mixirgf suspended matter into the euphotic zone.

Key words: North Sea, tides, mixirggratification, neprimary production
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such as the North Sea, generally shanmary productionup to 35 timesthat of the open oceafSimpson and Sharples,

2012) Amongthe potential reasorisr this differenceare the tides, one ¢iie dominanphysical forcing factors in the North

Sea which regulate the mixingtratification statugPingree and Griffiths, 1978; Simpson and Souza, 198%) potential

implications for primary productiofDaly and Smith, 1993; Otto et al., 199The relevance of tidgo primary production

has beennvestigated in a nhumber girevious studieswhich showsubstantial cevariability between hydrodynamic tidal
characteristics and biogeochemical d&kuw et al., 2012; Jago et al., 2002; McCandliss et al., 2002; Pietrzak et al., 2011,

Richardson et al., 20007idesinfluence biogeochemicalcling in various waysenhancing th&ertical mixing of biomass

suspended matter amditrients anccausng sedimentresuspension. Vertical mixing injects nutriefésg., Hu et al, 2008)

into the euphotic zone and thereby sustains primary production. However, vertical mixing also promotes the dilution of

phytoplankton biomas&Cloern 1991) which hinders plankton productiohhe esuspension and upward vertical mixing of

nearbottom sedimentéBowers et al., 1998; Smithnd Jones, 2015jeteriorate light conditionéPorter et al., 2010and

result in decreasing productivity. The-acotion of these mechanisms resist eitherfavourable or ufavourmble impacts on

ecosystem productivity depending ttal hydrodynanic and biochemical conditions, thus shaping the specific structure

and sensitivityof North Sea net primary production (NPP).

In the North Sea, several sghstems emergeith respect to tidal forcing and bathymetlyadng to a high spatial diversity

of primary production dynamicg/an Leeuweret al., 2015)and potentially alstéNPP_sensitivity tdides In principle, the

system can be differentiaténto a permanently mixed shallow area in the southern North Sea, a seasonally straéifiad are

the central and northern North Sea anttansition zonehat includesfrontal and weakly stratified aredSchrum et al.,

2003) In permanetty mixed shallow areas, strong vertical stirring slows the development of the spring blogreeeuts

summernutriert limitation (Wafar et al., 1983)Nutrient availability in shallow coastal areas additionally enhanced by

onshore nutrient and organic matter transport driven by estttggréaroclinic circulationHofmeister et al., 2017; Rodhe

et al., 2004)and landborne nutrient sups Consequently, light limitatioms dominantin shallow coastal ared3ett and

15



Walne, B95) In contrast the central and deeper parts of the northern NortraBeseasonally stratifie(Pohimann, 1996)
and summenutrient depletion occurs in the upper mixed layer after the spring Kloonghurst, 2006)Becausehe bottom

mixed and surface mixed layein these regions are largely decoupled, tidally driven nutrient replenishment from the

475 deger layers is expected to be rather smial.shallower areasthe bottom mixed layer is able to interfere with the

thermocline,and nutrients can be mixed into the euphotic zone (e.g., Rippeth et al. 2008; Richardson et al. 2000, Sharples

2008, Daewel an&chrum, 2013) and sustaiime NPPin the euphotic zonen summer In these areashe breaking up of

stratification is mainly driven by the sprismgap tidal cycle or wind mixinMahadevan et al., 2010; Schrum, 199he

physical mechanismsf the pring-neap cycle, such dke shifting of fronts(Simpson and Bowers, 198 eriodical erosion

480 of the thermoche and relevant ecological respangAllen et al., 2004) mainly in regard to replenishment of nutrients
(Franks and Chen, 199@&nd interruption b biomass building(Balch, 1981; Sharples et al., 200®gwe been studied
previously. In addition to largscale stratification patterns that regulate tidal impacts on NPP, local impacts have been

observed.The mtchiness of chlorophyll (CHL) concentratiat the eastern Britishoast, for example, was shown te b

associated with local vertical mixing generated bydigied bathymetryScott et al., 2010)Iin the Rhine river plume area,

485 suspended particulate matter concentratiarecharacterized by a periodicity following a fortnight cy¢Rietrzak et al.,

2011)

So far,_earlier studies have focused largely on the local effects of nutrientiomento the euphotic zondéJnderstanding

key processesnd assessingegionally differing responsesave been accomplished byossfrontal field studies and

idealized model simulationge.g., Cloern, 1991; Richardson et al., 2000; Sharples, 2088ine of these studies have

490 quantitatively evaluated tad contributiors to NPP based on nutrient replenishment from observed data or 1D simsilat

using simplified upscaling, neglectinthe spatial diversity of the North Sea system. However, it remains an open question

how dynamic zooplankton and tieodulated benthipelagic couplingaffectthe sensitivity of plankton production to tidal

forcing. Furthermorea comprehensive understanding of tidal impaaita basin scale is still lackinfgr the North SeaTo

answer these questions and investigate highly dynamic tidal impacts on ecosystem produdiifféyeint subsystems in

495 the NorthSea, the application of 3D modelling is indispensable. Here, we will adtieesdovejuestions usinfCOSMO

(Daewel and Schrum, 2013; Schrum et al., 208&ell-validated 3Dcoupled physicabiogeochemical model for scenario

simulations to elaborate the relevance of tidapacts on NPP and underlying processes. The model resolves key physical

and biogeochemical processes, such as turbulent mixing, zooplankton growth and predatmpaeisdofparticulate and

dissolved organic matter on light conditioi$ie modehas a bttom componentwhich isdynamicallycoupled to the water

500 column through the fluxes of particulate and dissolved madiwwing for resuspension. We will assess the spatial

variability of the responses dNPP to major tidal componesti.e., M, and $, and disentangle different processes

contributing totidally inducedvariatiors in NPP, mainly variations related tetratificatiormixing patteris, spring bloom

onset time and intensitygnd the maintenance PP in the subsurface of stratified are¥ge will further investigate

variations in NPP related to the springaptidal cycle.
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2 Methods

2.1 Model descriptionand validation

In this study, we employethe well-validated 3D-coupled physicatbiochemical model ECOSMO (Daewel and Schrum,
2013). The hydrodynamic component of ECOSMO builds on the 3D baroclinic model HAMSOM (HAMburg Shelf Ocean
Model) (Schrum and Backhaus, 1999)he capability to simulate the hydrodynamiatss of the North SeBaltic Sea

systemwasvalidated byJanssen et al. (200and Schrum et al. (2003)'he simulation domain covers the North Sea and

Baltic Sea, with open boundaries to the northern Atlantic Ocean in the north am@ukte of theEnglish Channein the

south(Fig. 1) The modelwas formulatad on a staggered Arakavéa grid, which has a spatial resolution 6f6 x 1 0 6 . The

modeltime stepwas20 min, which allowdor a robust representation of the tidal cyiephysics and biogeochemistignd

wascoupledonline using the same tinstes asthose forhydrodynamicsin this studywe focugdon the North Sea region

between 5°W9.5°E and 8°N-58.5°N because tides are only of minor relevance in the Baltic Sea. To resolve thermal

stratification in the upper water column, the verticabhetson wasset to 5 m in the upper 40 m of the water colusmd

decreasediradually with depttbelow 40 m To reduce numerical diffusion in the implemented upwind advection scheme, a

shapepreserving total variation diminishid@VD) schemgYee et al., 1985Vvasadoged, which significantly improwithe

representation of hydrodynamics and ecosystem processmiallyprocesseselatedto fronts. Adetaileddescription of

the method and model respossethe changed advection scheme has Ipeevidedby Barthel et al. (2012)

The biogeochemical component of ECOSMO was developed to describe the lower trophic level dghdingiasarine

ecosystem using a Nfignt)P(hytoplankton)Z(ooplankton)D(etritus) conceptual model framewkhk. ecosystem model
component was first introduced for the North Se&blyrum-et-ak-(20068chrum et al. (2006and further devleped for a

wider range of ecosystemmcluding relevant characteristics for the Baltic Sep Daewel and Schrum (2013)etailed

validations against nutrient observatidre/e showrthat the model is capable of simulating lower trophic level ecosystem
dynamics in the North Seandthe temporal variabilityat inter-annual to decadal scales simulated by ECOSMO could be
corroborated by observations (Daewel and Schrum, 20B@DSMOsimulatesthe nutrient cycling of silicate, phosphorus
and nitrogen in thevater column and in the sedimerdonsideringprocesses such as primary production, grazing and
excretion by zooplanktqmemineralizatiorand sedimentvater coupling A detailed description of the ecosystem madel
given in Daewel and Schrum (2013).tbtal, 16 state variablesere solved, including three functional groups for primary

producers (diatoms, flagellates and cyanobacteria). In the second trophic level, two groups of zoopkmeldonsidered

and differentiated based on feeding prefere

suggested-by-Nissen{(2014T 0 capture the productive and turbitlacacteristics, dissolved organic matter (DOWgS
parameterized byast remineralization rates arallow sinking velocity, in contrast to the fast sinkimglocity and slow

remineralizatiorratesof particulate organic matter (detritu)o additionally acount for the shading effects of DOM and

detritus, which were not considered in Daewel and Schrum (2013), the formulation of light attemzestamplified as
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previously suggested by Nissen (20TPherefore, the vertical light attenuation coresisof background attenuatioricf )

(induced bythe-water bodyand-inerganic-SP)) phytoplanktonsel-shading ), and additional shading impacts of DOM
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Q 0B 0 060 0 VQs

primary

inally with

enuation

scheme.



575

580

585

590

595

600




605

While background attenuatio® (0.03¢ , Urtizberea et al., 2013emaired constant in the water column, ssliading

depeneéd on both™@ (0.24 & & € & § and the phytoplankton concentration (P). As suggesteS8itéymon et al. (2000)

and Tian et al. (2009JQ and detritusQ were set to 0.29x "Q6 and 0.2& Q8 , respectively. Compared to

Daewel and Schrum (2013hese changes enablthe dynamical coupling of turbidity to treeasonal production cycle, as

610 previously discussed by Nissen (2014). The megedthereby capable of resolviriglal influences on primary production

via potentially competing processekidal mixing releasesutrient limitation thusfostering NPP, but tidealso causethe

resuspensioand mixing of suspended matter into the euphatitezwhich reducedight availability in the water column

thus reducing NPP In addition torelevantbottomup processesthe model also resoldepredator prey interactios and

vertical oxygen and temperatungrofiles_which alter the remineralizationof organic_matter anadonsequentlynutrient

615 cycling.
The ability to properly resolve intensified frontal production and the consideration of key processes influencing light and

nutrient limitation related to tidal forcing make ECOSMO an appropriate tool to assess tidal impacts on NPP in the spatially

highly diverse North Sea. As already stated in Daewel and Schrum (2013), ECOSMO estimates of annual NPP in the North

Sea (Fig. 2b) are at the lower edge of what has been simulated éveéfEolt et al., 2012; van Leeuwen et al., 201B)e

620 relatively low estimates mainhappearin the northern North SeaNNS), where pimary productionis estimated to be

approximately 125Q@ « _based on observatiorf¥an Beusekom and Digthristiansen, 1994)andin the southern

coast where NPP observations range between2®P'Qd « (Joint and Pomroy, 1993The simulation fitsvell with

primary production estimates 800"Qd@ @ and 119147"Qd@ @ _in the central parts of the North Sea at®ogger
625 Bank, respectivelyJoint and Pomroy, 1993)

2.2Model setup

A detailed description of the model setwpsgiven by Daewel and Schrum (201&)erefore,we will only providea brief

overview of the forcing dataused for the model simulatioparticularly emphasizinghe changes made tihe previously

described setupThese changemainly concernthe river discharge and nutrient loadta source The simulation was
630 initialized in 1948 using climatological data from the World Ocean AM8©A) (Conkright et al., 2002for nutrients and

observatioal climatology for temperature and salinifJanssen et al., 19997he full simulationperiod encompasses 68

years ending in2015 andis forcedwith atmospheric boundary conditions provided by the NCEP/NC/ARalgsis(Kalnay

et al., 1996) Additional forcing data include wet deposition for nitrogevhich were prescribed using data from a

Community Multiscale Air Quality (CMAQ) moddMatthias et al., 2008)andboundary valus for nutrients, temperature

635 and salinity at the open boundaries to the North Atlafdicwhich we used the same climatological data ti®se usedor
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the initial conditionsFor salinity additionalannual anomalies were retrieved frofmservationatla@ available at the ICES

(International Council for the Exploration of the Seftabase (http://www.ices.dkAn updated set of river runoff and

nutrient loaddatawas appliedvith more completaiver forcing datacoverageor the North Seand Baltic SeaA multitude

of datawere provided by Sonja van LeeuweRdyal Netherlands Institute for Sea Researghers. communication)

containing the following datasetf/K data were processed from raw dafeom the Environment Agency (England and

Wales, contains Naral Resources Wales information © Natural Resources Wales and database ttghtScottish

Environment Protection Agency (Scotland), the Rivers Agency (Northern Ireland) and the National River Flow Archive.

French water quality dataereprovided by A@nce de l'eau LoirBretagne, Agence de I'eau SeMermandie, OSUR web

Loire-Bretagne and SIEAG (Systeme d'information sur I'eau du bassin Adour Garonne), while daily floxeréatatained

from Le Banque Hydrowww.hydro.eaufrance)r German and Dutch riverine daieere provided by the University of

Hamburg(Pétsch, J., Lenhart, 2008 orwegian water quality dataere provided by the Norwegian Water Resources and

Energy Directorate (NVE), with daily flow data supplied by the Norwegian Institute for VRatsearciNIVA). Danish

water quality datavere provided by the National Environmental Research Institute (NERIYetMpiality data for Baltic

riverswereprovided by the University of Stockholm and the Baltic Nest. Furthermaitéentstatusandfreshwater runoff

informationin the southern and eastern Baltic S&s supplemented by data from the BElype model(Arheimer et al.,

2012; Lindstrém et al., 2010Nutrientloads from Danish waters were provided by Marie Maar (pers. communication) and

weresimilar to the forcing data used for the HBIEBRGOM simulation (Maar et al.026). Theedata stem from a national

monitoring program(Windolf et al., 2011, 2012pand from the hydrological Denmarknodel which providesrunoff

calculations for ungauged areas of Denn(&t&nriksen et al., 2003)

We selected aelatively shorttime period (199€015 for our analysis t@ssure a long enough spip time thataccouns
for the characteristidong time scales of the North S&altic Sea systerfbaewel-and-Schrum,—201@aewel and Schrum,
2013) The period from 199Q015will hereafter be called thanalysedperiod Tidal cycles with long periods, such as the

nodal and elliptical cyck athough considereih the forcingvia nodal corrections of partial tide amplitudes and phéses
2.3), are not targeiin this study

2.3 Tidal forcing and scenarios

Sea surface elevatiomasprescribed at the open boundaries, with a time step of 20Daity mean sea surface elevation
data weretaken from a diagnostic model simulation for the wider northeast European{Baekhaus—and-Hainbucher,
1987 Backhaus and Hainbucher, 19&fjdalso forced with the NCEP/NCAR reanalysis. In addition, tidal elevatigre
calculated from tidal constituents provided by termanFederal Maritime and Hydrographic Agen@yederal-Maritime
j aphisches—nsititut—196Federal Maritime and Hydrographic Agency

Deutsches Hydrographisches Insititut, 196Mpdal corrections were implemented in the calculation of tides to represent the
long-term variationin lunar nodes. For the standard tidal scenario, partiaidd (principle lunartide) and S tide (principle

solartide) io(Thomson and
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Emery, 2014)were considered; wieereafter call this scenaribetidal scenario To evaluate the contributioof the spring

neap tidal cycle, a tidal scenario using only the pdrtial tide called theM; scenario,was simulated and disczed in
comparison to thédal scenario To quantify the overall impact of tidal forcing, a scenario without tidal forcing at the open

boundary wasimulatedto yield thenortidal reference state of the systemoittidal scenarig.

2.4 Postprocessing of model results

The responseof ecosystem productivity to tidal forcingere assessed by comparing the annual mean NPP during the
analysedperiod between thetidal and nontidal scenarios(tidal scenariominus nontidal scenarig. Furthermore, we
disentangld processes thahight contribute to variations in NPP, such the seasonality ofpatialpatternsin limitation
factors (nutrients vs. light), spring bloom phenologhe impacs of the springneap cycleon NPP variability,and the
contribution of subsurface productionttee overalNPP. We quantiéd these processesingsubdomains and furthenade
comparisondetweerscenariosemphasizing spatial variability anlde seasonal cycle.

2.4.1 SubdemairProcessbased subdomain division-and-identification-of-representative-grid-cellsforprocess-based
analysis.

The predivision of the area into subdomaiisgrasbased on a combination géegraphic-location,-bathymetry-atié local
responsgof NPP to tidal forcing (increaseedreasp-First;), bathymetry and geographic locations. Based on these criteria,

the southern North Se&NSand-NNS-were-divided-by-the-65-m-isobath—n-the- SNS—areas-with-pesitive-and-negative NPP
i iralbsdivided
into the-three subdomainbased orthe response pattesmf NPP to tidal forcing (Fig. 2)In principle the SNScan be

separated into an area responding with increased pti2P $NBand decreased NPRegg. SNEto tidal forcing. TheEnglish

Channel (EGseouth-ef-52°N)-and-an-area—alophwas treated differently because of the strdidpl currentsin this area

compared tdhe eontinental-coast-{reGNS)—tn-the NNSthe-argastof the SNS The identification of th&C was based
on geographical locatioand includedhe area south d82°N. The NNS and SNSveredivided by the 65 m isobath. The

Norwegian Trench (NTascharacterizedy a water deptldeeperthan200 ining Apart from

the NT, theregion of theNNS wasfurtherdivided based on thenagnitude othe response of NPB tidal forcing-Fhe-area

no-the e arn-B h-co BYhich-shows-elevated NPP in-response-to-tides—w an ed-frometiative

within each subdomain using correlation anahf&sasen—et-al—2017Fig-AL)_(Eliasen et al. 201, 7Appendix A. To

identify the most representative grid cell locatinoreach subdomajrwe first produced dime series of the NPP differersce
between thanonrtidal scenarioandtidal scenariofor each grid cell. Subsequentlye estimated, for each of the grid cells,

the correlation tahe time series of thethergrid cells within the same puivided subdomia. The grid cell with the highest
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correlation coefficient to all other grid celis each subdomaiwas selecteds the most representative pofat further

analysis.

2.4.2. Quantification of key processes controlling the spring bloom

The peak amplitudand the onset time of the spring blodon the different scenariosvere comparedThe onset of the

spring bloom isdefinedhere as the day when the daily vertically integrated NRihests maximum prior to the spring

maximum in diatom biomag&ig-A2AppendixB) as used i n S{Sharpledeeadd 2806 hasplesedal.,, st udy
2006) Diatom time seriesvere preprocessed by a iday running mean to remove shderm maxima induced by the
springneap tidal cycldSharples—et-al—200@harples et al., 2006) o further disentangle mechanisms resuliimgpring

bloom phenologyifferences amonthe scenarios, we quantified potentially related biological and physical factors relevant

for spring bloom dynami¢ssuchasthe zooplankton biomass prior to the onset of the spring bloom, light conditions and

development of stratificatigrior each grid cell.

zooplankton biomass ithe winter seasonJénuaryFebruary was considered proxy for poéntial grazing pressure at the

beginning of the growth seasai).The integrated value of the lighimiting term in the upper 5éhetres of the water column

wasused to estimate the light conditiofor phytoplankton growth. To quantify the time when tigdht was sufficient for

phytoplankton growth in each yeave estimatedhe dae when the integrated light limiting term exceeld.85 for three

consecutive daysiii) The onset of stratificatiorwas quantified by recording the time when the maximum vertical
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temperature difference in the water coluaxteeded.5°C for three consecutive daystime window (3 daysyvaschosen

to filter out shorlived stratification variations and the daight heatindgcooling cycle.iv) The averaged mixed layer depth

in May wasused as a measure for stratificatdepth

Applying the methods mentioned above, we identified the onset time of the spring bloom, the time for the establishment of

stratification and the timehen light conditions were sufficient for phytoplankton growth, as well as the biomass levels of

phytoplankton and zooplankton in thealysedoeriod. For each simulation yeding time identifiersvererecorded in days

of the year, which enaldehe quantfication of the number of years when the time identifier was postponed or advanced by

tidal forcing (e.q.,if in 13 of 26 analysedperiod years the onset time of the spring bloom was delayed, délayed

percentagevas50% at the particular locationhis enabld a direct comparison of the resulting spatial pagemtotal, we

obtained the percentage of years after applying the tidal forcing with a 1) higher amplitude of the sprin@latemonset

of the spring bloom, 3) later onset of striatition, 4) deeper mixed layer depth, I&)er occurrenceof sufficient light
conditions for building phytoplankton biomass, and 6) higher concentration of winter zooplafkterssn response-tine
lidal fereing-{tidal-scenariovsthan inthe nonttidal scenarig-—,

Furthermerddditionally, we studied-thassociatedhanges in the spring bloom phenolagyrespensédo -the springneap
tidal cycle{i-e—whether-spring-or-neap-tide-promete/hinder-NREYnsidering thateveral springhieap cyclesnay take

place during thepring bloomdevelopmentwe studiegetthe NPP differenceduringof-spring-bloom-developmebietween
the two scenarioftidal scenarioane® M, scenariq in relationto the springneap tidal phaserhe period of pring bloom

developmentvas defined asthe time periodwvith an increase itNPP from 12.5% to 87.5% of the maximum NPP. During
this time periodwe identified the occurrenséwithin a time window of one fortnight cycle) pbsitivenegativemaximaof
the NPPdifference andempeorally-relatd-the daytemporal relatiorof maximum-differencthese occurrencds theadjacent
day ofthe spring tide This enabld usto evaluatehe impact opringneap tidal cyclesn spring bloom phenology.

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

In ECOSMO, NPP igstimated athe sum of net primary production for all phytoplankton funcéibgroups (Eq.2, denoted
by j). For each functiaad group, the net primary productiqgiNPP)is calculated by multiplying the maximum growth rate
specified forthefunctional group,,  with the minimumvalue ¢ ) of all limiting terms(—( Li e b i ge@8sarL9%84e,
Baar, 1994)and the prevailing amount of phytoplankton biomass (standing $iQlEq. 2). The limiting term-0- for each

growth resource is derived from the Monod equatidiered,—194Ronod, 1942, ushng the concentration of each growth

resource() (Si: silicateonly for diatom growth N: nitrogen, P: phosphorus, L: light) and the specific -katfiration

constant (h) (Eq. 3). Further details thie nutrient limiting terms are given iBaewel-and-Schrum—(201Baewel and
Schrum(2013) We hereaftercall the minimum value of all limiting terms (Eqg.4) the limiting value. The limiting value

quantifies the availability of growth resourcedth a rangeof 0-1. The closer the value is to 1, the more sufficient the
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resource is. Additionally, we identified the most limiting fastéor each phytoplankton typés ) (N, P, and L for
flagellates; Si, N, PandL for diatoms).
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We analyseé the limiting value to represent the environmental conditioh phytoplankton growtrand 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 nutfierdsggested-by-previous
udies—phytoplankten—may—develop-high-subsurface—concentrations—in-layers—ol-How-turbulence-—such-as-the—pycnocline;

e-balanced

laid-out-inZhao-et-£;{2019)-As suggested by previous studies, phytoplankton may develop high subsurface concentrations

in layers of low turbulence such as the pycnocline; production continues locally-tadowent zones as long as the growth

requirements of nutrientnd light are balanceullen, 2015)In the straified seasonwe differentiatel the NPP generated

in the surface layer (above 15 m) andhesubsurface layeras asubsurface biomass maximum (SBM) emergéne BM

was defined by its width, whichwas small compared tdhe water depth and was persistent in both time and space
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(Dekshenieks et al., 2001 this study, we regaed layers deeper than 15 m #ee subsurface. As an SBM necessarily

includes local peaks, we first seledtthe depthat which the firstorder derivative of biomass chamgffom positive to

negative in the verticdbiomassprofile as a potential location for an SBM peak. To further identify the boundaribe of

potential SBM, different strategies/ere applied depending on theumber of vertical layers on either side of the potential

SBM peak. If theraveremore tharb vertical layers on either side of the potential SBM peak, the vertical layer with the local

maximum in the seconrdrder derivative on each side of the poten8&8M peakwasrecognized as the boundary of the

SBM layer(BenoitBird et al., 2009) Otherwise, the adjacent layerereassumed to confine the potential SBM. The SBM

peakcould be noshallower than 20 m. We estimdtéhe localbackground biomass value by linearly interpolating the

biomassvalues of thaipper and lower edges to the depth where the peak in biomass éntiettye peak maximum biomass

exceeded..5 times fgher than the estimated background biomass in the respective water column, the local vertical plankton

biomass maximunwasconsidered an SBM.

2.4.5 |dentification of representativegrid-cellspoints for spring-neap cycle impacs

ig-2Although

driven by astronomical forcinghe energy of tidal currents interaatvith atmospheric forcingDavies and Lawrence, 1994;

Jacob and Stanev, 201 FRurthermore, notinear interactions among tidal constituents arenpumced in shallower waters,

as suggested bBackhaus (1985)n inshore areas for the German Bight and Danish Coast. Although we preliminarily

estimaté the influence of the springeap tidal cyclevia the difference in NPP_between thidal scenarioand theM,

scenariq related responses would not necessarily be visible in a fortnightly cycle. To better associate the vaN&®n

with the springneap tidal cycle, we identified specific grid cells where both currents and biochemical factors displayed a
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distinguishablespringneap cycle. Those locations were identified by using the estimated squared coherence between the
power spectra (SCPS) of currents and N8®ica et al., 2005; Weh, 1967) By adopting the SCPS methogke were able
to selectepresentative grid celishere botiNPP andvelocity shovedobvious springneap cycle.

3. Results &Discussion

3.1 Spatial changes in mean production

The average annublPPand the difference in NPP between tlikal andnontidal scenariosare shown irFig. 2. The area

averaged NPP increases slightly from 100.7 to 1@3# « when tidal forcing is appliedTable 1) however, high

spatial diversity in the sensitivitypttidal forcing is shown. Generally, estimated tidal impacts on NPP are highest in the
stratified shallow North Sea, with a maximum response of up Q&0 & (Fig._2c). In thenontidal scenarig high
productivity is restricted to the neahoreshallow regions along the British coast and the European continental coast (Fig.
2a), whichare the main regions where the euphotic zone reaches the bottom and nutrient remineralization fosters production
throughout the yeaihe gimary production at the coast is additionally supported by estugieebaroclinic circulation in
summer, which transports detritus and nutrigctt bottom water towards the cog&benhéh—etal—2004Geyer-and
MacCready, 2014 Hofmeister-et-al—20ENenhoh et al., 2004; Geyer and MacCready, 2014; Hofmeister et al., 2017)

Tides cause a sigmfant reductionin stratification in the shallow neaoastal areas of the North Sea and in tixd&E

Dogger Bank and south of Dogger Bank and foster the development of tidal mixing fronts. Consequently, the production
pattern changes notablyhen tidal focing is consideredThe primary productiomaximumis shifted further offshore

towards the frontal region (Figb). Large areas of the SNS, includidgggerBank, the easterBC, and the Danish Coast

in the east, together with theTNexhibit an increasin NPP when tidal forcing is prescribed. The shallwarcosstal areas

in the south and the deeper areas in the NNS show a negative response of NPP to tidal forcing. A stronger negative response
is observed in the highly dynamicCEFig. 2c). TheNPP ofDogger Bank and the tidal mixing froateasouth and southeast

of Dogger Bank resposd the strongest totidal forcing, with a mean change in NPP of up to 60

Qi o H AAAT OA1 EBDOI A O.ABefaindiitudes of thelecreasein NPP in the negative responding area
aresmaller than those of the increases in NRi#th amplitudesho more tha®t0"Qd& & (Fig.2c); the largest amplitudes

arein the EC. : : : H : i : :
Appendix-C).

The tidaly induced change in NPP is associated 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 ttee
enhanced mixing of inorganic nutrients into the euphotic zesgeciallyin the shallowNorth Sea where the bottom and
surface mixed layeinteractwith each otherSimultaneously, light limitation increasehe predominantly lighdimited
regions,which arerestricted to the shallow coastal regions in oertidal scenario(Fig._3a), expand offshori the tidal
scenario(Fig._3b). Tidally induced resuspension and mixing of particideaed DOM into the euphotic zone result in
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dominant light limitation inalmostthe entire shallow North Sea (below 50 m defiy. 3b). In contrast, in the surface
layers of the stratified areaummernutrientlimitation is predominantand thelimiting value remains below0.3 in both
scenarios. Thehangefrom nutrient to light limitation in the SNS changes the limiting value to >0.4 inidlaé 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 subdomaingt) gt show characteristic
responses to tidal forcing. Based on the division and the-piset correlation of NPP variatisrin each subdomain
(Fig-Alappendix A, representativgrid cells were selected to study the mechasianderlying the spatial variabilitgf
tidal responsein detail. Areas with correlation coefficients higher than 0.3 occupied at leastob&#ch subdomajn
comprising77% of the entire study area. Thiglicates that the division effectively explaithe spatial diversity of the
system with respect to thielally induced changes in NPP and the predominantly inherent similarity within each subdomain.
The ®ven identified sutbomainsare listed below (Figd):

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 then-tidal scenario(Fig..2a), with a
mean NPP above 120&

2. Negatively responding southern North Sea (neg. SNS; Albheneg. 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 wateear the coast.

3. Positively responding southern North Sea (pos. SNS; light.blle3 area includes the frontal regions thetre
identified as the areas with the highest respeimsBPP Fig. 2).

4. Eastern Britishcoast (BC; green)This area is a highlproductive, positively responding inshore region of the
eastern Britisitoast.

5. Deeper northern North Sea (deep NNS; yelloMiedeep NNS3egion coincides with areas of seasonal stratification
andthe lowest annual NPP in thiidal scenario(Fig. 2). Inthis areaa slight decrease in NAP estimated when
tidal forcing is considered.

6. The Norwegian Trench (NT; orang@presents the area off the Norwegian coast, which is strongly impacted by the
low saline outflow from the Baltic Se@ahe NT shows a slight increase in NPP due to tidal forcing (E2p.

7. Lowsensitivity area in theorthern North Sea (lovgen. NNS)The magnitude of the response of NPP to tidal
forcing here is below 8@ « . This suldomainis influenced by two amphidromic pdénin the eastern North
Sea, with tidal amplitudes of the Martial tide generally below 0.5 m.

Some narrow transient zones between the pobitresponding areas and negalyveesponding areas are shown in white in
Fig. 4. These transient zones witim absolute variation ilNPP less than ®@ & are excluded from the following

analygs. Changes in NPiA response ttidal forcing for each subdomain are listed in Table 1.

he-subdomain-division-corresponds-wellwith-the regional-characteristMs tidal-energy-dissipationrates;-as-suggested
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The subdomain division corresponds well with the regional characteristics tiddVenergy dissipation rateas suggested

910 by the simulation study dbavies and Sauvel (19857he EC subdomainincludesthe areas with the highest tidal energy

dissipation rateswhich exceed.0000b & i (Davies and Sauvel, 1985). inostof the neg. SNSind some pis of the

EC, the tidal energy dissipation rates are in the range oftlD00U® & i . In thepos. SNSthe BC and part otthe deep

NS tidal energy dissipation rates range from 10 to #0@ i . Thelow-sen. NNSand NT are located in the area with

tidal energy dissipation rates below B & i . The strong tidal energy in the SNS destabilizes stratificatisnalso
915 revealed bythe subdivision based on stratification patsguresented bywan Leeuwen et al. (2015Durneg. SN&ndEC

subdomaingoincide with permanently mixed regions defined indhevestudy;in addition,the definedBC correlates with

mixed or temporally stratified belts along the eastBritish coast, as suggested Wgn Leeuwen et al. (2015 he

subdomains identified in the NNS coincide with seasonally stratified aret® iaforementioned studyowever, the

majority of pos. SNSwhich shows the strongest response to tidal forcing, could not be identifiedheitethodof Van

920 Leeuwen et al(Van Leeuwen et al., 2015jue to the variable stratification in these frontal areas induced by the-spdpg

cycle, wind forcing, river runoff and air temperatyBippner, 1993; Schrum et al., 2003; Sharples and Simpson,. TR83)

subdomains als@gree well with subdomainspreviously identified by ICES (ICES, 1983) Compared to the ICES

subdivisiors, whichwere déermined consideringiochemical and hydrographical characterisflGES, 1983) the northern

4 subdomains in our study coincide with regions whbkeggrosswater mass influxs mainly influenced by Atlantic water

925 inflow. In contrast for the 3 subdomains in the south, the influence of wind is more important for water mass exchange

(Siegismund, 2001)
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3.2 Characteristic seasonal changes

Out of the 7 subdomainsi@= 4), we selected 3 representative subdomains for further analysisafahges irseasonality
of NPP andthe respective associated mechanisms. Tihg. SNSepresentghe southern coastahreaalong—European

930 econtinental-eoasivhere strong tidal forcing leads to permanent mixing and the NPP decreases as a consequence of tidal
forcing. Thepos. SN®mbodies the transient zone betwesired and stratified water column and is characterized by the
most significant positive responsé NPP to tidal forcing. Theleep NNSs characterized by stable seasonal stratification.
Here, the bottom mixed layer and surface mixed layer are well sepataiedtides have a limited impact on the euphotic
zone. The averaged time series (1:2905)for each subdomain antig ime series othe vertical profiles of each most

935 representative grid cell (see section 2.4.1) are given irbragd Fig6, respectively.
In the neg. SNSFig. 5a), the spring bloors delayedand strong fluctuations appeaurthg the productive season in both
scenarios (Figba & Figéa 6 g b, c, d). The pulses in NPP are probably due to preg@atgrinteractios and possibly

modulated by advection. These pulg@$NPP have previously been described Bgtf-and-Walne-1995)ett and Walne,
1995) The length othesefluctuations is slightly longer in thigdal scenariothan in thenornttidal scenarig andchanges in

940 bloom initiation andthe length of the quasperiodic fluctuations generate positimegative fluctuations irthe NPP

| differencebetween both scenarios. Vieind no nutrient limitation in the water column in either scenario &g a, b) and
no significant changes in the limiting valuigEq. 4) (note: the minimum limiting valugemsfrom light limitation), except

| for the slightly higher values inleepwater columnunderthetidal scenario(Fig-_6. c, d).This exceptioris likely caused by
the downward mixing ofshadeproducing organic materials (e.g., phytoplankton, DOM and detrifughich leads to

945 improved light conditions in the upper layand better penetratiotdowever thisresultdoes not explain the negative NPP
response in the area. Lower NPP intidal scenariothan in thenontidal scenarig especially in spring and early summer,
results inan overall negative respongseNPP. A likely reason for the reduction in NPPthre neg. SNSubdomain could be
thetidally induced dilution of phytoplankton biomass in the euphotic zorleeishallow areas. The increased mixing in the
tidal scenariodilutes the phytoplanktononcentratiorin the upper, highly productive water lay@ee-vertical-profiles—of

950 biemasskig-A4—a;HB-and consequently reduces the tichgring which phytoplankton cells are exposed to high surface

irradiance.Grazing pressure could be rejected as the major caushefdecreased NPP because grazing pressure is also

higher under more productive conditions (data not sho@onsidering the small difference time growth resourcebetween

thetwo scenariogFig.6¢ 6 ¢, d), we mainly attribute the variation in NPP to teetical distribution of standing stocks.

The most dominant change in seasonality as a consequence of tidal fotbiegaasonally stratified subdomaimo$. SNS
|955 anddeep NNBis the delay of the spring bloom in ttidal scenario(Fig. 5b, ¢). Howeveg in thepos. SN&his delay is only

a few daydong; in thedeep NNsSthis delay encompassese month. Accompanying the delay, the amplitude of the spring

bloomin thetidal scenarig especially in th@pos. SNSexceeds that of theontidal scenario The spring bloom in the NS

typically consists of diatoms, while after silicate depletion, flagellates dominate the spnotiection(MeQuattersGellop

et-ak;2007-Sehrumtal—2006)McQuattersGollop et al., 2007; Schrum et al., 2006pmparing the seasonality of NPP
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variation (Fig.5b, c¢) with the annual averaged NPP deviation between scenario@¢}igve found that the variatiom

NPP in summer is basically in phase with t hdeepdNSndpod i on
SNS Especially in thgpos. SNSFig._.5b), summer bloomare higher in thetidal scenariothan in thenontidal scenario

with a maximum difference in July and August, fostered by weaker stratification and regular nutrient injections into the
surface mixed layer due to tidhalinduced turbulence (Fidgf, h). Surface summer production is sustained througtie
summer at values of approximately 60Q& 'Q and more in the upper 15 m (Figf), and lightremainsthe dominant
limiting factor in the surface layer, except for a temporal silicate limitation #fésspring bloom (Figsh_6 h). In contrast,
without tidal stirring, surface waters become nutrient depleted soon after the spring bloom in May. After silicate limitation
nitrogen limitation persists (Figg_6 0) in the surface waters throughdbe seasendheseasondatratification, whid results

in the characteristic sudurfaceproduction in summer (Figoe). Due tothe weaker stratification and enhanced turbidity
caused bytides, noSBM productionoccurs in this simulation. The nutrient supplgvantagen thetidal scenariopersists

urtil the beginning of October (Fighf), when the water column in theontidal scenariois also mixed by atmospheric

conditions, causing aimcrease irproduction at the surfac&or-the-pes—SNS-the-medulation-of-nutrient-availabilibis the

R A ays-in-the-pycnocline-during-summer-due to the

ed-high-biomass

In the deep NNSthe influence of tides on NPP rislatively weakand mainly visible in summer (Figc). Thedeep NNS
(Fig._6i-1) is typically characterized by stable seasonal stratificationsantmer susurfaceprimary production in botthe
tidal and nontidal scenarios The delay of the spring bloom in thilal scenariocauses a quicker succession and
consequentlypverlappingdiatom and flagellate bloas{Fig. 61, Fig.5c). The productive p&rd, which lasts nearly 3 months
and includeswo pulses ofNPP in thenontidal scenario(Fig. 6i), is shortenedo 6 weeks in théidal scenario(Fig. 6j). The
NPP contributed from subsurface production is higher intitte scenariothan that in thenon-tidal scenario(Fig.6—)-

ecause o ification-and-nutrient depletion—hiah-biom is-confined-to-arecion-within-the-pvenocline-in-betls.scenario

In the other identified subdomains (results not shown), the changes in primary prodadioally followthe pattern
explained above. In theC subdomain, the tidal impact on production is comparable to that metheSNSwhereas in the

BC subdomainnutrients are rarely the most limiting factors due to weak stratification, and the response can be compared to
thatin the pos. SNSIn thelow-sen. NNSwhere tidal dissipation is weak, the vertical distribution patterNR®P in both
scenamsis almost identical.

Our results indicate that, in principle, tidal stirring causes two n@janges in th&lPP pattern: i) a change the spring

bloom phenologyof some areas and ii) an altered ratio between surface and subsurface pro@attiofgatures merit

further discussionyhich isgiven in the following paragraphs.
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3.2.1 Changes in spring bloom phenology
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025

030 As one of the most importantddogical events in th&lPP annual cycléBagniewski et al., 2011; Sabine et al., 2004

spring bloom requires specifattention. Asshown by thetime series analysis for some subdomains (Fig. 5) and the time

series of profiles at the representative points (Fig. 6), the postponement of the spring bloom is a prevalent phenomenon when

tidal forcing is applied. Thehanges irspring bloom phenology and tipeocessesesponsible for thesghanges such ashe

delay in the onset of stratification,variations in light conditiors, the mixed layer depth and winter zooplankton

035 concentratioa(Fig. 7), wereanalysedising the method outlined in section 2.4.2.

In line with the distribution of tidal energy dissipation givenOmvies and Sauvel (1983he spring bloomdelayis robust

in the SNS and along thBritish coastFig. 7a), while in the northeastern part of the North, 8easpring bloom is delayed

in no more than 50%f all years.An increase irthe peak spring bloom biomass (Fig. 7b), mainly in areas with a positive

response of NPP to tidal forcing (Fig. 2c). However, in some isolated locations in the negatively responding areas, such as

040 theneg. SN&NdEC, the spring bloom amplitudes are still higher in tti@al scenariothanthatin the nontidal scenarioin

more than 50% of the years. One potential redspithe pring bloomdelayis a change in light conditions, especially in

very shallow coastal, nestratified areas where tidal stirring enhances resuspension in the water column (Fig dcise€the

of light conditions sufficient for phytoplankton growth in the welixed water clumn is delayed in the coastal areas of the

southern and eastern boundandin the shallower parts of Dogger Bank. However, the distribution of this impact does not

045 explain the major pattesmof changesin the spring bloom phenology. Tides also increasixing and hence potentially

prevent stratification in shallow water columns or delay the onset of stratification, as disgressedslyby a number of

authors(Bowden and Hamilton, 1975; Loder and Greenberg, 19B&¢ause tidally induced energy dissipationubically

proportional tothe strength oftidal currents(Simpson and Hunter, 1974\e can expect the strongest variation in

stratification in regions with the strongest tidal curreats observe@long the British coast, in tHeC and in the German

050 Bight (Davies and Sauvel, 1985)hisexpectation isupported by earlier observations suggesting that the onset of the spring

bloom is triggered by improved light conditions because of solar radiation atificgttion (van der Woerd et al., 2011)

The onset of stratification (Fig. 7e) in thidal scenariois mainly delayedn the Scottish coast and the frontal arefthe

SNS. Furthermore, theesponse of stratification to tidal forcing is more stable in the southwestern part (the Estuary of

Humber, Dogger Bank) than in the southeastern gfatie SN$Fig. 7e). Apart from solar heating, the stratification in the

055 southeastern pamf SNSs additonaly influenced by freshwatesupplies from landand wind forcing(Jacobs, 2004;

Ruddick et al., 1995; Schrum, 1990onsequently, the variation in the onset of stratificatidess cleain the southeastern

partthan in other partsef the SNS In theNNS, the tidalwave propagatiordeepens the mixed layer depth (Fig. 7d), which
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similarly results in a later onset dfie spring bloom, despite only weak changes in the onset of stratification. As a

consequence of the thicker layiarwhich phytoplanktorare mixed, the phytoplankton are legxposed to théavoumble

surfacelight conditions and will thus take longer to build up the spring bloom biomass.

Although the North Sea is in principle a bottamcontrolled ecosystem, zoopldok predations occasionallyan important

processcontrolling NPP (Daewel et al., 2014)n early spring, even undéivourable growth conditions, the spring bloom

will only initiate until production exceeds the loss due to gra#®eprge et al., 2015; Martin, 1965}his grazing pressure

is basically correlated with the overwintering zooplankton stock. Based on our resukases in th&inter zooplankton

biomass andlelays in thespring bloom coincide only in the frontal regiof the SNS and central NNS. Théoe, we

conclude that the delay in spring bloom by tides is mostly due to baipocontrol.

The spatial pattern given ifrig. 7 showsthat the delayed onset of the spring bloom intttial scenariomay mainly be
attributed to deteriorated light conditi® in the shallow welinixed area (Fig.7c) and changes in the stratificatiof
seasonally stratified areas, suhdelays in thdevelopment of stratification (Fige) orthe deepeningf the upper mixed

layer (Fig.7d). Although the predator bioma&ssare higher prior to spring bloom in some areas, enhanced grazing pressure
at the beginning of the bloom periddes not seem to be thein mechanisndelaying theonset ofthe spring bloom (Fig.

7f), although we assuntbis pressurglays an additional role in the centNiNS and frontal regions.

3.2.2 Changes in subsurface production in stratified season [Formatted:

Text 1

Font color:

To further quantify the magnitude of the changes in surface and subsurface produciignthestratified season, we
separatd NPP vertically into uppefayer production (above 15 m) and production in 8&M layer and compared the
results between scenarios (F8), using the mean annual value for #malysedoeriod (19902015). At the stratified side of
the frontal zonespps. SI¥), the surface production responsENPP is positive almost everywhere, wighmaximum
reaching +50Qd@ & (Fig. 8b) at south of the Dogger Bankn contrast, the changes in response to tidal forcing within
the SBM showboth negativeandpositive esponses arourttie Dogger BankFig. 8a). A positive response to tidal forcing,
which is generally one order of magnitude smaller than the increased amplitude of NPP in the surfageclagealy at

the northern edge around Dogger Bank and the desgpeiof the German Bight. A similar pattern 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 North Sethe NPP in the upper layer dominates theokehproduction budgdiran-Leeuwen-et-al2013)van
Leeuwen et al., 2013Although the expansion and duration tgwd the SBMdecreaselue to tidal forcing, e.g., in the

inshoreareas along the BC and at the Danish CdagtA3;AppendixC b, d), tidal forcing promats NPP within the SBM
in some areas, especially at the northern edgleeddogger Bank. Observational studies suggested that the productive areas
at the edge of the Dogger Baake fueled by baroclinic circulation related to the front and the spmizgpadjustment

ion-o O-dayigHA he-northern-edge-of the-DoggerBank, the

ig-A@edersen, 1994)When considering an SBM duration of 110
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days (AppendixC c) at the northern edge of the Dogger Bank, the average daily NPP (deduced from the annual NPP
(Appendix C, a)) is approximately 23@ "Q& Q , which corroborates thebservatiorbased estimate of NPP (295

a "Q@ 'Q ) calculated from measured oxygen surplus concentration{Bathardson—et-al-—200[ichardson et al.,

2000)

In the NNS, the variation caused by tidal forcing in NPP is beloi@ ® (Fig. 2c). In some parts of thieep NNS

the tidalforcing causes higher production in the SBM and lower production at the surfacéifkid=ig. 8a). Due to the
decoupling between the surface and bottom mixed $atle@ pycnocline acts as a barrier that keeps the stipetltrients
below the pycnoahe and sustains NPP in the SBM (Fég. k). Because the amplitude of NPP variations in the upper layers
is ten times higher than thiatthe SBM (Fig.8), the overall response to tidal forcing is negative (E@j.in thedeep NNS

3.3 Impacts of the sping-neap cycle Formatted:

Text 1

Font color:

The springneaptidal cycle introduces #ortnightly periodic change in tidal mixing, which has a significant influence along
the British coast and in the English Channel (BY. The differences in current speed betweentitt@ and M- tidal
scenariosvary over the springeap tidal cycleThe maximum springneap range ofhese differences igp to 0.30.6 m/s
(Fig.9), indicating that a nenegligible change in turbulent kinetic eneiigyintroduced tahe water columwia the spring
neap cycle. Here, we will provide model estiegbn the spatial variability in the resultimgsponse of th&lPP to the
springneap cycle and explore the potential mechanisitisese responses

Annual NPP changes induced by the spiilegp cycle reach mamum values of up to 0@ « (Fig.9). Although this
amount is relatively small compared to the overall system productivity, the chamgesespringneap dynamicsould be
very relevantlocally and in specific tim@eriods An average positive rpense of NPP emerges in the southeastern part of
the North Sea, in the English Channel and along the British Coas©9jFighe highest mean changes in NPP are found in
the western part of the Dogger Bank, in the English Channel and off the Scottishit@asitrast, a negative response in
annual production emerges off the Northumbrian coast and in the Southern Bight off the European contir®n{T{ieg.
response of NPP to sprimgap tidal forcing is weak in early spring and winter (data not shawrer mixed conditions or
during periods othe establishment and decay of stratification, spiiegp tidal mixing can be overriddeeriodically by
other mixing events (e.g. driven by winttence pronounced irregularities in NPP respastgespringneg tidal forcing are
detected. A significant response of NPP to spriagp tidal forcing is found for summer periadslerstable stratification.

To illustrate the basic mechanisms responsibléhferesponse of NPP duespringneaptidal cycle,we pregnttime series

of thebiomass, nitrate, NPP and turbidity (Eq. 1) profiles for two characteristic grid cells (selection described ktha2.4.5
respond differently to springeap tidal forcing. The neahore grid cell off theestuary ofHumber (EH,Fig. 9) shows a
negative response, and a grid cell located at the frontal zoneveesternedge of Dogger Bank (WDBgeeFig. 9) responds
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positively to springneap tidal forcing. The model results are presented for a couple of selected successireapriital
cycles simulated for the year 2001 (Fi§).
The EH site, which is located further inshore comparethéoWDB, is characterized bhigh turbidity. The increased

nitrogen in the upper layers is in phase with elevated turbidity but irpbag with biomass and NPP. This phenomenon

mixing of organic material (FiglOb) slows NPP in the upper mixed layer, resulting in a heg&tPP response during
spring phases (Fid.0d). The elevated NPP reaches a maximum at the end of the neap phase (Fig. 10d), possibly because of
the reduced vertical mixing-he decreasing turbidity ithe neap phaseslespite increasan phytoplankton bbmassreveals
that suspended and resuspended organic matexia a reduced impaoh the surface light conditisrduring neap phases
130 compared to the spring phasésSig. 10b). In neap tidal phase, givekess—vertical—mixinbetter light conditions
phytoplankton cellsemainin the lighted surface layer for longer tiragd-access-better-light-conditiphencetheavailable
nutrients can be utilized for phytoplankton grovfg-10s)..
In contrast, the WDB site is typically characterized by seassiraification and summer nutrierite(, nitrate) depletion in

1125 indicates that during spring tide, tpeocess ophytoplankton biomasdilution (Fig. 10c) and shading due tbe upward

the surface layer. Howeveais the WBD site isocated in the frontal zone, relevant factorghis zonedo not necessarily

1135 show the springieap fluctuation aslearly asthose inthe EH site Buring-spring-tide—enhanced-vertical-mixing-dilutes the

hwtoplanktobiom gpn-the-uppe V7= nd rad bibem smore-evenhin-the-who ata olumn re no-in less

seenario{Figgure-104—Spring tidal forcing results in the replenishment of nutrients in the euphoticazmha pulse of
increased NPP follows spring tide mixing (FitOe, h). The dwnward mixing of biomass iatlower layers has no

1140 substantial negative effect on NPP during spring tide (Fig). As a consequence of nutrient replenishrretite-surface
layer-during-formethat fuels NPRn spring tidesgiven-less-vertical-mixing-during-neap-tidBomass increases in the upper

layersduringneap tidegFig. 10g). Resuspension effects resulting in increased turbidity at lower layers are visible from neap

to spring but do natignificantlychange turbidity in the surface lay€Fsg. 10f). Surface trbidity change areconsequence
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Sharpleg2008 Comparing our results with observations madeRimhardson et al. (2000\vhich was takemt thenorthern

edge ofthe DoggerBank, our simulatedesponse of NPR tidal forcingat the northern edge dhe DoggerBank is 7.5

"Q6G , with a maximum oR0"Q6& w the southwestern boundary of Dogger Bank for the whole stratified season

(Fig. 8). Thee values areat thelower edge ofRichardsofs estimate of 248°Qdd  from a rough upscaling of the

observed nutrient injection to the pycnocline for the whole stratified season. Furthermore, in the Dogger Bdh& area,

surface layeNPPresponséwith arangeof 10-30"Q6& & _overthe whole stratified season) (Eigb) is more significant

thanthe NPP response of tilsgibsurface layer (no more thari®& « in the whole stratified seasof#ig. 8a) which

contrasts wittRi char dsondés observation that nutri ent Thesybsurfatei o n

NPPattributedto nitrate fluxesdriven by springneap tide by Richardson et alvere4-6 "Q6d  for one sprineneap cycle,

which is higher thn our estimation of 0.2&06& for one springneap cycleaveraged across thvhole stratified season

Based on our study, the limited influence of the springp cycle indicates that the semidiurnal tide plays a major role in

pumping up nutrients arglistaining the NPP, not only at the subsurface layer but also at the surfacéHay¢PPin the

present study is likely lower than that in the studyrdf ¢ h a r (Rishardsdnset al., 200@ecauseseasonal variations in

stratification changéhe thermocline deptlandthe position of the tidal mixing front. Moreovemscaling must account for

seasonality in bloom dynamics and light conditio@®nditions measuredver a few days between July and Aigy

(Richardson et al., 200&0e not representative of those measured over the whali#fied seasorand therefore may not be
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appropriate for upscalingStratification during this short timeperiod may be more stable thaamverageclimatological

conditions, and consequently, sprngap tidal forcingnay only impacsubsurface NPP. Atheseaspects together limit the

potential of linear upscaling. Based on our study, tidal pumping sustaining subsurface NPP_mainly occurs in July and

August, with an average value of approximatel§Q8a

a € €D (not shown) in frontal areas aroumbgger Bank

which is closeto the estimate ofRichardsons et al. (20000 other weakly stratified months, the value is ho more than

1"Q6a _per month or even negative. In our simulatitheincreasedN PP caused by tidal forci

observationfor the frontal zonesn south and west oboggerBank Here, we simulated a change e8826d _in the

surface and 1.5"® &

in the subsurfacdéor one spring neap cycle under strong stratified conditibtmvever, the

additional contribution from the springeap cycle compared to Midal forcingis alsonot more than IQ6& _andthus

rather limited

Sharpleg2008)investigated a similar question for the Celtia8éth model simulations. He found that the NPP varied up

to 70% with the springneap tidal cycle. We could not confirm such higdal impactson NPP for the North Sea; our

estimates ofhe response of NP the springneap tidal cycle are only up to apgimately 10% of the tidal impa¢i+S,)

on NPP (Fig2 & Fig:9). One explanatiofor this discrepancis the higher springeap tidal current amplitude in the Celtic
Seacompared-tthan that in the North Sea, whiclmay result in a stronger response of NPP to the sprgap cycle.

However, it is also possible thiiie simpler modeketuparameterizationssed by Sharples, suchresglection-of-advection,
a constant grazing rate and neglected impacts on resuspensionadimtyy DOM and detritus, resedtin higher NPP

sensitivity to tidal forcing in their simulation.

As discussed in section 3.&8dal forcing not only impacts the magnitude of NPP but also spring bloom phenology. It is

reasonable to assume that spmegp tidal forcing also modulates the development of the spring bloom. To understand the

impact of the springneap phase on the biomass buifglduring the spring bloom, which typically occurs over one or several

springneap cycles, we related the time pdsavith the maximum difference in NPP betweentitial scenarioand theM.

scenarioto the springneap cyclephase(Fig._11) at the SN site (see Fi§). The SN site is located in the tidally energetic

northwesternNorth Sea, where the development of #8ping bloom often benefits from thermal stratificatighedhe,

1998)Rodhe, 1998p u t

is

sensitive

t o

e p i s{@ahiele-2063if\daniek e2003) Buting ehe

development of the spring bloom, in the differehetweenNPP time seriestiflal scenarid M, scerario), an increasén

by

NPP often occurs in neap phases, whereas NPP isdtgrasedh spring phases. This indicates that the development of

the spring bloom benefits from the neap phaseidinterrupted or dampened duritige spring tide (Fig.11). A similar

phenomenon has been explored and confirme8Hayples-et-al,(2008harples et al., (200@} a site south of the SN site.
As suggeted bySharples-et-al—(2008harples et al., (20063he onset time athe spring bloom is shifted by the spring

ng

wi

neap tidal cycle becausiee onset or intensity of stratification is strengthened during neap tides when the vertical mixing is

dampened.
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4. Summary and Conclusios Formatted:

Text 1

Font color:

A modelbasedsensitivityexperiment with varied tidal forcing was performed to evaluate tidal impacts on NPRletowsi

the major bottorup controlling processes, includitige tidal mixing of nutrients, organic matter and plankton biomass and
tidal resuspension of suspended matter. The resptmgies in the North Sediffer regionally and depend on thecal
hydrodynamic characteristics. In permargnnixed areas in the southern 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
light conditiors in the upper layers for phytoplankton growth and thus hinder primary production. In contrast, in frontal areas
and seasonally stratified areas in 8BS where stratification is susceptible to tidal mixing, nutrient replenishment due to
tidal forcing sutains NPP in summer and thus contributes a significant increase imnNi®Ehthe surface layer and within

the pycnocline. In th&INS, which is characterized helatively weak tidal forcing andleepbathymetry, the bottom and
upper mixed layers are weleparated, and the influence of tidal forcing on NPP is limited.

However, the quantitative estimates provided here are maue parameterizatiespecific. Dominant biochemical
processes are generally well represented in simplified Ng® models, anche ECOSMO model used here is applicable

for resolving ecosystem dynamiasseasonal to decadal time scales when forced by realistic boundary conditenes|

and-Sehrum—201(Daewel and Schrun2017) However, parameterization and unconsidered processes, such as the role of

macrobenthos in the system, internal waves at the shelf break, and coastal light attenuation due to inorganic suspended
matter and simplified physiological processes abpbtentially modulate or change the mdselensitivity to tidal forcing.

Studies identifying the contribution of these processes to tidal impacts on primary productieeded thus far, we can

only speculate on potential impacts.

Macrobenthic grazingikely changes the biochemical cycling and turbidity in the water colursabsequently changirtbe

sensitivity of NPP to tidal forcing. In shallower waters, high #sattom concentrations of suspended organic matter are
susceptible to mixing into the photic zone, and increasing light attenuation leads to decreasing production (sex €fig.

section 3.1). Macrobenthic biomass, specificityn filter feeders, might significantly reduce resuspension andbméom

suspended matter concentratiotiereby increasing theroportion of organic mattehat remainsn the food wel{Prins—et
ak—1996)(Prins et al., 1996)From observations, we know that macrobenthos show a distinct spatial pattern following
principle production patteminthe North Sea witlhigher biomass in the shallo8NS(Hei - eip et al., 1992)

Therefore, we can expect an increase in NPP sensitivity to tidal forcing due to macrobenthos activity.

39



255

260

265

270

275

280

285

| currents,

mentioned above



1290

1295

1300

1305

1310

315

Furthermore, we hypothesize that the positive response of NPP to tidal forcing NiNghevas underestimated by our

simulation due to the implementation of identical boundary conditimnalf scenariosWe neglecedthe influence of tidal

generated internal waves on nutrient conditions. Ti@slerated internal waves are initiated at the shelf edge and enhance
turbulent mixing at the shelf break and on the sfi¢fathershaw et al., 1987; Loder et al., 1992; New and Da Silva, 2002;

Sharples et al., 2001As internal tidesbreak at the shelf edge, engrglissipates mainly at the shelf break and other

bathymetric featureswhich causewertical mixingthat drives vertical nutrient flugs and sustains phytoplankton growth

(Holligan et al., 1985; Pingree et al., 1981 afites et al., 2007 herefore internal tidal waves will likely lead to mixing

and increase nutrient pulses onto the sleelfisequently suppangg NPP. In our setup, the average impact of tmherated

internal waves on nutrient concentrasonas consideredwith the climatological boundary conditiorf€onkright et al.,

2002) anddifferencesamongthe simulated scenariosere not considered.

Another source of uncertainty in our model ssdmm the neglect ofnorganic material, which influences underwater light

conditions, especially in shallow areas. Seatdiifferences in yellow substance concentrationincide with fresh water

input (Schaub and Gieskes, 1991; Warnock et al., 19B%re are two main sources of SPM plumes in the North Sea. One

source lies at the scdrn British coastind originatesrom local discharges (Humb&Yash & Thames rivers), coastal

erosion and influx from the English ChaniiEisma, 2009) The other major source of SPM originates fribve large rivers

and diffusive sources entering the North Sea from the European continental coast, particularly off the Belgian coast and the

Wadden Sedavan Alphen, 1990; Postma, 1981\Waves and currents are the controlling facton$ the dispersion,

resuspension and deposition processes of @bk and James, 1999)n winter, the two SPM plumes expand further

offshore due to intensified mixing and both SPM plutegosits irboththe Skagerrak and Norwegian Channels. However,

in stratified seasons, the concentration of SPM in the upper water layer decreases due to stratification, Exskptidar

areas with permanent mixindyan Raaphorst et al., 19980hus, wecaninfer that the light conditions in shallow areas,

especially in neashore and permanently mixed regions, detetgodhie to tidal forcing and subsequently further decrease

NPP in thetidal scenario However, infarther offshore and seasonally stratified areass #ffect has little relevance for
NPP.

The major tidal impacts on NPP ane vertical mixing. Given the small horizontal gradieftboth nutriens and biomass

and weak tidal residuals ob more than a feveentimetrs per second (Prandle, 1984), the impacts of horizontal advection

are negligible. To investigate the influence o¥@ction on the concentration of nutrients and phytoplankton biomass in our
study, we estimated the net horizontal transport between grid cells. In most parts of the study domain, we found that the
contribution ofmeantidal advection does not exceed F#@ot shown here)Exceptions occur in the Skagerr@kannel,

where relatively high residual currents drive water exchange between the North Sea and Balti@Stachneider,

1967 Brettschneider, 1967pand in the E close to the model boundarywhererelatively highcurrent speedsaused by

atmospheric forcing and topograpbynege irregularly mainly in spring and winter. However, thigsultis not true for

smaller horizontal and temporal resolutigns. [Formatted:

Highlight
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his—work—is—funded-by-the Chinese holarship—Courldd—(20140

LeeuwenMarie-MaarandJohanes-Pats€hiven the importance of tidal forcirig NPP, especially in frontal areas, which are

known to be biological hotspo{8elkin etal., 2009) tidal impacts on higherophic levelsthan those studied hereerit

345 further consideratiomnd investigatiorin the future.Regardingthe growth of macrobenthos, tidal stirring influences the

sinking and resuspension of organic matter and thus influences food quality and biotyfiiomi et al., 2015; Zhang

and Wirtz, 2017)Tidal forcing in frontal areas not only provides enough prey for fish larvae due to nutrient enrichment and

higher NPP but also influences convergence zones, which are typical places for fish spawning andBakismd006)

Further invetigations based on a combination of observatam multiprocess coupled simulationsuld enable a better

350 understanding athe impacts ofidal forcingon ecosystem processes and their variabilipngterm tidal variations, such as

the 18.61year noal cycle or the 8.8%ear lunar perigeeycle, merit particular consideration.
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Table

Table 1 Average annual NPP and relative difference betweditl#thandnon-tidal scenariosn each

subdomairand in the entire North Sea.

Subdomain I'\}'gggg S:)er;' Egﬂéﬁ% ) RelDiff (%)
EC 125.2 97.2 -29%
neg.SNS 1145 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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