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Tides contribute to the large-scale residual circulation and mixing of shelf seas.
However, tides are typically excluded from global circulation models (GCMs) so
their modelled residual circulation (and mixing) in shelf seas may be
systematically wrong. We focus on circulation as it is relatively unexplored,
and affects shelf temperature and salinity, potentially biasing climate impact
studies. Using a validated model of the North West European Shelf Seas (NWS),
we show the essential role of tides in driving the residual circulation, and how
this affects the NWS temperature and salinity distribution. Over most of the
NWS, removing the tides increases the magnitude of residual circulation while
in some regions (such as the Irish Sea) it leads to a reduction. Furthermore, we
show that modelling the NWS without tides leads to a cold fresh bias in the
Celtic Sea and English Channel (of >0.5°C, and >0.5 psu). This shows that NWS
tidal dynamics are essential in the transport of heat and matter, and so must be
included in GCMs. We explore two processes by which the tides impact the
residual circulation and investigate whether these could be parameterised
within non-tidal GCMs: (1) Enhancing the seabed friction to mimic the
equivalent energy loss from an oscillating tidal flow; (2) Tidal Phase-driven
Transport (TPT), whereby tidal asymmetry drives a net transport due to the
phase between tidal-elevation and velocities (equivalent to the bolus term in
oceanographic literature). To parameterise TPT, we calculate a climatology of
this transport from a harmonic analysis from the tidal model and add it as an
additional force in the Navier Stokes equations in the non-tidal model. We also
modify the bed drag coefficient to balance the bed stress between the
simulations — hypothesising that using this modified drag coefficient will
simulate the effect of the tides. This tends to improve the mean and
variability of the residual circulation, while the TPT improves the spatial
distribution and temporal variability of the temperature and salinity. We show
that our proof-of-concept parameterisation can replicate the tidally-driven
impact on the residual circulation without direct simulation, thus reducing
computational effort.
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1 Introduction

Shelf seas account for only 8% of the surface area of the
planet and yet are some of the most essential earth systems:
accounting for up to 30% of total global ocean biological
production (Yool and Fasham, 2001), and dissipating around
70% of the total global tidal energy (Egbert and Ray, 2001).
Furthermore, ~38% of the global human population live within
the near-coastal zone (within 5km of the coast; Small & Nicholls,
2003) which is typically fringed by a shelf sea.

The North West European Shelf Seas (NWS) sit on a broad
continental shelf to the northwest of Europe. Though the tidal flow
is primarily oscillatory, non-linear effects result in persistent
“residual” currents that are fundamental to the connectivity of the
NWS, controlling sediment pathways (Pingree and Griffiths, 1979)
and influencing connectivity between larvae populations (Mayorga-
Adame et al., 2022). There are number of processes that contribute
to this effect: on the scale of ~10km the interaction of the oscillatory
flow with bathymetry on a rotating planet introduces relative
vorticity around bathymetric features of a certain sign whereas
frictional processes over bathymetric features can similarly result in
mean circulations, but of either direction (Huthnance, 1973;
Robinson, 1983; Polton, 2015). At these scales and larger,
Lagrangian drift of the tidal waves (following e.g. Stokes, 1847)
results in a net flux of momentum, whereas frictional processes
interacting with the tidal wave result in convergent momentum
fluxes (e.g. Nihoul, 1980). In superposition, the combined network
of residual flows and momentum fluxes are constrained by the
geometry of the semi-enclosed NWS as a whole and by the
important channels that join them (e.g. North Channel (~55°N,
5.5°W) and English Channel, Irish Sea and North Sea). Until now a
great deal of research has focused on the role tides play in
stratification (e.g. Simpson et al, 1978) and vertical mixing that
generate baroclinic residual currents (e.g. Hill et al., 2008), but we
shall focus on how tides impact the residual circulation from a
barotropic perspective.

General Circulation Models (GCMs, including global
climate models) simulate the global climate under greenhouse
gas emission scenarios, and hence can be used to predict future
changes to the climate. This is a computationally expensive task,
and so GCMs often exclude processes that are not required for
this core purpose. For example, the ocean component of GCMs
is often too coarse to adequately capture the details of the coastal
geography, or resolve coastal mesoscale eddies (the baroclinic
Rossby radius of deformation is ~4 km on the NWS).
Furthermore, most available GCMs and global ocean models
poorly simulate shelf seas processes (such as bottom friction)
and exclude processes altogether (such as dynamic tides) — while
GCMs simulate the global and regional climate well, they poorly
simulate tidal shelf sea regions such as the NWS. One method to
realistically simulate the future climate on the NWS is with
dynamic downscaling - taking GCM model output to drive a
high-resolution shelf seas model to provide more realistic
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simulations of the NWS environment (e.g. Tinker et al., 2016).
As well as adding physics (tides), it increases the resolution to
allow the simulation of relevant processes (e.g. tidally induced
mean flow over bathymetric features; Polton et al., 2005). There
are many studies of climate impacts (Townhill et al., 2017; King
et al,, 2021; Nagy et al,, 2021), present conditions (Tinker et al.,
2020), and seasonal predictability (Tinker et al., 2018; Tinker
and Hermanson, 2021) which rely on dynamic downscaling,
however this is technically challenging, and computationally
expensive. A better option would be to use the GCM data
directly, but their simulation of the NWS is rarely realistic
enough. While global ocean-only models are increasing in
resolution, and some are starting to include dynamic tides,
realistic tides are likely to remain absent from GCMs for a
long time. In order to improve the residual circulation of non-
tidal ocean models (including GCMs), we propose that the
tidally induced residual circulation can be parameterised.

The Met Office seasonal forecasting modelling system,
GloSea5 (MacLachlan et al.,, 2014), is based on the Met Office
Hadley Centre GCM, HadGEM3-GC2 (Williams et al., 2015),
with a non-tidal ocean model component based on NEMO
ORCAO025 (Storkey et al., 2018). Tinker and Hermanson
(2021) assessed GloSea5’s NWS winter circulation,
temperature and salinity. They concluded that there were
important circulation errors that would affect some advective
pathways, and so temperature and salinity - these errors
improved when the GloSea5 was dynamically downscaled with
a tidal shelf seas model [NEMO Coastal Ocean version 6 (CO6,
O’Dea et al., 2017), see later for details]. These improvements (to
circulation, temperature, and salinity) were thought to be caused
by the presence of tides (Tinker and Hermanson, 2021):
therefore, this study will investigate the impact of tides on the
NWS, when COG6 is run with and without tides.

1.1 GloSea5 simulation of the NWS

Tinker and Hermanson (2021) evaluated the NWS winter
(Dec-Feb) conditions of the (non-tidal) global ocean model
component of GloSea5 by comparing with the Copernicus
Marine Environment Monitoring Service NWS reanalysis'
(Renshaw et al., 2019, termed CMEMS hereafter). CMEMS is
based on the NEMO CO6 tidal model run for 23 years (1993-
2018), with sea surface temperature, and temperature and
salinity profile data assimilation. While it is difficult to
evaluate for residual circulation due to a lack of data (and
being a small signal relative to the tidal circulation), CMEMS
has been extensively evaluated for temperature, salinity, open
ocean currents (adjacent to the NWYS), tidal elevation (phase and

L CMEMS product code: NORTHWESTSHELF_REANALYSIS_PHY_PHY_
004_009
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amplitude), stratification, and a number of transport cross-
sections (Renshaw et al., 2019). CMEMS absolute temperature
biases over the NWS are $0.5°C and correlations with mooring
data are 20.98, and absolute salinity biases are <0.5 PSU.
CMEMS reproduces the major ocean current systems in the
region when compared to a near surface (15 m depth) NOAA
drifter-derived current climatology (Laurindo et al., 2017), and
the CMEMS transport has fair agreement with the (limited)
observational cross-section estimates. A tidal analysis shows the
CMEMS tide is simulated well, with the RMSD of the M,
constituent of tidal elevation of 12.6 cm for amplitude and 13°
for phase (Renshaw et al., 2019).

GloSea5 was able to capture many of the main features of the
CMEMS residual NWS circulation, as shown in Supplementary
Material Figure 1 (numbers in square brackets in the text below
refer to the numbered features in Figure 1C and Supplementary
Material Figure 1, and are described in Box 1). However, there
were important errors in the GloSea5 NWS circulation. The
currents in GloSea5 tended to have a greater magnitude than in
the CMEMS reanalysis (70% of the NWS has greater current
magnitudes in GloSea5 with a NWS-mean bias of +1.38 cms™") -
particularly in the English Channel, Irish Sea, the North Sea, and
the outer shelf regions adjacent the shelf break current. There
were several regions where the configuration of the currents was

10.3389/fmars.2022.847138

notably different: the English Channel and southern North Sea
[11], the German Bight [12] and the Irish Sea [8]. The most
substantial of these errors was in the Irish Sea, where GloSea5
had a southward current through the North Channel (55°N 5.5°
W) that extended down towards Cornwall [8], where it flowed
eastward, along the English coast of the English Channel [9] -
however, in reality (in observations) and in CMEMS, there is
instead a net northward flow through the Irish Sea. In the
English Channel, GloSea5 had a strong northeast current
flowing along the French Coast from Le Harve (50°N 0°)
through the Dover Strait (~51°N 1.6°E), and along the
European coast into the German Bight [10-12], whereas in
CMEMS this current tended to remain further offshore in
deeper water. Furthermore, GloSea5 did not have the strong
currents to the west of Normandy (around the Channel Islands,
[10], a region of very strong tides) that were present in CMEMS.

GloSea5 had a cold fresh bias in the Irish Sea, English
Channel, and southern North Sea (Supplementary Material
Figures 2C, F) when compared with CMEMS. This is
consistent with an (incorrect) southward residual current
through the Irish Sea and into the English Channel bringing
colder fresher water, as it mixes with the warmer, saltier water
from the Celtic Sea and Atlantic. There is also a reduction in
salinity predictability in this region, consistent with advected

Impact of tides on NWS residual circulation (transport and depth-mean currents)
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NWS Winter residual circulation in terms of volume transport (m® s, A=C) and depth-mean velocities (m s™* D—F) for baroc_tide (A, D) and
baroc_notide (B, E), and their differences (C, F). baroc_tide and baroc_notide are the simulations with and without tides and are defined in
section 2.2. The colouring shows the magnitude (on a logarithmic scale) of the transport (A, B) and velocity (D, E), while the streamlines (and
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in red. The numbers in (C, F) refer to pertinent circulation features, which are described in Box 1.
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BOX 1 Pertinent features of NWS circulation, as shown in Figure 1 (and Supplementary Material Figure 1). Box adapted from Tinker and Her-

manson (2021).

NWS circulation features that are relevant to this study are numbered in the panels of Figure 1: The shelf slope current (1, 2, 3) follows the shelf break (~500m
isobath). Inshore of this, 1) The Irish Coastal Current links to the Scottish Coastal Current, and then 4) the northern North Sea inflow; 5) and the Dooley Current
(following the 100 m isobath) connects to the 6) inflow into the Skagerrak, which retroflects, and flows out as 7) the Norwegian Coastal Current. baroc_notide (and
GloSea5) has an incorrect flow through the Irish Sea 8), which continues along the northern (English) coast of the English Channel (9) - in baroc_tide (and CMEMS
and in reality) the stronger western English Channel currents are along the French Coast, and around the Channel Isles (10), associated with substantial tides. The
southern (English Channel) North Sea Inflow follows a different pathway through the Southern Bight (11) and the German Bight (12) in baroc_notide (and GloSea5)
and baroc_tide (and CMEMS), with the baroc_tide flowing mainly to the west of 11 and 12, and the baroc_tide flow to the east of 11 and 12.

variability having an incorrect providence. GloSea5 has a salty
bias around Scotland (e.g. ~58°N 2°W), consistent with currents
in this region being too strong.

The English Channel is much warmer and saltier than in the
southern North Sea in CMEMS, and so there is a visible warm
salty plume into the Southern Bight (~52°N 3°E, from the Dover
Strait). In GloSea5, the fresher cooler English Channel is
(incorrectly) of similar temperature and salinity to the
southern North Sea, so the plume is not visible.

Tinker and Hermanson (2021) used model data from
GloSea5 to drive a regional shelf seas model (NEMO CO6) to
dynamically downscale two winters as a case study - this
improved the spatial resolution over the NWS, and added
important shelf seas processes (including tides). The
circulation errors (between GloSea5 and CMEMS) reduced in
these downscaled simulations, as did the temperature and
salinity biases. They speculated that the improved circulation
was responsible for the reduced temperature and salinity biases,
and while they suggested that the inclusion of tides in CO6
explained these circulation improvements, they did not explore
this further.

1.2 Study outline

In this study we investigate the role that tides play in the
residual circulation of the NWS, and the resulting temperature
and salinity distribution. We focus on winter circulation because
during this period the NWS is largely well mixed and so
baroclinic processes are less important, and to help explain the
results described in Tinker and Hermanson (2021). To this end,
we focus on the following scientific questions:

1. Is the NWS winter residual circulation different with
and without tides?
What is the impact of tides on:

a. the spatial pattern of the mean residual flow?
b. the variability of the mean residual flow?

c. the (volume) transport through cross-sections?

2. What are the implications for temperature and salinity
distribution?
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a. What are the possible mechanisms leading to
the differences?

i. Can these be parameterised into non-tidal
models?

We first describe the model and techniques we use in the
methodology section. In the results section we compare the
average winter depth-mean NWS residual circulation maps with
and without tides. We consider differences in the distributions in
the residual flow (with respect to inter-annual variability) with
and without tides, and consider whether the differences are
significant. We compare time-series of transport through
cross-sections with and without tides, noting that residual
transport, residual currents and advective pathways are related
but different parameters. We assess the impact of tides on the
spatial distribution of temperature and salinity. We then
consider different mechanisms by which the tides may
influence the residual current and investigate whether these
may be parameterised into non-tidal models. Finally, we
discuss the results and draw conclusions in the discussion and
conclusion sections.

2 Methods

We ran sensitivity studies of the NWS to simulate the effect
of tides on the residual flow structure. We used the NEMO
Coastal Ocean Model version 6 (CO6) as our shelf seas model,
and dynamically downscaled a GCM (HadGEM3) present-day
control simulation as used by Tinker et al. (2020).

We now introduce the models, and the simulations with our
experimental design. We also describe the analysis techniques
we will use. We introduce several abbreviations, so include their
definitions in Table 1.

2.1 Models

2.1.1 GCM present-day control simulation
We give a brief description of the present-day control
simulation of HadGEM3 GC3.0 (hereinafter PDCtrl) and the

frontiersin.org
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TABLE 1 Abbreviations introduced in this study.

10.3389/fmars.2022.847138

Copernicus Marine Environmental Monitoring Service, and in this study CMEMS refers to their NWS reanalysis specifically.

Present Day Control simulation. A 270-year HadGEM3 simulation with greenhouse gas concentrations fixed to those of the year 2000.

Abbreviation Description
NWS North West European Shelf Seas.

CMEMS

CO6 Coastal Ocean model, version 6. NEMO 3.6 run on the 7km NWS domain.
PDCtrl

OVL Overlap Coefficient.

PEA Potential Energy Anomaly.

TPT Tidal Phase-driven Transport.

VDM Vector Difference Magnitude.

VDMA Vector Difference Magnitude Anomaly.

simulations, and refer the reader to Tinker et al. (2020) for
full details.

HadGEM3 GC3.0 (Williams et al., 2018) is a Met Office
CMIP6 GCM. The ocean component is NEMO (Madec and
NEMO Team, 2016) run in the ORCAO025 configuration
(Storkey et al.,, 2018) - ~%° horizontal grid (~17 km on the
NWS) with tidal dissipation being parameterised, rather than
being modelled as dynamic tides.

For the PDCtrl, the greenhouse gas concentrations, ozone
concentrations and aerosol emissions were kept constant (or
with a repeating annual cycle) at year 2000 levels. This
simulation represents the near present-day for the duration of
the (270 year) model run (e.g. all model years between 1980 and
2250 represent conditions consistent with the year 2000). This
simulation has been assessed (for the model years 2030-2080) by
Williams et al. (2018), and Tinker et al. (2020) undertook
additional assessment for the NWS region.

PDCtrl was run with a 360-day calendar. In order to create
forcings for the Gregorian calendar (as used here), we repeated
the forcings from the 30" of January, March, May, July, August,
October, and December (to give data for the 31% of those
months), and ignored the data from the 29" and 30" of
February (for common years).

2.1.2 Downscaling tidal model: NEMO CO6

CO6 (O’Dea et al., 2017) is a primitive equation, Boussinesg,
3D baroclinic hydrodynamic model, with a non-linear free
surface, and is run on a 7 km NWS domain. This domain
extends from 40°4’N 19°W to 65°N 13°E, with a 1/9° by 1/15°
resolution (longitude and latitude respectively, ~7km), and 50
hybrid terrain following vertical levels (Siddorn and Furner,
2013). CO6 is a well-established model, being used operationally
at the Met Office, as the basis of the Copernicus NWS reanalysis
(Renshaw et al., 2019), and as a research tool (Hermans et al.,
2020; Tinker et al., 2020; Tinker and Hermanson, 2021).

CO6 simulates the tides directly, forced by the primary 15 tidal
constituents of the NWS (M,, S,, N,, K,, K;, NU,, Oy, L,, 2N,,
MU,, Ty, My, Qy, Py, ;) for both elevation and barotropic currents,
taken from a tidal model of the North Atlantic (Flather, 1981).
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These are added to the ocean lateral boundary conditions and as
tide generating forces in the model interior. The CO6 tides are
assessed by (Renshaw et al,, 2019) in the Copernicus reanalysis.

We briefly describe the downscaling technique — please refer
to Tinker et al. (2020) for further details. We used model output
from PDCtrl to provide our atmosphere and ocean boundary
conditions for CO6 (hourly wind and pressure data, 6-hourly
heat and freshwater fluxes, and daily-mean three-dimensional
ocean temperature and salinity, barotropic velocities and sea
surface height). We use a climatology for the river forcings, and
for the exchange with the Baltic Sea.

2.2 Experimental design

We explore the impact of the tide on the winter NWS
circulation by downscaling 10 years of PDCtr]l with CO6, with
and without tides. These simulations are referred to as
baroc_tide and baroc_notide, respectively. When simulating
without the tides, we do not add the 15 tidal constituents to
the ocean lateral boundary conditions, or as tidal generating
force. Otherwise, the two simulations are identical. We discard
the first 11 months of the simulation as spin up. As we are
mainly interested in tides and barotropic processes the model
spins up quickly, and we consider this to be sufficient spin up
time. The results are not qualitatively different when we increase
the spin up time by another year, or in equivalent simulations
with 10-year spin-up periods.

We develop two proof-of-concept parameterisations to
simulate the effect of the tide on the residual circulation
in non-tidal models. These are individually assessed in a
pair of simulations (referred to as baroc_notide_TPT and
baroc_notide_modCD), and in combination (referred to as
baroc_notide_TPT_modCD). These parameterisations and
simulations are described in Simulating the impact of tidal
processes in non-tidal models.

During the winter the NWS is vertically mixed in most
places, however in the non-tidal simulations the reduced mixing
may allow stratification. We show that without tides, while there

frontiersin.org


https://doi.org/10.3389/fmars.2022.847138
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Tinker et al.

is localised stratification, the winter NWS is still largely mixed in
baroc_notide. We focus on the winter, but briefly discuss the
results in a summer context in the discussion.

2.3 Definition of the tidal
residual currents

We have defined the tidal residual current as being the non-
tidal part of the current. This can be calculated by removing the
oscillating tidal signal from the modelled current velocities. The
tides can be removed with a tidal filter such as the Doodson filter
(e.g. Pugh, 1987), by a harmonic analysis, or simply by taking 25
hour or even monthly means. We typically used a Doodson filter
described below.

2.4 Doodson tidal filtering

We de-tided the hourly currents with a Doodson tidal filter
(e.g. Pugh, 1987) before averaging up to monthly means.
However, we found that using monthly means, without
filtering, gave very similar results. We compared the monthly
means made of hourly data, with those made up of (Doodson)
de-tided hourly data in Supplementary Figure 3. Using 11 years
of monthly data (1980-1990, 132 months) of sea surface height
and the depth-mean current components, we show that the two
methods are highly correlated, that they have very similar
variability and small biases.

2.5 Stream function from volume
transport, and volume transport
cross section

Volume transport is calculated online by CO6 (at every time
step), and output as a daily mean product. The total horizontal
transport (summed over all the vertical levels) is used to calculate
the stream function: the model output volume transport is
vertically summed, and then the northward volume transport
component is cumulatively added from the east. The NWS
model domain has a land boundary across the entire eastern
boundary, and so knowledge of the stream function values at the
open ocean boundary are not necessary.

Volume transport cross sections time series are calculated
online by CO6 along predefined cross-sections (shown in
Figure 3), and output as hourly means.

2.6 Residual current significance

Residual currents are vector quantities so many simple analysis
techniques are not applicable. The eastward and northward
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components of the residual currents are typically normally
distributed (Appendix Figure 1), but taken together have a
bivariate normal distribution. This means their distribution is a
Gaussian surface, rather than the Gaussian curve typical of scalar
quantities (such as temperature). The maximum of this surface is
centred on the mean current, and it decreases in all directions
following a Gaussian curve. It has elliptical contours (contours of
equal probability density) which vary from a straight line to an
ellipse to a circle, depending on the variance and co-variance of the
eastward and northward components. The volume under the
surface integrates to 1. When plotting the residual currents (the
northward component against the eastward component), most
points (95%) fall around the mean current, within an ellipse that
which encloses 2.45 standard deviation from the mean. By fitting
uncertainty ellipses around the mean residual current (for a give
number of standard deviations) we can simplify the description and
analysis of the residual currents, allowing us to consider how steady
a current is, and whether it is significant, given the inter-annual
variability. Appendix section Probability Levels shows how the 2.45
standard deviations threshold is calculated from a chi-square
distribution to capture 95% of the data.

When considering a normal distribution of a scalar property
(such as temperature biases, or one of the velocity components),
the mean + 1.96 standard deviations encompass 95% of the data.
When the absolute mean of a distribution is greater than 1.96
standard deviations, 0 is not within mean +1.96 standard
deviations, and the distribution is effectively significantly
different from zero (at the 5% level). When considering a
bivariate normal distribution, a 2.45 standard deviation ellipse
centred on the mean residual current accounts for 95% of the
residual current. If the origin is outside the 1 standard deviation
ellipse, we consider the current to be “quasi-steady”. If the origin
is outside the 2.45 standard deviation ellipse, we consider the
current to be significantly different from zero.

We can use this approach to assess the similarity of two
residual current distributions. In the Appendix (Supplementary
Material Data Sheet 2) we give two methods for doing this, the
more intuitive ellipse overlap method, and the more robust
Overlap Coefficient (OVL, Inman and Bradley, 1989) method,
which we use in this paper. When comparing two scalar
distributions, the more their Gaussian distribution overlap, the
more similar they are (Appendix Figure 2T). The OVL is the area
under both Gaussian curves, and ranges from ~0 (distributions
very different) to 1 (distributions are identical). We extend this
method to compare 2-dimensional Gaussian distribution
surfaces by integrating the volume under both surfaces. Full
details of how this is calculated is given in the Appendix
(Supplementary Material Data Sheet 2).

As our runs were 10 years long, we used the 30 individual
winter months (December, January and February), rather than
winter mean residual currents. This increases the variance (the
size of the ellipses) and decreases the area of the NWS with
significant currents.

frontiersin.org


https://doi.org/10.3389/fmars.2022.847138
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Tinker et al.

A python library to calculate and analyse residual current
uncertainty ellipses is available (Tinker and Polton, 2022, https://
doi.org/10.5281/zenodo.6482468). See Appendix section Python
Library for further details.

2.7 Vector difference magnitude and
vector difference magnitude anomaly

To show the impact of different tidal parameterisations on
the residual currents, we use the Vector Difference Magnitude
(VDM) between the baroc_tide and a non-tidal run. We always
use VDM to refer to differences from the baroc_tide simulation,
and so it is only subscribed with the non-tidal run (referred to as
simulation 111 the following equation). VDM uiarion is defined as:

VDMsimulation = | Ubaroc?tide - Usimulation|

2 2
= \/ (ubamc _tide — usimulution) - (vhuroc _tide — simulation) (1)

where U = (1, v) is the depth-mean residual currents at a given
point and the subscript denotes the experiment name
(baroc_tide, Or gpuarion being baroc_notide or one of the other
non-tidal simulations). VDM represents the magnitude of the
vector difference (in cm s') between the two vectors, as
illustrated in Supplementary Material Figure 10. Thus, VDM
captures how different the two currents are in terms of
magnitude and direction (e.g. Supplementary Material
Figures 11 A-D).

We then ask if a different tidal parameterisation increases or
decreases VDM (relative to the VDMparoc notide) using the
Vector Difference Magnitude Anomaly (VDMA). For example,
to ask if a tidal parameterisation (e.g. TPT) improves the
circulation of a non-tidal simulation, we calculate the
difference between VDMparoc notide @d VDMyparoc notide_ TPT-

VDMAyaroc_notide_TPT 18:

VDMAbaroc _notide_TPT = VDMbarac_ notide —

VDMbaroc _ notide _ TPT
= Uba7057 tide — Ubar¢767 notide | - | Ubur067 tide — Uba7067 notide_ TPT ‘

2
= \/(uharoc_tide - ubaruc_notide) -

2
(Vbarac _tide — Vbarac_ notide)

2
- (uharocftide — Uparoc_notide TPT) -

2
(Vburoc _tide ~ Vbaroc_ notide _ TPT)
(2)

VDMA always refers to difference from VDMyp,,oc notides a2d s0
is only subscripted with the name of the tidal parameterisation
simulation. VDMA is also illustrated in Supplementary Materials
Figure 10B. When VDMA is negative, the tidal parameterisation
results in depth-mean residual currents that are closer to baroc_tide

Frontiers in Marine Science

07

10.3389/fmars.2022.847138

(at that point), and when it is positive, the tidal parameterisation
increases the difference from the baroc_tide.

3 Results

We simulate the NWS winter circulation, with and without
tides, to assess the impact of tides on the residual circulation, and
on temperature and salinity distributions. As explained below,
these simulations show similarities and differences to the
data assimilating CMEMS reanalysis and the GloSea5 GCM
simulations described by Tinker and Hermanson (2021)
(Supplementary Material Figure 1). We show that the
tides affect the circulation, and temperature and salinity
distributions of the NWS, particularly through the Irish Sea,
English Channel, Dover Strait, and the southern North Sea.

3.1 Evaluation

Our model sensitivity studies are very similar to Tinker et al.
(2018) and have been evaluated in their study. We have undertaken
additional evaluation to show that our model runs simulate the tidal
processes sufficiently for this work (included in the additional
Supplementary Materials). Supplementary Material Figure 4
shows the co-tidal charts for the dominant 4 tidal constituents, as
well as the M, shallow water component, and the root mean
squared difference error term (between baroc_tide and the
harmonic analysis) which quantifies residuals not captured by the
15 tidal constituents of the tidal analysis.

Interactions between the M, constituent and higher, shallow
water harmonics, can lead to tidal asymmetry with unequal peak
flood and ebb flows (as shown by Piano et al., 2017). This shouldn’t
have an implication to the net transport (the sum of multiple cosine
waves integrates to zero), however, bed stress and energy flux are
functions of the second and third power of velocity, and these do
not necessarily integrate to zero over a tidal cycle (Domingues et al,
2008). Supplementary Material Figure 5A shows the bed stress
resulting from the M,-M, asymmetry (a mechanism that drives
sediment transport). Our model simulates the realistic pattern as
shown by Pingree and Griffiths (1979). The phase difference
between the M, surface elevation and M, depth-averaged current
shows where the M, tide is classified as a progressive wave (peak
tidal currents occurring towards High and Low Water) or a
standing wave (peak tidal currents occurring mid-way between
High and Low Water) - our model simulates the realistic pattern as
shown by Ward et al. (2018).

3.2 The impact of tides on circulation

We consider the pattern of the residual circulation, the
variability around this, and we also consider volume transport
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through selected cross-sections, as these can provide quantitative
evidence on temporal changes, at the expense of spatial resolution.

3.2.1 Differences in the residual circulation

There is a general agreement in the climatological winter
mean NWS residual circulation between the simulation with
tides (baroc_tide) and the simulation without tides
(baroc_notide) (Figure 1), but there are some important
differences. The removal of tides increased the transport: 82%
of the seaspace of the NWS had depth-mean current magnitudes
which were greater in baroc_notide than baroc_tide - this
equated to an average increase in residual velocity magnitude
over the NWS of 39% (0.77 cm s™) (comparing Figures 1E, D,
red areas in Figures 1C, F). This is particularly clear inside the
shelf break, where the slope current appears to (unrealistically)
extend further onto the shelf in baroc_notide. The North Sea
inflow ([4]), the Dooley Current ([5]) and the flow in and out of
the Norwegian Trench ([6 & 7]) are all greater in baroc_notide
than in baroc_tide. Additionally, baroc_notide simulated greater
transport in many coastal regions, such as along the southern
coast of southwest England, and along the European coast
adjacent to and east of the Dover Strait. This suggests a tidal
mechanism which reduces the residual velocity over large areas
of the NWS. Conversely, weaker transport was simulated with
baroc_notide in the southern English Channel and in parts of
the Irish Sea - both regions of important tidal processes where
tidal currents regularly exceed 1 m s™ (Robins et al., 2015), and
in the southern central North Sea. This suggests a different tidal
mechanism that increases the residual currents in locations with
large tidal currents.

The northward Shelf Break Current follows the 500m isobar
around the western (and north-western) edge of the NWS. It is
driven by the Joint Effect of Relief and Baroclinicity (JEBAR,
Huthnance, 1984), and acts to quasi-isolate the NWS from the
North Atlantic (Wakelin et al., 2009). It is well reproduced in
baroc_tide, but it flows onto the shelf in the Celtic Sea in
baroc_notide, and tends to extend further onto the shelf right
around the NWS shelf break. This leads to much greater residual
current magnitudes around the western edge of the NWS in
baroc_notide (than baroc_tide; e.g. [1], [2], [3] in Figures 1C, F).

In the Celtic Sea, there is a fairly persistent westward flow,
with water in the southern Celtic Sea tending to flow into the
English Channel, and water in the north tending to flow into the
Irish Sea. This is captured by baroc_tide, whereas in
baroc_notide the Celtic Sea currents are variable (in terms of
inter-annual variability, Figure 2B).

In the Irish Sea there is a significant northward current along
the eastern coast of the Irish Sea (i.e. from western Cornwall
(50.75°N 5°W) to south Wales (51.5°N 5°W), and from
northwest Wales (53.25°N 5°W) towards the North Channel
(55°N 5.5°W) which is captured by baroc_tide whereas in
baroc_notide, there is a southwards current flowing through
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the North Channel, down the centre of the Irish Sea, and into the
Celtic Sea (Figure 1B). Despite these fundamental differences,
both simulations have a net northward transport though the
Irish Sea (Figure 3).

There is a net eastward transport through the English
Channel. The tides are stronger along the French coast, and
these large tides drive non-linear elevation-current interactions,
which lead to stronger residual circulation along the French
coast of the English Channel than the English coast. The above
residual circulation pattern was well captured with the
baroc_tide simulation. Conversely, in the baroc_notide, the
flow is (unrealistically) concentrated along the English coast.

Both the English Channel, and eastern Irish Sea are regions
of large tides. A tidal mechanism that acts to increases the
residual current speed would help explain the difference between
baroc_tide and baroc_notide in these regions.

3.2.2 Residual flow variability and significance

There are also differences in the inter-annual variability
(over the 10-year simulations) about the mean residual
currents in the baroc_tide and baroc_notide NWS simulations
(Figures 2A, B). For a given location, the residual currents from
each simulation form a distribution, which is summarised as an
uncertainty ellipse. By considering the properties of these
ellipses, we can simplify the description and analysis of the
currents. First, we look at the significance of the mean residual
circulation by seeing if the origin is within the uncertainty ellipse
(i.e. whether the mean residual current is greater than 2.45
standard deviations of its variability - see Residual current
significance and the Appendix for details) for the two
simulations, and show where they differ. We then compare the
magnitude of the interannual variability of the residual
circulation. Finally, we consider the similarity of the
distributions of the residual currents in the two simulations
(in terms of residual current Overlap Coefficient, OVL).

In most regions, the residual currents vary inter-annually in
their location and magnitude - as such these currents are rarely
significant, although can often be considered quasi-steady (with
their mean greater than 1 standard deviation rather than 2.45).
Where residual currents are persistent over time (e.g.
topographically constrained), they are often significant.

In particular, the main circulation structure that feeds into
the North Sea northern inflow ([4]), and the transport either side
of the Norwegian Trench ([7]) are significant in both baroc_tide
and baroc_notide (Figures 2A, B), with similar spatial extents,
although they appear to have a greater magnitude
in baroc_notide.

Away from the main northern North Sea inflow, there are
several regions where there is a significant residual current that is
present in the baroc_tide but absent in baroc_notide. The East
Anglia Plume (~53°N 3°E, the eastward extension of the
southward current along eastern Britain) is significant in
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increment every 25% (0.25).

baroc_tide but is not significant in baroc_notide. The northward
currents along the north Devon coast and the south coast of
Wales (shown in Figure 1A) are significant in baroc_tide, as are
the currents northward from northwest Wales — these are all
absent or not significant in baroc_notide. The waters around
Channel Islands and Cotentin Peninsula (~49.75°N 2°W,
Normandy) have very large tides, and in this region baroc_tide
has strong significant eastward residual currents that are absent
in baroc_notide. The strong eastward current along the
southwest British coast of the English Channel in baroc_notide
is not significant. Currents that are stronger but less significant
in baroc_notide (than in baroc_tide) are likely to be more
variable in baroc_notide. If a tidal process predominantly
drives a residual current in one direction, its likely to reduce
the variability, and increase the significance, even if the mean
velocities are lower.

We can compare the magnitude of the variability of the
residual flow (Figure 2C). The ratio of the areas of the residual
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current ellipses shows that the inter-annual variability of the
mean residual flow of baroc_tide is substantially less than that of
baroc_notide over most of the NWS (Figure 2C). In the Irish Sea,
English Channel, and southern North Sea, the baroc_tide (2.45
standard deviation) ellipses are less than 25% of those of
baroc_notide. Central and northern North Sea, and the Irish
and Shetland shelves are closer to 50-75%. However, in the
southwest Celtic Sea, the shelf break, Norwegian Trench and
isolated regions across the NWS, the baroc_tide had a greater
variability in the mean residual current. Most regions with large
M, tidal amplitudes (Supplementary Material Figure 4) have
lower residual currents variability in baroc_tide than in
baroc_notide, again suggesting that tides reduce the variability
of the residual circulation.

Finally, we compare the similarity of the residual current
distributions of the two simulations (Figure 2D). We use the
OVL (Overlap Coefficient, described in Residual current
significance and in the Appendix) to quantify the similarity
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integrated over the whole distribution. For given point, when the
distributions are identical (same mean, variance and
covariance), the OVL is 1, and this deceases towards 0 as the
distributions diverge. OVL captures both the change in the mean
and the variability of the residual currents.

OVL (Figure 2D) effectively shows where the tides affect the
distribution of residual currents. The OVL is relatively high to
the north of Ireland, the eastern North Sea and Norwegian
Trench reflecting a similarity of the residual current
distributions in both baroc_tide and baroc_notide, suggesting
that the residual current are relatively insensitive to the tides in
these regions. Conversely, in the English Channel, Irish Sea, and
Southern Bight ([11]), and around the east coast of Scotland, the
OVL is low, suggesting a difference between the two models, and
that tidal processes play an important role in the residual
currents in these regions. OVL is similar to the inverse of the
M, amplitude (Supplementary Material Figure 4), with higher
tides in the eastern Irish Sea, Celtic Sea, English Channel and
western (and southern) North Sea being co-located with lower
OVL values.

3.2.3 Quantitative volume transport
cross-sections

Volume transport cross-sections through the Irish Sea,
English Channel and North Sea northern Inflow are described
in Figure 3 and Table 2. Transport cross-sections are an
important component of budget analysis, but cannot be
directly interpreted for connectivity issues, such as the
advective pathways and water body providence. For example,
if we are interested in the origin of the English Channel water,
and a particular model simulation has a continuous current
flowing through the North Channel, down the Irish Sea, and into

10.3389/fmars.2022.847138

the English Channel, with a very clear providence and
connectivity, this could be very clear in the transport cross-
sections. Or, there could be an unrelated counter current flowing
north, which masks this connectivity in the transport
cross section.

The northward flow through the Irish Sea was substantially
weaker (~30%) in baroc_notide than in baroc_tide.
Furthermore, the transport inter-annual variability was
substantially greater in baroc_notide; However, the difference
is not significant, and there were some years when the
baroc_notide is stronger than baroc_tide.

The flow through the Dover Strait ([11]) and into the
southern North Sea was ~6% stronger in baroc_notide than
baroc_tide (through model cross sections 35, 34 and 33). Again,
there was more transport inter-annual variability in the
baroc_notide than in baroc_tide.

The northern North Sea inflow (between Scotland and
Shetland, [4]) was greater in baroc_notide than baroc_tide,
particularly via the Fair Isle Current (Figure 3, section 45, 37%
stronger). There was little difference in the inflow to the east of
the Shetlands (section 48), but the Norwegian Trench outflow is
8% stronger in baroc_notide than in baroc_tide.

There was considerable inter-annual variability in the net
transport, and so there was seldom any significant difference
between the baroc_tide and baroc_notide (section 45 being an
exception). Analysis of the time series of the positive and
negative components of the transport may illuminate more
subtle differences, but the tidal oscillations make this difficult
and less meaningful. It was interesting to note that in the Irish
Sea and English Channel profiles (Figures 3D-G) inter-annual
variability was typically stronger in the baroc_notide than
in baroc_tide.

TABLE 2 Mean transport through cross-sections for baroc_tide and baroc_notide.

Cross- Cross- baroc_tide baroc_tide (inter-annual baroc_notide baroc_notide (inter- Percent Difference [100%
section section (mean) variability: 5th-95th (mean) annual variability: 5th- x (baroc_notide -
number  name percentile range) 95th percentile range)  baroc_tide)/baroc_notide]
23 Larne 0.027 Sv (-0.062 Sv - 0.107 Sv) 0.020 Sv (-0.136 Sv - 0.184 Sv) -30.60%
36 Dublin- 0.025 Sv (-0.064 Sv - 0.104 Sv) 0.018 Sv (-0.138 Sv - 0.181 Sv) -33.85%
Holyhead
49 Rosslare 0.024 Sv (-0.064 Sv - 0.103 Sv) 0.018 Sv (-0.139 Sv - 0.180 Sv) -35.29%
22 Plymouth 0.105 Sv (0.041 Sv - 0.186 Sv) 0.112 Sv (-0.011 Sv - 0.273 Sv) 6.04%
35 Cherbourgh ~ 0.106 Sv (0.042 Sv - 0.188 Sv) 0.113 Sv (-0.010 Sv - 0.274 Sv) 5.93%
34 Dover 0.108 Sv (0.044 Sv - 0.190 Sv) 0.115 Sv (-0.008 Sv - 0.276 Sv) 5.81%
Strait
33 Noordwijk 0.112 Sv (0.048 Sv - 0.193 Sv) 0.118 Sv (-0.005 Sv - 0.280 Sv) 5.60%
45 Scotland 0.108 Sv (0.084 Sv - 0.133 Sv) 0.171 Sv (0.129 Sv - 0.216 Sv) 37.19%
Orkney
46 Orkney 0.499 Sv (0.365 Sv - 0.659 Sv) 0.555 Sv (0.423 Sv - 0.716 Sv) 10.15%
Fair Isle
47 Shetland N 0.448 Sv (0.255 Sv - 0.663 Sv) 0.425 Sv (0.251 Sv - 0.614 Sv) -5.54%
48 Sojgnesjoen -1.180 Sv (-1.552 Sv - -0.911 Sv) -1.282 Sv (-1.624 Sv - -1.019 Sv) 8.00%
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3.2.4 The impact of tides on temperature
and salinity

Tinker and Hermanson (2021) suggested that some of the
differences in temperature and salinity between GloSea5 and
CMEMS, and their predictability, can be explained by the
difference in the circulation. Here we assess the impact tides
have on the temperature and salinity distributions.

The winter NWS SSTs are generally cooler without tides
(Figure 4), although in most regions this is insignificant. There
are large regions of the Irish Sea, northeast Celtic Sea and
English Channel that are significantly cooler (up to 0.8°C)
without tides. The same regions are significantly fresher
without tides, although the fresher region extends through the
Dover Strait and the Southern Bight, across the German Bight
(without entering it — there is a small region with a significant
increase in salinity in the coastal interior of the German Bight),
and approaches the Jutland Peninsula (~57°N 8°E) and the
Kattegat/Skagerrak. The salinity distributions suggest that
the transport of saline oceanic water across the Celtic Sea into
the English Channel and Irish Sea is weaker without tides.

There is a significant increase in salinity (without tides) to
the west of Ireland and west and north of Scotland, and through
the northern North Sea inflow. This is consistent with the greater
Scotland-Shetland North Sea inflow transporting saline Atlantic
water into these regions. Many coastal regions have significant

10.3389/fmars.2022.847138

increase in salinity (without tides), including parts of the west
and east coast of the UK, and the European coast north and west
of Rhine and the Elbe - tides play an important role in such
Regions of Freshwater Influence (ROFIs; e.g. Simpson, 1997).

The difference between SST (and SSS) caused by tides (i.e.
the difference between baroc_tide and baroc_notide) is
remarkably similar to the difference between the CMEMS
reanalysis (with tides) and GloSea5 simulations (without tides)
(see Supplementary Material Figure 2F), in terms of both spatial
pattern and magnitude. This suggests the GloSea5 temperature
and salinity biases are associated with the missing tides.

In baroc_notide, there is a slight increase in stratification
compared with baroc_tide (Supplementary Material Figure 6),
although most of the NWS is still considered fully mixed
(Potential Energy Anomaly (PEA) < 10 J m™). Baroc_notide
has an unrealistic ribbon of salinity driven stratification up the
centre of the Irish Sea (PEA ~50 ] m™), temperature and salinity
driven salinity in the northern Celtic Sea, and a small region of
temperature driven stratification in the western approaches of
the English Channel (Supplementary Material Figures 7, 8). The
baroc_notide-baroc_tide SST and SSS anomalies do not simply
reflect this change in stratification, as they are present in the
Near Bottom Temperature and Salinity (NBT and NBS
respectively) (to greater/lesser extent that in SST/SSS, see
Supplementary Material Figure 8).

Impact of tides on SST and SSS
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3.3 Theoretical mechanisms linking tides
and residual circulation

We have shown important differences in the mean flow and
tracer fields (temperature and salinity) between the simulations
with and without tides. We have speculated about a possible tidal
mechanism which tends to reduce the mean velocity over most
of the NWS, and another which increases the mean residual
current, and perhaps reduces its variability. There are a several
tidal mechanism which interact with the residual circulation (e.g.
see Robinson (1983) for overview). We now investigate two of
these tidal mechanisms that affect the residual flow field, and
may fill these roles. As well as considering local effects, we note
the connected nature of circulation allows remote mechanisms
to have a local effect.

Firstly, the phase difference between the timings of high
water and slack water can drive residual circulation. Secondly,
the greater instantaneous velocities associated with tides affect
the bed stress and friction that can impact residual circulation.
Here we consider these in turn.

3.3.1 Tidal phase difference driven transport

Transport is the product of (depth-mean) velocity and the
depth of water, therefore differences in the phase of the surface
elevation and velocity tidal cycle can lead to a residual transport.
This concept is seen elsewhere in the oceanographic literature as
a “bolus” transport (Rhines, 1982; McDougall, 1991; Marshall,
1997). In shallow water it is manifest, for example, if the peak
flood occurs during high water (ie. a progressive wave) and
transports more water than the peak ebb at low water (Prandle,
1997). We refer to this mechanism as Tidal Phase-driven
Transport (TPT). It is similar to Stokes Drift in wind-wave
transport, although strictly speaking Stokes Drift is driven by the
wave orbital motions, and as we are considering depth-mean
flow, this is different. This term is the difference between the
Lagrangian and Eulerian transport (Robinson, 1983).

We take a numerical approach, by calculating TPT as the
northward and eastward components of the volume flux (Qrpry,
Qrpry) Over a complete M, tidal cycle (with 1000 time-steps):

"=l (apsin (ot + ¢y) +D)(agsin (opt+dy) )es
Qrpry = / T
0 M2

=

dt=u

(©)

- /t:Tm (apsin (ont + o) +D]2 (apsin (opt+dy) )el Q=i
=0 M2

where T, a, oand ¢ denote the M, period, amplitude, frequency,
and phase for sea surface height (1) and the depth-mean U and
V velocity components. D gives the depth of water, and ¢} and e}

Frontiers in Marine Science

13

10.3389/fmars.2022.847138

give the northward and eastward grid box size (m). This can also
be considered the time mean product of the tidally (sinusoidally)
varying components of the velocity and depth (&, 7, h).

We calculated the residual transport associated with this
TPT for our simulations (Figure 5A). Many areas where the
residual currents are increased with tides (Figure 1C) show
substantial transport associated with the TPT. There is a clear
northward transport through the Irish Sea, along the north
Cornish and Devon coasts (~50.75°N 5°W), along the
southern coast of the English Channel, all of which are
missing in the GloSea5 simulation. It also enhances the
cyclonic North Sea transport, the English Channel through
flow, and the cross Celtic Sea flow. The TPT is reduced when
the M, tide is a standing wave (e.g. Supplementary Figure 5B).

We also explored a related mechanism, that of tidal stress
(Nihoul, 1980), which allows energy transfer between the mean and
tidal flow. Like the TPT Mechanism, the tidal stress captures the
Lagrangian advective term (1V=(u)) of the Navier-Stokes equation,
however, as it is less applicable, we do not further investigate it. For
further details, please refer to the supplementary materials.

3.3.2 Impact of tides on bed stress

We have seen that the tides tend to slow the residual
circulation over most of the NWS. One possible mechanism is
a change to the friction of the system.

To first order we are interested in understanding the balance
of forces that modify the residual circulation. We are particularly
interested in the role of tides on the residual circulation, which
we can notionally separate into Eulerian (non-tidal) and
Lagrangian (tidal) contributions:

D(T t
D(Tranport) =4/ (Eulerian Transport)
Dt
+/a(TPT  drift) (5)
In a steady state, the transport is then given by:
D(Ts t
fx D(Tranport) = (pressure terms) + Ty = Tpeg ~ (6)

Dt

Considering this balance, omitting tides will have a most
significant effect through the 7., term. This is because bed stress
is a non-linear term that varies with the mean magnitude of
velocity (squared). In a non-tidal simulation (in the absence of a
strongly oscillating flow), the bed stress is therefore
underestimated because the instantaneous velocities are
reduced. Other terms are not so directly affected by tides
(though barotropic and baroclinic pressure gradients could be
indirectly affected by mixing). We therefore conjecture that we
could go some way to reconstruct the effect of tides in the
transport equation by making the 7., term act as if it included
tides. If Tj.4 is an important term in closing the transport budget
for a circulation with tides then the circulation will improve
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TPT, and its impacts on currents magnitudes
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(A) Residual transport associated with TPT (cm s3), and (B) the impact the TPT tidal parameterisation has on the depth-mean current
magnitudes (baroc_notide_TPT-baroc_notide). The colour denotes the change in magnitude (cm s™*) and arrows give direction (not magnitude).
Red shows where the current is faster in the tidal parameterisation simulation than in baroc_notide.

when 7,4 is parameterised to include tidal effects. If on the other
hand 7., is not so important in the transport budget that
determines the circulation under tidal forcing, then the
circulation would not be expected to improve with a modified
Tpea- The drag coefficient in 7,4 is locally scaled to capture the
missing drag from the oscillatory flow such that (Tpeq)notide =
(Thea)tide-

Making the parameterisation a function of the flow, rather than
just prescribing a drag, opens a route to developing a dynamic tidal
parameterisation for coarse resolution shelf regions.

Friction with the bed leads to bed stress (T and 1y) as:

T, = —Cpuvu? +v%;
= —CpyVu? +*

Where Cp is the drag coefficient and u and v are the

g

%

(instantaneous, hourly) bed velocities.
With a magnitude (||7||):

7/l = /% + 5 = |Cpl (* ++*) = |Cpl[[U][*

The NWS bed stress magnitudes are substantially higher in
baroc_tide compared with baroc_notide (Figure 6). This is

®)

particularly the case in the English Channel, Southern Bight
([11]) and Irish Sea, where the tides are strong. The bed stress
directions do not agree with the mean residual circulation, or the
difference between baroc_tide and baroc_notide mean residual
circulation - highlighting the importance of other terms of the
equation of motion.

The differences in bed stresses in baroc_tide and baroc_notide
may lead to differences in the mean SSH field, which would drive

Frontiers in Marine Science

14

different residual circulations. Matching the momentum budget
between baroc_tide and baroc_notide via the bed stresses may
improve this aspect of the residual circulation. As both simulations
have a common drag coefficient (Figure 6C), we can use the ratio of
bed stress magnitudes (Figures 6A, B) to construct a drag coefficient
for non-tidal simulations, Cpyoride

||| 7ide=I1 7| NoTide then

DTide Tide = |CDNoTide|||UNnTideH2 )
|Coridell| Urice |
and therefore:
|[Urige | 7] 7ide
|Cpnotidel = Cp = (10)
o HUNoTide||2 ||UNoTide||2

This modified drag coefficient is presented in Figure 6D
(note the logged scale and different limits compared with
Figure 6C). We averaged this over 369 days (the modulus of
8856 hours and the M, period (12.4206 hr) is about 7 minutes, so
the M,, S, and annual cycle have been effectively removed) to
give a modified bed drag coefficient.

3.4 Simulating the impact of tidal
processes in hon-tidal models

We have shown that the absence of tides affects the residual
circulation, and also impacts the temperature and salinity fields. Most
state-of-the-art global ocean (and climate) models do not simulate
tides, and so their residual circulation and tracer distribution could be
affected, as suggested by Tinker and Hermanson (2021). We have
identified two mechanisms by which the tides can impact the residual
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Bed Stress magnitude and Drag Coefficient (369d)
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simulations to match that of the tidal simulations

circulation — the TPT, which acts to drive the mean current, and the
modified bed drag, which acts to slow the mean current. We now
attempt to parameterise these mechanisms, and incorporate them into
NEMO CO6, to simulate the effect of tides in a non-tidal simulation.

We first describe the parameterisations, introduce an
experimental design to test them, and then describe the effect
they have on the residual circulation, and temperature and salinity.

To parameterise the effect of the TPT, we save the tidal mean
fluxes from equation (3) and (4) (and illustrated as depth-mean
velocities in Figure 5A). These are read in NEMO CO6 as an
ancillary file. These fluxes are implemented as a force term by
forming a vector cross product with the Coriolis term (fxurpr).
This can then be added to the barotropic flux equation of motion
every timestep:

d
d—l:=+f(v+vTPT)+... (11)
d
d—: = —f(u + quT) +... (12)
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The baroc_notide simulation is repeated with this
parameterisation, hereafter referred to as baroc_notide_TPT.

To parameterise the effect of the modified bed drag
coefticient we have adapted NEMO CO6 to use the modified
bed drag coefficient as calculated in equation (10) and shown in
Figure 6D. We cap the drag coefficient to a maximum value of
2.2, the NWS 99.5" percentile value of the modified drag
coefficient. We have re-run baroc_notide with the modified
bed drag coefficient (baroc_notide_modCD).

We also run a simulation with both the TPT and modified bed
drag coefficient, here in after referred to as baroc_notide TPT_
modCD. These experiments are summarised in Table 3.

3.4.1 Assessing the impact of the
tidal parameterisations

We first assess how these parameterisations affect the
residual circulation, in terms of the mean and the variability,
and then consider temperature and salinity.
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The TPT parameterisation tends to increase the depth-mean
residual velocity magnitude (as shown in Figure 5B as the
difference in the magnitudes of the depth-mean residual
velocities in baroc_notide_TPT minus baroc_notide). This is
particularly clear along the coasts of north Cornwall and south
Wales (51.5°N 5°W), the French coast of the western English
Channel, and the English eastern coast — all regions where the
TPT climatology is strongest. There is also an increase in the
shelf break current, despite Uppy being small in this region.
The TPT parameterisation leads to a reduction in velocity
magnitude along the south and southwestern coast of England
(~50.25°N 4.5°W), weakening the unrealistic baroc_notide
current here. There is also a slight reduction in the velocity
magnitudes in the northern Irish Sea (away from the east coast).

Conversely, the modified drag coefficient tends to reduce the
velocities across the shelf (Figures 7A, B), which is particularly
clear along the path of the Dooley current ([5]), the western shelf
break current (~51.5°N 11°W) and along the centre of the Irish
Sea, and along the northern coast of the English Channel.

When asking whether these changes in the mean velocities
improve the residual circulation (becoming more similar to
baroc_tide), we use the Vector Difference Magnitude Anomaly
(VDMA, see Vector difference magnitude and vector difference
magnitude anomaly for details). This quantifies how the Vector
Difference Magnitude (cm s!, difference between the baroc_tide
and a non-tidal simulation residual current vectors) changes with
tidal parameterisation, showing where the parameterisation
improves the residual circulation. Figure 8A shows the VDM for
baroc_tide and baroc_notide, and Figures 8B-D shows how this
changes with parameterisation (the VMDA for baroc_notide_TPT,
baroc_notide_modCD and baroc_notide_TPT_modCD
respectively), with negative values (coloured blue) showing where
the tidal parameterisation has reduced the bias, and so improved the
mean residual circulation.

Over most of the shelf the TPT parameterisation tends to increase
the bias of the residual depth-mean current magnitudes
(VMDA paroc_notide_TpT 18 positive in Figure 8B). This is particularly
apparent along the shelf break, (most of) the coast of the North Sea,
and locally in the English Channel, and Irish Seas, where the
baroc_notide was already too strong. There are small areas of
improvement, including along the English south coast (~50.25°N
4.5°W) and UK’s south west peninsula (~50.75°N 5°W), the Southern
Bight ([11]), and the north west Irish Sea and central North Sea.

10.3389/fmars.2022.847138

The reduced mean velocities in baroc_notide_modCD
(relative to baroc_notide, Figure 7A) tend to improve the
mean NWS circulation (Figure 8C is largely negative). This is
particularly clear along the northern North Sea inflow route
(around Scotland, into the North Sea, and then along the Dooley
Current [5]), along the English south coast, and along the North
Sea’s southern coast, all regions where the residual flow was too
strong in baroc_notide (Figure 1F).

When both parameterisations are used (baroc_notide_ TPT_
modCD, Figures 7A, 8D) the VMDA tends to follow that of
baroc_notide_modCD, with a general improvement throughout
the NWS, although there are regions where the mean residual
circulation is degraded (c.f. Figure 8B) by the TPT parameterisation
(e.g.thewestofIreland).

We can use the residual current distributions to assess the
impact the tidal parameterisations have on the residual
circulation inter-annual variability. The Overlap Coefticient
(OVL) quantifies the similarity of the residual current
distributions between the two simulations (between ~0 (very
different distributions) and 1 (identical residual current
distributions). Figure 8E shows the OVL between baroc_tide
and baroc_notide, and Figures 8F-H show the OVL changes when
replacing baroc_notide with one of the tidal parameterisations.
Here we assess how the tidal parameterisation increase or decrease
similarity of the distributions (and so increase or decrease OVL).

Over most of the NWS the TPT parameterisation has little
effect on the OVL (near zero values in Figure 8F). The modified
drag coefficient substantially increases OVL (positive values
shown in Figure 8G), apart from the English Channel and the
Irish Sea, where this mechanism is not so dominant. We expected
the TPT parameterisation to be more important in English
Channel and the Irish Sea (and so lead to an increase in OVL),
and so we further investigate why this is not the case.
In Supplementary Material Figure 9 we look at the residual
current uncertainty ellipses from several exemplar locations,
recalling that that two similar distributions have similar residual
current uncertainty ellipses as well as having a high OVL. We can
see that the TPT parameterisation tends to affect the mean but not
the inter-annual variability - the inter-annual mean
residual velocity, and the value for each year tend to have the
same offset between baroc_notide and baroc_notide_TPT, so the
baroc_notide (orange) and baroc_notide_TPT (green) ellipses
tend to move, but stay the same shape and size (e.g.

TABLE 3 Summaries of the experiments, including their treatment of the tide.

Name Dynamic tides
baroc_tide Yes
baroc_notide No
baroc_notide_TPT No
baroc_notide_modCD No
baroc_notide_TPT_modCD No
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Drag coefficient parameterisation

No No
No No
Yes No
No Yes
Yes Yes
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Impacts of modified bed drag coefficient on currents magnitudes
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The impact the (A) modified bed drag coefficient tidal parameterisation has on the depth-mean current magnitudes (baroc_notide_modCD -
baroc_notide) and (B) the impact of both the modified bed drag coefficient and TPT parameterisations (baroc_notide_TPT_modCD -
baroc_notide). The colour denotes the change in residual current magnitude (cm s™) and arrows give direction. Red shows where the current is

faster in the tidal parameterisation simulation than in baroc_notide.

Supplementary Material Figures 9C-M). This makes sense as the
TPT parametrisation effectively works as a climatology.
In contrast, the modified bed drag coefficient tends to change
the shape of the ellipse as well as moving it (compare baroc_notide
(orange) and baroc_notide_modCD (red) in Supplementary
Material Figure 9). If the drag coefficient reduced the residual
current by a percentage each year, the mean as well as the
variability would decrease. This often improves the match
between the baroc_notide_modCD (red) and baroc_tide (blue),
which is reflected in Figure 8G. The two tidal parameterisations
appear to have an additive effect on the residual current
uncertainty ellipses - baroc_notide_ TPT_modCD (purple) tends
to move according to baroc_notide_TPT, and reshape according
to baroc_notide_modCD.

We then look at the mean and inter-annual variability of the
residual circulation, the TPT parameterisation tends to increase the
current magnitudes, making the flow field even less like that of
the tidal model (baroc_tide). Conversely, the modified
drag coefficient tends to improve the residual flow field
(compared to baroc_tide), while using both parameterisations
(baroc_notide_TPT_modCD) tend to have the same
improvements as in baroc_notide_modCD.

When looking at the transport (Figure 3), the parameterisations
tend to have small effects. The TPT parameterisation tends to have a
very small positive effect in the Irish Sea (compare blue, orange and
green in Figure 3), while the modified drag coefficient tends to have a
larger deterioration, and the opposite is true in the English Channel.
The drag coefficient has a large improvement in the North Sea
Inflow, between Scotland and Shetland (compared to baroc_notide),
and in the Norwegian Trench Outflow (~62°N 3.5°E).
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The tidal parameterisations also affect the SST and SSS
(Figure 9). The TPT parameterisation leads to warmer SST
across most of the NWS, but particularly to the south west of
the UK and the northern North Sea (Figure 9A). The TPT
warms the western English Channel by ~0.3°C, in the region
where the baroc_notide was too cold (Figure 4C). There is also
an increase in salinity to the west and south of the UK, and in the
southern North Sea, again regions where the baroc_notide was
too fresh (Figure 4F). The drag coefficient parameterisation also
warms and increases salinity to south and southwest of the UK,
reducing the cold and fresh bias of baroc_notide. It leads to a
reduction in salinity and decrease in temperature to the west and
north of the UK. The freshening around Scotland, and along the
western coast of the UK also reduces the salty bias in
baroc_notide in this region. When both parameterisations are
applied (baroc_notide TPT_modCD), the two bias patterns
approximately combine (i.e. Figure 9C is the sum of
Figures 9A, B). The effect of both tidal parameterisation
(baroc_notide_TPT_modCD - baroc_notide) acts to improve
the SST and SSS distribution of the non-tidal model (compare
Figures 9C, F with the reverse of baroc_notide - baroc_tide,
shown in Figures 4C, F). We therefore suggest our tidal
parameterisations can improve the mean SST and SSS outputs
from non-tidal models (including GCM’s) of the NW
European region.

Tinker and Hermanson (2021) showed that the GloSea5 SST
and SSS predictability was much lower in the Irish Sea, Celtic Sea
and the English Channel, in similar regions to the increased
biases. We correlated the baroc_tide and baroc_notide SST and
SSS for the 3 winter months of the 10 years of the simulations
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Impact of tidal parameterisations on SST and SSS
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(giving 30 values; the 10 winter means gave similar patterns and
values). SST correlations were high (>0.9) across the NWS, apart
from the western Irish Sea, and the Celtic Sea and western
English Channel to a lesser extent (Supplementary Material
Figure 12). Salinity correlations were lower across the NWS,
although most of the central and northern North Sea had
correlations >0.8. The English Channel, Irish Sea, Celtic Sea
and southern North Sea all had much lower correlations,
(between 0 and 0.5). This region matches the region of low
predictability identified by Tinker and Hermanson (2021),
suggesting that the lack of tides in GloSea5 is partly causing
the reduced predictability in this region.

The tidal parameterisations tend to improve these correlations.
As the SST correlations were relatively high, the changes are
relatively small (typically<0.05). The TPT parameterisation
increases the SST correlations in the Irish Sea, and the western
English Channel (Figure 10A). The drag coefficient
parameterisation improves the SST correlation in the Irish Sea
and southern North Sea (Figure 10B). Again, these improvements
approximately combine when both parameterisations are included
(Figure 10C). The improvements in the salinity correlations are
much greater. TPT parameterisation increases the SSS correlations
in the Irish Sea, and the western English Channel by ~0.3, effectively
removing this low predictability region (Figure 10D). The drag
coefficient parameterisation also improves the Irish Sea correlations,
but not those in the English Channel (Figure 10E). The southern
North Sea is not improved by any of the parameterisations
(Figures 10D-F).

So, while the TPT parameterisation does not improve the
residual circulation, it plays an important role in improving the

Frontiers in Marine Science

19

representation of the temperature and salinity fields, both in
terms of the climatological mean, but also in the predictability.

4 Discussion

Residual currents can be produced by wind drag on the sea
surface, wave-current interactions or driven by lateral density
gradients due to non-uniform salinity or temperature
distributions. However, they can also be generated by the tidal
flow itself - the non-linear interactions of the oscillating tidal
streams can lead to residual flows (Robinson, 1983).

While tidally driven residuals may be weaker than storm-
driven residual circulation, they can contribute to the overall
long-term distribution and transport of water properties
(Robinson, 1983). There are several mechanisms that can
allow the tides to influence the residual flow: topographically
driven residual eddies, e.g. near headlands and islands (Pingree
and Griffiths, 1987), circulation around sandbanks (Huthnance,
1973) and basin eddies, can lead to localised differences in the
flood and ebb circulation patterns that do not average out over
the tidal cycle (Robinson, 1983). These tend to be local in scope,
though if connected they may be significant over the NWS, but
would require models of kilometric scale resolution
(Polton, 2015).

A larger scale influence of tides on residual circulation over
the NWS can be conceptualised by considering tidal energy
propagating onto the shelf from the Atlantic and being largely
dissipated through bed friction. Due to tidal interaction with
bathymetry and coastlines (and bed features), this dissipation is
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Impact of tidal parameterisations on baroc_tide vs baroc notide SST/SSS correlation
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Impact of tidal parameterisation on the SST (A—C) and SSS (D-F) predictability. The temporal correlation between the winter SST and SSS (from
3 month for each of the 10 years) between baroc_tide and baroc_notide show how much the tides could affect predictability (Supplementary
Material Figure 12). Here we show how that correlation is improved when we apply the tidal parameterisation: (A, D) the TPT parameterisation,
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(B, E) the modified bed drag coefficient, and (C, F), both. Positive numbers show an improvement.

not uniform in space or time. The differential dissipation sets up
a non-uniform mean sea surface elevation pattern, which drives
the residual circulation.

We have shown that the absence of tides in an ocean model
affects the simulated average depth-mean winter residual circulation,
as well as its inter-annual variability. While the transport (through
cross-sections) is not significantly different between our ‘with tides’
and ‘without tides” simulations, the tide drives significant differences
in the temperature and salinity fields. We found that tides tended to
reduce the mean flow over most of the NWS, with some localised
increases, and propose two mechanisms: (1) a Tidal Phase-driven
Transport (TPT) mechanism, and (2) a modified bed drag
coefficient. We also note that energy can transfer between the tides
and the residual flow (following Nihoul, 1980) — we explore this in
the supplementary materials, but do not parameterise it, or include it
in the main body of the paper.

When the peak tidal current occurs towards high and low
tide (i.e. the tidal wave is a progressive wave, Ward et al., 2018),
there is a greater mass transport in one direction than the other.
Applying the concept of the “bolus” transport (Rhines, 1982;
McDougall, 1991; Marshall, 1997) and averaging this mass flux
over a tidal cycle leads to a net transport which is the basis of our
TPT parameterisation. When the tidal wave is acting as a
standing wave, the slack water occurs at high and low water,
and so there is zero mass transport. This explains the low mass
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transport fluxes in Figure 5A that coincide with the standing
waves in Supplementary Material Figure 5.

The increased near-bed velocities associated with tides lead to
greater bed stresses and a reduced residual flow (both the mean and
its inter-annual variability). By balancing the bed stresses when
explicitly including the tide, we have created a modified bed drag
coefficient that can be parameterised to simulate the effect of the
tidally driven bed stress. By applying both parameterisations into
NEMO CO6, we can simulate the effect that tides have on the
residual circulation. Although these tide-parameterisations are both
proof of concept (requiring additional testing and development), we
demonstrate their impact on SST and SSS (see Figure 9).

The TPT parameterisation has been developed for the M, tidal
constituent. Initial tests suggest that adding the fluxes of the other 14
tidal constituents (that are included in NEMO CQO6) has little effect,
but this requires further testing. Our parameterisation substantially
strengthens the shelf break current, even though the TPT fluxes are
relatively weak there. There are many approaches to add the
calculated TPT fluxes to the NEMO modelled velocities. For
example, the model velocities could be nudged towards the TPT
velocities, or they could be combined with the modelled velocities
within the advection scheme. Here we take a simple approach by
computing the TPT fluxes and incorporating them into the
momentum equations as an external force (by taking the vector
cross product with the Coriolis vector). However, this approach only
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approximately replicates the calculated TPT fluxes (ie. Figures 5A, B
differ) - since the approach is merely being explored as a proof of
concept we do not try to rectify this. Other approaches to calculate
the TPT fluxes (e.g. analytic expression following Soulsby (1983),
with depth varying information) and to incorporate them into the
momentum equations (e.g. nudging) may improve the performance
of this parameterisation.

In our modified bed drag coefficient parameterisation, we
modify the drag coefficient to balance the bed stress in baroc_tide
and baroc_notide. However, when we run NEMO with this
parameterisation (baroc_notide_modCD) we do not recover the
baroc_tide bed stresses. This is because there is an iterative process:
1) we increase the bed drag coefficient in baroc_notide_modCD so
its bed stress matches baroc_tide; 2) the increased bed stresses
reduce the bed velocities; 3) this reduces the bed stresses. In order to
fix the bed stresses in the non-tidal model to that of baroc_tide, a
more sophisticated, interactive approach may be needed.

Our study builds on the work of Tinker and Hermanson (2021)
who first showed the incorrect southward Irish Sea transport in a
non-tidal ocean model NEMO ORCAO025 within GloSea5). As well
as the lack of tides, reduced resolution etc., GloSea5 poorly resolved
the details of the density field, which could degrade its representation
of baroclinic transport processes. This could help explain why we still
show northward transport across the Irish Sea in baroc_notide. We
briefly consider the Irish Sea baroclinic transport with an additional
pair of barotropic simulations, with and without tides (barot_tide
and barot_notide) in Supplementary Material section 13.3. We find a
strong southward Irish Sea transport in the barotropic simulations
(0.4 and 0.9 Sv for barot_tide and barot_notide respectively (c.f. the
northward transport of baroc_tide and baroc_notide of ~0.25 Sv and
0.2 Sv respectively Table 2) which suggests there is a northward
baroclinic component to the Irish Sea transport. This could be
poorly resolved in GloSea5 and would exacerbate the southward
transport. The differences in circulation between baroc_tide and
barot_tide (Supplementary Material Figure 14F, Supplementary
Material Figure 15F) has implications for barotropic simulations of
the NWS (e.g. Chen et al,, 2014; O'Neill et al., 2016), we suggest that
the relevance of these implications should be considered for
each application.

We have focused on the winter season when most of the NWS
is fully mixed, and so the baroclinic circulation is likely to be at a
minimum. However, wind stress magnitude is also likely to be at a
maximum during the winter period. In other seasons, tidal mixing
fronts drive a series of seasonal jets, which form an important part
of the summer residual circulation. When considering transport
pathways and connectivity issues, seasonality effects (e.g. Mayorga-
Adame et al., 2022) may dominate over the tidal residual circulation
mechanism considered here. They are also likely to be poorly
simulated in non-tidal global circulation models, and may require
additional parameterisations. While we consider this out of scope
for the current paper, we suggest additional research to investigate
how the role of the tide in driving the residual circulation varies with
season, and to identify and parameterise the additional processes.
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The current generation of CMIP6 global climate models do
not simulate tides, and our result shows the absence of tides
within GloSea5 degrade the circulation, and so temperature and
salinity distribution. We have also found similar circulation (and
temperature and salinity) errors when assessing CMIP6 models
based on ORCA025 (HadGEM3-GC31-MM, CMCC-CM2-
HR4, CNRM-CM6), and a HadGEM3 GC3.0 present day
control simulation (used to drive Tinker et al., 2020) against
the CMEMS NWS reanalysis. When downscaling Tinker et al.
(2020) with NEMO COG6 (as used in this study), the errors in the
circulation (and temperature and salinity) improved in a similar
manner to Tinker and Hermanson (2021).

We recommend our proof-of-concept parameterisation should
be applied to help improve climate model simulation of the global
shelf seas regions: for example, improving the representation of
advective pathways in tidal regions could improve the future
changes to distribution of tracers (including temperature, salinity,
pollution, sediments and nutrients) and their temporal variability -
our experiments suggest this could reduce GCM biases and increase
model realism and skill. Current GCM simulation of the NWS
makes it difficult to use GCM model output directly for impact
studies in this region — we hope our parameterisation may allow
some impact studies to use GCM data without needing costly
dynamic downscaling.

In our study we can prove that the residual circulation changes
when the tides are omitted, and the Irish Sea, Celtic Sea and English
Channel become colder and fresher. We hypothesise that they
become fresher/colder because more of the water is coming down
through the Irish Sea (rather from the Atlantic across the Celtic Sea,
as supported by circulation maps), but we do not prove it. The Irish
Sea volume transport cross-sections could have clearly shown this
circulation pathway, but the modelled difference is relatively small
(and much smaller the inter-annual variability, Figure 3) - such a
pathway could be obscured by other currents passing through the
cross-section, as shown in Figure 1. So, while the currents and
temperatures and salinity all respond to the tides in a coherent
manner that suggests an Irish Sea transport pathway, we can link
the two anecdotally, but can’t prove the link. This isn’t crucial for
our study, but it would be an interesting finding. A connectivity
matrix could be made for each simulation, by running a particle
tracking programme, and seeing the proportion of particles that
pass through the North Channel and Dover Strait. This may
confirm the hypothesis that more of the English Channel water
passes through the Irish Sea without tides.

We believe that our parameterisations may improve the
simulation of shelf seas regions by non-tidal GCMs, although
additional research is required. We did not explore other seasons,
which will have other mechanisms (including those related to tidal
mixing fronts) that may need to be parameterised. Our proof-of-
concept parameterisations needs further development and testing,
both within NWS models, and within global models. We have
focused on the NWS - the residual circulation of other shelf seas
around the world are likely to be similarly affected by tides. These
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regions need to be identified by comparing a global tidal and non-
tidal model. Global fields for the TPT fluxes and modified bed drag
coefficient need to be calculated, from a global tidal analysis and a
pair of global tidal and non-tidal model respectively. It may be
possible to apply these parameterisations locally within the global
model (e.g. by only modifying the bed drag coefficient on the
NWS), or even during certain seasons. If we can improve the
residual circulation of shelf and tidal regions across the globe, we
may be able to improve temperature and salinity biases and
correlations, as suggested by Tinker and Hermanson (2021),
which would make GCM’s much more useful to end users in
many regions around the world.

5 Conclusions

Our comparison of NWS model simulations with and
without tides has shown that:

« Excluding tides can affect the residual circulation.

o This can lead to differences in the mean distribution of
temperature and salinity, and their temporal evolution
(variability).

In order to explain how tides affect the residual circulation,
and to explore whether they can be parameterised:

» We have identified two tidal mechanisms that impact the
residual circulation:

- Tidal Phase-driven Transport (TPT); and
- the modified bed drag coefficient.

» We have implemented them within our model, and shown
that they improve the NWS residual circulation,
temperature and salinity biases and representation of
variability.

This suggests our proof-of-concept parameterisations can
simulate the impact tides have on residual circulation. If our
approach can be included in global ocean and climate models, we
may be able to improve the representation of residual circulation in
tidal regions, and their distribution and variability of tracers
(including temperature, salinity and nutrients), as suggested by
Tinker and Hermanson (2021). This could allow some NWS
impact studies to be based directly on GCM data, without the
need for costly dynamic downscaling, making GCM data much
more useful to end users in many regions around the world.
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