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ABSTRACT: The on-shelf penetration of low-frequency open-ocean signals makes a significant contribution to the vari-
ability of coastal sea level. However, owing to the complicated coupling, the high-frequency tidal effects on the shoreward
penetration of the low-frequency signals are generally overlooked. This study revisits the classic b-plane arrested topo-
graphic wave model aiming to more explicitly reveal the role of tides in modulating the open-ocean sea level transmission
over the continental shelf. By inferring and comparing different forms of the vorticity equation, we reexpress the bottom
friction coefficient (BFC) as r5 fdB 5 k

������
tb/r

√
based on a linear eddy-viscosity parameterization, thereby relating BFC to

the thickness of the bottom boundary layer dB and further to the bed shear stress (BSS) tb (f being the Coriolis parameter,
k being a constant, and r is the seawater density). This provides a novel perspective to examine tidal effects on the across-
shelf transmission by estimating enhanced BSS induced with the addition of tidal currents. Using appropriate parameter-
izations to estimate BSS, we apply the calculations to the western North Atlantic. It is shown that BFC exhibits an abrupt
increase between 288 and 358N by including tidal currents, which enhances the on-shelf penetration of open-ocean signals,
especially in the downstream vicinity of 318N. Moreover, modeling experiments indicate that this enhancement is more evi-
dent for shorter-wavelength signals. Such a pronounced coastal response is clearly manifested in tide gauge measurements
along the east coast of North America. We also discuss the impact of tidal current rotation on the ocean-to-coast transmis-
sion for a constant eddy-viscosity scenario.

SIGNIFICANCE STATEMENT: Large-scale, low-frequency sea level signals from the deep ocean propagate across
the continental slope and shelf to the coast, significantly altering coastal sea level variations. However, the effect of
high-frequency tides on the shoreward transmission of open-ocean signals is largely overlooked. We rederive a new ex-
pression for the bottom friction coefficient, incorporating the seabed shear stress, allowing us to more explicitly exam-
ine the tidal effects. The modeling solutions show that the tidal currents aid the cross-shore transmission particularly
near 318N, and the coast is more likely to experience shorter-wavelength signals from the deep ocean due to the addi-
tion of tidal currents. Such an enhanced shoreward transmission near 318N is clearly observed as a pronounced coastal
response from the tide gauge measurements along the east coast of North America.
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1. Introduction

Low-frequency, deep-ocean sea level signals, driven by
large-scale wind stress over the ocean basin interior, propagate
westward in the form of barotropic and baroclinic Rossby
waves (e.g., Qiu 2002, 2003), then penetrate shoreward across
the continental slope and shelf, ultimately reaching the coast
(Lin et al. 2022). It is traditionally recognized that the coast
can only “feel” large-scale (typically thousands of kilometers)
signals from the deep ocean owing to an insulating effect
produced by the presence of the inclined continental shelf
(Huthnance 2004; Wise et al. 2018), although a recent study
demonstrates that open-ocean signals with an along-shelf
length scale comparable to the shelf width can also signifi-
cantly affect the coast (Wu 2023). This open-ocean-induced
coastal sea level setup serves as an important baseline with the
potential to amplify short-term sea level fluctuations caused by
extreme events such as storm surges (Boumis et al. 2023), a
typical type of natural disaster that dramatically threatens the
socioeconomic development of coastal areas (Ji et al. 2019).

Therefore, the accuracy of projections of coastal flood risk de-
pends on the capability to capture coastal sea level variability
at both short- and long-time scales.

Regarding factors that influence the shoreward transmis-
sion of deep-ocean sea level signals, previous studies have
examined the effects of stratification (Brink 2006), friction
(Wise et al. 2018; Wu 2021), bottom topography (Higginson
et al. 2015; Minobe et al. 2017), and the spatial scale of open-
ocean forcing (Lin et al. 2022) but generally overlooked the
effect of high-frequency processes (e.g., tides). This omission
is due in part to the relatively unimportant effect of time de-
pendence in the long-wave limit for periods longer than a few
days (Csanady 1978; Middleton and Thompson 1985; Hughes
et al. 2019) and also to the complexity in representing dynami-
cal couplings across a wide range of time scales (Huthnance
2004). While previous attempts have been made to consider
the time variation of offshore signals, they mostly emphasized
subinertial variability (i.e., with time scales longer than sev-
eral days or months) (Marshall and Johnson 2013; Wu 2023).
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Huthnance (2004) and Wu (2023) mentioned that tides, as
examples of barotropic gravity waves, can aid cross-shelf
transmission of interior sea level; nevertheless, this demon-
stration is largely a general conclusion from scale analysis.
Considering the depth-integrated alongshore momentum bal-
ance, ­y /­t 1 ry /h 5 Fy/rh (where y is the alongshore compo-
nent of flow, t is the time, r is a linear friction coefficient, h is
the water depth for the coastal ocean, Fy is the alongshore
wind stress, and r is the seawater density), the influence of
flows with an oscillating frequency (­/­t " v) is equivalent to
that of the drag r/h (Hughes et al. 2019). It implies that high-
frequency processes are expected to play a similar role to
large friction, namely, aiding cross-shelf transmission of open-
ocean signals. For the high-frequency processes mentioned
above, we focus specifically on tides in this study.

The influence of tides on the shoreward propagation of
deep-ocean signals could manifest through several mecha-
nisms. One typical mechanism is tidal mixing, which can be
represented in different ways. Specifically, tidal mixing can
manifest as tidal mixing fronts (or tidal downward stirring of
the surface heat; Simpson et al. 1990; Hill et al. 2008) in the in-
terior layer, or as turbulence caused by tide-induced drag on
the seabed (Garrett and Kunze 2007; Suanda et al. 2017). The
former is useful for understanding the role of ocean stratifica-
tion in altering the sea level responses to oceanic forcing par-
ticularly on the continental slope (e.g., Brink 1991; Huthnance
2001). The latter is useful for explaining phenomena like the
bottom boundary layer (BBL). Here, our emphasis will be on
the BBL dynamics, which are closely linked to bottom friction
(see details later) that strongly affects the penetration of open-
ocean signals across the shelf. For simplicity, we assume in this
study that the tidal currents are relatively strong, and hence
the water column on the shelf is vertically well mixed by tidal
stirring/mixing (Simpson and Hunter 1974); we thus neglect
the tide-induced stratification effect on the shelf response to
open-ocean processes. Indeed, the shelf response is largely
barotropic, as pointed out by Chapman and Brink (1987).

Therefore, we aim to investigate the effect of BBL dynam-
ics, induced by tidal current oscillation, on the ocean-to-coast
transmission, and thereby to build a connection between
high-frequency processes (tides) and the low-frequency shore-
ward transmission. The manuscript is structured as follows.
Section 2 presents a new model and its comparison with the
classic model of a b-plane arrested topographic wave (ATW),
which is frequently used to describe the transmission of deep-
ocean signals. In section 3, we design idealized numerical experi-
ments to examine the tidal effects with the aid of the reformulated
b-plane ATWmodel, and the comparisons betweenmodel results
and tide gauge observations are presented in section 4. The results
are summarized and discussed in section 5.

2. Recasting the b-plane ATW model

a. Classic formulation of the b-plane ATW model

Csanady (1978) applied a steady f-plane barotropic model
to identify that the sea level response observed over the shelf
is produced by an alongshore sea level gradient imposed at the
edge of the shelf by the dynamics of a deep-ocean current; this
model was termed the f-plane ATW model. For applications

where the alongshore scale of the forcing is large, Middleton
and Thompson (1985) later generalized the ATW model by
allowing f to vary. Wise et al. (2018) and Wu (2021) further de-
veloped the linear b-plane ATW model to describe the rela-
tionship between coastal sea level and deep-ocean dynamics.
This b-plane model can explain the observational fact that the
interior sea level can penetrate to the coast while attenuating
in magnitude and displacing equatorward in position (e.g.,
Higginson et al. 2015; Lin et al. 2021). Without loss of general-
ity, here we will use this classic b-plane ATW model to de-
scribe the transmission of deep-ocean sea level and then to
examine the tidal effects.

For a b plane, steady-state, linearized, and barotropic shelf
with the y axis coinciding with the coast and the water depth
changing offshore only, the governing equations are

2fy 52g
­h

­x
, (1a)

fu 52g
­h

­y
1

Fy

h
2

ry
h
, (1b)

­(uh)
­x

1
­(yh)
­y

5 0, (1c)

where u, y , h, h 5 h(x), and g are cross-shore velocity, along-
shore velocity, sea level, water depth, and gravitational accel-
eration, respectively. To simplify the calculation, we assume
the cross-shelf dynamics are in geostrophic balance (i.e.,
|ru/h| ,, |fy | and |Fx/h| ,, |fy |). Namely, Eq. (1) is valid only
when the along-shelf scale is much larger than the shelf width.
The f 5 f0 1 by is the Coriolis parameter, F 5 (Fx, Fy) is the
kinematic wind stress, and r is the bottom friction coefficient
(BFC). For simplicity, here we only consider the western
boundary oriented in the meridional direction. Taking the curl
of Eq. (1), the b-plane ATW model can be represented in
several different forms that are all mathematically equivalent
(essentially a vorticity equation):

rhxx 1 fhxhy 1 bhhx 5 S1, (2)

2 = ? (g=h) 1 U ? =h 5 S2, (3)

by 5
­

­x

Fy

h
2

ry
h

( )
1

f
h
hxu, (4)

where subscripts denote differentiation, = is the horizontal
differential operator, g 5 gr/f 2 can be seen as the diffusion
coefficient, U 5 (U, V) 5 =(gh/f ) 3 k can be seen as the
advection velocity which is perpendicular to the gradient of
gh/f (i.e., sea level h would be “advected” tangentially to the
contours of gh/f ); S1 5 f 2=3 [F/( frg)] and S2 52=3 [F/( fr)]
indicate the curl of wind stress.

In Eq. (2), the first term is proportional to the relative vor-
ticity, the second term is the topographic term which describes
the vortex stretching/squeezing, and the third term is the plan-
etary vorticity due to the b effect. This indicates that the
imported vorticity, induced by, for example, a negative wind
stress curl, is associated with a decrease in the relative/planetary
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vorticity, or a vortex stretching, so as to conserve potential
vorticity. Besides, with prescribed boundary conditions, we
can straightforwardly characterize the transmission of interior
sea level by numerically solving Eq. (2), which is a single
equation for sea level h. With regard to Eq. (3), the first term
is the diffusion term, and U in the second term is simply a
westward flow at the long Rossby wave speed (planetary or
topographic Rossby wave). This implies that a rise in sea level
caused by the source term S1 or S2 is advected along the
potential vorticity contours of gh/f (Fig. 1a), while it can also
be diffused across the gh/f contours by the action of bottom
friction, which allows open-ocean sea level signals to penetrate
toward the coast (Figs. 1b,c). As friction increases, the penetra-
tion of open-ocean signals increases accompanied by reduced
equatorward displacement (cf. Figs. 1b,c). In Eq. (4), the first
term is the poleward meridional transport, the second term is

the stress curl at the top and bottom of the ocean, and the last
term indicates the zonal transport (i.e., cross-shore transport).
Equation (4) reduces to the Stommel model (Stommel 1948)
in the flat-bottom case (i.e., ignoring the last term). This means
that a poleward-flowing current in the flat-bottom western
boundary must be frictional, but in the case with a sloping shelf
at the western boundary, the poleward-flowing current can also
move offshore so as to preserve its potential vorticity.

Although each form of the b-plane ATW model in
Eqs. (2)–(4) has its own strength in physical interpretation, these
forms do not explicitly illustrate the roles of high-frequency pro-
cesses (i.e., tides). Possible tidal effects may be contained in
Eq. (4) by affecting the linear friction for bottom stress (ry):
larger friction favors shoreward penetration of offshore signals
with less equatorward displacement (e.g., Wise et al. 2018).
However, the role of bottom friction is generally examined by

FIG. 1. (a) Potential vorticity contours of gh/f. Vertical dotted lines denote the shelf break at x5 x0 and the slope break at x5 1. Nondi-
mensional across- and alongshore coordinates are given by x and y, respectively. Western boundary sea level contours for (b) lower-
friction solutions and (c) higher-friction solutions. The sea level is normalized by the amplitude of open-ocean signals. The equator is at
y5 0, and the northern boundary is at y5 1.
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prescribing different values of the BFC r in previous studies
(e.g., Lin et al. 2022), which does not specifically isolate the
tidal effect. Hence, we will derive an alternative expression of
r, which explicitly includes tidal dynamics, to obtain a modified
formulation of the b-plane ATWmodel.

b. A modified formulation of the b-plane ATW model

Rather than assuming a barotropic single layer, we consider
that the coastal ocean with a sloping bottom can be divided into
three layers: the interior geostrophic layer, the upper Ekman
layer, and the bottom Ekman layer (Fig. 2). The governing equa-
tions for the flow in the homogeneous midlayer are therefore:

2fy 52g
­h

­x
, (5a)

fu 52g
­h

­y
, (5b)

­u
­x

1
­y

­y
1

­w
­z

5 0: (5c)

Cross differentiating Eqs. (5a) and (5b) gives

y
­f
­y

1 f
­u
­x

1
­y

­y

( )
5 0: (6)

Using the continuity Eq. (5c) ­w/­z52(­u/­x1­y /­y), we
then obtain

by 5 f
­w
­z

, (7)

which is the linear geostrophic vorticity balance, meaning
that water column stretching in the presence of rotation is

balanced by a change in latitude. If we restrict the vertical
velocity w to be induced only by surface Ekman pumping
and neglect that induced by the interaction with bottom
topography, the linear geostrophic vorticity balance reduces
to the Sverdrup balance, by 5 curlzF.

At the interior edge of the top and bottom boundary layers,
the stresses approach zero, but the vertical velocities are not zero.
At the base of the surface Ekman layer, the vertical velocity is

wEKT 5 curlz(F/f0): (8)

Similarly, at the top of the bottom Ekman layer, the vertical
velocity is (Cushman-Roisin 1994)

wB 5 wEKB 1 wtopo, (9)

where wEKB is the bottom Ekman pumping velocity and
wtopo 5 2u ? =h is the vertical velocity induced by the geo-
strophic flow u flowing over the bottom topography. Integrat-
ing over the ocean interior between the two Ekman layers,
Eq. (7) becomes

bhy 5 f (wEKT 2 wB) 5 f (wEKT 2 wEKB 2 wtopo)
5 fcurlz(F/f0) 2 fwEKB 1 fu ? =h: (10)

Equation (10) is an alternative form of Eq. (4), except with
the bottom friction term replaced by the bottom Ekman
pumping wEKB, which, as will be shown shortly, more explic-
itly illustrates the effect of the tidal dynamics. Strictly speak-
ing, h of Eq. (10) is the vertical integration distance between
the bottom of the surface Ekman layer and the top of the bot-
tom Ekman layer. Here, we essentially assume that the two
Ekman layers are much thinner than the water depth. In fact,

Wind stress

ug
ug ug

wtopo =−u∙∇h

wEKT wEKT

wEKB
wEKB

FIG. 2. Schematic of the three-layer coastal ocean with a sloping topography. The top Ekman
layer is mainly forced by an imposed wind stress, whereas the bottom Ekman layer results from
the interaction of geostrophic currents (ug) in the interior layer with bottom topography. The
wEKT and wEKB mean the vertical Ekman pumping velocities resulting from the given wind
stress curl and the interior geostrophic flow, respectively. The wtopo means the vertical velocity
induced by barotropic currents flowing over the bottom topography.
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we can also obtain Eq. (10) by integrating over the whole wa-
ter depth, but in that case the vertical velocities vanish at the
boundaries, while the frictional stresses do not.

When the eddy viscosity is constant, the traditional bottom
Ekman pumping is expressed as (Pedlosky 1987)

wEKB 5

������
2An

f

√
­yg
­x

2
­ug
­y

( )
5 dBz, (11a)

dB 5

������
2An

f

√
, (11b)

where An is the eddy viscosity, ug and yg are the zonal and
meridional components of the geostrophic flow aloft, db is the
thickness of the bottom Ekman layer (in fact, the expression
of db also holds for the linear eddy-viscosity model), and
z 5 ­yg/­x 2 ­ug/­y 5 g/f (­2h/­x2 1 ­2h/­y2) is the relative
vorticity of the geostrophic flow. Substituting Eq. (11a) into
Eq. (10), we obtain

bhy 5 fcurlz(F/f0) 2 fdBz 1 fu ? =h: (12)

We can see that Eq. (12) is mathematically equivalent to
Eq. (4) if the cross-shore wind stress and alongshore variation
of topography are neglected, and also the BFC is reexpressed
as (Vallis 2017)

r 5 fdB, (13)

which provides an alternative perspective for us to investigate tidal
effects on the shoreward transmission of open-ocean signals by ex-
amining variations of the BBL on the continental shelf/slope.

c. A further extension of r

In the BBL (e.g., bottom Ekman layer), dB is defined by the
velocity or turbulence profiles, which depend strongly on the
nature of the free-streamflow above the BBL. There are vari-
ous types of free-streamflows in the ocean (e.g., forced by
winds, tides, or buoyancy); they can act separately or in con-
junction with each other on the BBL. One key point of this
study is to examine how the addition of tidal flows to the mean
flow modifies the dynamics of the BBL (e.g., the variations of
BBL thickness). Previous studies on BBL dynamics related to
tides have focused on, for example, the distributions of energy
spectra, Reynolds stresses, or turbulence dissipation in the
BBL (e.g., Soulsby 1983; Gross and Nowell 1985; Luznik et al.
2007). Here, we assess the thickening or thinning of the BBL
thickness (dB) due to the superimposed tidal currents by calcu-
lating the seabed shear stress, which measures the rate of mo-
mentum transfer and varies with the eddy viscosity.

The frictional stress can be modeled with an eddy viscosity
as (e.g., Prandle 1982)

t 5 rAv

­U

­z
, (14)

where r is the seawater density, z is the height above the sea-
bed, andU is the time-mean velocity. The eddy viscosity Av is

not a constant but is location and flow dependent. Hence, we
adopt a more realistic parameterization (i.e., the law-of-the-
wall parameterization; Ellison 1956):

Av 5 ku*z, (15)

where k is the von Kármán constant ;0.4 (Baumert 2009)
and u* is the friction velocity. Most geophysical flows have
been observed to follow the law of the wall (Schlichting and
Gersten 2016). The friction velocity is defined as (e.g., Soulsby
1997)

u*5
������
tb/r

√
, (16)

where tb is the shear stress near the bottom [or bed shear
stress (BSS)]. According to the linear eddy-viscosity model,
the relationship between dB and u* can, in fact, be derived
from scale analysis of the momentum balance by assuming
that the horizontal frictional stress is comparable to the
Coriolis force: fy ;­/­z[ku*z(­u/­z)]. A scale analysis gives
ku*/fdB ; 1, that is

dB 5 k
u*
f
5 k

������
tb/r

√
f

: (17)

Previous studies have generally used this scale to characterize
the BBL thickness (e.g., Saylor 1994; Perlin et al. 2007). We
can see that when relaxing the assumption of a constant eddy
viscosity, the expression for dB in Eq. (17) is not qualitatively
different from that in Eq. (11b). Using Eq. (17) in Eq. (13),
we obtain

r 5 fdB 5 k
������
tb/r

√
: (18)

The BFC r is thus related to the BSS tb. Equation (18) is the
fundamental basis for our further analysis in this study. It differs
from the traditional practice of using a spatially uniform r in the
classic b-plane ATW model and also suggests that the inhomo-
geneity of r is closely related to the distribution of tb. Further-
more, the redefined formula [(18)] now allows us to consider the
tidal effects as long as the total tb can be properly estimated.

The usual quadratic law is used for BSS (Soulsby 1983; Lee
et al. 2000):

tb 5 rCD

���������
u2b1y2b

√( )2
, (19)

where CD is the bottom drag coefficient (CD 5 0.0025) and ub
and yb are the zonal and meridional components of velocity
at the bottom, respectively. Note that ub and yb do not include
tidal velocities in this formulation.

Enhanced BSS due to the addition of tidal current is incor-
porated in this parameterization as a linear-type bottom fric-
tion as described by Hunter (1975), instead of a quadratic law:

tbt 5 rCDg
���������
u2b1y2b

√
, (20)

where g is given by (Lee et al. 2000)
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g 5 1:23
���������������
(ut )21(y t )2

√
, (21)

where ut and y t represent the depth-averaged tidal velocity in
the zonal and meridional directions, respectively.

Substituting Eqs. (19) and (20) into Eq. (18) yields expres-
sions for BFC r without (rb) and with (rbt) tidal effects,
respectively:

rb 5 k
������
tb/r

√
5 k

�������������������
CD(

���������
u2b1y2b

√
)2

√
, (22a)

rbt 5 k
������
tbt/r

√
5 k

������������������
CDg

���������
u2b1y2b

√√

5 k

���������������������������������������
1:23CD

���������������
(ut )21(y t )2

√ ���������
u2b1y2b

√√
: (22b)

Equation (22b) explicitly introduces the additional impact of
tides on modifying the BFC. It indicates that rbt would be
greater than rb in the presence of strong tidal currents, which
is often the case on continental shelves. Hence, the inclusion
of tides indeed would enhance the penetration of sea level to
the coast.

3. Tidal effects on the ocean-to-coast transmission

Based on Eqs. (19)–(21), we can estimate BSS induced by
mean currents alone and by the combined mean and tidal cur-
rents. The enhanced BSS is then used to estimate BFC r via
Eq. (22), which allows us to explore the tidal effects on the
ocean-to-coast transmission. In this section, we examine the
above processes in a realistic ocean using reanalysis and tidal
datasets and also conduct numerical experiments with an ide-
alized barotropic model to verify the findings.

a. BFC increase due to the addition of tidal flows

We select the western North Atlantic as a testbed to exam-
ine how tides modify the spatial distribution of BFC. This re-
gion is selected because of its relatively smooth coastline and
the absence of large islands that might influence the shore-
ward transmission. According to Eqs. (19)–(21), we first need
to estimate the velocities at the bottom (ub and yb) and
depth-averaged tidal velocities (ut and y t ). The mean flow
without tidal forcing is obtained from the Copernicus Marine
Environment Monitoring Service (CMEMS) global reanalysis
(product ID: GLOBAL_MULTIYEAR_PHY_001_030) that
is gridded, monthly, and has a resolution of 0.0838 3 0.0838
and 50 standard levels. The zonal and meridional components
of the tidal current are obtained from the TPXO8 database.
Since in the western North Atlantic diurnal tidal currents
(K1) are one order of magnitude smaller than semidiurnal
tidal currents (M2) (figure not shown), we only consider the
contribution of the dominant M2 tide to BFC variations.

With the bottom velocities and tidal currents (Fig. 3), we
obtain the spatial distributions of BSS induced by mean cur-
rents alone (tb) and by the combined mean and tidal currents
(tbt) (Figs. 4a,b). The tb is relatively uniform in space, with a
spatial mean value of ;0.023 N m22 and a standard deviation

of 0.024 N m22 (Fig. 4a). In contrast, tbt has significant spatial
variations, with a larger standard deviation of 0.038 N m22

(Fig. 4b). In particular, tbt exhibits higher values between
328 and 368N (mean value of ;0.19 N m22) compared
with those south of 328N (;0.07 N m22), corresponding to
the enhanced M2 tidal currents within this latitudinal band
(see Fig. 3b). The relatively high-value feature is further evi-
dent in the zonal-mean profile of tbt (Fig. 4c) which shows a
mean value of ;0.14 N m22 between 288 and 358N, approxi-
mately 7 times greater than the mean value of tb (0.02 N m22).
This clearly demonstrates the role of tidal currents in enhanc-
ing BSS (tbt).

We can subsequently obtain the spatial distributions of
BFC induced by the mean current–alone BSS (rb) and by the
total BSS (rbt). Similar to tb, rb is also quite spatially uniform
(Fig. 4d) with a mean value of ;1.5 3 1023 m s21 and stan-
dard deviation of 4.8 3 1024 m s21, respectively. Likewise,
the rbt distribution (Fig. 4e) resembles that of tbt (Fig. 4b),
showing a high value of ;5.1 3 1023 m s21 between 328 and
368N. The ratio of zonal-averaged rbt and rb (rbt/rb) is elevated
between 288 and 358N with a peak ratio of ;7 located near
318N (Fig. 4f). This abrupt meridional change in rbt caused by
the addition of tidal currents is expected to influence the on-
shelf penetration of open-ocean signals.

b. Effect of tides on the on-shelf penetration

We then conduct numerical experiments to examine the ef-
fect of meridionally varying BFC on the on-shelf penetration
of offshore signals. The b-plane ATW model [Eq. (1)] is con-
figured for a horizontal 2D rectangular domain, with a 200-km
cross-shore width mimicking the shelf width of the western
North Atlantic and a latitude range from 208 to 608N. The b is
set to be constant (i.e., 1.74 3 10211 m21 s21). Equation (2) is
numerically solved with two lateral boundary conditions, i.e.,
(i) the no-normal-transport boundary condition at the coast
and (ii) the open-ocean boundary condition. The local wind
stress is set to zero since we concentrate more on the shore-
ward propagation of open-ocean signals. Moreover, the north-
ern boundary condition would not affect the transmission of
open-ocean signals in this linear model (figures not shown)
and is thus set to zero.1

The impact of tidal currents on the ocean-to-coast transmis-
sion, via changing the BSS and then BFC profile, can be assessed
using two metrics. First, we examine the sea level amplitude
over the shelf. Figures 5a and 5b show the sea level response
corresponding to the two BFC profiles shown in Fig. 5c; for the
tide-excluded case (black line in Fig. 5c), the rb profile uses
the spatial mean (;1.53 1023 m s21) of BFC in Fig. 4d; for the
tide-included case, the rbt profile (red line in Fig. 5c) is derived
by multiplying the rbt/rb (Fig. 4f) ratio by 1.5 3 1023 m s21. It is
seen that without tidal effect (Fig. 5a), the coastal sea level is a

1 Although the northern boundary condition does not affect the
on-shelf transmission, it could influence specific values of themod-
eled h, particularly near the northern boundary; nonetheless, a
sufficiently long alongshore domain can effectively minimize this
effect, allowing us to focus on the model solutions in the southern
region.
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smoothed version of the open-ocean signals with an equator-
ward displacement and an attenuated magnitude; notably, the
degree of displacement and attenuation is spatially uniform. Un-
der the influence of tides (Fig. 5b), sea level on the shelf experi-
ences less equatorward displacement and attenuation south of
about 318N (Fig. 5b). This is due to the abrupt increase of BFC
between 288 and 358N. Experiments show that this feature of
smaller displacement and attenuation is insensitive to other
model parameters, for example, the shelf slope or cross-shore
width (figures not shown).

The second metric to evaluate the tidal impact is to exam-
ine the coastal sea level response to different spatial scales of
open-ocean signals. Here, we only focus on signals of along-
shore scales larger than 500 km, which exceed 2.5 times the
shelf width of 200 km; namely, we do not examine signals
with an alongshore scale comparable to the shelf width (Wu
2023). Results show that without tidal influence (Fig. 6a), oce-
anic signals with longer wavelengths would induce a stronger
coastal response because of the larger decay distance. In con-
trast, short-wavelength variability of open-ocean sea level
(500 km, wavelength, 2000 km) would be significantly sup-
pressed when penetrating across the continental shelf and
slope (Zhai et al. 2010; Lin et al. 2022). With tides included

(Fig. 6b), a noticeable enhancement of signal transmission can
be clearly seen south of 318N, and the averaged increment of
penetration rate reaches about 16% for all wavelengths. Nota-
bly, tidal effects are more pronounced for shorter-wavelength
signals (500–1500 km), with transmission enhancements ex-
ceeding 20%.

To verify whether tide-induced enhancement of signal pen-
etration is indeed more pronounced for shorter-wavelength
signals (500 km, wavelengths , 1500 km), a series of experi-
ments are conducted by varying the slope of the continental
shelf. The maximum increase in signal penetration is exam-
ined (Fig. 7). When the slope is gentle (slope , 1.5 3 1023 or
depth of the shelf break , 300 m), the enhancement of signal
transmission is quite significant for wavelengths , 3000 km,
with the increased rate ranging between 35% and 70%. When
the slope becomes steeper (.2.5 3 1023), the effect of non-
uniform BFC is negligible, and the increased rate is inconspic-
uous (,20%) for the shorter-wavelength signals.

4. Observational evidence

The encouraging results from the modified b-plane ATW
model solutions clearly demonstrate that tides can enhance

FIG. 3. (a) Time-averaged velocity magnitude (m s21) at the bottom and (b) the amplitude of M2 tidal currents (m s21)
on the continental shelf (water depth less than 500 m).
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FIG. 4. BSS (N m22) caused by (a) mean currents (tb), (b) the combined mean and tidal currents (tbt), and (c) their zonal mean values.
BFC (r; m s21) calculated from (d) tb and (e) tbt, as well as (f) the ratio of their zonal mean (rbt/rb).
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the shoreward penetration of offshore signals. In particular,
the most pronounced coastal sea level response is found in the
downstream vicinity of 318N. It would be even more compelling
to observe this tidal effect in the real ocean. Here, we attempt to
verify the most salient feature of the tidal effect near 318N using
tide gauge observations along the east coast of North America
(Fig. 8a).

First, we need to isolate the contribution of open-ocean sig-
nals from the observed sea level. The observed sea level
anomalies from tide gauge measurements (hTG), obtained
from the revised local reference (RLR) dataset of the Perma-
nent Service for Mean Sea Level (PSMSL) (Woodworth and
Player 2003), are primarily affected by five dynamical factors:
atmospheric pressure loads (i.e., inverted barometer effect;
hIB; Wunsch and Stammer 1997), steric height effect (hSteric;
Domingues et al. 2018; Volkov et al. 2019), alongshore wind
stress (hWind; acts as forced coastal trapped waves; Lin et al.
2015, 2021), open-ocean forcing (hOpen; Wise et al. 2018;
Dangendorf et al. 2021; Lin et al. 2022), and the sea level anoma-
lies at a higher latitude (hCTW) propagating equatorward via

free coastal trapped waves (CTWs; Minobe et al. 2017). A sim-
ple equation is formulated as follows:

hTG 5 hIB 1 hSteric 1 hWind 1 hCTW 1 hOpen:

Compared with the signals from the ocean interior (hOpen),
the other contributions (hIB, hSteric, hWind, and hCTW) can be
estimated more straightforwardly. Therefore, after removing
the other components, the remnant will be used to represent
hOpen (i.e., hOpen 5 hTG 2 hIB 2 hSteric 2 hWind 2 hCTW).

An inverse barometer adjustment is estimated by hIB 5

2(P 2 Pref)/r0g, where r0 is the seawater density, g is the
gravitational acceleration, and a reference air pressure Pref is
equal to 1017.2 mb (1 hPa 5 1 mb). The monthly surface
pressure is obtained from the fifth generation ECMWF atmo-
spheric reanalysis (ERA5). The steric height consists of ther-
mosteric and halosteric components, which can be expressed
as hSteric 5

	0
2H

aDTdz1
	0
2H

bDSdz, where H is chosen to be
700 m considering the thermocline depth in this area; DT and
DS are the temperature and salinity fluctuations relative to

FIG. 5. Sea level distribution on the shelf (a) without tides and (b) with tides, using (c) different BFC profiles. The cross-shelf slope is
0.0025 (i.e., a depth change of 500 m over a 200-km-wide shelf). The alongshore wavelength of the open-ocean signal is 1500 km. The
black lines in (a) and (b) denote zero contours. The sea level is normalized by the amplitude of open-ocean signals.
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mean values over the study period at each layer, respectively;
and a and b are the thermal expansion and salt contraction
coefficients, respectively (Tabata et al. 1986). The steric
height is calculated from the 3D hydrographic-gridded prod-
uct EN4.2.2 generated by the Met Office Hadley Centre
(Good et al. 2013). According to Csanady (1978), the along-
shore wind-induced coastal sea level is determined by

hWind(y) 5

y

y0

2
1:12fFs
grbt

{(2Ky)1/2 2 [K(Y 2 y)]1/2}dy,

(23)

where g and f are the gravitational acceleration and the Corio-
lis parameter, respectively; alongshore wind stress Fs is pre-
scribed for Y . y . 0; K 5 rbt/(fs), where s is the slope of the
shelf; the integral route is along the coastline; and y0 is the
starting point of the integral route. Note that Eq. (23) incor-
porates the spatially varying bottom friction caused by tidal
effects rather than using a constant drag coefficient, although
the latter has been commonly employed in previous studies.
This method has been extensively demonstrated to provide
effective estimates of wind-induced coastal sea level varia-
tions (Hickey and Pola 1983; Nakanowatari and Ohshima
2014; Lin et al. 2021). The wind stress data are obtained from
the ERA5, covering the period from 1950 to the present.
After removing the three components (hIB, hSteric, and hWind)
from the observed sea level, the residual contains contributions
from both free CTW (hCTW) and open-ocean signal penetration
(hOpen). The spatially averaged residual reveals a coherent signal

(not shown) that can be attributed to hCTW since the rapid prop-
agation of CTW generates long-distance coherent signals along
the global continental slope (Hughes and Meredith 2006). Thus,
we can isolate the open-ocean sea level contribution (hOPEN 5

hTG 2 hIB 2 hSteric 2 hWind 2 hCTW) from the observed tide
gauge measurements.

Here, we arbitrarily select the Springmaid Pier tide gauge
station (Fig. 8a) as an example to display the time series of
these sea level contributions and their summation (Fig. 8b).
The results show that the amplitudes of the four components
(hIB, hSteric, hWind, and hCTW) are ;0.1 m, which is smaller
than that of hTG (;0.3 m). Their seasonal cycles are evident
but not in phase with that of hTG; however, their summation
(hIB 1 hSteric 1 hWind 1 hCTW) varies quite closely in both time
and amplitude with the seasonal variations of hTG. The residual
between hTG (black line) and hIB 1 hSteric 1 hWind 1 hCTW

(red line) would be contributed by the open-ocean signals (hOpen).
Following the above procedures, we can similarly calculate

time series of hOpen at other tide gauge stations (Fig. 9a). It is
very interesting to observe that the temporal fluctuation mag-
nitude of sea levels south of ;318N is significantly larger than
that north of 318N, and it also exhibits notable multiyear vari-
ability. This finding suggests that the tide-induced enhanced
penetration of open-ocean signals south of 318N can indeed
be detected in tide gauge measurements. However, three
other factors may contribute to the abrupt change near
;318N. First, a similar preexisted jump in the open-ocean sea
level might propagate across the shelf/slope to the coast. Sec-
ond, the potential influence of the closely nearshore Gulf

FIG. 6. Sea level at the coast as a function of the wavelength of open-ocean signals for the case
(a) without tides and (b) with tides. The absolute values can be interpreted as the penetration
rate of open-ocean signals since the coastal sea level has been normalized by the open-ocean sea
level. The slope is fixed at 0.0025 in these experiments.
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Stream. Third, the narrower shelf south of ;318N. By calculat-
ing the oceanic barotropic and baroclinic responses to large-scale
wind forcing in the North Atlantic basin and their transmission
across the western boundary current (Minobe et al. 2017; Lin
et al. 2022), we derive the alongshore profile of averaged sea
level at the west wall of the Gulf Stream (hW) (Fig. 9b). It is evi-
dent that hW exhibits a nearly linear northward drop, consistent
with prior studies (e.g., Higginson et al. 2015), but no abrupt
change is observed north of 318N. Therefore, the apparent
coastal response near ;318N is unlikely caused by the preexist-
ing sea level jump in open-ocean signals. Figure 9c displays the
alongshore profiles of averaged hIB, hSteric, and hWind, revealing
that the alongshore tilt of hSteric is markedly steeper than that of
hIB and hWind. In fact, the steric response (hSteric) already incor-
porates the effect of Gulf Stream by accounting for thermal ex-
pansion or saline contraction of the water column (Kelly et al.
1999). Therefore, the influence of the nearby Gulf Stream on
coastal sea level is embedded in the variations of hSteric and thus
cannot explain the abrupt changes in hOpen near 318N either.
Sensitivity tests (figures not shown) reveal that the enhancement
induced by shelf width variations (,10%) is much weaker than
that caused by the addition of tidal currents (50%). After elimi-
nating these three potential factors, we conclude that the strong
coastal response observed in tide gauge observations is mainly
driven by tidal effects. This observed pattern of pronounced
coastal response downstream vicinity of 318N closely resembles
the results of numerical simulations (Figs. 5b and 6b). The dra-
matic variations in observed sea level anomalies around 318N
not only confirm the reliability of our model results but, more
importantly, validate the tidal effect in enhancing the shoreward
propagation of open-ocean signals.

5. Conclusions and discussion

This study revisits the classic formulation of the b-plane
ATW model, which is widely used to characterize open-ocean
influences on coastal sea level. Previous interpretations of
this model suggest that a larger bottom friction coefficient
(BFC; r) enhances cross-shore diffusion and promotes the
penetration of interior sea level signals to the coast. From the
perspective of linear geostrophic vorticity balance, we obtain
a new expression for the BFC, r5 fdB, which is no longer spa-
tially uniform but instead varies with the Coriolis parameter f
and the thickness of BBL db. By adopting an eddy-viscosity
parameterization (Av 5 ku*z), we estimate the BBL thickness
{dB 5 k[( ������

tb/r
√ )/f ]} using known initial and enhanced bed

shear stress tb. This approach yields a more realistic, spatially
varying distribution of BFC r5 fdB 5 k

������
tb/r

√
.

For a case study, in the western North Atlantic, our calcula-
tions demonstrate that incorporating tidal effects substantially
increases both the total BSS and consequently BFC between
288 and 358N relative to nontidal scenarios. The amplified
BFC markedly strengthens the shoreward penetration of open-
ocean signals at the corresponding latitudinal range, with tide
gauge observations providing empirical support for this tide-
enhanced transmission mechanism. Barotropic numerical sim-
ulations of coastal sea level response further reveal that this
tidal enhancement exhibits wavelength dependence, show-
ing greater amplification for shorter-wavelength open-ocean
signals. Therefore, this new formulation, r5 fdB 5 k

������
tb/r

√
,

dynamically links high-frequency tidal processes with low-
frequency open-ocean signal transmission, representing a sig-
nificant advance in coastal dynamics by bridging traditionally
separate time-scale phenomena.
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FIG. 7. The maximum enhancement of signal penetration as a function of shelf slope and the
wavelength of open-ocean signals. The left axis is the slope of the continental shelf, and the right
axis indicates the corresponding depth over a 200-km-wide shelf.
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This study primarily focuses on tide-induced modification
of eddy viscosity (Av), represented through a linear parame-
terization. In a simplified scenario where Av is held constant,
tidal effects can alternatively be parameterized via the tidal
frequency s. The s is positive (negative) when tidal ellipses
rotate counterclockwise (clockwise) in both hemispheres.
Equation (11b) (i.e., dB 5

��������
2An /f

√
) reveals that dB can also be

modulated by changes in the effective planetary frequency.
Notably, tides with differing rotational directions on the shelf
can indeed play a role in this regard; namely, the thickness of

BBL considering the additional tides is then modified to
dB 5

����������������
Av/(|f 1 s|)√

. In the absence of topographic constraints,
tidal ellipses naturally rotate clockwise (counterclockwise)
in the Northern (Southern) Hemisphere due to the Coriolis
effect. This tidal rotation reduces the effective magnitude
of planetary frequency, consequently increasing both dB and
BFC. The key implication is that the presence of tides on the
shelf generally enhances open-ocean signal penetration}
a conclusion fully consistent with our core findings regarding
tide-induced modification of Av. Notably, numerical simulations

FIG. 8. (a) Locations of tide gauge stations along the east coast of North America. (b) Time series of observed sea
level (hTG; black line), and sea level contributions from the inverted barometer effect (hIB; blue line), free CTW
(hCTW; dull-red line), alongshore wind stress (hWind; green line), steric height effect (hSteric; pink line), and the sum of
these contributions (red line) at Springmaid Pier tide gauge station.
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employing the BFC formulation incorporating tidal frequency s

successfully reproduce the key characteristics of coastal response
observed in tide gauge measurements along the east coast of
North America (figures not shown).

In a broader context, the tidal effects emerge as nonnegli-
gible and particularly critical when regional or global ocean
models aim to simulate coastal responses to open-ocean dy-
namics. Our findings demonstrate that tide-excluded models
systematically fail to accurately reproduce key characteristics
of coastal response while significantly underestimating open-
ocean signal penetration. While the barotropic simulations
presented here provide a robust approximation for many shelf
systems, future investigations should address the potential
influence of stratification on these coastal responses. Such exam-
ination may further refine our understanding of tide-mediated
cross-shelf transmission processes.
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data are from the Met Office Hadley Centre (https://www.
metoffice.gov.uk/hadobs/en4/). Wind stress data and surface
pressure are from the fifth generation ECMWF atmospheric
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reanalysis (ERA5; https://www.ecmwf.int/en/forecasts/dataset/
ecmwf-reanalysis-v5). The gridded monthly velocity data are
obtained from CMEMS (https://data.marine.copernicus.eu/
product/GLOBAL_MULTIYEAR_PHY_001_030). The tidal
ellipse parameters are gained from the TPXO8 database
(https://g.hyyb.org/archive/Tide/TPXO/TPXO_WEB/tpxo8_
atlas.html).
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