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Abstract. A practical scheme is proposed to explicitly intro- 1 Introduction
duce tides into ocean general circulation models (OGCM).

In this scheme, barotropic linear response to the tidal forcingR d in theories of | circulati d
is calculated by the time differential equations modified for ecentadvances In theories of ocean general circulations an

ocean tides, instead of the original barotropic equations of ar?bservatlons of deep seas have revealed that tides play a sig-

OGCM. This allows for the usage of various parameteriza-niﬁcant role in open oceans as well as in coastal areas. As
tions specified for tides, such as the self-attraction/loadin representative studyjunk and Wunsct{1999 suggested

(SAL) effect and energy dissipation due to internal tides, hellt _\(/jertigal mi_xing in deep seas_dur(-i- toIbLeellkihng of ri]ntlgr-
without unintentional violation of the original dynamical bal- na u esisan '!“po”a”t process In the global thermohaline
ances in an OGCM. Meanwhile, secondary nonlinear effect irculations. This .hypothe3|s 1S s_upported .by the fact that a
of tides, e.g., excitation of internal tides and advection bysrge pgrtRof tf(])%t!dsl eLnergy 1S dcljsgpate;(;g dEE."p SEQZ(
tidal currents, are fully represented within the framework of ng and Ray200%, t a“rer!t and Larrg 2 Niwa an

the original OGCM equations. That is, this scheme drivesH'b'ya’ 2011). In addition, various studies reported that local

the OGCM by the barotropic linear tidal currents which are strong tidal mixing affects the ocean circulations on a basin

predicted progressively by a tuned tide model, instead of thesca_le. For exarT|1pI.e, tr:dafl mixing near the Kufrllhlslands plays
equilibrium tide potential, without large additional numerical &" Important role in the formation process of the water mass

costs. We incorporated this scheme into Meteorological Re-Ca"ed the North Pacific Intermediate Watélakamura and
P g waji, 2004 Osafune and Yasud@006. Tidal mixing in

search Institute Community Ocean Model and executed tecf) _ o -
experiments with a low-resolution global model. The results_t[he Arctic Shelf seas modifies the salinity budget through

showed that the model can simulate both the non-tidal Cir_mtgracu_on W't.h S€a Ice, and, as a result, the dgep thermo-
culations and the tidal motion simultaneously. Owing to the haline C|rcula_1t|c_)n In the, Nort_h Atlar)t!dD(ostIethwalte et al..
usage of tidal parameterizations such as a SAL term, a rootzgllj)' In %S'T"% fs:f’hloni.“dal mixing O;/ir tthe ?ntgrct?c
mean-squared error in the tidal heights is found to be as smaff etves ab ei S Zgoﬁrrg.aplon _proctesszgo rlrﬁrc N tod om
as 10.0cm, which is comparable to that of elaborately tunec}Na er Rober Son a0y, rererae al 2, ese stuc-
tide models. In addition, analysis of the speed and energy ofes suggestan influence of tides on the general C|rculat|on..
the barotropic tidal currents is found to be consistent with However, only recently have tides begun to be suffi-

that of past tide studies. The model also showed active eXg:iently taken into account in ocean general circulation mod-
citement of internal tides and tidal mixing. In the future, the els (OGCMs). One reason is that most OGCMs could not

impacts of internal tides and tidal mixing should be exam- represent fides since they qdopted the rigid-lid condition
ined using a model with a finer resolution, since explicit and:f.p;e.d;:d?_ the surfz_cg gr;ao\wty r:/vaves due. tohthe .dColurant-
precise introduction of tides into an OGCM is a significant riedrichs-Lewy condition. Another reason Is that tidal mo-

step toward the improvement of ocean models. tlon§ with a tlme scale of half a d.ay_ or one day were n-
tentionally omitted to focus on variations with longer time

scales in geostrophic currents. Recently, due to advances in
the studies of tides, the effects of tides have begun to be con-
sidered in OGCMs.
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~ dimensional stratification. Development of an OGCM, which
simultaneously simulates the time evolution of the tidal field
Baroclinic Eq. and the non-tidal field (called the basic field hereafter), is
step N step N1 now a frontier in ocean modeling.
@_ Barotropic Eq. _»@ By contrast, the modeling of tides themselves has been
developed virtually independently of OGCMs, based on
barotropic ocean models. Many modeling studies have
shown that dynamics particular to tides need to be introduced
into the model equations for accurate representation of tides
(e.g.,Matsumoto et a).2000. A typical example is the self-
attraction/loading (SAL) effect. This represents modification

Fig. 1. A schematic view of the calculation procedure of the tide of the QfaV'W field and elastic deformation of the bot.tom

scheme. From andy at the time stepV, «’ andr’ at the nextstep  dround induced by movement of ocean watct{widerski

N + 1 are calculated following the equations of motion and conti- 1980. Due to the SAL effect, the pressure gradient term ac-

nuity. In the calculation process, the mode splitting technique splitscompanied by the tidal height gradiertg V7, is modified

the variables into the baroclinic constitueiit,and the barotropic  in the equation of barotropic motion as follows:

one, U and 5, and then the tide scheme splits the latter into

the basic component/, andn;, and the linear tidal component, —gV(n —nsaL), 1)

U;; andn;,. Each individual component calculates time evolution ] ] ]

@,U;,n,,U;, andn;,), and subsequently all of the time evolution wheren is the sea surface height (SSH) anomaly (m) arsl

values are summed to obtaihandy’. The dashed and solid arrows  the gravitational acceleration (m% (See Tablel for vari-

which point toU;, andy;, indicate that their time evolution values ables and constants in this paper). In order to represent the

are given almost independently (see the main text). gravity change of the self-attraction and the loading effect
— which is that the sea surface elevation induced by conver-

gence of barotropic velocities is partially canceled by depres-

sion of the bottom ground due to water weight — the elevation

is subtracted bysa in the calculation of the pressure gradi-

ent. Though various evaluationsfa have been proposed,

a linear response is used as a first-order approximation,

P
Eqg. of Motion, Eq. of Continuity

The methodology of incorporating tides into OGCMs is
classified into two types, i.e., an implicit one and an ex-
plicit one. Models with the implicit type use indirect pa-
rameterizations about tidal effects rather than simulating
tides themselves, in orde'r to avoid dras.tica'lly changing the,o, — (1—a)n, @)
OGCM framework. A typical parameterization adopted by
various recent OGCMs is a mixing enhancement in deepvhere« is a constant between 0.88 and 0.98afsumoto
seas and coastal areas (eS}., Laurent and Garret2002. et al, 2000. Under this approximation of the SAL term,
Lee et al.(2006 reported that this kind of parameterization which has been traditionally referred to as the “scalar approx-
contributes to good representation of the salinity distributionimation” (Hendershott 1972, the pressure gradient term
in the North Atlantic. As another indirect parameterization, —gVrn is modified to—ga' V.

Bessiéres et a(2008 proposed an implicit parameterization ~ Another issue of tide modeling is energy dissipation of
for the tidal residual currents. tides, such as energy transfer to internal tides and form drag

The explicit type introduces the tidal dynamics into free- by bottom topography on tidal currents. In general, as model
surface OGCMs directly; i.e., through introduction of tidal resolution becomes finer, a model can represent more kinds
forcing in the momentum equations. Though this type needf dissipation processes without parameterization. However,
large computer resources and modification of a part ofconsidering that internal tide processes cannot be reproduced
the OGCM framework, some achievements have been alsufficiently even in a model with a horizontal resolution of
ready reported. For exampl&chiller and Fiedlen2007) 10 km, which is considerably fine at present (dgva and
improved model representation of water transport and mix-Hibiya, 2011), a parameterization specialized for dissipation
ing in the Indonesian Through Flow region and Australian is still necessary to represent tides with good accurdayr(e
shelvesMuller et al. (2010 reported improvement in mod- and St. Laurent2001; Arbic et al, 2004. Furthermore, var-
eling of the pathway of the North Atlantic Current and water- ious parameterizations unusual for OGCMs have been pro-
modification processes in the North Atlantic. In additigmn, posed for tidal modeling, such as body tides, which are in-
bic et al. (2010 discussed a possibility that explicit incor- cluded here, and atmospheric tides. See Chapteéutha
poration of tides into an eddy-resolving OGCM may lead to and Claysor{2000 for a detailed description.
drastic improvement in the representation of various ocean The knowledge obtained by tidal modeling studies should
processes — such as interaction between meso-scale eddies exploited in order to introduce tides into OGCMs with
and tides, form drag on the sea mounts, and the excitehigh accuracy. However, this is a difficult task, since dynam-
ment and propagation of internal tides — in realistic three-ical balances in the basic field of OGCMs are violated if the
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Table 1. Mathematical variables and constants in the main text and Appendix.

a the damping coefficient of EGALO) (s1)

b(suffix) the basic (nonlinear-tidal) components

BKE the volume-averaged kinetic energy of the barotropic currerts(f)
Cy the bottom drag coefficient (dimensionless)

D the energy dissipation (V\Fn?)

D a dissipation parameterization {rsr2)

Dmodified  dissipation modified for a tidal model fs—2)

f the Coriolis parameter (g)

F the horizontal gradient ofg (dimensionless)

Ft the amplitude of the counterclockwise componenFdfdimensionless)
F~ the amplitude of the clockwise componentiofdimensionless)

Fy the surface freshwater flux (rnTd)

g the gravitational acceleration (%)

H the water depth (m)

IB(suffix) the ideal basic components in EG1

IT(suffix) the ideal tidal components

k the upward vertical unit vector (dimensionless)

lt(suffix)  the linear tidal components

P the tide energy flux (Wm?)

Rt the amplitude of the counterclockwise componenﬂ(ﬂ’n2 s‘l)
R™ the amplitude of the clockwise componentldfm? s—1)
time (s)

temperature (€

the horizontal veering of bottom friction (dimensionless)
the vertically integrated transport vector?(sTl)

the energy supply of tides (W‘n?)

residual terms (advection, wind stress, etc.§ &m°)

the longitude coordinate (m)

the latitude coordinate (m)

the vertical coordinate (m)

the scalar approximation constant of the SAL term (dimensionless)
the constant of the body tide effect (dimensionless)

the sea surface height anomaly (m)

the equilibrium tidal potential (m)

the SAL term (m)

the tidal height (SSH anomaly from case NOTIDE) (m)
00 the potential density (kg i)

o the tidal frequency (1)

btm the bottom friction (divided by standard density)q{8T2)

-~
5=

SIRNT B T

= 3
]
>
~

proposed terms for tidal modeling are incorporated into the This problem has not yet been solved. In most of the
OGCM equations directlyArbic et al, 2010. For example,  model studies that explicitly introduce tides into OGCMs, the
the SAL term of Eqg. ) changes the geostrophic relation- equilibrium tidal potential is given directly through the free-
ship between sea surface gradient and currents. Parametesgurface barotropic equation of motion, and the tidal and basic
zations for dissipation of tidal currents are not suited for thefields are calculated without separatidiomas et a).2001;
geostrophic currents in OGCMs either, since their time scalesschiller, 2004 Schiller and Fiedler2007 Mdller et al,
of change are so different from each other that their dissi-2010. In these studies, the problem due to the differences
pation mechanisms are not the same. Therefore, we canndietween the tidal and basic (geostrophic and eddying) char-
simply replace the governing equations of OGCMs by thoseacteristics is not investigated sufficiently. To the best of our
of tidal modeling. The two sets of the governing equationsknowledge Arbic et al.(2010, who introduced tides into an
should be harmonized by some means in order to introduceddy-resolving global OGCM, examined this problem most
tides into an OGCM. carefully. Though they calculated time evolution of the tidal
and basic fields without separation as in other studies, they

WWw.ocean-sci.net/9/1089/2013/ Ocean Sci., 9, 108908 2013
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elaborated a method to prevent the parameterizations spepecialized for tides, which is indicated B ogifies, S
cialized for tides from affecting the basic fields. Specifically,
they defined the tidal currents as velocity deviations from a— + fk x U = —g(n+ H)V (n — Bno — nsAL) (5)
25-hour running mean (which is calculated progressively in

: idal dissiati i +Dmodified+ 7™ + X
the model), and restricted the tidal dissipation parameteriza- modified ’

tion to work on the tidal currents only. In addition, they de- \hereg represents the body tide effeQghwiderski1980).
fined the tidal height as the SSH deviation from the dynam-i¢ the scalar approximation for the SAL term, E®),(is
ical height (which is calculated every time step), and evalu-aqopted, Eq.6) becomes

ated the SAL term so that the SAL would not contaminate

the basic field (e.g., geostrophic currents). However, their?U + fkxU=—gn+ H)V (an — Bno) (6)
method is expected to expend a substantial amount of numerd?

ical resources. Furthermore, it seems questionable that all of ~ +Dmodified+ ™My X

the SSH deviation is treated as tidal height. This is equivalent to a standard barotropic tidal model, e.g.,

As a solut?on to the aforementioned prqblem, WE PTOPOS&y, o continuous ocean tide equationsSahwiderski(1980.
a new practical scheme to incorporate tides explicitly mtoln this traditional scheme, the time evolutions @fand
OGCMs. This scheme is based on the recognition that the '

: : . . .under the tidal forcing are obtained by solving Egh.dnd
governing equations are different between the tidal and basu&s) (or (7)) undero(x (‘i 1), which is anglyticall)?calcﬁlited
fields, and calculates their time evolutions separately. This This scheme work’s \;veil for modelina of tides without b.a—
approach is in contrast to traditional typical schemes such as. g

that bySchiller (2004, in which the tidal and basic fields are /¢ Cireulation. However, in modeling of the tidal and basic
. . . fields simultaneously, it induces the problem that the terms
given by the same governing equations.

First this paper will explain our scheme in detail. Next, specialized for tides affect the basic fields unintentionally.

. : : . In fact, Eq. ¢) clearly shows that the SAL term changes
model representations of tides by this scheme will be showr{he relationship between the sea surface gradient and the
based on some test experiments of a global OGCM. Finall

Yb ; iscinafti .

. L . . arotropic currents. The dissipatioPogifiess @lS0 changes

ggﬁ![eedﬁsﬁfﬂon the basic fields in the OGCM will be pre- the basic currents. Introduction of parameterizations speci-
Y- fied for tides results in violation of the dynamical balances in

the basic fields.

2 Scheme and model 2.2 New scheme

The violation of the dynamical balance in the basic fields
arises from the fact that the barotropic equation of motion for
tides, Eq. 6), is different from the OGCM standard equation
§or the basic fields, Eq.3j. Therefore, our new tide scheme

2.1 Conventional scheme

Before presenting the new tide scheme, we will discuss th

schgme oSchHIer(ZQOQ as a reprgsentat|ye gxgmple of the calculates the tidal and basic fields by two different equations
traditional schemes in which the tidal forcing is incorporated

. ; ) . . o as explained below. The objective of our hew scheme is to
directly into the governing equations. First, the original stan-

dard . £ the barotropi " f mot (iimultaneously achieve both accurate modeling of the tides
ard expressions of the barolropic equations ot motion ant,,y majntenance of the dynamical balances in the original

continuity are OGCM
The basis of the scheme is decomposition of the variables,

Al fkxU=—gm+H)Vn+D+1""+X @)  U.n Dandz"™in the barotropic equations into the linear
ot tidal component and the basic component,
an
5tV U=Fa, 4 v=uv,+Uy @)

n=1np+ (8)
wheret is the time (s)U the vertically integrated transport p — p, + Dy, (9)
vector (mfs1), f the Coriolis parameter (8), k the up- btm _ _btm | _btm (10)

— % It

ward vertical unit vector (dimensionles$j, the water depth
(m), D a dissipation parameterization{s12), z%Mthe bot-  The linear tidal component, indicated by the subscript, “

tom friction (already divided by standard density)3(sn2), corresponds to the primary response of the barotropic ocean
X the other residual terms including the vertically integratedto the equilibrium tide potential. The basic component with
advection and the wind stress{872), and F,, the surface  the subscript, 8”, corresponds to the other barotropic and
freshwater flux (ms?). Introduction of tides means that the baroclinic motions, including all of the dynamical processes
equilibrium tidal potentialyg and the SAL termnsaL are  inthe original OGCM and the secondary effects of tides (e.g.,
added, and is changed to the dissipation parameterizationinternal tides, tidal advection, bottom shear of tidal currents,

Ocean Sci., 9, 10891108 2013 Www.ocean-sci.net/9/1089/2013/
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and so on). There are some difficulties posed by the decontides due to interaction between tidal currents and basic fields
position of the variables, especialtf'™, and this decompo- is also represented by the basic equations as secondary oscil-
sition is discussed in more detail later. lations with tidal frequencies (see Appendix for detail).

Each of the two components is calculated using its own The wind stress (included iX) and the freshwater flux
governing equation. The linear tidal component is governedF,, are also left in the original OGCM equations, EgE3)(
by the equations for tidal modeling; i.e., a modified Bg). ( and (L4). This is because the wind-induced circulations and
and the continuity equation: the thermohaline circulations induced by these terms should
be represented in the OGCM framework. If these terms were

90U + fkx Uy =—gn+ H)V (i —Bno—nsaL)  (11) moved to the linear tidal equations, the dynamical balance
ot btm would be violated due to tidal parameterizations such as the
+Di; + 7 SAL term. In addition, as far as we know, it has not been re-
ported that these terms change the primary response of the
i V.U, =0 (12) ocean to the tidal forcing. Nevertheless, various processes
it =Y. . . . . e
ot of secondary interaction between tides and basic fields have
The basic component is governed by the standard OGC[\A)een reportEd, e.g., influence of tidal miXing on a thermoha-
equations, i.e., Eqs3) and @). line circulation (ee et al, 200§ and modification of internal
tides induced by winds{ing and Davies1997. These kinds
Uy + fkxU,=—g(n+H)Vn,+Dy+ T]?tm+ X (13) of interaction processes are intended to be represented under
ot the OGCM equations.
Decomposition of the bottom friction®™ should be care-
oy +V.U,=F, (14) fully treated, since it is nonlinear, when expressed by a
ot quadratic form asTaylor, 192Q Weatherly et a].1980

The numerical procedure to predict the two components
by the equations above is schematically illustrated by Eig. btm _ _
Generally in a free-surface OGCM, if one starts with velocity
u and SSHy at the time stepv, the velocity and SSH at the
next stepN +1, are calculated using the equations of motion
and continuity, and usually the barotropic and baroclinic con-
stituents are predicted differently in the calculation (so called cosd —sing
mode splitting, indicated b, U andr in Fig. 1). The key to Ty = sind cosd ) ’
our new scheme is to further split the barotropic constituent
into the basic and linear tidal component%,(n,, U;; and  whered is the veer angle. (The uni®™ is given in nfs2,
n1), and to calculate the time evolution 0, andn;; sepa- andCp andTy are dimensionless.) There are various ways
rately fromU, andn,. The solid arrow connected G, and  to split Eg. (L5) into the term for the basic barotropic equa-
ni in Fig. 1 indicates this independent calculation, whereastion and that for the linear tidal equation. For simplicity of
the dashed arrow means tltgt andn;, are given by subtrac- the equations, we decided that a sum of the two components
tion, i.e.,U — U, andn — ny,, respectively. That is, the three would be used fofU /(H +1n)| (the coefficient part), but each
sets of the governing equations are calculated at each timeomponent fo/ /(H + 1) (the vector part) would be given
step, and the three-dimensional velocity field at the next stefby
is determined by their summation.

U U
‘Tg . (15)
H+n H+n

The constantp indicates a drag coefficient and tfg in-
dicates a matrix representing horizontal veering,

(16)

The linear terms in the barotropic equations, such as the.btm _ _ ‘ Up + U . Up (17)
Coriolis force and the Laplacian horizontal viscosity, can H+n H+n
be split into the basic and linear tidal components natu- bim _ _ - U, + Uy Uy, (18)
rally, while the nonlinear terms need to be treated more care’i: = ~“2 | +n T n

fully. In our scheme, all of the advection terms are incorpo-

rated into the basic equationX (in Eq. (L3)), and the lin- It should be noted that,t,’tm depends orU;, through the co-
ear tidal equations have no advection. Specifically, the traceefficient part. In open oceans, it is assumed that this de-
and momentum advections are calculated using the thregpendency is not important, since both of the barotropic ve-
dimensional velocity field, given by the summation of all of locities, U, /(H + 1), and r};‘m itself are generally small.
their componentsi(in Fig. 1), and these sums are added to In coastal regions, however, these variables become large,
the basic equations. This is based on the assumption of thand consequentially the reproducibility of the tides may be
following scheme: the linear tidal component represents onlyaffected to some extent. (We investigated the affect using
the linear primary response to the tidal forcing, and the othemour low-resolution model by replacing the coefficient part of
secondary effects, such as tidal advection and internal tide€q. (18) by |U;;/(H + n)|. In a one-year experiment, change
are represented by the basic component. Modification of thef the tidal heights is found to be 1% at most.) Through the

Www.ocean-sci.net/9/1089/2013/ Ocean Sci., 9, 108908 2013



1094 K. Sakamoto et al.: A practical scheme to introduce explicit tidal forcing into an OGCM

decomposition, we make the linear tidal equations, Eqgs. (11}idal component” and “the ideal basic component”, respec-
and (12), as simple as possible, in order to represent only thetively. Under such an ideal decomposition, the barotropic
primary barotropic response to the tidal forcing. equation comparable to Eq. (19) becomes

Using our new scheme, we can avoid the violation of the
dynamical balance in the basic field. To show this achieve-— + fk x U = —g(n+ H)V (nig +ant — Bno) (20)
ment more clearly, we assume the SAL term has a linear form t

. b b
asnsaL ~ (L—a)n;, and sum EqsJ@) and (12) to find that +Dig + Dit + 73"+ 7"+ Xig + X,
4 fkxU=—g(+H)V (0 +am: — Bno) (19)  Where the variables with the “IB” and “IT" subscripts indi
ot cate the ideal basic component and the ideal tidal component,
+Dy+ Dy + P Py X respectively. However, itis virtually impossible to extract the

ideal tidal component (i.e., all of the motions with tidal fre-
guencies and with spatial patterns corresponding to the tidal
only, the body tide effect works on the equilibrium tide only, forcing), from the changing model results. A certain approx-
and the expressions for dissipation and bottom friction foriMmation is necessary for the decomposition. -

tides (O, and Tlt?tm) are different from the basic field, _ In the sch_eme oA_rblc et al. (2010, the_decomposmon
andt,f’tm). As a result, when tides are omitted (i.g5,= 0), is executed in a straightforward mannarbic et al. (2010

Uss. . Dy andr};‘m are permanently zero in Egs. (11| approximated terms in Eq. (20) as follows
and (18), so that Eq. (19) becomes identical to the original ( ng = ndynamic-height
barotropic equation, Eq3). Thus, the introduction of our T = 1 — Ndynamic-height
tide scheme, in contrast to conventional tide schemes, doeg D\g = D2sh-mean-current’
not modify the basic equations. D1 = Danomaly-current
From the point of view of tidal modeling, our scheme en- o ) ]
ables us to tune the parameterizations of tides independentfN€r€7dynamic-heignt indicates the dynamic height anomaly,
of the dynamical balance in the basic field. The valueof ~D25h-mean-current the viscosity for the 25-hour mean cur-
the formulation oft?™ and the parameterization &, can rents, andDanomaly-current the viscosity for _thet anomalous
be selected independently. currents. It_|s guessed that the bottom _frlctlmﬁ,m, and the
To clarify the base of the new scheme, the meaning of stheother (nonlinear) ternX are formulated in the same manner

linear tidal component” is noted again here. Strictly speak-for the two components. In an OGCM with tiebic et al.

ing, a part of the basic component pis used in Egs. (11) (2019 t|dp scheme, Eq. (20) is calculated under these ap-

and (12) so the linear tidal component is not strictly inde- Proximations. _

pendent of the basic component. However, the linear tidal M&anwhile, our new scheme approximates the terms of

component is treated separately from the basic componenEd- (20) as follows:

In other words, the scheme calculates the linear tidal currents M = b =1 — s

under the equilibrium tidal potential progressively, and uses -

it as a model forcing, instead of introducing the potential to Dg =D, (forU,=U—U,;)

the model directly. That is, the linear tidal component can be Dt =D, (forUy)

referred to as an external forcing for the model, rather than T2 = £bm  (for 1) ’ (22)

the tidal field reproduced in the model. To see the tidal field 20t — b for 17

precisely, secondary oscillations with tidal frequencies in the XITB _ X” (for Uy + Uy)

basic field need to be taken into account, as explained in the| X =0

Appendix.
In closing this subsection, the practical approximation by introducing the barotropic linear tidal component, made

used by our new scheme is compared with the scheme afip of ;; and Uy, and the equations Eqgs. (11) ar®) to

Arbic et al. (2010 in detail. The first principle of our new calculate both elements’ time evolution. That is, the practi-

scheme is that the different sets of the governing equacal approximation of our new scheme is to use the solution

tions should be applied to the tidal component and the noneof a linear tidal model in the decomposition. It is because of

tidal component separately, in order to introduce tides intothis approximation that tidal fields can be reproduced with

OGCMs realistically. To do so, we have to carry out de- less numerical resources and be accurate enough to represent

composition of the two components in an OGCM. In an tidal effects in an OGCM, as shown in Sect. 3. However, it

ideal scheme, the tidal component would represent all of themay be difficult to reproduce coastal-area tidal fields in de-

barotropic motions which oscillate with tidal frequencies and tail; since nonlinear effects become important in coastal ar-

have the spatial structures corresponding to the tidal forceas, the linear tidal component becomes less representative.

ing, while the non-tidal component would represent all of the  Though relatively small, some numerical resources are ex-

other motions. Hereafter, we call these components “the idegbended by the scheme. Since one more barotropic equation

This equation for motion is clearly different from the con-
ventional scheme, Eq7). The SAL effect &) works onn;,

(21)
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needs to be calculated as shown in Higthe numerical cost Table 2. Experimental cases simulated using our new scheme with
of the barotropic calculation doubles. For our test experi-MRI.COM.
ment, the computational time increased by 4 % overall.

Abbreviation  settings

NOTIDE without tides
2.3 Model TIDE 8 tidal constituents
TIDEal 8 tidal constituentsy = 1
Test experiments of our tide scheme were executed using the :\<A12 :\(/'12
Meteorological Research Institute Community Ocean Model ., M2, horizontal viscosity = & 10* m2s~1
(MRI.COM) (Tsujino et al, 2010 2011). The MRI.COM M2v10 M2: horizontal viscosity = & 105 m2 s~

is a hybrid ze coordinate free-surface multilevel model
which solves the primitive equations under the hydrostatic
and Boussinesq approximations, and adopts a barotropic— o ] ) ) )
baroclinic mode-splitting technique. The model domain is used for the eqU|I_|br|um tide potential, a}nd thglr amplitudes
global (with so-called tripolar grid coordinatedgrray,  and phases are given after Table Sochwiderski1980). !
1996). The horizontal resolution is°in the zonal direction
and 1/2in the meridional direction, except for the Arctic re-

ion. The model has 50 levels in the vertical direction, with . .
9 The test experiments were executed under the following

layer thickness increasing from 4 m at the surface to 600n1) d d initial diti The at heric forci
at 6300 m depth. The model settings are like those of re- oundary and initial conditions. The atmospheric forcings —

cent global OGCMs except for the tide scheme as folloWssuch as wind stress, latent and sensible heat fluxes, evapo-

(seeTsujino et al(2011) for details). The model uses isopyc- ration, and precipitation — were calculated using the interan-
nal diffusion Gent and Mcwilliamsi990 the second-order nual data set of the Coordinated Ocean-ice Reference Exper-

moment tracer advection ¢rather(1986, harmonic fric- |m3n\t{s G”ﬁ';goet aII:, 2009 and the bulk i(r)]rmulaj cljtartgr]]e ¢
tion with a Smagorinsky-like viscosityQiffies and Hall- an eage2009. For spin up, we ran the mode withou
berg 2000, a bottom boundary layer schemgakano and tides over 1000 years under repeated atmospheric forcings

Suginohara2002, and the generic length scale vertical mix- with climatological temperature and salinity in order to reach

; ; . aguasi-steady realistic situation from a state of réstjino
ing schemeWmlauf and Burchard003. A sea ice model is . .
also incorporated. Its thermodynamic part is basedeh et al, 2011). The instantaneous field on 11 May 2001 was

lor and Kantha(1989, and the other dynamic processes, use_d(;orthe 'n'tfl cond|t||on of tEe t'd.e exper?ent.g-’he test
such as categorization by thickness, ridging and rheologygerlo was 30 ai;sl’) unless ot hervwse bnote f'dm ¢ IS papﬁr,
are based on the Los Alamos sea ice modiiinke and ates are in |Sate Y,UTC o_rt € number ot gays S|_ncet €
Dukowicz 1997 2002. The bottom friction for the basic start such as “day 40". The time step interval is 3 min, fol-

i . e lowing Sect. 4b oSchwiderski(1980.
field, r,?"“, is represented by the quadratic friction Egj5)( .
with Cp) = 0.00125 and) = 10°(Weatherly et al.1980). The seven experiment cases were executed (Table

Configurations of the tide scheme are rather simple in or-TIDE and NOTIDE were run with eight tidal constituents

der to verify its basic features. The SAL term is approxi- and without tide, respectively, and are analyzed in this pa-
mated by the linear formsa. = (1— a)n; with o = 0.88, per. Results of long integration (one year) are also shown

and the constang is approximated as 0.7. (Strictly speak- for these two cases. The TIDEal case witk: 1 is used for

ing, B should depend on the Love numbers (Chapter 6.3 ofcomparison W't.h a case in Wh'Ch that the .SAL termlls.|g—
Kantha and Claysqr2000).) A simple harmonic horizontal nored without violating dynamical balances in the basic field

viscosity is used for the diffusivity termp;,, with a coef- i/lszm a c?.r:ven"[uon?l schgr?;e'.l'hlflMZ Case’hWT:Ch use;]thtle( 1
ficient of 6x 10*m?s~1 (although more sophisticated pa- constituent only, and the case, which uses mne

rameterizations have been proposed, such as a formulatioﬁ;fmStituent only, are used for o_lynan_wical anglysis of_tides in
dependent on the mixing lengtls¢hwiderski 1980). The the m(.)tdell. Mth2 agdt MQZ\%? '2 VY?'Cthle tf;' hg”f‘l’”ta'
no-slip condition is imposed at the lateral boundary of the VISCOSIty IS changed to m"s ~and Lx ms -

bottom topography, so that the horizontal viscosity works:i?\ Sp?JCt'VEW’ ?Leiﬁus;e:j]tt\c/) (Txam;nretgepr)}er:g errl](t:yIC\)/IiiDth et?tt—f ;
there. The bottom friction for the linear tidal component 9. Usageo erentvalues tor the horizontal ViSCosity 1o

zf'™ is the quadratic friction with the conventional param- the tides as opposed to basic fields is baseRlalnin (2008,

eL?rLSCD - 0'3%25 a?de =0 t(S.Ch\f[\.”de;Skl %380 Thl:rsl’ Two misprints were found: the correct astronomical argument
T, Uses aditierent parameteriza 'onb m.’fi ’ s.lnce € ofp1 is—hg—90, and the day number from the reference dais
Weatherly et al(1980 scheme used for?'™ is designed for 365(y — 1975 + Int((y — 1973 /4).

the turbulent Ekman |ayer and unsuitable for the tidal cur- Zsincel)ll differs from Db: this case does not Correspond per-

rents Gakamoto and Akitomd@008 2009. The main eight  fectly to a case using the conventional scheme where tidal and basic
tidal constituents (K1, O1, P1, Q1, M2, S2, N2 and K2) are fields are treated without separation.

2.4 Experimental cases

Www.ocean-sci.net/9/1089/2013/ Ocean Sci., 9, 108908 2013
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(a) N (TIDE) (b) Nt (TIDE)

%ot 1o V 120
—m:%%_zw 7”:\:\:}):\:\:\*2:\(%
[cm] [cm]
(c) N (TIDE) (d)Nt-Nk (TIDE)
90N N e —

60E 120E 180

(f) Nt (TIDEa1)

Fig. 2. (a) SSHp, (b) tidal heightn;, (c) height of the linear tidal componeny;, (d) the difference); — n;; in case TIDE(e)data assimilation
analysisy! (Matsumoto et a).2000 and(f) »; in TIDEal at the end of the 40-day experiments (20 June 2001 00:00 UTC). The same colors
are used if{b—f); red indicates ascend (positive), whereas blue indicates descend (negative). The contour interval is 20 cm.

who proposed an interpretation of horizontal viscosity as avariations as shown in Sect. 3.1. Alternatively, based on out-
way to parameterize the interaction between mesoscale egut of , the tidal heights can be estimated by the anomaly
dies and internal waves. That is, the usage of different valuesrom the 25-hour running mean, or the deviation from the dy-
means that mesoscale eddies interact differently with internamic heights aftefrbic et al.(2010 (density data is needed
nal waves that result from geostrophic adjustment than within this case).

internal tides. The experimental period was 10 days in M2, The global tide data set ofMatsumoto et al.(2000

K1, M2v2 and M2v10. (NAO.99b) was downloaded from the welhttp://mwww.

In this paper, we analyzed the tidal heightdefined by = miz.nao.ac.jp/staffs/nao99/index_En.htrahd used to as-
the SSH anomaly from NOTIDE, sess model reproducibility of the tidal height. This data set is
n = n — n(NOTIDE). 23) a reanalysis product made by the assimilation of SSH satel-

lite observations to a barotropic tide model with a horizontal
It should be noted that this is in order to investigate pre-resolution of 0.8. Though they reported that errors in tidal
cisely the tidal field including secondary oscillations in the height are as much as 2cm at maximum (Figs. 3 and 4 of
model. Actually, performing two simulations (one with and their paper), the data set is assumed to represent the actual
one without tides) is not required in order to obtain the tidal tidal heights in this study.
heights with some accuracy. Simulation output of the linear
tidal componenty;;, may serve as a basic data set of tides in
an OGCM, since this component represents most of the tidal

Ocean Sci., 9, 1089:108 2013 Www.ocean-sci.net/9/1089/2013/
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Table 3.The RMS error of the tidal height (cm) and the percentage  To investigate the causes of the differences between TIDE
of SSH variance captured (%) in TIDE and TIDEal. The values ofand TIDEal in detail, the amplitude of the tidal height varia-
“TIDE(coastal)” are calculated in the region shallower than 1000 m.tjon is evaluated by the root mean squareQfjrums,

Case TIDE TIDEal TIDE(coastal) 7 1/2

RMS error (cm) 10.0 313 35.6 1 P

percentage of SSH (%) 90 2 42 IRMS = T —To d ) (24)
variance captured To

where Tp and Ty indicate 5 May 2001 and 20 June 2001,
i.e. the times after 10 and 40 days from the experiment start,
respectively. Figur8 showsnrus in TIDE, TIDEal and the
assimilation data set. Comparingms(TIDE) and the assim-
ilation resultng,,s, the distributions and the local maxima
are very similar except for some differences (erhus is
slightly smaller in the Indian Ocean, and larger in the western
equatorlal Pacific region). Similarlyrms(TIDEal) is close
taneous field of SShj at the end of case TIDE. Tides with El?hnRMS’ though its distribution seems somewhat distorted.
e means by which the viscosity parameterization influ-

a basin scale are clearly seen, along with the geostrophic cir-
ences the performance of the tidal amplitude is discussed in
culation on a large scale, (e.g. the meridional gradient of theSect 39

Antgrctlc Circumpolar Currenj[). . : Next, the reproducibility of the tidal phase is examined. As
Figures2b and2c show the tidal heightsy,, and the linear . ; . )
representative results, Fig shows time series of; at three

tidal component of SSHy;, respectively, in TIDE. As noted locations in the equatorial Pacific, the equatorial Atlantic and

in Sect.2.2, the former represents the whole tidal motion,
including nonlinear effects, while the latter is the primary the central Indian Ocean. In contrast to the amplitudes, the re-
9 P prodUC|b|I|ty of the tidal phase differs substantially between

barotropic response to the tidal forcing following Egs. (11) TIDE and TIDEa1. They, phase is ahead by up to 1.5 h from
and (L2). Except for a few differences in coastal areas (10 cm n¢ in TIDEal at all the locations (corresponding to°#5

at maximum), they are aimost identical globally (F2gi). sem| -diurnal tides). On the other hangl s in phase with¢
This result supports our expectation that the linear tidal com-
in TIDE, as the phase differences are found to be less than
ponentsU;; andn;,, represent most of the tidal motions. In
our new scheme, only the linear tidal equations adopt aram0 Sh. As aresult, the difference betwegrandy; decreases
y q PLp .drastically in TIDE, in comparison with TIDEal, nearly ev-
eterizations specified for tides; here, we suggest that this is
erywhere. Thus, the problem of the tidal phase being too far
enough to reproduce tides in a global model.
. . . . ahead in TIDEal is corrected to some extentin TIDE. This is
For comparison, Fig2e shows the tidal height of the re- . . . I
; “ one important reason for the difference in the reproducibili-
analysis data seMatsumoto et a).2000, n¢. The patterns . .
of sea surface elevation i (or n;;) of TIDE andn¢ are ties of the two cases shown in F.
i iz i A possible mechanism of this correction is as follows. In-

very similarin the I_nd|an, Pacific and Atlantic oceans, th(.)Uthroductlon of the SAL term modifies the gravitational accel-
there are some differences around the Antarctic continent,

The amplitudes of these variables are also very similar. Foerauon toag virtually in TIDE, as indicated by Eq.20).

'Sincea is less than unity (0.88 in our settings), the phase
example, the local maximum in the eastern equatorial Pacifi¢ Velocity of shallow gravitational waves g /H) becomes
region is approximately 87 cm in botfa andn¢. This result y 9 §

slower. This mechanism may contribute to reproducibility of
suggests that our new scheme worked as expected, and that e tidal phase. y P y
the model reproduced a realistic time evolution of the tides. The reproducibility of the tidal height is evaluated quanti-

By contrasty), in TIDEal, which ignored the SAL term, is . .
. . . tatively here. For this purpose, a root-mean-squared error of
different fromn¢ (Fig. 2f). For example, the local maximum is calculated using® as a reference (Fig),
in the eastern Pacific was not located in the equatorial reglonn” IRMSE 9/

but adjacent to the west coast of North America, and the pat- 1/2
tern of sea surface elevation around New Zealand deviated
counterclockwise by approximately 80The contrasting re- 7RMSE=
sults between TIDE and TIDEal indicate that realistic tides

cannot be modeled in an OGCM if the original barotropic
equation is used to calculate time evolution of tides. It isIn TIDE, nrmseis less than 20 cm — even in the open oceans
necessary to use parameterizations developed for tides. Evemherenrus is large — and less than 10 cm in most other re-
the scalar approximation for the SAL term, for example, im- gions, except for the Southern Ocean south of the polar con-
proves simulations of the tides. vergence. Meanwhile, in TIDEairmsg is more than 20 cm

3 Results
3.1 Tidal height
The test experiments with our tidal scheme successfully re-

produced many of the large-scale features known to be in thé
tidal field as well as basic field. Figuga shows the instan-

—nH2di | . (25)
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F|g 3. Root mean square of tidal heighIRMS, (Eq 24) in (a) 42108_JUZN 037 067 097 127 152 182 217 zgﬁr\
TIDE, (b) assimilation analysis anft) TIDEal. The contour in- 2001
terval is 5cm.

Fig. 4. Time variation of tidal heightj; [cm] for 19-20 June 2001
(day 40) in(a) the equatorial Pacific (18, 0° N), (b) the equato-

. . . rial Atlantic (30°W, 0°N), and(c) the central Indian Ocean (8&,

in most regions such that it reaches values comparable 9 s) The thick, thin, and dashed lines indicate TIDE, assimilation

nrws itself. analysis, and TIDEal, respectively.
Following Arbic et al. (2004, who developed a highly-

tuned two-layer tide prediction model without a data assim-
ilation technique, the root-mean-squared error is averaged

over the region ranging from 66 to 66 N with water depth where x and y are longitude and latitude, respectively.
exceeding 1000 m, which is indicated Ry The RMSE in the SSH is as high as 31.3cm in TIDEal

and 10.0cm in TIDE (Tabl&). This is comparable to the
RMSE found in previous studies (e.tpyne and St. Laurent
1 12 2001; Arbic et al, 2004. In addition, Arbic et al. (2004
Mrvse= | — / / néMSdedy , (26) defined “a percentage of SSH variance captured” by 1
A 4 (MRMSE/ Tams)>: Wherenk,,s = 31.8cm is n&,,s averaged

Ocean Sci., 9, 10891108 2013 Www.ocean-sci.net/9/1089/2013/
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Fig. 5. Root mean square error of the tidal heigjmse, in () TIDE and(b) TIDEal. The contour interval is 5cm.

over A. The values are 90% in TIDE, 2% in TIDEal, and c, too (not shown). As systematic indices of the model sta-
92 % in Arbic et al.(2004. The tide reproducibility is very  bility, the volume-averaged kinetic energy of the barotropic
low in TIDEal, whereas in TIDE — due to taking into ac- currents,BKE, and the counterpart of the linear tidal cur-
count an approximation of the SAL term — it increases to therents,BKE;;, are calculated by

same level as a tuned tide model. Since a simple viscosity pa-

. . . . . . 1 1 2
rameterization was used in the experiment, the reprodumbﬂ-—BKE _ V/[/ > ‘ dxdydz, 27)
Vv

U
H+n

ity could increase further by adopting more sophisticated pa-
rameterizations or tuning the settings more carefully. Though
this task is beyond the scope of this paper, some case stud-

ies discussed in Se@.2indicate that the tide reproducibility 1 1l U, |?
BKE; = — =
’ v///J
Vv

dxdydz, (28)

significantly depends on the viscosity settings. H+y
To simulate circulations affected by tides, it is important

to introduce tides realistically into an OGCM, even in coastal

areas (e.gvloon etal, 201Q Kurapov et al,2010. However, ~Where V indicates the whole region of the model Ym

the reproducibility of the tidal heights in coastal areas tendedVionotonic increase or decrease of energy is not found in the

to decrease in our low-resolution model. The root-mean-two time series of one year, though fortnightly variation ex-

squared erronrmse averaged over the region shallower than ists (Fig.6c¢). It can be concluded that the model runs stably

1000 m is found to be 35.6 cm, which is three times as largeWith our tidal scheme at least for one year.

as the 10.0 cmyrumse in the open ocean, and the percent- ) .

age of SSH variance captured is only 42% (Te)leThisis -2 Tidal motion

likely because our low-resolution model cannot representrel- . . . . .

atively small physical processes affecting coastal tides, sucf|1n ;]h's subsecu?g, tid dal m.Ot'O?]S reprolduc?d by th(;/lgew (tj'dKa ll

as excitement of internal tides over shelf slopes, waves brea zc err1ne are Vg.' azate usm? the r_(e;sT :]S _ohcase§ ie an '

ing on shelves, and the friction of complicated topographies S shown In =1g.2, ”.‘OSt o_t e tidal heig t.var|at|on was

(Xing and Davies1997 Osborne et al2011 Nagai and Hi- represented by the linear tidal componentin our global

biya, 2012. Improvement of the coastal tides by the incorpo- vrcgr(jaeglr?orzltl?:rclyﬁ bliigfrogcrgzrerﬁg j ;V't?hgdlfr:(;;?%?gf;_
ration of our scheme into a high-resolution OGCM is project pietely rep Y

to be completed in the future ponentUy;, and therefordJ;, is used to compare with past

. . . tide studies. Hereafter, the 100-hour experimental results

To verify that an OGCM with our tidal scheme runs stably, ) - )
long time variations are analyzed here. First, the tidal heightsf(r})g]afg't?geg%?gl; (|Sri1sd|cated bi) to 24:00 on day 10
n:(TIDE) for 8 days are shown in Figa at the same location Zs a first step to v)z;Iidéte the tidal currents in cases M2
as Fig.4a, together withy?. Amplitude modulation induced and K1, Fig.7 sphows the mean speed distributions of the
by neap and spring tides is found to be well reproduced in the o .
model. Figuregb shows the variation range g{TIDE) for barotropic tidal currentsu, | , calculated by
one year at the same location. Quasi-stationary undulation of
SSH is maintained for one year with fortnightly modulation.

' 1 U,
: ) . ol =
These results were obtained at the locations of #igand L T — Tof H+n
To

T

dr. (29)
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Fig. 6. (a)Same as Fig4, but for 12—20 June 2001 (day 32—40). The
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For both the M2 and K1 cases, the tidal currents are strong in
coastal areas, especially near Great Britain, Ireland and east-
ern Asia. In the M2 caséyy,| is large over the Mid-Atlantic
Ridge, and in the equatorial Pacific. In the K1 cdag]’ is
large in the Indian Ocean and the North Pacific. These results
agree well with Fig. 1 irMiller et al.(2010.

Next, we executed an energy analysis for the M2 tide. Gen-
erally, the tide energy is supplied to interior ocean regions,
and then transported to narrow coastal regions to be dissi-
pated thereEgbert and Ray2003 analyzed the pathways of
the M2 tide energy based on an assimilation model. Follow-
ing them, the tide energy flux?, and the energy supplW
(i.e., the work which the tidal forcing does on the ocean), are
estimated for the linear tidal component using

T

/Ultﬁltdf

To
T

/ Usr - V(Bro+ nsal)dL.
To

= 30
T (30)

= 1
T (31)

Assuming a steady energy state, the energy dissipafion,
can be estimated from the energy balance as

0=W-V.P—D. (32)

See Sect. 3.1 dEgbert and Ray2001]) for the derivation of
these equations. Figu& verifies that the energy was sup-
plied in interior regions, transported to coastal regions, and
dissipated there. In addition, th vector map agrees well

with Egbert and Ray2001). These results indicate that our

model reproduced both the tidal heights and the tidal dynam-
ics such as the tidal currents and the energy flux, which are
important for effects on the basic fields. Figle shows

that the tidal energy dissipates over rough topographies such
as the lzu-Ogasawara Ridge, the Hawaiian Ridge and the
Central Atlantic Ridge, as well as in coastal regions. This
likely reflects barotropic-to-baroclinic conversion resulting
from excitement of internal tides over rough topographies
(see Sect. 3.3).

It has been shown that the precision of a tide model de-
pends primarily on settings of viscosity and friction to dissi-
pate tidal currentsArbic et al, 2004). In our model experi-
ments, tides also significantly depended on the viscosity set-
tings, especially the horizontal viscosity, Figure9 shows
n; in the two additional cases wherewas decreased to

thick and thin lines indicate TIDE and assimilation analysis, respec-o, 1o m2 51 (case M2v2) and increased to 100 m2s-L

tively. (b) The variation range of SSH at the site (2&) 0° N) over
one year — from 21 May 2001 to 20 June 2002 (day 10-405) — in
TIDE. (c) Same agb) but for the volume-averaged barotropic ki-

netic energy [crAs—?] of U (BKE, black) andU;, (BKE;,,gray).

Ocean Sci., 9, 10891108 2013

(M2v10), together with the standard case witk= 6 x 10*
m?s1. Though the patterns of sea surface elevation were
similar, the magnitudes differed significantly, e.g., the local
maxima in the eastern equatorial Pacific of 84 cm, 63 cm and
52cm in cases M2v2, M2 and M2v10, respectively. In ad-
dition, it was revealed that the amplitudes of tidal height
variation were mainly controlled by the horizontal viscosity

Www.ocean-sci.net/9/1089/2013/
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(a) M2 (b) K1

180 180 120 s0W 0 60E 120E 180

0.01 0.1 1 10 100 [cm/s] 0.01 0.1 1 10 [cm/s]

Fig. 7. Speed of the barotropic tidal curremﬁt of (a) M2 tide and(b) K1 tide averaged over 100 h from 20:00 on day 6 to 24:00 on day
10. The colors are the same as in Fig. Mifller et al.(2010), and the units are cnT<.

60w
——— 3000-m isobath

[k Wim] —100 —50 0 50 700 [m W/m2]

Fig. 8. (a) Tidal energy fluxP (vector) and power on the ocesin (10~3 Wm~2) (colored shading) in case M2. The unit length of the vectors
is 200 k WnT ! the same as Fig. 1 dgbert and Ray2001). (b) Tidal energy dissipatior D in case M2. The 3000 m isobath is shown to
illustrate the bottom topography.

between the water and the lateral boundary of bottom topogerated realistically by the scheme. Therefore, we expected
raphy, rather than the viscosity of the interior currents or bot-that some changes would occur in the velocity and tracer
tom friction (not shown). These results are consistent withfields of the test experiments, since the tidal currents were
Schwiderski(1980 and Arbic et al. (2004, who reported  well reproduced. In order to validate impacts of our tidal
that interaction between tidal currents and bottom topograscheme, changes in the basic fields are summarized briefly
phy is one of the most important processes in dissipation oin this subsection, though the experimental period (40 days)
tides. As noted here, by using the new scheme, we could adand the model resolution {& 1/2°) are not enough to rep-
just the tide viscosity and friction parameters, including in- resent thorough modification of the basic fields in the real
teraction between tides and topography, without altering theocean.

original OGCM equations. This feature is essential to the re- In general, active excitement of internal waves is one of the

alistic introduction of tides into an OGCM, &sbic et al. main impacts of tides on the basic fields. Figa&shows

(2010 pointed out. vertical velocityw at the depth of 1900 m in cases TIDE
and NOTIDE. In NOTIDE, with the exception of the equa-

3.3 Effects on basic fields torial region,w was Q10-3) cms™1, while w in TIDE was

_ _ _ _ more than 102cms ! over large areas. This difference in-
As noted in Sect2.2, our new tidal scheme is designed SO gjcates excitement of internal tides in TIDE. In fact, the ver-
that interaction processes between the basic fields and tidgg.g) velocity was especially large over rough topographies
are represented in the original OGCM framework. Owing t0 g ,ch as the Emperor Seamounts (near Ej0the Hawai-

this, the tidal effects on the basic fields would be reproduceqan Ridge, and the Izu-Ogasawara Ridge C1B)) suggest-
naturally in the model, as long as the tidal currents are gen- '

Www.ocean-sci.net/9/1089/2013/ Ocean Sci., 9, 108908 2013
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(a) M2v2 (v = 2.e4 m2/s) imately 1/10. Since reproducibility of internal tides depends
strongly on model resolutioNjwa and Hibiya 2011), this
difference suggests that our model resolution oi1/2°
was not enough to represent internal tides.
To examine how the internal tides are excited in the
L w0 ] model in more detail, potential densiy is analyzed around
£Q N : Hawaii, where active excitement is expected fromihdis-

90N

B6ON B

30N

( tribution (Fig. 10). Figurella shows a time variation afy
ey - . y vertical distribution in TIDE and NOTIDE. No remarkable

variation is found in NOTIDE (thin lines), while vertical un-

! dulation of the isopycnals with a period of half a day is
T20E 180 ) clearly seen (thick lines). The amplitude reaches 50 m, which

(b) M2 (6.e4 m2/s) means that the model represented heaving of the isopycnals

accompanied by internal tides. Figuréb is a Hovmoller di-

agram showing meridional and temporal change of potential

density anomaly at the depth of 1000 m in TIDE, ang,

is the anomaly from the time average as

60S

Ty

/ oodt, (33)

To

/
o= 0Q —
0 T —To

b ; whereTy and 77 indicate 18 June 2001, 00:00 and 20 June,
0 ‘ ‘ 00:00, respectively. In Figllb, oy changed most dramat-
(c) M2v10 (10.e4 m2/s) ically over the rough topography around Hawaii 21° N),
i showing oscillation with a period of half a day. Subsequently,
con A “g“ = the anomaly propagated northward and southward with de-
e % cay (the arrows in the figure). Though the model meridional
son M }d resolution of 0.8 is clearly insufficient to represent the spa-

\\C tial structure of the internal tides, it can be concluded that
EQ W
WD@ (PP
305 4 " %
~ _ N
60E

90N

sented to some extent.
Fig. 12a shows another impact on the ocean, the sea sur-

face temperature (SST) anomaJyTt,

%

excitement and propagation of the internal tides were repre-
60S

120E 180

AT =T'(TIDE) — T' (NOTIDE), (34)
¢ E - a— L _
where T  indicates the last 25-hour mean temperature (in
Fig. 9. Tidal heightn; at the end of the 10-day experiments (00:00 19 June). Introduction of tides resulted in a SST decrease
on 21 May 2001) in casg@) M2v2 (v =2 x 10*m?s™1), () M2 of 0.1-0.5°C over large areas of the Northern Hemisphere.
(6 X 104) and(c) M2v10 (10)( 104) The contour interval is 20 cm. As shown by a vertical temperature prof"e (Fm:)), the
surface layer (0—15m) became cooler, while the subsurface
layer (20-40 m) became warmer, and the temperature strat-
ification was weakened. That is, development of the ther-
ing active excitement due to interaction between tides andnocline in subtropical and subpolar regions of the North-
topographies. This is consistent with the energy dissipatiorern Hemisphere during its summertime was hampered, and,
D in Fig. 8b. as a result, SST increase in early summer was weakened.
Figure 10 shows thatw had a zonal band pattern with a This can likely be attributed to the process in which verti-
meridional wavelength of approximately 200 km. This pat- cal shear in internal tides feeds vertical mixing in the sur-
tern is very similar to the result ¢fomori et al.(2008 (their ~ face layer through the vertical mixing scheme, although the
Fig. 1), who simulated excitement of internal waves by wind mixing scheme only intermittently predicted large vertical
using a model with a horizontal resolution of /#However,  diffusivities. By contrast AT was relatively small in the
Arbic et al. (2010 reported that internal tides have a ripple- Southern Hemisphere’s winter. One reason may be that tidal
like pattern spreading from bottom topographies, using ammixing hardly affected the vertical temperature distribution
eddy-resolving model with a horizontal resolution of approx- there, since the surface layer was originally well mixed via

Ocean Sci., 9, 10891108 2013 Www.ocean-sci.net/9/1089/2013/



K. Sakamoto et al.: A practical scheme to introduce explicit tidal forcing into an OGCM 1103

) e - —
- - -

- e - "‘ _— - ——  —
10N ——— 10N T M S e
1200 100W  120E 140€ 160E 180 160W 140W 120 100W
—0.04 —0.02 0 0.02 0.04 [em/s]

Fig. 10. Vertical velocityw (cm s_l) at 1900 m depth in the North Pacific {a) TIDE and(b) NOTIDE. The instantaneous distributions at
the end of the 40-day experiment are shown.
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Fig. 11. (a)Vertical distribution of potential densityg (kg m~3) from bottom to the 1000 m depth at 58/, 20° N) for 18—20 June 2001
(day 39-40) of TIDE (thick lines and colored shading) and NOTIDE (thin ling@)Hovm®ller diagram of potential density anomaly at
55° W, 1000-m depth in TIDE. The meridional range is 16224 and the time period is the same(a$ The arrows indicate propagation
of internal tides.

surface cooling. Both temperature and salinity were almosts the Greenland Sea and the Ross Sea. This is consistent
uniform from the surface to the depth of 80m. Another rea-with the findings of previous studies, which showed signifi-
son may be that representation of the tidal mixing was notcant tidal impacts on dense water formation processes there
adequate due to the low resolution of our model. Low reso-(Pereira et a).2002 Robertson2001ab).
lution is also likely responsible for the fact that large vertical Our experiment of 40 days did not show any significant
diffusivities were only intermittently predicted in the North- changes in large-scale circulations. The differences between
ern Hemisphere. the currents in TIDE and NOTIDE were less than 1 cm s
The SST decrease with the inclusion of tides was espein the open oceans, and 10 cm-sat maximum in coastal ar-
cially large in shallow coastal regions; e.g., more thd@ 1 eas (not shown). This result is consistent with a study about
around the islands of Great Britain and Ireland. Since this detidal effects Bessiéres et al2008, which suggests that our
crease was accompanied with weakening of stratification, theéidal scheme did not generate spurious currents. However,
reason is likely that strong tidal currents (Fi§yinduced ver-  considering the report that tidal mixing modified the Atlantic
tical mixing through shear instability in the bottom layer, as North Current pathway in a long-term integration of a cli-
reported by observational and numerical studies about tidainate modeliller et al, 2010, tidal impacts on large scale
fronts Simpson and Hunted974 Miiller et al, 2010. The  circulations may appear if we run the model much longer.
SST anomaly was also large in some polar coastal seas, su¢m our one-year experiment, the velocity difference between
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Fig. 12. (2)SST difference between TIDE and NOTIDE (C°). (b) Vertical profiles of temperatur?t at the site (50 W, 50° N) (marked
in (a)) in TIDE (thick line) and NOTIDE (thin). The vertical range from surface to 65 m depth is shown (Byaind(b) use 25-hour averages
of the end of the 40-day experiments.

TIDE and NOTIDE reached approximately 10 % of the total drives an OGCM by the barotropic tidal currents which are
velocity in two months. However, it did not expand further predicted progressively by a tuned tide model, in lieu of us-
after that.) ing the equilibrium tidal potential. The numerical cost of the
Though plausible impacts on the OGCM were obtained byscheme is comparable to the barotropic calculation of the
our scheme as for impacts of tidal currents, it should be notedriginal OGCM.
that our experiment is the initial investigation of the scheme. We incorporated this scheme into Meteorological Re-
In particular, the horizontal resolution of the model is too search Institute Community Ocean Model (MRI.COM) and
low to represent internal tides or tidal mixing proces$éat( executed test experiments with a low-resolution global model
sumoto et a.2000. With implementation of this scheme in (1°x 1/2°). The results showed that the model could simu-
a higher resolution OGCM, evidence of barotropic to baro-late tides realistically without affecting the basic fields un-
clinic energy conversion can be provided directly via vertical intentionally, and that the model runs stably for at least one
velocity and potential density, and the conversion rate andyear. The root-mean-squared error of the tidal heights was
coastal effectsgimmons et a).2004) can be investigated in  only 10.0cm in the reference of a data-assimilation result,
more detail. A thorough investigation about the process forsuggesting that the tide reproducibility is comparable to that
tidal currents to intensify vertical mixing through velocity of tide models tuned elaborately. By contrast, when the SAL
shear and turbulence will also be possible. We plan to exeterm was ignored, the reproducibility decreased significantly,
cute a long-term experiment in order to examine the tidal im-as the error rose to 31.3 cm. This suggests that the SAL scalar
pacts, including dependencies on model resolution or mixingparameterization must be utilized in order to introduce tides
parameterizations, in more detail. into an OGCM realistically. Although this conclusion has
been drawn byArbic et al. (2010, our methodology is dif-
ferent from theirs.
4 Conclusions The essential difference between the schenfabit et al.
(2010 and our new scheme is the approximations used to de-
A new practical scheme is proposed to introduce tides exzompose the tidal and non-tidal components, as explained in
plicitly into ocean general circulation models (OGCMSs). In gect. 2.2. All motions in periods shorter than 25 hours are
this scheme, barotropic linear response to the tidal forcinggssumed to be tidal currents in the schemeiddic et al.
is calculated by the time differential equations modified for (2010, while only the motions of the linear primary response
ocean tides, instead of the original barotropic equations ot the tidal forcing are assumed to be tidal currents in our new
the OGCM. This allows for the usage of various parameteri-scheme (though secondary oscillations of tides can be repre-
zations specified for tides, such as the self-attraction/loadingented in an OGCM (Appendix)). As a result, for example,
(SAL) effect and energy dissipation due to internal tides, the tidal motions in the scheme Afbic et al.(2010) include
without unintentional violation of the original dynamical bal- jnertial oscillations at higher latitudes than°2@vhere the
ances in an OGCM. Owing to this feature, the knowledge ofinertial period is shorter than 25 hours. In our new scheme,

barotropic tide modeling can be exploited to improve repro-powever, it may be hard to control tides in coastal regions,
ducibility of tides in an OGCM. In other words, this scheme
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since the nonlinearity becomes relatively strong there. Bystratification exists, kinetic energy conversion occurs from
investigating how the tide reproducibility in an OGCM de- barotropic tides to internal tides. In the new tide scheme,
pends on the selection of the two schemes, validation of theithe linear tidal component represents the primary barotropic
approximations can be tested under realistic situations. Weesponse to the equilibrium tide potential, and does not in-
believe that this problem is worthy of study in order to fur- clude such modification. This appendix explains how such
ther refine the tide schemes. modification is represented in the framework of the new tide
It should be noted that our model settings were ratherscheme.
crude. Recently, sophisticated parameterizations for tidal en- To treat the question clearly and analytically, we consider
ergy dissipation have been proposed by studies about tha simple situation as follows. The ocean state is thoroughly
interaction between tides and topography (€layne and horizontally uniform, including the tidal forcing, and dissi-
St. Laurent2007). The tide reproducibility may improve fur-  pation and bottom friction are ignored. Under these assump-
ther by adopting such parameterizations, making use of theéions, the momentum equation of the linear tidal component,
feature that lets the tide settings be decided independentlizq. (12), is simplified as
of which OGCM is used. Actually, our case studies showed

that the reproducibility depends sharply on the configurationaUlf — Vi ngﬂ@ (A1)
of the viscosity related to topography, suggesting a possi- 97 dx

ble contribution of such parameterizations. Model sensitiv- 9 Vir T fU; ZgHﬂ@ (A2)
ity to bottom drag parameterizations should be investigated 97 ' ay’

with this scheme, too. Though we used ieatherly et al.
(1980 andSchwiderski(1980 parameterizations for the ba-
sic and linear tidal components, respectively, they have nofg
been tested in the situation where both of the tidal currents'©"'>
and the geostrophic circulations exist. Thus, implementingy, — ¢, +iv;, (A3)
the appropriate tidal parameterizations in an OGCM in the
framework of our new scheme remains to be carried out. In o ono
order to do this, it is also necessary to systematically evalu¥ = Or +i oy (A4)
ate errors in the phase and the amplitude of each tidal con- . Y
stituent, which is not analyzed in this paper. We plan to doEgs. A1) and A2) combine to become
this using our model, MRI.COM.

In spite of the crude settings, our model generally repro-% +ifU; = gHBF. (A5)
duced similar amplitudes of the M2 and K1 tidal currents 97
and the tidal energy conversions when compared with previ

ous tidal modeling studies. In addition, excitement of inter-\ i, frequencys for the tidal forcingF, and as a result, both
nal tides and enhancement of vertical mixing were found Nz, and F can be deformed to a sum of the two rotary com-

the model, though the experimental period was as short aﬁonents in general as followévies 1985 Sakamoto and
40 days. We did this by generating the realistic tidal currentsa itcomo 2009

in the model through an explicit tidal scheme, in contrast to _ ‘

the indirect parameterizations of tidal mixing used by manyU;, = R;e”” + R, e ! (AB)
traditional OGCMSs, such as additional increase of the back-

grqund vertical dlffu3|v!ty. Usag(_e of our spheme is expectedﬁ _ Fteiol 4 pemiot (A7)
to improve representation of various physical processes, suc

as water exchange between coastal and open oceans, aihere R;" and F* are the amplitudes of the counterclock-

even chemical and biological processes (e.g. Sect. 8.6 Qfise components, whil&, and F~ are those of the clock-
Simpson and Sharple2012. Explicit introduction of tides  yjise components. Substituting EqsA6) and A7) into
into an OGCM is a significant step towards upgrading oceancq (a5), we obtain the solution o, for F,

modeling. We plan to investigate the impacts in more detail

whereU andV indicate the components of the velocity vec-
rU = (U, V). Now, introducing complex number expres-

We assume a horizontal vector varying trigonometrically

. X ' . i
using a model with a finer resolution. R = gHB | (A8)
i(lo+f)
- gHB _
Modification of tides Now that the solution for the linear tidal component is ob-

tained, we show how the basic equations represent modifica-
Tides affect the basic field as shown in S&B and in turn,  tion of tides induced by secondary interactions between the
the basic field modifies the tides. For example, when densityfinear tidal component/;, and the basic field. Making use of
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the assumptions of EqsA{) and @A2), the barotropic mo- As explained here using a simple situation, the interaction

mentum equation of the basic component Eg),(i.e., the  between the tidal and basic fields emerges through a driv-
original equation of OGCM , is simplified to ing term (X) in the basic equation. Change of the basic field
induced byX can be considered the modification of tides

Uy +ifU, =X, (A10) if its frequency is the same as the tidal forcing. Otherwise,

ot ' the change is an excitation of other tidal constituents such

as overtides, or modification of the basic field. In any case,

these modification processes are represented explicitly in the

Uy=Up+iVp, (A11) framework of the original OGCM, although the governing
equations of the modification currertts are different from

and X represents the secondary interactions. Here, we asthose of the linear tidal current, .

sume a linear damping faX. Modeling the barotropic tides

as dissipated by excitation of the internal tides due to a com-

whereU,, is a complex number,

bination of tidal currents and stratification, AcknowledgementsiVe thank the members of oceanographic
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Now we deformU, to a sum of the two rotary components
in the same manner as in E4\q): Edited by: M. Hecht

Up =R/ e + R, e, (A13)

Substituting Eqs.A12) and A13) into Eq. (A10), we obtain  References
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