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The implementation of operational
oceanography in the past 15 years has
provided many societal benefits avd has led
0 many countries adapting a formal roadmap
for providing ocean forecasts. Continuing the
tradition of two very successful intemational
summer schools beld im France in 2004
(Chassignet and Vemon, 2008) and in
Australia in 2010 (Schiller and Brassingtan,
2011), a third intemational school that
fiocused on frontier research in operational
oceanography was held in Majorea in 2017

In the coming years, graduate students and
young scientists will be challenged by many
new observations (SWOT, Sentinel, AUVs,
floats, eic), complex  high-resolution

changing computing platforms, etz.), and the
need o work on many scales (open oceam-
shelf imteractions, coupled ocean-ice-
atmaosphere, biogeachemistry, etc.). The latter
schoal brought together senior experts and
young researchers (pre- and post-doctorate)
from across the world and exposed them to
the [atest research in

specifically how it will impact opu:bnnil
eceanography. This book is a compilation of
the lectures presented at the school and
presents a summary of the cument state-of-
A .

CHAPTER 13

A Primer on Global Internal Tide and
Internal Gravity Wave Continuum
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ARTICLE INFO ABSTRACT

Keywords: Until recently, high-resolution global modeling of tides has been done separately from high-resolution global
Ocean tides modeling of the atmospherically-forced oceanic general circulation. Here we review the emerging class of high-
Internal ddes resolution global models that are simultaneously forced by both atmospheric fields and the astronomical tidal

Internal gravity waves
General oceanic cireulation
Occan mixing

Ocean modeling

potential. Such models simulate barotropic (surface) tides, nternal tides, near-inertial motions, the eddying gen-
eral oceanic cireulation, and a partially resolved internal gravity wave (IGW) contimmum speetrum (Garrett-
Munk spectrum) simultaneously. We review the technical aspects of such global models and their myriad appli-

cations, for example, in satellite oceanography, operational oceanography, boundary forcing of regional models,
tidal-cryosphere interactions, and assescment of future coastal flooding hazards in a changing climate with al-

tered tides.

1. Introduction

Tides have fascinated humankind for thousands of years
(Cartwright, 1999). Accurate analysis and prediction of tides in ports
and harbors has been practiced since the 1800s. The advent of the
TOPEX/JASON satellite altimetry series (Fu & Cazenave, 2001;
Stammer & Cazenave, 2017; International Altimetry Team, 2021) revo-
lutionized physical oceanography by allowing for highly accurate
global maps of surface tidal elevations (e.g., Le Provost, 2001; Egbert &
Ray, 2017; Ray & Egbert, 2017) and other oceanic motions. The
‘TOPEX/JASON tidal maps build upon work demonstrating the feasibil-
ity of tidal mapping with the earlier Seasat and Geosat altimeters (e.g.,
Cartwright, 1083; Mazegga, 1985; Woodworth & Cartwright, 1086;
Cartwright & Ray, 1990). Despite the advent of accurate tidal maps
from altimetry, many questions about tides remain, including the re-
sponse of tides to climate change, the details of tide-cryospl interac-

1.1. Background and definition of terms

Tides are best known for effecting a periodic rise and fall of the sea
surface height (SSH). The large-scale motions that dominate SSH are
variously known as surface tides or barotropic tides. The surface tides
are arguably weakly resonant in the open-ocean (e.g., Wunsch, 1972;
Garrett & Greenberg, 1977; Heath, 1981; Arbic et al., 2009), because
the spatial structures and frequencies of oceanic normal medes (e.g.,
Platzman et al., 1981; Platzman, 1991; Zahel & Miiller, 2005; Miiller,
2007) match those of the astronomical forcing reasonably well. The
weakly resonant open-ocean tides drive strong tides in coastal regions
(e.g., Hudson Strait, the Bay of Fundy, the Patagonian and Northwest
European Shelves, and others) that are well-shaped for resonance (e.g.,
Garrett, 1972; Clarke, 1991; Cummins et al., 2010).

The SSH perturbations are driven by converging and diverging

tions and open-ocean tidal dissipation mechanisms, the predictability
of internal tides, and the impact of tides on upcoming remote sensing
‘missions. Some of these questions are addressable with global high-
resolution simulations that incorporate tidal and atmospheric forcing
simultaneously, a frontier direction in ocean modeling that is the sub-
ject of this paper.
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pic (depth-inds ) flows. When barotropic tidal currents
flow over topographic features they initiate vertical motions, which ina
stratified fluid such as the ocean implies the existence of tidal oscilla-
tions along the interfaces between layers of different densities (e.g.,
Bell, 1975; Wunsch, 1975; Baines, 1982; St. Laurent & Garrett, 2002;
Lahaye et al., 2020; amongst many). The heaving of interfaces below
the sea surface at tidal frequencies, known as the internal or baroclinic
tide, is associated with temperature perturbations, as we will show later
in frequency spectra of temperature, and brings about a considerable
baroclinie (depth-dependent) component in tidal velocities (see, for in-
stance, Figs. 2 and 5 of Timko et al., 2013). Internal tides can be divided

Note: Low-resolution images were used to create this PDF. The original images will be used in the final composition. |
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Internal tide correction studies using
HYCOM

Boundary forcing regional models with
global internal wave models

Selected model-observational
comparisons

Proposed work on NOPP project



Internal tide

. * In theory, the Navy operational global HYCOM
CO r re Ct | O n simulations have all the necessary ingredients to
phase-predict stationary and non-stationary

St u d | e S internal tides

* Tidal forcing yields stationary internal tides
u S| n g which then interact with eddies

e Assimilation of nadir altimetry data improves

H YCO M stratification and puts eddies in the correct
locations



Internal tide
CO r re Ct I O n * Arin Nelson Wednesday oceanography lightning

talk: Straight-up comparison of stationary tides in

. HYCOM vs. altimetry
studies
: e Ritabrata Thakur US HR modeling talk: Use
u S I n g EOF/PCA technique of Egbert and Erofeeva 2021,

HYCOM but applied globally

 Hann Wang last talk of this session: Apply machine
learning to HYCOM solutions



* Global HYCOM coupled to ROMS simulation of California

BO u n d a ry Current:

* Oladeji Siyanbola talk in this session: carefully setting

forcin g up the boundary conditions

e Audrey Delpach talk in US HR modeling session:
internal wave interactions with eddies and the

ﬁeg I O n a ‘ atmosphere
’T] O d e ‘ S Wlt h . (Hﬁlaczll\/o:il’iMngcm coupled to a regional MITgcm patch near

* Ritabrata Thakur talk in US HR modeling session:

g | O b a | I ﬂte r n a ‘ turning off KPP background yields more accurate

vertical structure in internal wave field

Wave m O d e ‘ S * Kayhan Momeni Wednesday oceanography lightning

talk: KPP statistics and vertical profiles of diffusivity

* These latter two studies build upon:

* Nelson et al. (2020): internal wave spectrum fills
out with higher resolution



Improved IGW
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Selected
model-
observational
comparisons

Comparison of HYCOM and MITgcm vs. ~2000 moored
records of temperature and velocity: Luecke et al. 2020

Comparison of HYCOM and MITgcm vs. undrogued and
drogued drifters: Arbic et al. in-revision

e Accurate near-inertial band requires frequent
atmospheric forcing.

e Accuracy of modeled internal tides depends on
damping parameterizations.

Intercomparison of several hydrodynamical global internal
tide models with altimetry (Ansong et al. in preparation)

* Models without extra damping (e.g., parameterized topographic
wave drag) tend to have internal tide fields that are too large

See also many other model-observational comparison
studies:

* Shriver et al. (2012), Timko et al. (2012, 2013), Ansong et al. (2015,
2017), Buijsman et al. (2016, 2020), + others



Four related proposals to
current NOPP call aim to
Proposals improve global internal
for NOPP wave models and to test
call them with arrays of in-
situ instruments (and
altimetry)
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