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ABSTRACT

The fortnightly and monthly tides are discussed in the light of recent sea level observations and numerical
modeling results. Within the tide gauge network of the low-latitude Pacific, the fortnightly tide is shown to
possess a large-scale phase lag of roughly 10-40 degrees. Although the nonequilibrium part of the fortnightly
tide is traditionally thought to be dominated by Rossby wave dynamics, it is shown, via global shallow-water
modeling studies, that this large-scale phase lag is explicable in terms of remotely forced gravity waves whose
origin is mainly in the Arctic Ocean. Although future observations outside the low-latitude region of the Pacific
may eventually reveal Rossby wave excitation, the fortnightly tidal signal in the tide gauge network at hand
appears to reveal at most only weak excitation of Rossby waves compared to the phase lag due to remotely
forced gravity waves. The observed monthly tide appears to be only slightly closer to equilibrium than the
fortnightly tide. The reason for this remains unclear since the monthly tide is less affected by the remotely forced

gravity waves than the fortnightly tide.

1. Introduction

The nature of the oceanic response to long-period
tidal forcing has been debated for over two centuries
(Laplace 1775; Darwin 1886; Hough 1897; Proudman
1913; Wunsch 1967). The traditional question has
been whether or not the long-period tides (LPT here-
inafter) are well approximated by their equilibrium
forms. The lack of believable observations left turn-
of-the-century studies in a purely theoretical state.
Wunsch (1967) analyzed observations from Pacific tide
gauge stations that showed that the fortnightly and
monthly tides are indeed much closer to equilibrium
than the diurnal or semidiurnal tides. Since Wunsch
modeled the small deviations of these tides from equi-
librium in terms of quasigeostrophic dynamics, it has
generally been accepted that Rossby wave dynamics
explain the dominant part of the nonequilibrium LPT
response.

In this paper, we present a different view of the
ocean’s response to fortnightly tidal forcing. After tak-
ing a careful look at new observations (see Figs. 1, 2
and appendix A) and previous numerical modeling
results, we arrive at the conclusion that quasigeo-
strophic dynamics fail to explain the O(1) feature of
the observed deviation of the fortnightly tide from
equilibrium, roughly a 10-40 degree phase lag in the
low-latitude (£30°) Pacific. Our global-scale shallow-
water modeling results show that the dynamic portion
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(i.e., the deviation from equilibrium) of the fortnightly
tide observed in the low-latitude Pacific Ocean is not
due to Rossby wave dynamics but rather to gravity
wave excitation, which can be associated with the Arctic
Ocean. This is because the LPT potential projects
strongly onto the Arctic Ocean, forcing water out of,
or pulling water into, the basin resulting in a gravity
wave that propagates into the Pacific Ocean to satisfy
global mass conservation. It takes roughly two days for
the gravity wave to propagate to the Pacific, with the
resultant response in the low-latitude Pacific explaining
much of the observed 10-40 degree phase lag.

We emphasize that Rossby/topographic wave ex-
citation is likely to dominate the nonequilibrium re-
sponse in other regions of the World Ocean, for ex-
ample, over the East Pacific Rise. But the island tide
gauge network at hand does not adequately sample
these regions. To set the stage for the numerical mod-
eling results, which ultimately explain the quandary of
why quasigeostrophic dynamics fail to account for the
observed Mf tide over the present tide gauge network,
we give an introduction in the next section of the work
since Wunsch’s (1967) seminal study. In section 3, we
introduce the finite-element time-stepping model of the
tides, which we use to obtain solutions in a closed Pa-
cific basin, a near-global ocean, and a global ocean. In
section 4, we discuss our results for the fortnightly tide
and attempt to relate them to the monthly tide and to
the general low-frequency response of the ocean.

2. Historical perspective

Several theoretical models of the LPT have appeared
since Wunsch ( 1967) first suggested that the dynamic
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FIG. {. Admittance (a) amplitude and (b) phase versus latitude for the fortnightly ( Mf) tide as estimated from tide gauge records from
islands in the low-latitude Pacific Ocean (appendix A). The 90% confidence intervals bracket the spectral estimates. The model values,
indicated by x’s, are from the global model discussed in the text with 14-day forcing period and r = 4 X 1073/ H (the high-friction case of

Tables 1, 3 and Figs. 8d, 10).

part of the LPT could be understood as a superposition
of barotropic Rossby waves excited by the LPT-gen-
erating forces in a closed basin. Two distinct interpre-
tations have arisen from these studies: a theoretical
small-scale, O( 1000 km) wavelength Rossby wavelike
response versus a computed basin-scale response which
has not .been explained. We elaborate on these two
views in the following paragraphs.

Wunsch (1967) derived a quasigeostrophic equation
for the fortnightly tide and discussed solutions in terms
of resonant Rossby modes. Dominant wavelengths in
the frequency band of interest were O(1000 km) for
his flat-bottom model. The model response exhibited
spatial fluctuations and amplitude variations similar
to those apparently seen in his data from island tide
gauge records in the low-latitude Pacific Ocean (com-
pare Wunsch’s Figs. 4-7 with our Figs. 1, 2). We note,
as did he, that his solutions, expressed as admittance
(n/ne, where 7., called the equilibrium tide, is the
gravitational forcing expressed as an equivalent sea
level displacement), were necessarily displaced by
constant values to permit favorable comparison with
the observations. Measured admittance phases were
generally all positive, while model values had several
zero crossings. Measured admittance amplitudes were
almost everywhere less than one, while model values
were both above and below one, unless friction was
introduced. For the frictional case, Wunsch plotted one

longitudinal section of model admittance amplitude
values that were all less than one. However, that result
depends on what latitude is chosen for the section; other
latitudes could have admittance values that are uni-
formly greater than one.

Kagan et al. (1976) integrated Laplace’s tidal equa-
tions (LTE hereinafter) in a global ocean, with topog-
raphy, for the fortnightly constituent. They found an
“acceptable range” of agreement with Wunsch’s ob-
servations and described the results, to first approxi-
mation, as a superposition of “global-scale oscilla-
tions.” They concluded that their model response did
“not favor” Wunsch’s theory of a “superposition of
comparatively short Rossby waves.” We note that their
model employed bottom, as well as Laplacian, friction
parameterizations; decay time for the scale-indepen-
dent, depth-dependent bottom friction was O (50 days).
Their grid resolution (5 deg), however, barely resolves
the O(1000 km) waves which Wunsch expected to be
important. .

Agnew and Farrell (1978) recomputed the fort-
nightly and monthly admittance functions for
Wunsch’s observations using a static “self-consistent”
equilibrium tide (see appendix A). Their computation
of the static tide accounted for the yielding of the solid
earth (which reduces the equilibrium tide by about
30%), the effects of ocean loading and ocean self-at-
traction (which increases the previous result by about
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FIG. 2. Admittance (a) amplitude and (b) phase versus latitude
for the monthly (Mm) tide, otherwise as in Fig. 1. (¢) Admittance
phase versus longitude for Mm for stations within 15° of the equator.
The model values, indicated by x’s, are from the global model dis-
cussed in the text with 28-day forcing period and r = 4 X 1073/ H,
the high-friction case of Table 3.

25%), and the distribution of the continents (which
introduces slight longitudinal dependence and generally
reduces the previous result by up to 15%). The observed
admittance amplitudes did not change appreciably, al-
though they tended to become closer to one. Admit-
tance phase is not affected by any of the self-consistency
effects.

Luther (1980) obtained island tide gauge data from
additional stations and with longer records (where
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overlap occurs) than could Wunsch (1967). He esti-
mated admittance relative to Agnew and Farrell’s
(1978) self-consistent forcing function, so no arbitrary
constant offsets are necessary for comparison with the-
ory. Luther found that there was no significant indi-
cation of the O(1000 km) wavelength Rossby wave
variations in the admittance, but identified a large-scale
deviation of the fortnightly tide from equilibrium as a
function of latitude and a slight east-west slope to the
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admittance amplitude and phase. The monthly tide
variations were much less stable (and were bracketed
with larger error bars) than those for the fortnightly
tide. The only definitive statement possible was that
the size of the variability of the Mm admittance (both
amplitude and phase) was comparable to (and perhaps
greater than) that of the fortnightly tide.

Schwiderski (1982) integrated LTE in a global do-
main for both the fortnightly and monthly tides. His
model response was also of basin scale, supporting the
results of Kagan et al. (1976). However, his “empiri-
cal-dynamical” integration scheme both incorporated
many observations of doubtful statistical significance
and is difficult to interpret dynamically because of the
constraints imposed on the solutions by the observa-
tions.

Carton (1983) gave a physical argument, based on
low-frequency approximations to the shallow-water
equations, for observing a westward-intensified re-
sponse (time-dependent Stommel circulation) that
approached equilibrium towards the eastern boundary.
His near-global numerical solution of LTE for both
fortnightly and monthly forcing (similar to the response
to be discussed in Fig. 6) was suggested to substantiate
his theoretical prediction. Small-scale fluctuations,
consistent with the anticipated weak Rossby wave fluc-
tuations, occurred in the midlatitudes of his near-global
(the Arctic was excluded) shallow-water model. Yet
there were several regions, particularly the Pacific basin,
in which the numerical model deviated from his theory.
For example, the topography of the South Pacific basin
appeared to produce substantial spatial variability near
the eastern boundary. Furthermore, his near-global so-
lution exhibited the large-scale Pacific-wide deviation
of the tide from equilibrium to which we are now
drawing attention. The model monthly tide was closer
to equilibrium as predicted from his highly viscous
theory, but this result conflicted with Luther’s (1980)
interpretation of the observations, as discussed previ-
ously, which suggested as strong a deviation from equi-
librium as the fortnightly tide.

Dickman (1989) developed a spectral model of the
long-period tides based on a spherical harmonic ex-
pansion. Considering realistic bathymetry and basin
shape, and with bottom friction damping time of 77
days and lateral friction coefficient of 1.5 X 10’
cm? s™!, Dickman found that the coefficient of the
spherical harmonic corresponding to the structure of
the equilibrium tide (! = 2, » = 0) was smaller than
the input forcing. This suggests that the large-scale
component of the Mf tide approaches equilibrium
“from below,” which agrees with the low-latitude ob-
servations of ~0.8 admittance amplitude; high lati-
tudes of the North Pacific, however, were found to ap-
proach equilibrium “from above” in the previously
discussed numerical solutions. Since the detailed spatial
structure of his solutions was not shown, it is difficult
to compare his results with actual oceanic response.
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Cartwright and Ray (1990) computed zonal averages
of the fortnightly tide admittance as observed from
Geosat altimetry observations. These were later rees-
timated by Ray and Cartwright (1992) and are repro-
duced here in Fig. 3. The low-latitude component of
their results indicates admittance amplitude less than
unity and phase lags of order 8 degrees, consistent with
Luther’s observations. The admittance poleward of
about 40 degrees tends to greater (less) than unity in
the Northern (Southern) Hemisphere. In their original
1990 analysis, the imaginary component of the zonally
averaged admittance exhibited O( 1000 km) wavelength
variations in the meridional direction (suggesting a
Rossby-like wave response); in the reanalysis by Ray
and Cartwright (reproduced in Fig. 3), however, the
imaginary component has a very smooth response
(without these variations). Ray and Cartwright (1992)
also show analogous estimates for the monthly tide
that show, in line with Luther’s (1980) observations,
similarly sized deviations from equilibrium although
the error bars are much larger for Mm.

In the earlier stages of this work, Miller ( 1986; chap-
ter 3) reexamined Luther’s observations, which had
been extended to longer record lengths and supple-
mented with more stations (Figs. 1, 2 and appendix
A), in light of Carton’s (1983) numerical results. Miller
described a large-scale, low-latitude signal that appears
in the fortnightly response of Carton’s model and in
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FIG. 3. Real and imaginary parts of the zonally averaged admittance
of the satellite-observed fortnightly altimetric tide (thin lines), the
analogous tide from the numerical model of Schwiderski (medium
line), and the purely real classical equilibrium tide modified to include
only loading (thick line), taken from Ray and Cartwright (1992).
Vertical lines are 2-¢ error bars. The altimetric tide is the sum of the
ocean tide and the induced load tide radial displacement.
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the observations. As seen in Fig. 1, the large-scale Mf
response in the low-latitude (£30°) Pacific has admit-
tance amplitude values of ~0.8 (generally less than
1.0) and admittance phase values of 10-40 degrees
(nearly always positive). An analogous low-latitude
pattern in monthly admittance amplitude ~0.9 and
phase values of 5-15 degrees appears in the numerical
models, though it is not as evident in the observations
(Fig. 2). After discussing many aspects of quasigeo-
strophic response to low-frequency forcing, Miller
claimed that quasigeostrophic dynamics cannot ac-
count for the uniformly positive phase lags seen in Fig.
1 because Rossby wave excitation in the weakly
damped case (Wunsch’s conceptual model) implies
meridional zero crossings in the phase of the response,
while strongly damped quasigeostrophic dynamics
(Carton’s conceptual model) yields admittance am-
plitudes much too close to unity and very small phase
lags, both of which conflict with Fig. 1. If Rossby wave
excitation is occurring, it rides upon a large-scale non-
quasigeostrophic component of the response. Miller
(1986, 1992) attempted to explain this large-scale re-
sponse by accounting for a divergent velocity field due
to nearly equilibrium gravity wave dynamics in a closed
Pacific basin, but the result only affected the quasigeo-
strophic portion of the total response.

In summary, Figs. 1 and 2 stand in contrast to the
limited set of Mf and Mm observations described by
Wunsch (1967) as containing short-scale variations
associated with Rossby wave activity. Our new long-
period tidal observations instead substantiate the large-
scale, low-latitude responses, which occur in the pub-
lished numerical models of the fortnightly tide. Rather
than exhibiting Rossby wave-scale variations, Fig. 1
shows that the Mf admittance amplitude and phase
bear an interesting bow-shaped structure, nearly sym-
metric about the equator. Figure 2 shows that, although
the Mm admittance amplitude is closer to unity than
is that of the Mf, the Mm admittance phases are nearly
as large as those for Mf and are typically larger than
the numerical models predict.

The most obvious questions that arise from this his-
torical perspective are then: What is the mechanism
that generates the large-scale, low-latitude response in
the Pacific fortnightly tide? Does the Mm tide deviate
as much from equilibrium as does the Mf, and if so,
why? In the next section, we show that the answer to
the first question is contained in the Arctic Ocean.
Some speculation on the second question is given in
the discussion section.

3. Shallow-water models of the fortnightly tide

To divest ourselves from any quasigeostrophic re-
strictions, we now examine some linear shallow-water
models of the long-period tides. We solve LTE (Lamb
1932, chapter 8; Miles 1974; Hendershott 1981),
namely,
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) )
a—’t‘ = 20 sinfo = ~ == (n = T/g)/a cosd = ru,

(3.1a)
ov a
% infu = — — (n— T'/g) — 1b
o + 2Q sinfu 80(17 I'/g)—rv, (3.1b)

o, 1 [0
dt acosf|d¢p

(uH) + % (vH cosf)| =0, (3.1c)

in standard notation, on the sphere for various basin
geometries, topographies, and frictional parameteriza-
tions. The boundary condition of no flow through the
boundary is upheld for all boundaries in each geometry
considered.

We use a finite-element model (appendix B and Fig.
4a), with LPT forcing (Fig. 4b) and linear bottom drag
(r = ¢/H", where € is a constant, H is the depth, and
nis an integer). Our basic, or normal, choice for friction
is r = 1073/ H, which corresponds to the bottom drag
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FIG. 4. (a) The finite-element resolution for the global model. The
average area of a finite-element triangle is equal to the area of a 3.1°
equatorial square. The islands of Antarctica, New Zealand, and Ha-
waii are included in the global and the near-global geometry. Hawaii
is not included in the closed-Pacific case. The topography is taken
from the Rand/SIO 1° observations. (b) The equilibrium tidal forcing
function used in the global model. The amplitude at the Pacific equa-
tor is 1.28 cm. The nodal lines of the P,y spherical harmonic are
indicated by the clustering of phase near 35N and 35S. The mean is
removed for all cases. The dots indicate the approximate locations
of the island tide gauge stations discussed in the text and Figs. 1
and 2.
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law used by Kagan et al. (1976). For a 4000-m constant
depth ocean, this frictional choice implies an expo-
nential damping time scale of 46 days. Many other
numerical experiments were run with different values
of € and n, though only a few are discussed here. The
equilibrium tide, to which we reference solutions, al-
ways includes the proper mass conservation constant
for that particular solution’s geometry.

We first consider a closed Pacific basin to determine
the extent to which the local response to the tidal po-
tential in the Pacific by itself can explain the large-scale
deviation of the fortnightly tide from equilibrium. Fig-
ure 5 shows the phase of the observable tide, the ad-
mittance amplitude, and the dynamic tide (y — 7,.) for
14-day forcing and r = 1073/ H. One can see from the
admittance amplitude (Fig. 5b) that the low-latitude
Pacific is very close to equilibrium in this case. The
phase lag in the low latitudes, though tending to have
large spatial scale and a slight slope across the basin
(Luther 1980), is only a few degrees ( Table 1; Fig. 5a).
As can be seen from the dynamic tide (Fig. 5c,d), al-
though there is substantial Rossby wave excitation in
the vicinity of the East Pacific Rise and to a lesser extent
near the forcing nodal line of the North Pacific, there
is little excitation of Rossby waves in the low latitudes.
Though not so evident in this figure, the region between
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Fiji and the East Pacific Rise (170-120W), which is
relatively flat, is a locale that, for lower friction cases
with higher resolution, supports the clearest signal of
Rossby wave-like excitation in the Pacific.

Although we present only one case for the closed
Pacific geometry, we emphasize that we have run many
different versions of this case (differing frictional am-
plitudes and forms, different basin shapes, topogra-
phies, and resolutions ), but we failed to find a param-
eter that clearly controls the size of the phase lag in the
low-latitude Pacific Ocean.

Since Carton’s (1983) near-global shallow-water
model did show a stronger phase lag and admittance
amplitudes further from unity than our closed-Pacific
cases (see Table 1), we attempted to reproduce Carton’s
results with a near-global model (Fig. 6), which omits
only the Arctic Ocean. As can be seen in Table 1 and
to some extent in Fig. 6a, the phase lag in the low-
latitude Pacific of the near-global ocean is increased
over the closed Pacific case and more closely resembles
Carton’s results. The differences in admittance ampli-
tude between Fig. 6b and Carton’s results (his Fig. 8a)
probably stem from Carton’s using Agnew and Farrell’s
(1978) self-consistent tide as forcing, which conserves
mass for the global ocean, but not necessarily for the
near-global ocean model of Carton. Indeed, a small
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FIG. 5. Closed Pacific Ocean case with r = 10~/ H (normal friction). (a) Phase of the model Mf tide (contour interval: 30°). Zero phase
is indicated by the dotted line and 30° phase is indicated by the long dashed line. (b) Admittance amplitude of the model Mf tide (CI: 0.1,
contours scaled by 10). (c) Phase of the model Mf dynamic tide (CI: 30°), otherwise as in (a). (d) Amplitude of the model Mf dynamic

tide (CI: 10, contours scaled by 63.6 cm).






