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Abstract we show that an important source of coastal sea level variability around the Caribbean Sea

is a resonant basin mode. The mode consists of a baroclinic Rossby wave which propagates westward
across the basin and is rapidly returned to the east along the southern boundary as coastal shelf waves.
Almost two wavelengths of the Rossby wave fit across the basin, and it has a period of 120 days. The porous
boundary of the Caribbean Sea results in this mode exciting a mass exchange with the wider ocean, leading
to a dominant mode of bottom pressure variability which is almost uniform over the Grenada, Venezuela,
and Colombia basins and has a sharp spectral peak at 120 day period. As the Rossby waves have been shown
to be excited by instability of the Caribbean Current, this resonant mode is dynamically equivalent to the
operation of a whistle.

1. Introduction

The Caribbean Sea is a semienclosed basin with multiple, connected deep basins. Figure 1a shows the geog-
raphy of the region and the position of a bottom pressure recorder (BPR), as well as two high-quality tide
gauges. Williams et al. [2014] found that this BPR showed more energetic bottom pressure variability than
other tropical regions and that model predictions failed to remove that variability. Investigation of the cause
of that bottom pressure signal led us to the conclusions presented in this paper.

Large bottom pressure fluctuations are found in other semienclosed basins, most notably in the Arctic [Hughes
and Stepanov, 2004; Peralta-Ferriz et al., 2011; Volkov and Landerer, 2013], where the variability is highly coher-
ent across the whole basin. Fukumori et al. [2015] showed clearly that the Arctic mode is excited by the
interaction of winds and continental shelf waves. These act to pump water into or out of the basin along the
shelf and upper continental slope, with a rapid homogenization of the resulting pressure signal over the deep
basin. Thus, we can expect (and model studies shown below confirm this) that the bottom pressure signal in
the Caribbean Sea will be dominated by a uniform signal over the deep basin, controlled by mass exchange
with the surrounding ocean. The main question is what controls that mass exchange.

As we will show, a large fraction of the bottom pressure variability in the Caribbean Sea is in a sharply res-
onant mode with a period of 120 days. The excitation of this mode is ultimately derived from instability of
the Caribbean Current which flows through the basin, as seen (Figure 1b) in sea level observations from
the Aviso gridded satellite altimetry product [http://www.aviso.altimetry.fr/]. We will first explore how the
mode appears in ocean models, then show the observational evidence for the mode, and finally interpret the
dynamics of the mode.

2. The Caribbean Sea Basin Mode in Ocean Models

We analyzed the Caribbean sea level and ocean bottom pressure in four different ocean models, the results
from all of which were very similar. The data used are from years 1988-2006 inclusive of the 1/12° res-
olution OCCAM model [Marsh et al., 2009], years 1979-2010 from the 1/12° NEMO model NEMO12 and
years 1958-2007 from the 1/4° NEMO model NEMOq [Blaker et al., 2014], and years 1992-2013 from the
eddy-permitting Jet Propulsion Laboratory (JPL) ECCO2 model [Menemenlis et al., 2005a, 2005b]. The latter is
a data-assimilating model in which model parameters have been tuned by comparison with satellite altime-
try and other measurements. Apart from this tuning, all four model runs are freely running ocean models with
prescribed atmospheric forcing based on atmospheric reanalyses, excluding atmospheric pressure. In order to
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Figure 1. (a) Geographical features including ocean depth [IHO, IOC and BODC, 2003] and names of basins referred to in this paper. CAR is Central American Rise,
and BPR is the position of the Bottom Pressure Recorder. (b) Standard deviation of sea level in the 75-175 day period band (colors) and contours of mean
dynamic topography, from Aviso altimetry products. Arrows mark the Caribbean Current. (c) Spectra of bottom pressure from the BPR site in four ocean models
(red to orange), from inverse barometer-corrected tide gauge data at Magueyes and Cartagena and predicted from satellite altimetry (see section 3). Spectra are
plotted in variance-preserving form, and the power is divided by three in the case of Cartagena. The 75-175 day band-pass filter is shown in grey, multiplied

by 8. (d) Basin-averaged variance-preserving spectra of sea level variability from three ocean models (red) and from Aviso satellite altimetry. Spectra are averaged
over regions deeper than 1400 m in the Grenada, Venezuela and Colombia basins. The renormalized band-pass filter is again shown in grey.

ensure global ocean mass conservation, we calculate the global ocean average of bottom pressure and sub-
tract it off at each time. A consistent correction is also applied to sea level. Bottom pressure spectra from the
position of the BPR are shown in variance-preserving form in Figure 1c. All four models show a well-defined
peak in energy at a period of around 120 days, with ECCO2 showing a broader peak than the other models,
and more energy at shorter periods out to about 60 days. This sharp peak immediately shows that wind stress
is not the main driver, as there is no corresponding peak in atmospheric variables.

Sea level spectra averaged over the Grenada, Venezuela, and Colombia basins are shown in Figure 1d. Sea
level is substantially more energetic than bottom pressure, especially at periods of about 100 to 50 days
(frequencies 0.01-0.02 cycles per day), but all show some evidence of the resonant peak, including satellite
altimetry, though the peakin altimetry is much less prominent compared to the broad, presumably mesoscale
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variability at shorter periods. The tuning of ECCO2 against altimeter observations may partly explain why it
has different sea level and bottom pressure spectra compared to the other models.

Focusing on this spectral peak, we applied a band-pass filter to the bottom pressure and sea level. Shown in
grey on Figure 1, the filter is a smoothed boxcar, with a (1 + cosine) taper of width 10% of the cutoff frequen-
cies and has half amplitude at periods 75 and 175 days. The band-passed bottom pressure time series are not
very strongly correlated between models, giving correlations between 0.13 and 0.42 for overlap periods of
between 15 and 29 years. This implies that the spectral peak is produced by predominantly stochastic vari-
ability, although the fact that all correlations are positive does suggest a degree of phase locking so that wind
stress and/or the seasonal cycle may play a weak role.

Allthe models show very similar dynamics, so we will present in more detail representative results from just the
NEMO12 model. We find that bottom pressure is highly correlated over the Grenada, Venezuela, and Colombia
basins, so we use as a reference time series the pressure averaged over these basins where they are more than
1400 m deep. The overall result is most clearly illustrated by correlating and least squares fitting sea level and
bottom pressure at each point, on this basin average bottom pressure (all band-pass filtered as above), as
shown in Figure 2. In order to account for lags in the predominantly cyclic time series, we use complex time
series in which the imaginary component is simply a copy of the real component with each Fourier component
shifted by 90° in phase (a Hilbert transform). The real part of the correlation or fit, amplitude x cosine of the
phase, represents a fit on the basin average with no lag; the imaginary part, amplitude X sine of the phase,
represents a fit at 90° phase lag.

For bottom pressure, there is very strong correlation with near-constant amplitude and very small lag over
the Grenada, Venezuela, and Colombia basins. Weaker signals extend into the Cayman and Yucatan basins,
and more weakly into the Gulf of Mexico. The most obviously different region is along the southern and west-
ern boundary of the southern basins. Here there is a phase lag of 180° over the Central American Rise, with
the lag becoming less negative farther east and into shallower water. More detailed analysis (see Supporting
Information S1) shows that the minimum amplitude and 90° phase lie approximately along the 400 m isobath
on most of this coastline. This resembles the Arctic situation in that bottom pressure is dominated by a mode
which is uniform over the deep basin, and the continental shelf and slope seems to play an important role.

To give an idea of the size of the variability, the standard deviation of basin-averaged bottom pressure in
NEMO12 is 1.56 cm (sea level equivalent), reducing to 1.14 cm after filtering, with values 10-15% higher in
ECCO2. With a period of 120 days, a 1 cm amplitude signal requires an oscillating inflow/outflow of ampli-
tude about 0.0084 Sv (1 Sv = 1 sverdrup = 10° m3 s~3), over a thousand times smaller than the observed and
modeled variations in flows through individual passages [Johns et al., 2002], which shows how precisely bal-
anced the inflows and outflows are at any one time. Nonetheless, this is a very clear bottom pressure signal
and much larger than those seen at similar latitudes elsewhere in the deep ocean.

Sea level is necessarily very similar to bottom pressure at the coast but shows very different behavior in deep
water, where the amplitudes are much larger than those for bottom pressure. There are still strong corre-
lations, particularly along and south of the path of the Caribbean Current. However, the phase shows that
this represents a westward propagating signal with almost two wavelengths along the length of the basin.
A (necessarily approximate) estimate of the wavelength is 1100 km, and the basin width suggests a meridional
half wavelength of about 600 km. With a first baroclinic Rossby radius R, of 80 km, and typical meridional gra-
dient of the Coriolis parameter f = 2.2 X 107" m~' s™' [Jouanno et al., 2009], we can substitute these values
into the linear Rossby wave dispersion relation (w = —pk/[k* + > + 1/R?], where k and | are zonal and merid-
ional angular wave numbers, respectively, and w is the angular frequency), to obtain a predicted wave period
of 125 days (shorter if the zonal wavelength is shorter, but longer if the meridional wavelength is shorter) and
a propagation speed of 10 cm s~'. The sea level pattern therefore has the nature of a baroclinic Rossby wave.

The combined effect of amplitude and phase can be seen in an animation of the cyclic fits (see the supporting
information). In sea level, we see a baroclinic Rossby wave which grows as it propagates to the west across
the Venezuela and Colombia basins. A small part of this wave leaks through to the Cayman basin, but most of
it appears to fade away as it reaches the Central American Rise. Looking at bottom pressure, we see that the
baroclinic nature of the Rossby wave is reflected in the opposing phases of bottom pressure in shallow and
deep parts of the Central American Rise. That opposing phase pattern propagates rapidly to the east along
the continental slope, but only the deep part of the signal remains trapped in the basin, with the shallow
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Figure 2. Amplitude of (a, b) the complex correlation, and (c, d) the complex fit of sea level (Figures 2a and 2c) and
bottom pressure (Figures 2b and 2d) on basin-averaged bottom pressure in the NEMO12 model. (e,f) The corresponding
phase. All time series are band-pass filtered in the 75-175 day band and made complex using a Hilbert transform. Phase
is zero for a time series which peaks at the same time as the basin-averaged time series, and small positive phase means
that the peak follows the basin average. For the fit and the phase, regions where the complex correlation coefficient
amplitude is below 0.3 are left white.
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part propagating out along the coast. Sea level also suggests the excitation of a secondary Rossby wave
propagating across the southern end of the Colombia basin.

We can demonstrate that the sea level and bottom pressure signals are parts of a single mode, rather than
separately representing variability at a 120 day period that happens by chance to be correlated. Using the
fit of basin-averaged pressure on sea level (i.e., the opposite way round to the fit shown in Figure 2) allows
an estimate of bottom pressure from sea level at each grid point. To make use of all the data, we average
the estimates based on sea level from all points within 2.5° of the deep basin. This produces a time series
which has a correlation of 0.94 with the filtered, basin-averaged bottom pressure. If we now use the same
weightings derived from the NEMO12 model to infer bottom pressure in ECCO2 from sea level in ECCO2, we
obtain a basin-averaged bottom pressure prediction for ECCO2 which also has a 0.94 correlation with the true,
band-passed model pressure and is very close to the correct amplitude, explaining 86% of the variance with-
out further scaling. The actual time series are shown in the supporting information. This is far better than can
be expected by chance and demonstrates that the nature of the link between sea level and bottom pressure
is very similar between the two models. The robustness of this calculation means that we also have a way of
inferring basin-averaged bottom pressure variations in the real ocean from satellite altimetry.

3. Comparison With Observations

The method described above produces a prediction of basin-averaged bottom pressure from the Aviso
altimetry, which only involves using spatial patterns taken from the NEMO12 model. The spectrum of this
predicted time series, shown in Figure 1c, shows a very sharp peak at a 120 day period, confirming that the
resonance is observed. In Figure 3a (black), we show the corresponding time series after filtering. As we will
be comparing this with some rather gappy data sets, this has been filtered using a robust approximation of
the band-pass filter which consists of removing a least squares fit of trend, annual and semiannual, followed
by convolution with the difference of Gaussian kernels of width 60 and 200 days (twice the width at half
amplitude). We compare this with two estimates of bottom pressure from the region.

The first is a repeated BPR deployment in the Venezuela basin (labeled “BPR” in Figure 1a) as part of the
National Tsunami Hazard Warning System [Gonzalez et al., 2005]. This was downloaded as daily mean values
from the Permanent Service for Mean Sea Level (PSMSL). We remove tides and drift from the BPR data as
described by Williams et al. [2014], and apply the robust filter. The result is shown in blue in Figure 3a. The
resulting time series has a correlation of 0.66 with the altimeter prediction and explains 43% of the predicted
variance without scaling, rising to a maximum of 44% if we multiply the prediction by 0.92. We assess signif-
icance by comparing with correlations at different lags. We find the absolute correlation has 146 peaks over
the range of lags available, of which the largest magnitude correlations are 0.67 at lag —1 days and —0.64 at
53 days, so this correlation is significant at least at the 99% level.

The second data set consists of monthly means of basin-averaged ocean bottom pressure using GRACE data,
derived from the JPL RLO5M mascon time variable gravity field solutions [Watkins et al., 2015]. Comparison
with a wide array of BPR measurements demonstrates that this methodology shows significantimprovements
in the ocean over the regular spherical harmonic GRACE solution, particularly in the tropical and south Atlantic
[Watkins et al., 2015]. This is because the constraint system used helps to eliminate correlated errors so that less
spatial smoothing is required. Reduced smoothing is especially valuable near to coastlines, an issue of partic-
ular importance in a semienclosed basin like the Caribbean Sea. We subtract the global ocean average from
the basin average to limit the signal to the dynamical component, as we did in the model analysis (though
this makes only a small difference to the results).

The Gaussian-filtered GRACE time series is shown in pink in Figure 3a. It explains 37% of the variance in the
altimetry-predicted pressure and has a correlation of 0.63. The top four lagged correlations are atlags of =111,
—54, 1, and 59 days, with the expected signs and with the largest correlation (0.63) at 1 day lag. All 132 other
lagged correlations have magnitudes smaller than 0.46, showing that the correlation is significant at the 99%
level at least. The correlation with the BPR time series is similar at 0.64, showing that the prediction is as good
a measure of the basin-averaged bottom pressure as at least one of the observations.

The basin-wide bottom pressure mode therefore exists and bears the same relationship to the propagating
sea level mode as was found in the models.
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Figure 3. (a) Time series of basin-averaged or point bottom pressure derived from the BPR (blue), predicted based on
satellite altimetry (black), and measured by the GRACE satellite (pink). All time series are filtered by taking the difference
between a 60 day and a 200 day (twice the width at half maximum) Gaussian smoother, after first removing trend,
annual, and semiannual cycles. (b) Time series of bottom pressure at Magueyes (pink) and Cartagena (light blue), with
annual, semiannual, and linear trend removed. Red and dark blue are the same after applying a band-pass filter in the
75-175 day period band. (c) Blow up of part of the filtered Cartagena record (blue), and the filtered Magueyes record
(red) with a lag and amplitude factor derived from Figure 2 applied to the latter to match it with the Cartagena record.

In contrast to the sea level signal, which tends to have an amplitude which decays toward the coast, the
bottom pressure signal in Figure 2d retains much of its amplitude over islands north of the Venezuela basin
and reaches some of its largest amplitudes along the coasts of South and Central America. This suggests
that in contrast to most mesoscale variability [see Hughes and Williams, 2010], the influence of the Caribbean
Current instability should be visible in tide gauge records at the coast, where inverse barometer-corrected
sea level and bottom pressure are the same thing. Of the many tide gauge records around the Caribbean Sea,
two are both long and at relevant locations: Cartagena in Colombia, and Magueyes in Puerto Rico. These have
been obtained from the Permanent Service for Mean Sea Level [Holgate et al., 2013], and an inverse barom-
eter correction applied based on the 6-hourly surface atmospheric pressure fields from the National Centers
for Environmental Prediction/National Center for Atmospheric Research reanalyses [Kalnay et al., 1996]. The
resulting monthly mean time series are shown in Figure 3b after removal of annual and semiannual cycles,
and linearly detrending, together with the band-pass filtered versions, using Fourier filtering in this case.

Unfortunately, Cartagena does not overlap in time with the altimetry, but it shows a large variability in the
75-175 day band as predicted by the model data. The spectrum (Figure 1c) shows a sharp peak centered at a
120 day period, with the band-passed time series accounting for 45% of the variance in the 44 year time series
(after first removing annual, semiannual, and a linear trend).

The filtered variability at Magueyes is smaller and accounts for only 23% of the nonseasonal, nonsecular vari-
ance, but this is also consistent with the model prediction, and the 120 day mode is again clear in the spectrum
(Figure 1c). Lagged correlation with altimetry gives strongest correlations of 0.45 at zero lag and —0.48 for a
signal arriving in altimetry 56 days before the tide gauge (all 247 peaks in the absolute lagged correlation for
altimetry lagging the tide gauge are smaller than 0.36). These lags agree well with Figure 2f, which gives a
3° (1 day) lag at Magueyes. Lagged correlation of filtered Cartagena and Magueyes time series gives a best
correlation of 0.36 at a lag corresponding to signals arriving at Cartagena 40 days before Magueyes, which
compares well with the lag of 142° (47 days) from Figure 2f. If we use the phase and amplitude factors from
Figure 2 to predict Cartagena sea level from Magueyes by applying a lag and gain to the tide gauge data,
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we obtain the red curve in Figure 3c (shown for a stretch of the data with no gaps in either tide gauge).
Agreement is reasonable, despite the fact that this procedure effectively assumes that the basin mode is the
only signal in this frequency band found at either tide gauge, and therefore amplifies errors due to any other
variability at Magueyes.

4, Interpretation and Conclusions

The Caribbean Current carries about 20 Sv to the west through the Caribbean Sea and is baroclinically unsta-
ble [Andrade and Barton, 2000; Jouanno et al., 2008, 2009; Johns et al., 2002]. Satellite altimetry [Andrade and
Barton, 2000] shows that eddies form in the eastern basin, and travel west before breaking up at the Central
American Rise. Modeling studies [Jouanno et al., 2008, 2009] show that the instability, although slightly influ-
enced by North Brazil Current rings and Rossby waves from the wider Atlantic, is intrinsic to the Caribbean
Sea and would occur without these influences. Most of the energy is found between periods of about 40 and
200 days [Jouanno et al., 2008, 2009], but there is significant variability of that sea level spectrum within the
sea [Jouanno et al., 2008; Hughes and Williams, 2010]. The westward propagation speed of a variety of different
features is given as 20-30 cm s~ [Andrade and Barton, 20001, 15 cm s~' [Murphy et al., 1999] or (in a model)
7-10 cm s~ [Jouanno et al., 2009]. Baroclinic instability therefore generates a broad spectrum of mesoscale
variability within the basin, but a particular part of this variability interacts with the basin boundary to produce
a sharply peaked spectrum of bottom pressure variability.

The sharp peak is suggestive of a resonant basin mode. As shown by LaCasce [2000] and Cessi and Primeau
[2001], the presence of dissipation has the effect of emphasizing particular modes in which rapidly propagat-
ing boundary waves and associated boundary currents play an important role. LaCasce [2000], in particular,
shows in a one-dimensional case that the resonant modes are simply those for which there are an integer
number of wavelengths of the free, long baroclinic Rossby wave across the basin, and the two-dimensional
case is very similar for the gravest mode in the meridional direction. That looks very like the case we see here.

Although the basin mode theory assumes quasi-geostrophic dynamics and a vertical sidewall, the same
exchange between slow baroclinic Rossby waves and a rapid adjustment along topography has also been
shown to occur with finite topography in the planetary geostrophic case [Marshall, 2011]. The dynamics are
subtle and are explained in more detail in the supporting information, but when applied to our case they
mean that a Rossby wave would be absorbed at the western boundary and regenerated at the east, accom-
panied by the generation of an oscillating boundary current around the basin. This pattern is consistent with
what we see in bottom pressure along the southern coast and appears also to generate a secondary Rossby
wave as the coast turns to the north along the coast of Colombia (around Cartagena in Figure 1a). In reality, the
waves responsible for the boundary adjustment travel at finite speed. The first baroclinic Kelvin wave speed
in this basin is 2.2-2.4 m s~ [Chelton et al., 1998], which would imply a lag between east and west of about
10 days or 30° in phase. As we found above, the Rossby wave dispersion relation using the observed wave-
length leads to a predicted period close to the observed 120 days. Together with the almost two wavelengths
across the basin, this confirms that the mode meets the criteria for a resonant basin mode as described by
LaCasce [2000]. See the supporting information for further discussion.

Our interpretation is thus that our mode is a resonant basin mode which is excited by baroclinic instability
within the Caribbean Sea. This explains why the sea level amplitude of the mode grows toward the west, why
the encounter with the Central America Rise produces a rapid response along the South American coast, and
why an almost integer number of wavelengths fits across the basin (it may be the basin geometry, or the nat-
ural wavelength of the instability process which selects two wavelengths rather than one). As the associated
boundary wave interacts with the various gaps in the boundary, it will inevitably cause flows in and out of the
basin. As we calculated above, the net inflow and outflow required to explain the basin-averaged pressure
signal is only a tiny fraction of the observed changes in flows through individual straits, so we interpret the
bottom pressure signal as a side effect of this mode operating in a basin which can exchange mass with the
wider ocean.

This is exactly analogous to the operation of a whistle or similar musical instrument. As described by Jeans
[1937], an organ pipe represents a coupled system in which the instability of a jet of air on encountering
an obstacle generates eddies, and those eddies interact with the natural acoustic modes of the organ pipe
(in fact LaCasce [2000] describes the Rossby basin modes as “like acoustic waves in a clarinet”) to excite a
resonance in the organ pipe. That resonance results in an audible sound only because the system is open,
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Introduction

The Supporting information consists of text describing in
more detail the background on basin modes, a figure like Fig-
ure 2, showing the amplitude and phase of the basin mode,
but in more detail over only the continental slope region,
and two figures showing the actual basin-average bottom
pressure time series from two ocean models, in comparison
with the reconstructions based on sea level patterns. Fi-
nally, in a separate file, there is a .mpg movie showing one
cycle of the amplitude and phase of the sea level and bot-
tom pressure components of the 120-day mode, as shown in
static form in Figure 2. The text and figures follow below.
A more detailed description of the movie is in the caption
which follows.

Movie S1. Movie showing one cycle of the least squares
fit of (left) sea level and (right) bottom pressure on basin-
averaged bottom pressure in the Caribbean Sea. All time
series have been band-pass filtered in the 75-175 day band,
and made complex using a Hilbert transform before the fit
was performed. The movie corresponds to the amplitudes
and phases shown in Figure 2, panels c-f. It shows the sea
level and bottom pressure cycles which would be expected
to accompany one cycle of basin-averaged bottom pressure,
with an amplitude of 1 mbar. The peak basin-average pres-
sure corresponds to the time at the start of the movie.

Supporting text S1

The nature of Rossby basin modes is rather subtle, and
in the literature it is mostly discussed in terms of a sin-
gle vertical mode in an idealized, quasigeostrophic, closed
ocean basin with flat bottom and vertical sidewalls. Here
we describe the main points of evolution of this theoretical
literature, and describe how it generalizes and relates to the
observed mode in the Caribbean Sea.

Excluding the relatively straightforward situation of a
precisely nondivergent depth-integrated flow (a barotropic
ocean with a rigid lid), the first correct quasigeostrophic

1School of Environmental Sciences, University of
Liverpool, Liverpool, U.K.

2National Oceanography Centre, Liverpool, U.K.

32 Jet Propulsion Laboratory, California Institute of
Technology, Pasadena, California, USA

Copyright 2016 by the American Geophysical Union.
0148-0227/16/$9.00

basin mode calculation appears to have been undertaken
by Larichev [1974] for a circular ocean basin, in a paper
in which he introduced a subtlety in the boundary condi-
tions for the quasigeostrophic flow in a closed basin. This
work was expanded upon by McWilliams [1977] and Flierl
[1977] who clarified the nature of the boundary condition.
In essence, the point is that the boundary value of the quasi-
geostrophic stream function, while being at first order a con-
stant in space, must be allowed to vary in time. This is re-
quired because it reflects not only the currents, but also the
layer thickness, so the extra degree of freedom is required in
order to allow mass to be conserved in each constant den-
sity layer of the model. The circular basin mode calculations
of Flierl [1977] seemed to show that the correct boundary
condition made only a small difference to the inviscid, free
modes.

Physically, the need for this boundary condition is to ac-
count for the existence of boundary waves (baroclinic Kelvin
waves in the cases discussed), which are assumed to travel
infinitely fast in the quasigeostrophic framework. For a
given interior distribution of potential vorticity, the inte-
rior streamfunction is completely defined except for a free
mode with zero potential vorticity which consists of a cur-
rent trapped against the boundaries, which decays exponen-
tially away from the boundary with the scale of the Rossby
radius (if the boundary is straight). In a comparison be-
tween simulations using quasigeostrophic and shallow water
equations, Milliff and McWilliams [1994] showed how this
boundary current is set up in the wake of the passage of a
Kelvin wave. As long as the Kelvin wave speed is sufficiently
fast to travel round the basin in a time short compared with
the other natural timescales of the dynamics, the shallow
water simulation looks very similar to the quasigeostrophic
case, but only if this correct boundary condition is used.
On time scales long compared with the Kelvin wave pas-
sage time, the boundary condition permits an exchange of
mass between the interior and the boundary current, and
the rapid transmission of signals from the western bound-
ary across to the eastern boundary, from where they radiate
out as Rossby waves.

This has an important effect on basin modes. If the wrong
boundary condition is used (or in the case of modes which do
not excite a boundary current), then basin modes essentially
consist of a long Rossby wave propagating to the west across
the basin, reflecting as a short Rossby wave (which still has
westward phase speed, but eastward group speed), and then
reflecting back into a long Rossby wave at the eastern bound-
ary. The typically slow group speed and short length scale
of the short Rossby wave means that it is especially prone
to dissipation and interaction with other currents, making
it difficult to sustain such modes in the presence of dissi-
pation. However, the correct boundary condition allows the
long Rossby wave to interact with the western boundary and
excite a boundary current round the basin. This can then
re-excite a long Rossby wave at the eastern boundary, allow-
ing for basin modes without the need for the short Rossby
wave.

The effect of this was shown by LaCasce [2000] in a paper
ostensibly about Rossby wave speeds. Looking at forced,
damped modes of a rectangular basin, he found that the
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correct boundary condition allowed for much stronger reso-
nances than the incorrect version. In a one-dimensional case,
he found that these strong resonances occur simply when
an integer number of zonal wavelengths of the long Rossby
wave fit into the basin. The wave is effectively absorbed
at the western boundary and instantly re-emitted at the
eastern boundary. The two dimensional case is more com-
plicated, but produces almost the same result, at the same
time illustrating that the boundary condition does not influ-
ence any modes which have an odd number of nodes in the
meridional direction, since they do not excite the boundary
current. In parallel, Cessi and Primeau [2001] found very
similar results, with strong damping of all basin modes with
the wrong boundary condition, but weak damping of a small
subset of the modes when the correct boundary condition is
used. The short Rossby wave component, although present
without dissipation, was almost absent in the modes which
survived with weak damping when dissipation was added.

The assumption of these studies was that the basin modes
were baroclinic modes of ocean basins such as the North At-
lantic or North Pacific, which would lead to characteristic
time scales of years to decades. Subsequent work led to
reasons to suspect that such modes might not survive in
realistic conditions: Primeau [2002] showed that the reso-
nance is significantly weakened when the Rossby wave basin
transit time is latitude dependent, as it is (quite strongly)
in the real ocean, though not on the beta plane used in
the theory. LaCasce and Pedlosky [2004] showed that the
Rossby waves themselves are unstable, and liable to break
up into eddies before making a single transit of the basin
except in tropical latitudes. However, Ben Jelloul and Huck
[2003] showed that instabilities of a mean flow can excite the
basin mode in certain circumstances. In their study, this oc-
curred in a two-gyre case, but only in the unusual case of a
westward-flowing central jet across which the relative vortic-
ity gradient opposed the planetary vorticity gradient. It can
be seen that the Caribbean Sea favours basin mode forma-
tion from all of these points of view. The basin has a narrow
latitudinal extent, so that Rossby wave transit times do not
vary strongly. It is also much shorter in zonal extent than
a major ocean basin, so the transit time of only about 120
days is not long enough for the waves themselves to develop
instability. Finally, it has a westward current flowing though
it, favouring the excitation of the basin modes by instability
of the current.

The Caribbean Sea has complex topography and the
sidewalls are not vertical, although its shallow thermocline
(most of the stratification is in the top 400 m of a basin typ-
ically 4-5 km deep) means that a shallow water approxima-
tion is probably good for the baroclinic mode in the interior
of the basin. However, interaction of stratification with slop-
ing topography means that the vertical modes are no longer
separable, and we should expect the baroclinic Rossby waves
to excite a mixture of barotropic and baroclinic modes on
the continental slope. This matches with our understanding
of coastal trapped waves. Huthnance [1978] showed that, as
the coastline changes from a vertical wall to a continental
slope, the boundary waves evolve from a series of Kelvin
waves to a set of trapped modes with the same number of
nodes in bottom pressure, as counted down the slope, with
phase propagation in the same sense as the Kelvin waves.
These become more barotropic as the topographic length
scale increases and tend to propagate faster than the corre-
sponding Kelvin wave speed, so a mixture of modes is in-
evitable as the baroclinic Rossby wave excites mixed-mode
coastal trapped waves.

The essential dynamics of the basin mode appear to re-
main in place: the baroclinic Rossby wave excites fast,
coastal trapped modes which will set up a coastal current, al-
lowing the excitation of Rossby waves on the eastern bound-
ary, the main difference being that the coastal modes, and
therefore the boundary current, will no longer be purely
baroclinic.
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An example which illustrates this is given, in quite a dif-
ferent context, by Marshall [2011], who terms the effect a
“Rossby wormhole”. This analysis remains linear, and uses
the planetary geostrophic equations, thus excluding short
Rossby waves but allowing for finite topography. In this
case it is found that a baroclinic Rossby wave, encountering
an isolated region of closed f/H contours from the east (f is
the Coriolis Parameter and H is total ocean depth), rapidly
excites a barotropic circulation round those contours. This
has the effect of damping out the Rossby wave on the east,
and simultaneously exciting a new one to the west of the
region of isolated f/H contours. The Rossby wave appears
to have passed through a wormbhole.

The mechanism for this lies in the fact that the interaction
between baroclinic signals and topography leads to a con-
tinuously accelerating barotropic circulation around closed
f/H contours unless there is a certain symmetry in the strat-
ification across these closed contours. As the Rossby wave
approaches the regions of closed contours, it disturbs that
symmetry so that a barotropic current begins to flow. Where
the flow is poleward, potential vorticity conservation means
that there is a downward vertical velocity at the bottom, de-
creasing to zero at the surface. This has the effect of pulling
the thermocline down, damping out the Rossby wave. How-
ever, the opposite happens where the flow is equatorward,
causing the thermocline to rise on the western side of the re-
gion of closed f/H contours, and this rise in the thermocline
then radiates to the west as a Rossby wave.

The only difference in the Caribbean Sea is that the
Rossby wave is initially in the centre of the region of closed
f/H contours, so when it encounters the western boundary
it excites an equatorward flow there and therefore a pole-
ward flow at the eastern boundary of the basin. The worm-
hole transmits the wave back to the east, just as described
by LaCasce [2000] for the quasigeostrophic case. The main
difference is that, by neglecting relative vorticity and al-
lowing finite topography, the implicit boundary waves are
now barotropic continental shelf waves rather than baro-
clinic Kelvin waves. The waves remain implicit because, as
in the quasigeostrophic case, they are assumed to propagate
infinitely fast in the planetary geostrophic limit.

If we allow for a lag associated with the boundary prop-
agation, we should expect this to be around 10 days for a
baroclinic Kelvin wave in the Caribbean Sea (as discussed
in the main text), or less if the coastal trapped wave is more
barotropic. The combined Venezuela and Colombia basins,
up to the Central American Rise, have a zonal extent very
close to 2000 km and a typical meridional extent of 600 km.
Together with a Rossby radius of 80 km, this allows us to
calculate the expected resonances for a particular boundary
lag. This is most straightforward if, instead of choosing a
boundary lag, we choose a zonal wavelength which for which
n wavelengths is equal to the 2000 km basin extent plus a
small excess, dx. The boundary lag dt required for resonance
can then be calculated from 0t = dz/c where c is the Rossby
wave phase propagation speed for that wavelength.

Applying this formula with the above parameters, we find
4 possible resonances for Rossby waves with westward group
velocities. In order of decreasing wavelength, and for bound-
ary lags of 6t = 0 to 10 days, these have periods of 203.7—
212.3, 117.5-120.7, 95.6-96.8 and 89.9-90.1 days, and the
shortest possible period for Rossby waves is at 89.6 days.

There is no sign of the wavenumber 1 mode, perhaps be-
cause of the partial division of the basin into two sub-basins.
This would also be expected to interfere with the wavenum-
ber 3 mode. However, the wavenumber 2 mode is observed
in the expected period range, and a secondary peak is also
seen (black line in Figure 1c) at a period of 92 days. It is
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possible that this is indicative of one of the other resonant
modes, although it could also simply represent energy accu-
mulating near to the minimum possible Rossby wave period,
at which the Rossby wave group velocity is zero. We have
not attempted to alter the assumed geometry or Rossby ra-
dius to obtain better agreement, these numbers are based on
a first estimate of the relevant parameters. If we are to un-
derstand the secondary peak, a more comprehensive mode
calculation is needed, with realistic geometry and stratifi-
cation including a Caribbean current. Such a calculation is
beyond the scope of the present work.
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Figure S1. A repeat of Figure 2, but focusing on the
southern boundary. Amplitude of (a,b) the complex cor-
relation, and (c,d) the complex fit of (a,c) sea level and
(b,d) bottom pressure on basin-averaged bottom pres-
sure in the NEMO12 model. The corresponding phase is
shown in (e,f). All time series are band-pass filtered in
the 75-175 day band, and made complex using a Hilbert
transform. Phase is zero for a time series which peaks
at the same time as the basin-averaged time series, and
small positive phase means the peak follows the basin av-
erage. Black contours show depths of 200, 400, 800 and
1600 m
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NEMO12 bottom pressure, direct, and predicted from sea level
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Figure S2. Time series of basin-average bottom pres-
sure from the NEMO12 model as described in the main
text. Black is the actual bottom pressure, and blue shows
the prediction based on sea level, using the relationship
derived from this model. The upper panel is unfiltered,
and the lower panel is band pass filtered to show periods
between 75 and 175 days.
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ECCO2 bottom pressure, direct, and predicted from sea level
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Figure S3. Time series of basin-average bottom pres-
sure from the ECCO2 model as described in the main
text. Black is the actual bottom pressure, and blue shows
the prediction based on sea level, using the relationship
derived from the NEMO12 model. The upper panel is
unfiltered, and the lower panel is band pass filtered to
show periods between 75 and 175 days.
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