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Abstract. Studies comparing tide gauge measurements withaltimetry. “Nearby” here refers to altimetry from within
sea level from nearby satellite altimetry have shown good180 km, also usually from water more than 200 m deep. They
agreement for some islands and poor agreement for othergpund the percentage of variance in near-gauge altimetry data
though no explanation has been offered. Using the °1/12 explained by the gauge is higk 80 %) for most Pacific is-
OCCAM ocean model, we investigate the relationship be-lands and Indian Ocean sites, but low on North Atlantic and
tween sea level at small, open-ocean islands and offshorPacific coasts. Furthermore, it is also very lowlQ %) at
sea level. For every such island or seamount in the modelseveral sites in the eastern South Pacific — see Fig. 6 in their
we compare the shallow-water sea level with the steric andbaper. They also hint at improved correlations when time se-
bottom pressure variability in a neighbouring ring of deep ries are averaged over longer periods — 2 and 3yr.
water. We find a latitude-dependent range of frequencies for There are three ways in which coastal sea level can be
which off-shore sea level is poorly correlated with island seadecoupled from nearby deep water variability. First, there
level. This poor coherence occurs in a spectral region forcan be additional variability in shallow water, resulting from
which steric signals dominate, but are unable to propagate adecal effects of wind stress and atmospheric pressure. Sec-
baroclinic Rossby waves. This mode of decoupling does nobnd, deep water signals are often primarily steric (the result
arise because of islands bathymetry, as the same decouplirgf changes in the depth-integrated density). Being a depth
is seen between deep ocean points and surrounding rings. integral, steric signals necessarily become small in shallow
water, so an offshore steric signhal must be converted into a
bottom-pressure signal if the associated sea-level change is
to be communicated to the coast. This is what would happen
1 Introduction in the absence of horizontal pressure gradients, but it is also
possible for interactions between density and bathymetry to
Tide gauges are necessarily situated on the coast, and in Ugiquce currents, and associated pressure gradients, which act
ing tide-gauge data to draw inferences about the deeper oceag insylate the coast from offshore sea level changes. Third,
some assumptions must be made. Satellite altimetry, by cory may simply be the case that the offshore variability does
trast, has until recently performed poorly at the codst (ot propagate in an organized manner, and therefore it is
gnudelli et al, 2011). How does sea level at islands relate to not strongly correlated with any nearby variability, coastal
that offshore? This question matters to island communities gy gtherwise.

but also because island tide gauges play a particularly im- The first two of these mechanisms appear to be operat-

portant role in satellite altimetry calibratiohguliette etal.  jng on some continental coasts, as illustrated in spectra of
2004. It may also be significant for reconstructing global seasea |evel variability in the range of periods of 2-24 weeks
levels from historic tide gauge records. by Hughes and William$2010. These show several regions

The question has been addressed to some extevinby  \yhere variability in shallow water is dominated by high-

gradov and Pont¢2017), who compared tide gauge records frequency content, and in deeper water by low frequencies,
to nearby sea-surface height derived from TOPEX/Poseidon
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with the two separated by low variability along the shelf
edge. Thus, the deep water variability does not penetrate onto

the shelf, and there is additional variability on the shelf with Db 0
a spectrum representative of wind-driven processes. h=p+¢= 08 Pog pgdz. 1)
Bingham and Hughef012) looked at continental coasts -H

in the OCCAM 1/12 model, reconstructing coastal sea level . . . , )

using various approximations. “Approximation A" in their # IS density (withoo the model's Boussinesq reference den-
paper was that sea-surface height is spatially constant ne&): § the acceleration due to gravitythe vertical coordi-
the coast¥ po = 0, so the tide gauge can be approximated "at€ and? ocean depth.

by steric height at a nearby point. This only does well near . " this paper we define a mid-ocean “island” as a con-
the Equator, with performance dropping poleward of abouttiguous area of ocean shallower than 300 m and smaller than

20°, particularly on the western ocean boundaries. “Approx-22 000 kn?, which lies outside the contiguous region of con-
imation C” in their paper was that the horizontal gradient inéntal seas to a depth of 2000 m. Thus the Philippines are
of pressure anomaly at the bottom is zero; i.e. there is ngXcluded for being “continental” and New Zealand for be-
geostrophic velocity at the bottony p), = 0. This is bet- N9 too large, but Fiji is included. There is no requirement
ter than “Approximation A’ for estimating the steric effect for t_here to actu'ally be any land, so some small_ seamounts
on tide gauges away from the Equator on eastern boundarie&'® included. With this generous definition we find islands
and much better than A on western boundaries where therl! much of the ocean, though there are few in the deep east
is a strong boundary current (though still worse than on eastPacific (the distribution can be seen in later figures).

ern boundaries). These results show how boundary currents FOr €ach island we compare sea-surface heighager-
can significantly disrupt the link between coastal and dee?9d over this onshore-area witland its steric¢) and bot-

ocean sea level, even on interannual time sciiemgradov (O™ Pressurey) components, averaged over a "ring” around
and Pontd2011) observed this in the Kuroshio off the coast the island, defined as all points deeper than 3000 m and closer

of Japan, reporting that although “the tide gauge variability than 25° latitude and longitude~ 200 km at mid-latitudes)

tends to be weak but relatively coherent along the coast, th& the island centre (see Fi). _
[altimetry] series vary considerably”. To establish whether any effects are due to the island

For small islands, we might expect both the wind-stressdepth or simply distance, we also define “control islands”

and alongshore current mechanisms to be less effective. ThH&S 075" x 0.75° squares of water over 3000m deep and
closed, short bathymetric contours around an island mayfompare sea level there to the surrounding squares be-

present less of a barrier to signal propagation, and the shalloV€€n widths 075 and 25° (intermediate ring) and between

water area over which wind stress acts will be smaller, pro-Widths 25°and 5 (distant ring).

ducing less additional local variability. Nonetheless, in this

model study we do see significant decoupling for many is-3  Rasuits

lands, and the much greater data availability in the model

compared with the limited number of tide gauge records3.1 Global mean spectra

available in the real world allows us to investigate the spa-

tial and spectral dependence of this decoupling in more deFirstly, we compare the spectra of sea-level signals averaged
tail, and also to extend the investigation to the open oceanover all the islands with those for deep oceans and conti-
We find evidence for the importance of the third decoupling nental coasts. The deep watewariability (heavy and light
mechanism, which does not depend on the reference poirred, Fig.2) has a spectrum approximately proportional to
being an island, or in shallow water, but operates at all operv —1/2, steepening beyond —2 at frequenciesd) greater
ocean points. than 3 cycles yrl. Steric variability has much greater power
than bottom pressure (heavy and light blue) in deep water,
which has a more gently sloping spectrum. The near-island
p spectrum is a little less energetic than that for the deep
ocean as a whole but very similar in shape. Theignal at
"the islands (heavy black) has a spectrum similar in charac-

2 Methods

For this paper sea-surface height, steric height and botto

pressures are calculated from run 401 of the OCCAM21 ter but reduced in power compared to the déepuggesting

model described bydarsh et al.(2009, sampled as 5-day an influence of nearby steric variability on island sea level,

means over the years 1988-2004. We will consider variabil—but a dearee of decounling resulting in reduced power. The
ity of inverse-barometer-corrected sea lelvdb be the sum 9 pling 9 b )

o X . islandz spectrum is very close to the continental coastal
of variation in termg and¢ associated with bottom pressure .
. o . (light black) between about 4 months and a year, but for
pp and steric variations respectively, where

shorter periods the continental signal does not steepen so
much and is more energetic. This corresponds to the “blue”
high-frequency spectra seen on the continental coasts in the
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Fig. 1. lllustration of island waters and surrounding rings, and control regions.

e Mean spectra The shapes of the spectra suggest that nearby steric-height
osh, Om-300m islands signals do directly influence coastal island sea level, but that

. —— bp, 3000m+ rings deep bottom pressure signals become the dominant influence
10 steric, 3000m+ rings at high frequency. But all these interpretations remain ten-
ssh, Om-300m coasts tative when based on globally averaged spectra. A more de-

0° :t‘;nifg&;"fzizan tailed analysis is needed in order to understand the processes.

3.2 Relationship between island and off-shore sea level

3.2.1 Forislands

power, (equivalent) m? year
=

To investigate geographically varying effects, we plot in
Fig. 3a the percentage of variance of the islangignal ex-
plained by~ in the surrounding ring of deep water. A latitude
dependence emerges, with much higher variance explained
10';.1 . " 0 at the Equator, dropping with latitude, and rising again in the
frequency, cycleslyear Southern Ocean. A similar plot (not shown) ferat the is-
) ) land explained by: offshore is nearly identical to this, and
Fig. 2. Mean spectra of shallow-water sea-surface heigit ( a plot of & explained by offshore is also very alike, with

(black/grey), and deep-water steri¢)((red) or bottom pressure ) . o
(p) (blue) contributions to sea-surface height. Heavy curves are forchanges mainly in the Southern Ocean. Less than 5% of

spectra averaged over island3 6r surrounding deep ringg( p). overgll island variability is explaineq l?y the offshope e;(-
Lighter curves are for continental shelvég or deep water open  CePt in the Southern Ocean where it rises to about 50 %.

ocean ¢, p). Polar regions are excluded. Background shading indi- What is the timescale upon which the offshgrsignal can
cates power proportional to~1/2 ando 2. approximate the islankf? If we filter each signal to pass peri-
ods< 6 months before calculating the percentage of variance
(not shown), we find that at the shorter time scales the island
altimetry spectral maps ¢fughes and William$2010. The h variance explained by the offshogedrops from a maxi-
greater high-frequency energy in coastal shallow water ismum of about 90 % at the Equator to a maximum of 80 %.
due, in part at least, to the greater effect on sea level ofThe latitude dependence remains, and polewards bfd20
wind over shallow water than over deep water. The rapiditude there are few islands for which the off-shgraalone
drop-off of the island sea level spectrum at these high fre-explains more than about 25 % of the variance of the island
quencies is consistent with this process being a much less signal. Offshorep does almost as well as offshokeex-
important source of decoupling at islands than on broad coneept in the Southern Ocean where it is the offshpréhat
tinental shelves, though we should note that the limitations ofexplains the island at these timescales, with almost no con-
model resolution may lead to an underestimate of the energyribution from¢ (see Fig.3b). There are not enough islands
in small-scale, local processes. The island sea level speat equivalent northern latitudes to say whether this behaviour
trum also approaches the near-island steric spectrum at this limited to the Southern Hemisphere.
longest timescales, unlike the continental coastal sea level If we instead filter each signal to pass 18 months
spectrum, perhaps suggesting that the decoupling decreasé@sig. 3c), we find that the variance explained by offshare
at the longest time scales. improves slightly. A latitude dependence remains, with most
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(a) ssh at island, ssh in deep water nearby (c) ssh at island, ssh in deep water nearby, 18+ months
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Fig. 3. Percentage of variance bfat island explained by (a, c, d)or p (b) in a neighbouring ring of water 3000 m defgp-c)or 500-1000 m
(d). (b) and(c) have 0-6 month high-pass and 18+ month low-pass filters applied resped@elpd(d) are unfiltered.

islands between-20° N having over 70% of variance ex- 3.3 Correlation by timescale

plained by off-shorep (not shown, similar to Fig3c), and

islands between 40—-28& around 30-50%. At these longer To investigate the correlation by timescale in more detail, we
periods, offshorep (not shown) makes very little contribu- calculate the magnitude squared coherence estimgtays-

tion to the observed coherence anywhere. ing the Matlab function mscohere. This is defined as
3.2.2 For “flat-bottomed control” regions Yey(0) = M
- ' Sxx(0)Syy(0)’

The coherence (or lack of it) between island and off-shorewhere S, is the cross power spectral density; thys (o)

sea level may be due to the bathymetry, or simply the dis-has values between 0 and 1 and indicates how wethe

tance between the island and deeper waters. The coherens@gnal at the island, correspondsitdhe signal in deep water,

between the distant sea level and that at the “control island’at each frequencygmery and Thomsqr200J). x andy are

displays the same spatial dependence as for the island anathosen front, ¢ andp.

ysis (Fig.4). In fact, Fig.3a could almost be a subsampled  Figure 5 shows yp.,, vig, vip, the magnitude squared

version of Fig 4. coherence of sea-surface height at islands and signals in
The spatial variability in Fig4 is not a function of latitude  deep water, averaged over four latitude bands. At the an-

alone, but includes some longitude dependence. Regions afual frequency, there is a sharp peakyjp, especially at

high eddy energy, such as the Kuroshio, the Gulf Streamhigh latitudes. Otherwise, equatorwards of 354 gener-

the East Australia Current, the Agulhas retroflection and theally decreases with higher frequencies, ang increases

Antarctic Circumpolar Current, all show reduced coupling. with higher frequenciesy;y is highest at the Equator for

We will return to this below. all frequencies, and at high frequencigs, appears to

Ocean Sci., 9, 111319, 2013 www.ocean-sci.net/9/111/2013/



Joanne Williams and Chris W. Hughes: Island and ocean sea level 115

ssh at control island, ssh in distant ring
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Fig. 4. Percentage of variance bfat “control island” explained by 1 ‘ ‘ ‘
hin a 5 diameter ring.
2 o8 6
steadily increase with distance from the Equateys, ~ é g
max(yre. vYhp), With a dip in coherence at the transition be- g o6t g
tween steric height and bottom pressure, which occurs over § 2
periods of between one month and one year according to lat- £ 2
itude. 5 04 E
] ®
3.4 Correlation by timescale and latitude 30_27 g
This latitude dependence bears further investigation, and the
three panels of Figé show y,., yue andy;, respectively, 0 w w
for every island by latitude and frequency. In Fig. 6a there is 0.1 ! oyclesiyear 10 100
a high coherence for low frequencies (left) where the steric )
part of the offshore signal corresponds well to islanénd 1; 100 _Pofiod, woolfy 1
for high frequencies (right) where the bottom pressure part of equator -13to 13°N
the offshore signal corresponds wellipbut a zone of low (subjtropics -85 to -13, 13 to 35" N
coherence for intermediate frequencies. Y north >35 N .

The Rossby frequencymax = SRo/4r, is the maximum & southern ocean <35 N &
frequency at which baroclinic Rossby waves can exist, basec ? 0.6 g
on the linear dispersion relation and the first baroclinic ¢ ©
Rossby radiuskg, taken fromChelton et al.(1998. The o a
zonal average (in water deeper than 3000 m) Rossby fre- g 0.4r =
guency is marked in Fig as a yellow line and corresponds g 2
to periods ranging from about 4 weeksigh® to longer than a =
a year at high latitudes. Above the maximum Rossby fre- %]
quency, baroclinic Rossby waves are not possible, meaning
that the only propagation mechanism for subinertial variabil- 0 ‘ ‘
ity is advective. 0.1 1 10 100

; - . les/
Once againyy, in Fig. 6 panel (a) is close to the larger cylesiyear

of yag andyy, in panels (b) and (c). The transition region Fig. 5. Magnitude squared coherence estimate by frequency for
betweeny,s andy;, is emphasized by black bars. These sea-surface height at island afa) sea-surface heighk), (b) steric
show, averaged over islands in bands 6flatitude, the  height ¢), and(c) bottom pressurex), in deep water nearby, aver-
range between the highest frequency (shortest period) foaged over latitude bands.

which y,4 > vy, and the lowest frequency (longest period)

for which y,¢ < yip. All of these bars are to the right of the
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yellow line; thus at all latitudes the islaids explained more
by off-shoreg than off-shorep for all frequencies lower than
the Rossby wave frequency.

These transitions are well to the right of the low-coherence
zone in Fig.6a. So in the low-coherence zone the signal is
primarily steric off-shore, but this is not sufficient for off-
shoregp to translate into an islandsignal. Only at timescales
long enough for baroclinic Rossby waves does the off-shore
steric height correlate well with the island sea-surface height.

Very similar behaviour is observed for coherence between
sea level at our chosen deep water control regions and at a
distant “ring” around them (Fig7, left-hand panels). This
again supports the case that the primary mechanism respon-
sible for variations in coherence is related to distance, and
not to the presence of a shallow region around the islands.

100  period, weekg 1

60

latitude
(a) Island ssh vs deep ssh.

0.1 1 10 100
frequency, cycles/year

100 period, weeksy ; 3.5 Intermediate depths and distances

60 Bingham and Hughe$2012 found that although coastal
sea level could be reconstructed using steric height at deep
ocean (3000 m) sites near to tide gauges in the equatorial
band, in most cases the steric correction could be improved
by calculating steric height closer to the shore, in the depth
range 500-1000m. We also find that, particularly at the
shorter timescales and higher latitudes (excluding the South-
ern Ocean), the mid-depth does much better at explaining
the islandk, as would be expected as it is likely to be closer to
the island. Figur&d shows the variance of islaidexplained

by & in a ring defined as all points with depth 500-1000 m
and closer than.8° latitude and longitude to the island cen-
tre. The latitude dependence still exists, though it is weaker
than in Fig.3a, and most islands betweer*$and 13S have
around 40-80 % of island variance explained by offshore

° e o o oseoes} 1 Y IIPEUID

latitude
(b) Island ssh vs deep steric.

frequency, cycles/year

100 period, weekgq 1

oo ¢ (mid-depth ring) compared to 10-50 % (deep ring).
In our control region case, we can illustrate the effect of
w0y a e" ' distance as a function of frequency and latitude by compar-
R g ing the results using the standard distant ring with those from
20- l E ;1 : a an intermediate ring (see Fit)). The resulting pattern of co-
® ! 11l ' s herence (Fig7 right-hand panels), is very similar to that ob-
é 0 i l g E ik § e g tained using the more distant ring, (left-hand panels), though
= i | i1 = 5 coherence is generally higher, as expected, making the dip in
-207 é : fg @ sea-level coherence less pronounced.
B 2 = 5
407 ! ! g E - — 3.6 Admittance
E i/ ==
60 l : H We have also plotted (not shown) the admittance or transfer
O;%Jrafmm*ﬁﬁ“oo function for the islands and rings as defined above. This is
frequency, cycles/year defined by
Fig. 6. Magnitude squared coherence of sea-surface height at island Sxy (o)

)

and (top to bottomja) sea-surface height}), (b) steric height¢), Tiy(o) = Se(0)
and(c) bottom pressurey), in deep water nearby, for every island

by latitude and frequency. Pink dots indicate a high coherence andvhereSxy is the cross power spectral density, and is calcu-
blue low. Black bars emphasize the transition region between domijated using the Matlab function tfestimate. Since admittance
nance ofy,g andyy,,. Linear baroclinic Rossby waves are possible (ynjike coherence) is not normalised by the power spectral

only to the left of the yellow line. density of the second signal, a high value requires the two
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Fig. 7. Magnitude squared coherence of sea-surface height at “control island” and (panels from top to bottom) sea-surfaéd, height (
steric height ¢), and bottom pressure], in surrounding ring. Left-hand panels are for distant ring, right-hand panels intermediate rings.
Coherence is plotted for every island by latitude and frequency; pink dots indicate a high coherence and blue low. Black bars emphasize the
transition region betweepy, andyy,,. Linear baroclinic Rossby waves are possible only to the left of the yellow line.
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Fig. 8. (a) Percentage of variance ¢fat “control island” explained by in a 25° neighbouring ring(b) Percentage of the power spectrum
in ¢ at the “control island” that has frequency lower than the Rossby frequency at that location. Note change of scale from earlier maps.

signals to be of the same scale as well as varying togetheto Fig. 8a, the percentage @f variance explained by a2

This gives information about the ratios of the signals as well,diameter nearby ring. The spectral shape alone introduces the
but in fact in this case admittance looks very similar to coher-longitudinal structure of Fig3a.

ence. The only exception is at the annual period, for which

the admittance of island sea level to deep bottom pressure

is very small despite coherence of up to 0.5. This is sim-4 Conclusions

ply a reflection of the fact that annual cycles are present in

both steric and bottom pressure variability, but the steric sig-There is geographical variation in the strength of the rela-
nal usually has the greater amplitude. Outside the annual petionship between island sea level and offshore sea level, as
riod band, the similarity between admittance and squared coshown in Fig.3a. This is largely latitudinal and relates to the
herence means that Fids.6, and7 give a good indication  proportion of the sea-level spectrum that has frequency lower
that the sea-level signal resulting from these coherent compothan the local Rossby frequency (F8).

nents is of the same amplitude as that observed at the islands, Although this study was motivated by investigating the sea

and not just well correlated. level at islands, we have found that the decoupling present
at this model resolution is not due to the island bathymetry.
3.7 Spectral shape of steric signal Thus itis unrelated to the possible mechanisms of wind stress

over shallow water or topographic barriers to propagation of
The pattern in Fig4 is not purely a function of latitude. density signals, both of which appear to play a part in the

Points in the most energetic regions seem to haveiloari- decoupling between deep ocean and coastal continental sea
ance explained by their neighbouring rings, tending to givelevel variability seen byHughes and Williamg2010 and
lower values in the west of basins than in the east. Bingham and Hugheg®2012. Instead our control experiment

If we make the assumption that coherence from the sterishowed that decoupling, similar to that seen at islands, also
variability only results from that part which falls to the left occurs between deep ocean points and surrounding rings. In
of the baroclinic Rossby wave cut-off frequency line (yellow that sense, island sea level behaves just like sea level at any
lines in Figs.5 and6), then the percentage of variance ex- open ocean point. This suggests that the decoupling must be
plained will be the percentage of variance which lies to therelated to the spatial scales of the sea level anomalies and
left of that line. That percentage depends on both the positiortheir ability to propagate while in deep water.
of the line (which depends mainly on the latitude) and the Our spectral coherence analyses (Figsnd 6) support
shape of the spectrum. The spectral shape has greater scofheés conclusion. At high frequencies (periods shorter than
for longitudinal variation, and we might expect the shape inabout 1 week in the tropics and a few weeks at high lati-
the most energetic regions to differ from that elsewhere as @udes), there is coherence between island and offshore sea
result of more dominant non-linear interactions. level. This is virtually all associated with bottom pressure

In Fig. 8b we show for each control point the percentage variability, which typically has large length scales associ-
of the steric power contained at frequencies lower than theated with barotropic variability, and dominates the variability
Rossby frequency. If our interpretation is right, then this is out to longer periods at higher latitudédrfogradova et a.
the percentage of the variance at each point that occurs i2007 Bingham and Hughe2008. On moving to lower fre-
the high coherence spectral band, so it should look similauencies, as Fig2 shows, steric variability and therefore

Ocean Sci., 9, 111319, 2013 www.ocean-sci.net/9/111/2013/
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baroclinic processes come to dominate in a spectral region imvhich they ascribed to either vertical land movement or noisy
which such variability cannot propagate as baroclinic Rossbytide-gauge records. Our results also show these islands to
waves. This results in a dip in coherence, but then a risehave low coherence between on- and off-shore sea level.
again, which always occurs at frequencies lower than (to theHowever, we see that this is consistent with the latitude de-
left of) the yellow line in Fig.6, representing the maximum pendence. Indeed, we find Juan Rerdez to have slightly
frequency at which linear baroclinic Rossby waves can ex-above average coherence for its latitude.

ist. The Rossby wave dispersion relation is such that, imme-

diately to the left of the yellow line, only a narrow range

of wavelengths is permitted. The range of permitted wave-AcknowledgementsThanks to Rory Bingham for discussions and
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