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X - 2 BINGHAM AND HUGHES: SEA-LEVEL/BOTTOM PRESSURE RELATIONWe investigate the relationship between sea-level (after appliation of an6 inverse-barometer orretion) and oean bottom pressure, in an eddy-permitting7 oean model. We �nd that the presene of eddies an disrupt this relation-8 ship even on timesales as short as 10{20 days, but only in the regions of most9 energeti eddy variability. Away from eddies, the relationship is similar to10 that seen in a oarser-resolution model, with a tight relationship between sea-11 level and bottom pressure at high frequenies, but with signi�ant orrela-12 tions between sea-level and bottom pressure at interannual timesales seen13 only in shelf sea regions. In the deep oean, regions where sea-level and bot-14 tom pressure remain related out to the longest timesales are in the Arti15 Oean and regions of the Southern Oean, where partiularly large ampli-16 tude barotropi utuations are found but where the mesosale signal is weak.17
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BINGHAM AND HUGHES: SEA-LEVEL/BOTTOM PRESSURE RELATION X - 31. IntrodutionIn ombination, altimetry and a satellite gravity mission suh as GRACE have the18 potential to distinguish between barotropi and barolini sea-level hanges and thereby19 shed new light on the physis of the oean. Jayne et al. [2003℄ for instane shows how20 the two ould be ombined to determine hanges in oean heat storage. Regarding oean21 bottom pressure derived from GRACE observations, however, we are still at the validation22 stage where (with some irularity) we wish to use altimetry to make inferenes regarding23 the expeted GRACE signal. To this end, in a reent paper Vinogradova et al. [2007℄24 (heneforth VPS) investigated the relationship between sea-level and bottom pressure25 variability in the oarse (1Æ) resolution oean model ECCO. They found strong equivalene26 between model sea-level and bottom pressure at periods <30 days, while at periods up27 to 100 days the the strong equivalene was generally on�ned to shallow seas and at high28 latitudes (>60Æ). At longer periods little orrespondene was found between sea-level and29 bottom pressure.30 However, on smaller sales the oean and sea-level, partiularly in regions of strong31 urrents, are dominated by mesosale eddies, and this is in fat where the majority of the32 oean's kineti energy lies [Fu and Smith, 1996℄. For this reason oarse resolution models33 tend to underestimate, quite drastially in some ases, the sea-level variane in omparison34 with what is measured by altimetry. Therefore, sine these eddies are generally barolini,35 the strong orrespondene in sea-level and bottom pressure reported by VPS may well be36 an artifat of the oarse, non-eddy permitting resolution of their model (a point raised37 by VPS themselves). In this paper, therefore, we extend the VPS analysis to an eddy38
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X - 4 BINGHAM AND HUGHES: SEA-LEVEL/BOTTOM PRESSURE RELATIONresolving oean model, also with realisti foring, attempting to repliate the analysis of39 VPS as losely as possible.40 2. Model desriptionThe main results of this paper are based on an analysis of the Oean Cirulation and41 Climate Advaned Modelling projet model (OCCAM) run at the National Oeanography42 Centre, Southampton. It is a global, z-level, free surfae model with a rotated grid over43 the North Atlanti, and is fored with 6-hourly ECMWF atmospheri data. The run we44 are onsidering (run 202) is at 0.25Æresolution, with 66 vertial levels, and overs the 19-45 year period 1985-2003, with an initial 4 years of spin-up [Coward and de Cuevas, 2005℄.46 The data is output as �ve day means. We apply an inverse barometer orretion to the47 model sea-level, as the foring (unlike in VPS) inludes atmospheri pressure.48 3. ResultsCompared with the oarse resolution ECCO model used by VPS, at the eddy permit-49 ting resolution of OCCAM the regions of high sea-level variability are more learly asso-50 iated with regions of strong urrents, partiularly notieable along the Gulf-Stream and51 North Atlanti Current (NAC), the Antarti Cirumpolar Current (ACC) and the Ag-52 ulhas retro-reetion (Figure 1a). Moreover, the amplitude is several entimetres greater,53 ahieving values in exess of 15m. This is in spite of the fat that we are using �ve day54 means, for whih some high frequeny power is lost, rather than the daily mean values55 used by VPS. This on�rms the view that mesosale eddy variability, generated in regions56 of barolini instability, makes a signi�ant ontribution to the sea-level anomaly �eld.57
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BINGHAM AND HUGHES: SEA-LEVEL/BOTTOM PRESSURE RELATION X - 5The ability of a model to permit eddies has a muh smaller inuene on bottom pressure58 than is the ase for sea-level, both in terms of overall struture and amplitude (Figure 1b).59 This supports the idea that the regions of high variability seen in the OCCAM sea-level60 map are due primarily to barolini eddies. Within the large regions of oherent bot-61 tom pressure utuations in the Southern Oean and the North Pai�, bottom pressure62 deviations are up to 1-2m less in OCCAM ompared with the VPS model, but have a63 similar form, being, as they are, de�ned by topographi ontours [Webb and de Cuevas,64 2002a, b; Bingham and Hughes, 2006℄. Sine bottom pressure utuations generally have65 signi�ant power at periods less than �ve days this is most likely due to the fat that the66 OCCAM data have been averaged over a longer time span. Although in terms of sea-level67 the Arti does not stand out as a region of espeially high variability, in terms of bottom68 pressure it does. A similar signal in a barotropi version of OCCAM and observational69 evidene for it was presented by Hughes and Stepanov [2004℄. The boundary of this signal70 is sharply de�ned by the topography of the Greenland-Sotland Ridge between the North71 Atlanti and Nordi Seas and the shelf in the Bering Strait, and most likely represents a72 trapped geostrophi mode similar to those found in the Southern Oean. As in the VPS73 model, the greatest bottom pressure amplitudes are found in shallow shelf seas.74 Following VPS we quantify the extent to whih sea-level anomalies are barotropi byomputing the orrespondene between sea-level h0 and bottom pressure p0b anomalies (thelatter expressed in sea-level units by multiplying by a referene density and aelerationdue to gravity), de�ned as: s = < h0 � p0b >< h0 > ; (1)
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X - 6 BINGHAM AND HUGHES: SEA-LEVEL/BOTTOM PRESSURE RELATIONwhere angle brakets represents variane of the term enlosed by them. Clearly a sore of75 s = 0 would indiate that sea-level variability is entirely barotropi. The map of s is shown76 in Figure 1. The predominane of yellow to red olours shows that over most of the open77 oean barolini variability dominates. Only in the Arti basin, the shallow shelf seas,78 and some isolated pathes of the Southern Oean does barotropi variability dominate79 when all timesales are onsidered. The pattern is similar to that found in the ECCO80 model used by VPS. This is beause the presene of eddies only weakens the relationship81 between sea-level and bottom pressure in regions where most of the large-sale sea-level82 variane is, in any ase, weakly oupled to bottom pressure.83 Next we onsider how the relationship between sea-level and bottom pressure dependson latitude and on the water depth as a funtion of frequeny. Cross-spetral analysisprovides an appropriate means to do this. The mean admittane between sea-level andbottom pressure anomalies over a partiular geographi interval (as shown in Figure 2) isde�ned by Z(!) = ĥ0p̂0b�ĥ0ĥ0� ; (2)where x̂ represents the Fourier transform of x, and x represents the mean of x. Motivated84 by Figure 1 whih shows learly the muh loser relationship between sea-level and85 bottom pressure over the shelf-seas ompared with the deep oean we ompute the mean86 admittane for shallow (<200m) and deep (>1000m) parts of the oean separately (see87 Figure 2a). At the Nyquist frequeny (0.1 pd) the amplitude of the admittane is 188 indiating the variability on the shelf is essentially barotropi. As we move to lower89 frequenies the amplitude delines, but always remains greater than 0.8, showing that90 D R A F T November 13, 2007, 8:08pm D R A F T



BINGHAM AND HUGHES: SEA-LEVEL/BOTTOM PRESSURE RELATION X - 7even on multi-year timesales barolini proesses do not strongly deouple sea-level from91 bottom pressure in shallow water. The similarity to the result from ECCO presented by92 VPS is to be expeted as eddies are not the dominant soure of sea-level variability on93 the shelves.94 A muh greater di�erene between ECCO and OCCAM is seen we we onsider the95 admittane between sea-level and bottom pressure over the deep oean. We now see96 learly the inuene of eddies. Like the variability on the shelf, at the highest resolvable97 frequenies the deep oean in OCCAM is primarily barotropi, as it is in ECCO. And98 in both models, the admittane amplitude falls away muh more rapidly than is the ase99 in shallow water, indiating the importane of barolini proesses in the deep oean.100 However, the roll-o� is muh steeper in OCCAM. In OCCAM the amplitude falls to101 below 0.2 for periods greater than 100 days, while for ECCO the amplitude is 0.5 at 100102 days, and even for muh longer periods it remains above 0.4. This implies that in OCCAM103 the barolini nature of sea-level variability over the deep oean omes to prominene at104 relatively high frequenies ompared with ECCO. This is onsistent with the expeted105 e�et of mesosale eddies, whih are absent from ECCO and whih loally weaken the106 relationship between sea-level and bottom pressure.107 In Figure 2a we also address the question of whether the presene of eddies disrupts the108 relationship between sea-level and bottom pressure over the deep oean at larger sales.109 Forming 1Æor 2Æbox averages does little to hange the spetral relationship between the110 two �elds. This shows that mesosale eddies ontribute to the sea-level variability at111 length-sales greater than the resolution that is required for them to be present in the112
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X - 8 BINGHAM AND HUGHES: SEA-LEVEL/BOTTOM PRESSURE RELATIONmodel, and we annot reover a relationship between sea-level and bottom pressure similar113 to that found in ECCO simply by averaging the high resolution �eld to the resolution of114 ECCO. In fat it is not until we average over 8Æbins that a relationship similar to that115 reported by VPS is seen.116 Figure 1 shows that, when onsidered over all frequenies taken together, the variability117 in the deep oean at high latitudes tends to be more barotropi than at lower latitudes. We118 therefore now onsider how the relationship in the tropis (0Æto 15Æ), the mid-latitudes119 (45Æto 60Æ), and high latitudes (60Æto 80Æ) depends on frequeny (see Figure 2b). It120 is lear from Figure 2b that the variability in any partiular frequeny band beomes121 more barotropi as we move progressively poleward, just as was the ase for the ECCO122 model used by VPS. Whilst at the Nyquist frequeny the variability in both mid- and123 high-latitudes bands is essentially barotropi, in the tropis sea-level variability, even at124 the highest resolvable frequenies, inludes signi�ant barolini variability. Just as for125 the deep oean taken it is entirety, the individual latitude bands eah show a more rapid126 deline in barotropi variability relative to barolini variability, ompared with the ECCO127 model. However, the deline in the barotropi to barolini ratio ours more slowly at128 higher latitudes. In general, at all latitudes the oean is less barotropi in OCCAM than129 it is in ECCO.130 To test the hypothesis that the more rapid deline in barotropi variability in OCCAM131 ompared with ECCO is due to eddies we reompute the ross-spetra for the mid- and132 high-latitude bands but with further partitioning between regions of low (sd<5m) and133 high (sd>10m) sea-level variability. As Figure 3 shows, over regions of low sea-level134
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BINGHAM AND HUGHES: SEA-LEVEL/BOTTOM PRESSURE RELATION X - 9variability, indiative of regions of little eddy ativity, our ross-spetra look muh more135 like those found in ECCO. The variability remains barotropi to longer timesales, than136 was the ase for the zonal bands onsidered in their entirety, partiularly for the mid-137 latitude band. The roll-o� is also more gradual, although the �nal amplitudes are still138 somewhat less than for the ECCO model. On the other hand, the ross-spetra for139 the regions of high sea-level variability, indiative of greater eddy ativity, appear as more140 extreme versions of the orresponding spetra of Figure 2b. Even at the Nyquist frequeny141 the variability is signi�antly di�erent from barotropi and the redution in the barotropi142 to barolini energy ratio is muh more rapid than in the low variability regions. The main143 di�erene between mid and high latitudes is that there is a larger fration of the domain144 in the mid-latitude band oupied by eddies.145 Finally, we onsider the geographial patterns of admittane partitioned by frequenyband (as shown in Figure 3). This is de�ned by summing over the required band be-fore alulating the omplex produt (rather than omputing the average of the omplexproduts as in equation 2): Z(!) = ĥ0 p̂0b�ĥ0 ĥ0� : (3)Using the ECCO model, VPS found that in the 1{20 pd frequeny band the oean146 behaved everywhere outside the tropis as a barotropi uid. In OCCAM too, we �nd that147 over most of the extra-tropial oean in the 10{20 pd frequeny band the oean behaves148 barotropially (see Figure 3a). However, unlike ECCO, even at these high frequenies the149 lose orrespondene between sea-level and bottom pressure breaks down in the regions150 where there are strong urrents, suh as the Gulf-Stream, Kuroshio, Agulhas, and the151 D R A F T November 13, 2007, 8:08pm D R A F T



X - 10 BINGHAM AND HUGHES: SEA-LEVEL/BOTTOM PRESSURE RELATIONACC. These are regions where the sea-level variability is greatest. Moving to the 20-152 60pd band (see Figure 3b) the piture is again in broad terms as it is with ECCO. The153 tropial region of deoherene in the deep oean has now spread to higher latitudes by154 several degrees and the small regions of deoherene assoiated with the strong urrents,155 seen at the highest frequenies, have grown and spread along the extensions in the ase156 of the Kuroshio and Gulf-Stream. This growth of deoherene is muh less pronouned157 in the ECCO model, a result of not representing barolini eddies that are produed in158 these regions. Note also how, in addition to the energeti western boundary regions, there159 are thin regions of deoherene at other oean boundaries. This may be a result of the160 propagation of waves with barolini struture along the shelf slope, or it may reet the161 fat that interations with this steep topography introdues shorter length sales, whih162 results in a shorter time being neessary for barolini e�ets to beome important (see163 the saling given by Gill and Niiler [1973℄). At seasonal timesales, over the open oean,164 it is only some small isolated pathes of the Southern Oean and in the Arti that remain165 oherent in OCCAM. Similarly in ECCO it is the Southern Oean and Arti Oean where166 the signal remain oherent, although for the Southern Oean the oherene is somewhat167 stronger than it is in OCCAM. ECCO also shows greater oherene in the South Pai�168 in omparison to OCCAM.169 In Figure 3d we extend the analysis to interannual time periods where we �nd that over170 the open oean variability is dominated by barolini proesses. That is not to say that171 barotropi proesses are not at work, only that they are weak when ompared with the172 barolini proesses. Strong oherene between sea-level and bottom pressure remains at173
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BINGHAM AND HUGHES: SEA-LEVEL/BOTTOM PRESSURE RELATION X - 11inter-annual timesales only on the shallow shelf seas, most notieably in the Arti, but174 also on the Northwest European shelf, on the western sides of both Atlanti and Pai�175 oeans, and lose to Antartia.176 4. DisussionTaken together, the results of VPS and this study suggest the following interpretation.177 Barotropi utuations our throughout the oean, but are most learly seen at relatively178 short timesales. This is beause the link between sea-level and bottom pressure is broken179 by barolini utuations whih tend to dominate at longer timesales. The timesale at180 whih the barolini e�ets beome important depends partiularly on length sale, and181 on the relative amplitudes of the exited barolini and barotropi variations. So, in re-182 gions where short length sale eddies are most energeti, the deoupling ours even at183 periods as short as 10{20 days, spreading at longer timesales to broader regions with184 substantial mesosale variability. Similarly, bottom pressure and sea-level variability be-185 ome deoupled relatively quikly over the steep ontinental slopes, where length sales186 are naturally short. Regions in whih bottom pressure and sea-level remain oupled to187 relatively long periods, suh as the Arti and some regions of the Southern Oean, or-188 respond to regions of partiularly energeti barotropi utuations and partiularly weak189 mesosale variability. Even here, however, little oherene remains at interannual peri-190 ods. At suh periods, oherene only remains in shelf sea regions, where the barotropi191 utuations are espeially large, and where the shallow depth means that larger density192 variations are needed to ompensate the sea-level variations. Another speial ase is the193 tropial band where, as a result of the more rapid propagation of waves at low latitudes,194 D R A F T November 13, 2007, 8:08pm D R A F T



X - 12 BINGHAM AND HUGHES: SEA-LEVEL/BOTTOM PRESSURE RELATIONbarolini variability beomes important at shorter timesales although, again, this ours195 at shorter timesales for utuations at short length sales than for those at longer length196 sales. Our study provides no reason to believe that the presene of eddies disrupts the197 relationship between sea-level and bottom pressure, other than in the obvious way that198 sea-level and bottom pressure are only weakly oupled in the eddies themselves.199 For omparison of sea-level from altimetry with bottom pressure from GRACE, we �nd200 that it is neessary to average over about 8Æ in order to retain a strong orrelation out201 to a period of 100 days. That is with perfet sea-level data; with the sampling permitted202 by altimetry it is not lear whether even suh large-sale averaging would be suÆient203 to �lter out the mesosale signal. An alternative, as we show in Fig. 2, is to ompare204 sea-level and bottom pressure in regions with relatively small sea-level variane.205 Aknowledgments. This study was supported by the UK NERC themati RAPID206 programme, NER/T/S/2002/00439 and NER/T/S/2002/00485, and represents a on-207 tribution to the Proudman Oeanographi Laboratory's \Geodeti oeanography, polar208 oeanography and sea level" Programme, a part of Oeans2025.209 ReferenesBingham, R. J., and C. W. Hughes (2006), Observing seasonal bottom pressure vari-210 ability in the North Pai� with GRACE, Geophys. Res. Lett., 33, L08607, doi:211 10.1029/2005GL025489.212 Coward, A., and B. de Cuevas (2005), The OCCAM 66 Level Model: physis, ini-213 tial onditions and external foring., Internal report 99, SOC, 58pp, available from214
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Figure 1. (a) The standard deviation of detrended model sea-level anomalies. (b)The standard deviation of detrended model bottom pressure anomalies. () The or-respondene between model sea-level and bottom pressure anomalies, where a perfetorrespondene gives a sore of zero.
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Figure 3. The admittane amplitude and phase between model sea-level and bottompressure anomalies partitioned between (a) 10-20pd, (b) 20-60pd, () annual, and (d)inter-annual frequeny bands. Zero phase di�erene is indiated by an eastward pointingvetor.
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