MARTINSON AND IANNUZZI: WEDDELL GYRE AND GLOBAL CLIMATE1Spatial/Temporal Patterns in Weddell Gyre Characteristics and Their Relationship toGlobal ClimateDouglas G. Martinson1,2 and Richard A. Iannuzzi1Lamont-Doherty Earth Observatory Palisades, NY, 10964 Department of Earth and Environmental SciencesColumbia University New York, NYAbstract.We examine the spatiotemporal variability of the upper ocean-sea ice system of the Atlantic sector ofthe Southern Ocean subpolar seas (Weddell gyre), and the nature of its covariability with extrapolar climate,identifying teleconnections and their mechanisms. To systematically evaluate the sporadic and sparse distribution ofsubpolar data we employed an optimal analysis involving Empirical Orthogonal Functions (EOFs). The EOFs revealthat the spatial pattern of coherent spatial covariability of Weddell gyre characteristics is dominated by highinterannual variability near the northern (circumpolar) rim of the gyre and lesser variability (10-20% of the variance)in the gyre’s central core region. We find considerable, statistically-significant teleconnections between subpolarand extrapolar climate. The dominant link is with ENSO over its broad region of influence, whereby the subpolarupper ocean response is enhanced winter-average cyclonic forcing during tropical warm events (El Ni�o); theopposite occurs for cold events (La Ni�a). During El Ni�o the subpolar gyre contracts so the pycnocline shallows inthe gyre center and deepens at the northern rim; sea ice expands northward leading to enhanced surface freshwaterin the northern rim. This regional subpolar response is consistent with recent GCM modeling analyses showing thatequatorial warm anomalies trigger an increase in the Pacific equator-pole meridional temperature gradient whichshifts the subtropical jet equatorward, and farther from the available potential energy of the Antarctic, decreasing thecyclone activity and climatological forcing of the Pacific subpolar gyres. The Pacific equatorial warming alsoperturbs the Walker cell circulation leading to the opposite response in the Atlantic, resulting in increased cyclonicforcing in the Atlantic’s subpolar gyre. We also find that the Weddell gyre interior OAI characteristics covary withsea ice extent in the Atlantic region, and inversely with the sea ice extent in the Amundsen/Bellingshausen regions,reflecting a strong Antarctic Dipole.1. IntroductionHypotheses, models and observations suggest thatthe polar oceans play an important role in global climatethrough a multitude of polar-unique processes operatingo v e r a v a r i e t y o f t i m e s c a l e s [ e . g . , W a l k e r , 1923;Fletcher, 1969; Kellogg, 1975; Walsh, 1983; Chiu, 1983;van Loon, 1984; Simmonds and Dix, 1986; Mitchell andHills, 1986, J a m e s , 1988; Large and van Loon, 1989;Trenberth et al., 1990; Simmonds and Wu, 1993; Rind etal., 1995; Krishnamurti et al., 1986; Imbrie et al., 1992].Numerous studies have considered the local/regionalinteractions between the sea ice and underlying ocean--------------1Lamont-Doherty Earth Observatory Palisades, NY, 109642Department of Earth and Environmental Sciences ColumbiaUniversity New York, NY[e.g., G o r d o n , 1981; Gordon and Huber, 1984, 1990;L e m k e , 1987; M a r t i n s o n , 1 9 9 0 ] , w h i l e o t h e r s h a v e i n v e s t i g a t e d t h e s p a t i a l / t e m p o r a l d i s t r i b u t i o n o f t h e largest scale teleconnections and mechanisms capable ofexplaining them at that scale [e.g., Chiu, 1983; van Loon,1984; Krishnamurti et al. 1986; J a m e s , 1988; K a r o l y ,1989; Meehl, 1991; Simmonds and Law, 1995; White eta l . , 1 9 9 8 ; P e t e r s o n a n d W h i t e , 1998; H i n e s a n d Bromwich, 1 9 9 9 ; Y u a n a n d M a r t i n s o n , 2 0 0 0 a ] . Regardless, our documentation and understanding of thedetailed nature of the polar-extrapolar teleconnections,and their underlying causal and mechanistic links acrossthe full range of scales (local, regional and global), arestill quite rudimentary.The purpose of this paper is to further document andimprove our understanding of the manner by which thep o l a r - e x t r a p o l a r t e l e c o n n e c t i o n s a r e c o m m u n i c a t e d a c r o s s t h e h i e r a r c h y o f s c a l e s i n v o l v e d .

MARTINSON AND IANNUZZI: WEDDELL GYRE AND GLOBAL CLIMATE22. ApproachOur strategy for documenting and understanding therelationship between variability in the ocean-atmosphere-ice (OAI) system and extrapolar climate, and theirl i n k a g e s a c r o s s s c a l e s , r e q u i r e s t h e f o l l o w i n g : ( 1 ) q u a n t i f y t h e l o c a l a n d r e g i o n a l t e m p o r a l / s p a t i a l variability of climatically-meaningful characteristics ofthe OAI system (we do so for one of the predominantAntarctic subpolar gyres: the Weddell gyre), (2) correlatethe time series of these OAI characteristics to those ofextrapolar climate variables and indices, and evaluate thec o r r e l a t i o n s t a t i s t i c s , ( 3 ) i d e n t i f y t h o s e O A I c h a r a c t e r i s t i c s t h a t s h o w t h e m o s t r o b u s t l i n k s t o extrapolar climate and determine the underlying localphysical changes responsible for their variability, and (4)evaluate mechanisms consistent with the polar-extrapolarl i n k s a n d o b s e r v e d l o c a l O A I c h a n g e s . T h i s p a p e r develops the methodology and focuses on two primaryO A I c h a r a c t e r i s t i c s , w h i l e a c o m p a n i o n p a p e r ( i n preparation) presents the full suite of OAI characteristicsand their extrapolar covariability.2.1 Climate Variables2.1.1 OAI System Parameters.W e a d o p t t h e c l i m a t i c a l l y - m e a n i n g f u l O A I characteristics as quantified through the bulk propertyparameters of Martinson and Iannuzzi [1998; hereafterMI98]. MI98 focus on robust and relatively long-livedinformation contained within the upper ocean structure.Specifically, vertical integration of temperature (T) andsalinity (S) profiles provide bulk property distributionswhich are used directly, or in combinations, to providefundamental OAI information on ocean ventilation,water column stability and sea ice growth constraints.The OAI parameters are dominated by two bulkproperties: (1) a "thermal barrier" (TBw), which is theenthalpy relative to the freezing point available withinthe permanent thermocline; and (2) a "salt deficit" (SDw),which is the freshwater surplus in the winter surfacelayer relative to the deep water (in terms of buoyancy,allowing for the nonlinear equation of state, vertical saltflux, etc.; see for details). SDw must be eliminatedby salt input in order to destabilize the surface layer anddrive catastrophic overturn. TBw is the sensible heat thatm u s t b e v e n t e d d u r i n g e r o s i o n o f t h e p y c n o c l i n e , accompanying elimination of SDw. As it is vented, thisheat stabilizes the water column by melting ice or,equivalently, by preventing ice growth which wouldo t h e r w i s e d e s t a b i l i z e t h r o u g h s a l t r e j e c t i o n . O v e r seasonal time scales, SDw is reduced by salinizationduring ice growth, initiating static instability that drivesan entrainment heat flux venting TBw, and fresheningand restabilizing (to some degree) the surface layerthrough ice melt. TBw thus provides a negative feedbackto the ice growth-driven destabilization process.For practical purposes SDw and TBw are normalizedinto equivalent units of effective ice thickness per unitarea. As such, SDw reveals the thickness of in situ icegrowth required to reject enough salt to destabilize thesurface layer; TBw reveals the thickness of ice that couldbe melted by completely venting the thermocline, and itindicates the potential to resist overturn due to the heatstorage in the thermocline (i.e., delivered by circumpolardeepwater, CDW).In various combinations TBw and SDw provide thebasis for additional parameters of interest. Here we focuso n t w o c l i m a t i c a l l y - r e l e v a n t p a r a m e t e r s : ( 1 ) b u l k stability, = TBw+SDw, and (2) total ocean heat flux,FT. Bulk stability is the maximum amount of in situ icegrowth, or latent heat loss, that the upper ocean cansupport before destabilizing the water column, flippingthe system to its unstable (thermal) mode of Gordon,1991, and generating open ocean deep water formationand preventing winter ice growth, [1990].Essentially, provides an indication of the total amountof surface buoyancy stabilizing the surface water columnand allowing sea ice to form at all. It places an upperlimit on in situ ice growth.Total ocean heat flux, FT, is the sum of turbulentdiffusive (FD) and entrainment (FE) heat fluxes enteringthe surface ocean mixed layer across its base. These heatflux components are determined as follows. The externalforcing for winter ice growth, FL, is the upward flux ofheat at the bottom of the atmosphere, Fa, less the upwardflux of oceanic sensible heat into the mixed layer createdby turbulent diffusion; so FL = Fa - FD. Seasonally-averaged values (indicated by <>) of these fluxes dictatethe entrainment heat flux <FE> occurring when surfaceconvection, driven by FL induced ice growth salinizationforces entrainment into the mixed layer of warmunderlying pycnocline waters. Specifically, <FE> =<FL>TBw. TBw indicates what fraction of the initiallatent heat of fusion is converted, by the negativefeedback, into sensible heat.The diffusive heat flux <FD> is parameterized asproportional to the thermal gradient (T) through thethermocline, so <FD> = <kT>rcp�T�, where T� is thedepth-averaged T through the thermocline, r is thedensity of seawater (1027.5 kg/m3), and cp its heatcapacity (4.183 J/ßCkg). The seasonally-averagedwinter turbulent diffusivity coefficient, <kT>, across thepycnocline is rather large in the Antarctic (see ),0.66x m2/s, reflecting small values during quiescentperiods averaged with substantially increased values

MARTINSON AND IANNUZZI: WEDDELL GYRE AND GLOBAL CLIMATE3during frequent intense polar lows [, personalcommunication]. The total ocean sensible heat flux is<FT> = <FE> + <FD>. <F> estimated in this mannershows excellent agreement to the seasonally measuredvalue of McPhee et al., [1999].Additional insights regarding the nature of theocean-ice interaction are provided by other combinationso f S D w a n d T B w. T h e s e a r e d e s c r i b e d a n d t h e i r variability evaluated in the companion paper.For geometrically ideal T and S profiles, TBw andSDw are computed from simple algebraic relationships.These show that the parameters are functions of thef o l l o w i n g p h y s i c a l c h a r a c t e r i s t i c s ( e x t e r n a l s y s t e m parameters) of the upper water column: S, zml, T, S, (heat fluxes also depend on kT, FL); z indicates adepth, and subscripts indicate the quantity’s value withinthe mixed layer (ml) or at the base of the permanentpycnocline (pp). These algebraic expressions allow us toq u a n t i f y t h e d e g r e e t o w h i c h i n d i v i d u a l e x t e r n a l parameters are controlling variability observed in theclimatically-meaningful bulk parameters. This definestheir sensitivity and allows us to relate local watercolumn changes to regional or global scale forcings(helping identify and/or constrain plausible mechanisticlinks).MI98 provide 25-year climatologies for each of the bulkproperty parameters within the Weddell gyre region( p o l a r g y r e f r o m t h e A n t a r c t i c P e n i n s u l a t o approximately 20ß E, spanning the Weddell-EnderbyBasin). They are based on historical CTD data from 28cruises, involving 1423 hydrographic stations (of 1710)that survived considerable quality control and erroranalysis. The spatial variability in the climatologies havea spatial signal to noise ratio (S/N) of 20 db. Here wedetermine the variability (detrended yearly anomalies)about these climatological means, as a function of yearand location within the gyre, focusing on and <FT>.These anomalies provide the means for comparing thetemporal and spatial variability of the OIA interactions inthe interior of the polar gyres to that of extrapolarclimate variables and indices.2.2 Extrapolar Climate.Extrapolar climate variability is measured through awide variety of existing variables and indices. Yuan andMartinson [2000a; hereafter YM00] examined therelationship between 20-year records of detrendedanomalies in the Antarctic monthly sea ice edge position(SIE*) and: (1) detrended surface air temperature (SAT*)at 5ß5ß intervals throughout the globe based on NationalCenter for Environmental Forecast (NCEP) and NationalCenter for Atmospheric Research (NCAR) reanalysissurface air temperature at the 1000 Mb pressure level[Kalnay et al., 1996]), (2) SIE* in 12ß contiguouslongitude bands (representing the lateral SIE*decorrelation length) around Antarctica, and (3) large-scale climate indices such as NINO3 (an ENSO-relatedindex based on eastern equatorial Pacific sea surfacetemperature, SST, averaged in 5ß N to 5ß S and 150ßW to90ßW and robust index for ENSO variability; Cane et al.,1986), the Pacific-North America teleconnection index(PNA), North Atlantic Oscillation index (NAO), andSouthern Oscillation Index (SOI), as well as severalother indices. found considerable, statistically-significant global, circumpolar and index correlations �almost twice as many strong global correlations(teleconnections) as would be expected by correlatingnoise time series with similar spectral coloring andquasi-periodic components as displayed in the actualSIE* records.YM00 performed extensive statistical analysis of thecorrelations between SIE* and extrapolar climate,assessing the robustness and likelihood of the linksbetween extrapolar climate and variability in thecircumpolar belt around Antarctica. Hoping to draw onthat statistical foundation, we use the same climatevariables and indices in this study, as well as SIE*. Thelatter allows us to determine the extent to which the OAIinteractions within the interior of the polar gyre arerelated to that of the circumpolar margins, as indicatedby the ice extent anomalies around the gyre rim.3. MethodsSeveral studies [e.g., van Loon and Shea, 1985;Carleton, 1988; , 1995; Ledley and Huang,1997; YM00; Simmonds and Jacka, 1995; Stammerjohnand Smith, 1997] have demonstrated a relationshipbetween the subpolar seas and ENSO; perhaps notsurprising given the global spatial influence of ENSO[e.g., Ropelewski and Halpert, 1987]. Thus, to test thefeasibility of our approach, we begin by examining therelationship between ENSO and bulk stability () andocean heat flux (<FT>) as computed near the center ofthe Weddell gyre where the observations are most dense.As seen in Figure 1, and <FT>, averaged annuallywithin a spatial domain encompassing Maud Rise, from59ß - 63ß S and 20ßW - 8ßE. For years in which dataexist, the OIA parameters appear to be well correlatedwith ENSO (r = 0.95 and -0.80 for and <FT>,respectively; significant at the 99.98% and 95%confidence levels (see Appendix for discussion ofbootstrap method used to determine significance). Thecorrelations are highly significant, even despite therelatively few data points and sparse, irregulardistribution. Note that despite the apparently large scatterof <FT> in Figure 1 relative to that of , <FT> has a

MARTINSON AND IANNUZZI: WEDDELL GYRE AND GLOBAL CLIMATE4coefficient of variation (ratio of standard deviation tomean), of 0.36, so the scatter in <FT> is still reasonablysmall relative to the domain’s mean <FT> value.The instantaneous correlation (r’; see Appendix fordescription), shown in the lower portion of the plot inF i g u r e 1 , r e v e a l s t h a t t h e s t r o n g c o r r e l a t i o n s a r e dominated by the fact that the OAI parameters covarymost strongly during the extreme ENSO events of 1984and 1989 � the close correspondence during these yearso v e r w h e l m i n g l y a c c o u n t s f o r t h e h i g h d e g r e e o f correlation. Unfortunately, we do not have long enoughrecords to determine if this indicates that the correlation(assuming it to be causal) reflects a mechanism that isonly operative when extreme events occur, or whetherthe mechanism is operative all the time, but dominatedb y t h e l a r g e v a r i a n c e e v e n t s a s d i c t a t e d b y t h e construction of a correlation coefficient. Results ofFigure 1 suggest that El Ni�o years are accompanied byFigure 1. Solid line is NINO3 index of ENSO phenomenon; circles are bulk stability () from central Weddellgyre region (yearly averages from within 20ß W - 8ß E and 59ß - 63ß S spatial domain); crosses are total winteraverage ocean heat flux (<FT>) from the same region as . Ordinate for all three time series is given on left offigure in z-scores (standard deviations from mean values). Error bars on and <FT> points reflect scatter withinspatial domain. r gives the degree of linear correlation between NINO3 and and rT between NINO3 and<FT>. Confidence level of correlations (presented following @ symbol) are determined from bootstrap PDF(inset). Instantaneous correlations (r’; see Appendix for details) given as function of abscissa by boxes at lowerportion of figure show percent contribution of each pair of points to overall correlation (solid r’ for bulk stability;dashed r’ for <FT>).

MARTINSON AND IANNUZZI: WEDDELL GYRE AND GLOBAL CLIMATE5anomalously strong bulk stability and low ocean heatflux, and vice versa in La Ni�a years. This negativecovariation works to offset their local OAI impact (seeSection 5 for more discussion).The covarying relationships found here aretantalizing enough to warrant more rigorousinvestigation. Unfortunately, elsewhere in the Weddellgyre the data are too sparse and sporadic, with low S/N,to extend this analysis. Furthermore, the short length ofthe time series make their actual and long-term physicalsignificance questionable (though their true statisticalsignificance for their length is well determined by thebootstrap method employed above).In order to facilitate further analyses and enhanceS/N, we interpolate the data of the Weddell gyre regiononto a grid that allows direct application of standardanalysis tools, including characterization of thespatial/temporal patterns through EOF analysis. Sinceinterpolation may introduce methodological errors intoour findings we further investigate results arising fromthe gridded (interpolated) data by repeating the relevantanalysis using the uninterpolated data, and examining (tothe extent possible) the degree to which the primarycorrelations and patterns are preserved. In this mannerwe eliminate correlation attributed to the interpolationprocess itself, but still gain the benefits of working withevenly sampled series.3.1 Optimal AnalysisWe use the reduced space optimal analysis (OA)scheme of Kaplan et al. [1998; hereafter, ] toproduce a smoothly interpolated data set that bestpreserves the coherent spatial/temporal structure alreadyinherent in the data. The OA method involves thefollowing steps (see for complete details): (1)define a grid consistent with the gyre dynamics and datadistribution; (2) estimate average bulk property values ineach grid cell for each year; (3) estimate the samplecovariance matrix (C^; hereafter referred to as thecovariance matrix, ignoring the "sample" qualifier) forthe series in the grid (i.e., quantify how the data covaryin space and time across the sampled domain); (4)compute the empirical orthogonal function (EOF)structure from the covariance matrix, representing aphysically-consistent basis for the observations, wherethe lower order EOFs represent spatially-coherentstructures whose shapes are preserved through time; (5)reduce the space (increasing S/N) by throwing awaythose EOFs that represent uncorrelated noise, spatially-localized signal or describe little total variance; (6)combine the surviving (dominant) EOFs to provide asmooth, reduced-space interpolant for the data across thegrid in space and time; and (7) interpolate the data usingan objective function that optimizes the fit of thepreserved EOFs to the data for each year, whilepreserving a low-order time-varying componentdescribed by an autoregressive (AR) order one process (aMarkov process). The objective function of the last stepassures that the interpolation not only provides the bestoptimal fit of the EOFs in space at any one time, but thatit also avoids any abrupt (presumably unnatural)temporal shifts in the EOF amplitude from one year tothe next. Once the data have been interpolated, so as toprovide a densely-populated data matrix (except foryears in which data does not exist anywhere across thegrid: 1979, 1980, 1982, 1987, 1988, 1991 in our 25 yearperiod), the covariance of this matrix is decomposed toprovide the full modal structure of EOFs with their time-varying amplitudes indicated by their principalcomponents, PCs. Years for which no data exist arefurther interpolated by fitting the PCs using both linearand cubic spline interpolants (we evaluate the sensitivityof all correlation results according to which interpolant,linear or spline, is used to fill gaps in the PCs � resultssuggest negligible sensitivity to this).The optimal analysis provides an ideal internally-consistent means of utilizing sparse historical data, but itis sensitive to a number of factors. One factor is theuncertainty in the original data. This uncertainty reflectsa combination of the scatter in individual estimates of thebulk parameters lying within any one grid cell for agiven year, as well as the individual precision in eachestimate reflecting the uncertainties propagated throughanalysis of an individual profile (both uncertainties areaccounted for in the averaging process). This uncertaintyis quantitatively tracked through the OA process, as itdefines an error matrix. More subtle is the sensitivity tothe actual grid chosen, as well as to the construction andnormalization of the dispersion matrix used to determinethe EOF basis for the interpolant. For example, use of acorrelation matrix instead of covariance matrixemphasizes covarying structure independent of absoluteamplitudes; important if we expect that some region ofthe gyre may naturally display larger amplitudevariability than other regions. In addition, the manner inwhich the statistical moments are estimated for thecovariance matrix elements (e.g., normalizing to a fulldomain mean, versus grid-specific means) influence theresulting EOFs and the interpolation. Sensitivity to theseconstructs are investigated.3.1.1 Gridded Data.The grid structure for the Weddell gyre spatialdomain must be consistent with the gyre dynamics andthe general spatial structure of the upper ocean propertydistributions. This assures that averaging quantities

MARTINSON AND IANNUZZI: WEDDELL GYRE AND GLOBAL CLIMATE6within individual grid cells makes physical sense. Inorder to develop the grid we examined individual cruisetracks, as well as the climatologies of MI98 in an effortto locate fronts, abrupt property transitions and regionsof maximum lateral property gradients; where propertiesvaried more smoothly, we determined spatialdecorrelation lengths. The former reveal natural grid cellboundaries and, in their absence, the latter constrainsgrid cell size. The latter also helps define length scalesrequired to avoid EOF aliasing [North et al., 1982]. Thisanalysis suggests a physically-optimal configuration asshown in Figure 2. Unfortunately, the physically-optimalgrid includes cells for which insufficient data exist toprovide robust estimates of the parameters and a stablecovariance matrix. To alleviate the problem wecombined grid cells until we achieved a grid distribution(Figure 2, combined cells are revealed by common cellnumber) that consists of 16 spatial grid cells whichpreserves, to the extent possible, the natural propertyboundaries of the optimal grid and is compatible with thedata density. The latter is satisfied by obtaining a stablecovariance matrix as defined by the fraction of negativeeigenvalues in the EOF decomposition (negative valuesreveal a violation of the positive semi-definite criterionand reveals an internally-inconsistent estimate of thecovariance matrix).We compute the various OAI parameters and localphysical characteristics using 1423 CTD upper oceanprofiles (see Figure 2 for station locations, independentof time), existing from 1972 to the present. Outliers inindividual parameter estimates are identified as lyingthree or more standard deviations from that year’s meanvalue in any particular grid cell; they are eliminated priorto averaging and constitute ~5% of the total data. Wethen average all remaining values that lie within a gridcell existing for each year. This provides us with "super-data": averaged values for different grid cells anddifferent years. The super-data for each parameteroccupy a sparse data matrix, o; only those cells foryears in which data exist within the cell are occupied.The error, as a standard deviation of each super-datumvalue, is determined during the averaging process; cells 1and 2 in the grid are poorly sampled.3.1.2.Covariance Matrix and EOFDecomposition.Given the reference grid, covariance matrices, C^,were estimated for each super-data matrix, o (onematrix for each parameter evaluated) Covariancesinvolve standardization to local temporal means andstandard deviations of the quantity within each particulargrid cell. They are estimated by computing biased(because of the limited data) covariance between timeseries from all pairs of grid cells, involving mutuallyoccupied years only. As suggested by ,application of a spatial filter to the data, or comparably,to the covariance matrix directly (to bypass problemsassociated with data gaps present in the original data)stabilizes C^ when constructed in data-poor regions, as isthe case here. However, we find this filtering toartificially alter the nature of the covariance too much. Italso adds considerable sensitivity to the PCs, though theEOF spatial structures are little influenced. As theanalysis is critically dependent upon the PCs we do notperform any filtering of the covariance matrix in ouranalysis.Once the covariance matrix is estimated, itsFigure 2. Grid scheme for the optimal analysis of the historical data of the Weddell gyre spatial domain. Individual gridcells reflect ideal physically-consistent grid. Cells sharing same grid-cell number have been merged into singe cells toproduce the most stable physically-consistent grid (used for the primary analysis in the paper). Station data used in analysisare indicated by light dots.

MARTINSON AND IANNUZZI: WEDDELL GYRE AND GLOBAL CLIMATE7eigenvector structure is computed to obtain the EOFs.We examine scree plots to determine the EOF noise floorand preserve, for the interpolant, all EOFs lying abovethe noise floor, typically the 3 leading EOFs. In mostcases, the first 1-3 EOFs describe the vast majority of thetotal variance (recognizing the caution of North et al.,1982, these leading EOFs do not contain or split pseudo-degenerate multiplet sets). Once the EOFs aredetermined, we can use those that are preserved as areduced-space interpolant basis, apply the objectivefunction to interpolate the super-data, producing asmoothed, gridded data matrix, T^. From the covariancematrix of T^ we compute the full set of EOFs and theirPCs. As expected, the lowest order EOFs are nearlyidentical to those originally used in the interpolation, butnow, with the full matrix we can recover theirtemporally-varying expansion coefficients in the PCs andthe complete internally-consistent modal structure for theobservations.3.2 Uncertainties3.2.1 Super-Data Uncertainties.We estimate uncertainties in the bulk parametersused in the super-data as described fully in MI98.These provide an estimate of how noise in theindividual realizations of T and S profiles manifestsitself as uncertainties in the specific bulk parametervalues.3.2.2 Interpolation Error.Several errors are investigated regarding theinterpolation. The most fundamental error is thesynthesis error, or interpolation precision, s, reflectingthe smooth fit of the reduced-space interpolant. It isgiven as: s = Var[T^-To] (where Var[X] = E[(X-E[X])(X-E[X]) for the mutually populated cells only� in other words, how well does the interpolant fit thesuper-data in each grid cell (illustrated by verticaldiscrepancies between the circles and bold crosses inFigure 3), averaged over the different years. Moreimportant is the interpolation accuracy, sa; that is, withwhat fidelity does the interpolant fill gaps. We estimateinterpolation accuracy (’s truncation error) byeliminating a single super-datum point, and repeating theinterpolation process (illustrated by verticaldiscrepancies between the bold crosses and x’s in Figure3). From this, we evaluate e = (T^-To) where n, mindicate the error evaluated at the eliminated super-datum element only. We repeat this process, each timeeliminating a different datum after replacing thepreviously eliminated datum (the data are not denseenough to afford the luxury of withholding a significantportion of the data from the original interpolation). Afterthis has been done for each super-datum point, the fullsuite of ea values are evaluated for the average rmsaccuracy error between the interpolated value at themissing datum and the true (eliminated) values as sa =Var[e]1/2.Treating bulk stability as representative, we find thats = 0.68, while sa = 1.32. This suggests that theaccuracy is just better than twice the precision � inother words, the interpolated values in regions missingdata are, on average, likely to lie within two standarddeviations of the scatter (precision) of the datathroughout the domain. As might be expected, theaccuracy error shows spatial variability, reflecting thefact that gaps are filled better in regions that show strongcovariability to neighboring cells across the domain, orin regions of denser surrounding data. Figure 3 givesresults from two grid cells: one (cell 11) is denselysampled, the other (cell 6) is sparsely sampled.Uncertainties associated with the sensitivity of themethod to the nature of the covariance matrix, griddefinition and normalization constants are assessed viasensitivity experiments. Specifically, we repeated theanalysis using different grid schemes (including: zonal,meridional, and higher density), and differentnormalization schemes (including: a full-domain spatialmean, correlation versus covariance). Results of theseFigure 3. Standardized S time series for grid cells 6 (lowercurve) and 11 (upper curve); see Figure 2 for cell locations.Bold crosses show original averaged values in cell (super-data values); circles connected by dashed lines show reducedspace interpolation involving 3 leading EOFs (not exact fit tosuper-data because of space reduction); bold x’s indicateinterpolated values when the super-datum at that time waseliminated from the data base prior to the OA interpolation,thus it gives an indication of how well interpolant can filltemporal gaps in data base.

MARTINSON AND IANNUZZI: WEDDELL GYRE AND GLOBAL CLIMATE8different experiments suggest to us that the resultspresented in the next section are fairly robust withrespect to the interpolant. More importantly, the changesobtained in EOF patterns did not alter the relative spatialdistribution of variability across the domain. However,we estimate a more significant sensitivity in the PCs.Fortunately, the implications of this last number arelargely circumvented since we use the PC correlationswith extrapolar climate variables/indices to guide furtherinvestigation with the non-interpolated data (super-data),as mentioned previously. Most importantly, as anexploratory device, the sensitivities in the results did notsuggest any alternate investigations with the non-interpolated data, other than those suggested in theprimary analysis.Finally, the nature of the EOF basis depends on thequality of the covariance matrix we estimate for the dataacross the grid. Ideally, C^ is estimated directly from thequadratic operation on the grid’s fully-populated datamatrix, To. Instead, our data are insufficient for this sowe must estimate C^ directly. This allows admittance ofinconsistent structure (violation of the positive semi-definiteness). Therefore, the presence of negativeeigenvalues reveals inconsistencies in our estimates ofhow different series across the grid covary. Wedetermine where such inconsistency arises, thusidentifying which grid cells are yielding the poorestestimates of covariance, and reducing the overall qualityof our EOF decomposition and external correlations. Wedo this by repeatedly subjecting individual values withina correlation matrix to random perturbations andassessing their probabilistic influence on the degree ofnegativity in the eigenvalues. We work with a correlationmatrix in this case to constrain the magnitude of therandom perturbations, but given the relatively smallspatial domain, the EOF structure is little altered fromthat obtained from the covariance matrix. From this weidentify those cells with the biggest impact, and thusrepresenting the most poorly estimated series. This helpsguide future sampling strategies, identifying those gridlocations requiring additional information to reduce theuncertainties they introduce in the analysis. Somewhatsurprisingly, we found that the error is more or lessevenly distributed across all of the grid cells;perturbations in no one grid cell displayed a significantlylarger influence than perturbations in any other grid cell.4. ResultsOur analysis findings are presented as follows: (1)results of the regional space/time variability as revealedby the EOF patterns and their PCs; (2) the covariabilityof these EOF patterns with indices and variables ofextrapolar climate variability (teleconnections); (3)determination of the local/regional physical variablescontrolling the variations in the teleconnectedcharacteristics. The consistency of the gridded dataresults at the various stages are evaluated through use ofthe uninterpolated super-data. These results are followedby a discussion of potential mechanisms explaining theobservations over the variety of scales considered.4.1 Gridded Data Analysis4.1.1 Spatial/Temporal Variability.Three leading EOFs lie above the noise floor forboth and <FT>. These EOFs and their PCs, describing43%, 20% and 9% of the total variance for and 31%,25% and 18% for <FT>, are presented in Figure 4. Thespatial distribution of the variance described by eachEOF is determined by correlating the mode’s PC to eachcell in the gridded data (T^). The fraction of varianceexplained for each grid cell is proportional to the EOFpeak amplitude of that cell. Correlating the PC to theoriginal super-data (To), to the extent allowed by thesuper-data distribution, reveals similar r2 spatial structurethough poorer definition given the sparse data. However,in this latter case the southwest region of the gyre showslittle explained variance, contrary to the case for thesecond and third modes of the gridded field. Thissuggests that the OA is imposing more coherent structurein the SW than actually exists in the data � likely aconsequence of the particularly poor data density in thatregion of the grid. Consequently, we treat results arisingfrom the gridded data in the SW region with considerableskepticism, and look to additional future data to helpbetter constrain this portion of the domain.The first two modes of both and <F> showsimilar spatial patterns and are clearly dominated byvariability concentrated in the northern extent of thegyre. The EOF spatial structures (of coherent interannualvariability) do not mimic the climatological patternsshown in , though the latter does show considerablebulk property gradients through the northern rim of thegyre where it encroaches upon the subtropical regions.There is a reversed polarity between bulk stability’s firstEOF’s amplitude in the NE and NW regions, while acomparable pattern in the first EOF of <FT> does notshow the reversed polarity. The second mode EOFs, forboth and <FT> introduce a shorter wavelengthfluctuation in the same northern region, though they alsopick up the southwest (this latter influence presumably aconsequence of the interpolation as stated above). Notethat neither of the first 2 modes for either parameterdescribes much variability within the eastern core of thegyre, though even in the central western core of the gyre,t h e l o w a m p l i t u d e o f t h e f i r s t

MARTINSON AND IANNUZZI: WEDDELL GYRE AND GLOBAL CLIMATE9Figure 4. Lowest order modes, EOFs and PCs, for S and <FT>. PCs, indicating amplitude of each EOF as it varies throughtime, are inset; percent total variance explained by each mode is indicated beneath EOFs. Notice color bars of standardizedEOF amplitudes differ for S and <FT>.

MARTINSON AND IANNUZZI: WEDDELL GYRE AND GLOBAL CLIMATE10EOF accounts for ~40% of the total variance in thatregion. However, the third modes of each parameter docapture the gyre center with higher amplitude structure.They also add further refinement to the northern rimareas, but clearly the different PC variability suggeststhat the third EOF structure is adding more temporalstability to the short wavelength interannually-varyingstructure in the northern rim.Examination of the temporal variability (PC) of themodal amplitudes shows that mode 1 is highly periodic,dominated by a narrow band 5-year cycle, whereasmodes 2 and 3 are dominated by longer period trendspersisting for approximately 10 years; e.g., mode 2decreases from 1978-1988; mode 3 from 1984-1994. Forconvenience, we will refer to these modes as showingdecadal scale variability, recognizing that the series aretoo short to clearly define the time scale formally assuch.4.1.2 Circumpolar Teleconnections.Now consider how the temporal variability of theWeddell modes covary with circumpolar SIE*. Toevaluate this we correlated the detrended leading (3) PCsof and <FT> to SIE* (of ) spanning the circum-Antarctic at 12ß longitude non-overlapping windows.Correlations were computed over a broad range oflead/lag relationships, but because the bulk propertyparameters are integrated properties and sample crosscorrelation functions (ccf) have considerable smearing ofthe lags relative to the true ccf, lags |12| months areprobably indistinguishable from those of 0 lag.Consequently, we only present lags of maximumcorrelations when they exceed |12| months, or there issome other reason to assume them meaningful.As exemplified by Figure 5, PC-SIE* correlationswere typically strong in the Pacific sector and Weddellgyre region (e.g., rmax = -0.87 and 0.81 for PC2 of and<FT>, respectively in the western Weddell, with similarmaximum r-values occurring for the other PCs and in thePacific basins as well). At longer lead/lag times, a strongcorrelation is typically realized in the Indian Oceancenter. These spatial patterns, as well as their space/time(lag) distribution reflect the geographic concentrations ofcoherent signal presented in Figure 4 of whencorrelating SIE* to various extrapolar indices. However,here the patterns do not show the eastward propagationof rmax with lag, consistent with an apparentlypropagating SIE* anomaly field as expected with theAntarctic Circumpolar Wave of White and Peterson[1996]. Rather, we find a predominantly static orrestricted eastward migration of anomalies. We do seestrong evidence and clear delineation of the AntarcticDipole of . That feature is manifested by SIE* inthe Amundsen/Bellingshausen Seas being strongly anti-correlated to SIE* of the western Weddell gyre region;the eastern Weddell, Drake Passage and Ross Searegions are in-phase nodes enveloping the dipole �something clearly apparent in the correlation patternshere.The Antarctic Dipole signal is strongest in the PC2-SIE correlations: there is a systematic change in the signof r when moving eastward and crossing the boundarybetween the eastern Ross Sea and Western AmundsenSea (at ~120ß W), another sign change when crossingfrom the Bellingshausen Sea into the Western AntarcticPeninsula region (at ~70ß W), and finally another signchange near the Greenwich Meridian, separating theeastern extension of the Weddell gyre (where theCircumpolar Deep Waters appear to enter the subpolargyre) from the western portion. PC1 shows the cleardelineation of the Amundsen/Bellingshausen and westernWeddell, but not as systematically, and the broadercoherent relationships with Ross Sea and easternWeddell are not quite as clear as for PC2.4.1.3 Extrapolar Teleconnections.To evaluate the relationship of the Weddell OAIsystem modes to extrapolar climate, we examinecorrelations between PCs and global gridded SAT* andthe 4 climate indices described in Section 2. Thecorrelation results reflect many of the teleconnections ofYM00 for their case of extrapolar climate correlationsinvolving SIE* in the Antarctic dipole region.Specifically, the strongest correlations for all PCs (seeFigure 6) typically involve the ENSO region ofinfluence, including the Pacific, Indonesia, westernChina, the tropical belt of the Indian Ocean/Africa. LikeFigure 5. PC1 of and <FT> superimposed on SIE*from Amundsen/Bellingshausen region to show natureof strong correlation (rS=0.74; r<FT>=0.61).

MARTINSON AND IANNUZZI: WEDDELL GYRE AND GLOBAL CLIMATE11