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ABSTRACT

The use of geoid models to estimate the Mean Dymahopography was stimulated with the
launching of the GRACE satellite system, sincenitsdels present unprecedented precision and
space-time resolution. In the present study, beditke DNSC08 mean sea level model, the following
geoid models were used with the objective of coinguthe MDTs: EGM96, EIGEN-5C and
EGM2008. In the method adopted, geostrophic cusrimtthe South Atlantic were computed based
on the MDTs. In this study it was found that theyde and order of the geoid models affect the
determination of TDM and currents directly. Thegamece of noise in the MDT requires the use of
efficient filtering techniques, such as the fillersed on Singular Spectrum Analysis, which presents
significant advantages in relation to conventidiiitérs. Geostrophic currents resulting from geoid
models were compared with the HYCOM hydrodynamienarical model. In conclusion, results
show that MDTs and respective geostrophic curreatsulated with EIGEN-5C and EGM2008
models are similar to the results of the numenmnabel, especially regarding the main large scale
features such as boundary currents and the rettiofteat the Brazil-Malvinas Confluence.

Resumo

A utilizagdo de modelos geoidais na determinac@dagmgrafia DinAmica Média foi impulsionada
com o langamento dos satélites do sistema GRACHugaseus modelos apresentam precisao e
resolugdo espacial e temporal sem precedentesidserpe trabalho, além do modelo de nivel médio
do mar DNSCO08, foram utilizados os seguintes madgkoidais com o objetivo de calcular as
TDMs: EGM96, EIGEN-5C e EGM2008. No método adotaftwmam calculadas as respectivas
correntes geostroficas para o Atlantico Sul a pdes TDMs. O grau e ordem dos modelos geoidais
influenciam diretamente na determinagdo da TDM eeotes. Neste trabalho verificou-se que
presenca de ruidos da TDM requer a utilizacéo deidés de filtragem eficientes, como o filtro
baseado em Singular Spectrum Analysis, que apeesarttagens significativas em relacéo aos
filtros convencionais. As correntes geostréficamultantes dos modelos geoidais foram comparadas
com resultados de modelo numérico hidrodindmico B¥C Como principais conclusdes, os
resultados mostraram que as TDMs e respectivasnies geostroficas calculadas com os modelos
EIGEN-5C e EGM2008 foram similares aos resultadosntdelo numérico, especialmente em
relacdo as principais feicdes de grande escalap @sncorrentes do contorno e a retroflexdo na
Confluéncia Brasil Malvinas.

Descriptors: Dynamic Topography, Geoid Models, Geghic Currents.
Descritores: Topografia Dinamica, Modelos Geoid@isirentes Geostroficas.

INTRODUCTION geophysical phenomena, such as the absolute
geostrophic circulation. MSL models are accuratg an
The difference between mean sea levdgliable. However, efforts are currently concerat

(MSL) and geoid is called Mean Dynamic Topography?! the d_eterm_ination o_f precise: noiseless geoid
(MDT), whose determination is of great importanae i models, with sunable_ sp_a_tl_al resolution for tf_m_istof
the study and interpretation of hydrodynamic anghort wavelength variabilities of the ocean cirtola
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Up to satellite launch of Gravity Recoveryresulting MDTs present noise that has come mainly
and Climate Experiment System (GRACE), therom the respective models. Vianna et @007), by
assimilation of geoid heights in the ocean had beamsing GGM02C geoid model and MSL GSFCMSS00
carried out only in a few cases, due to the lownodel, proposed a filter based on Singular Spectrum
precision and resolution of the geoid models. A#nalysis (SSA), whose methodology was efficient for
present, the use of a reference surface defined bynoise removal. This methodology was adapted in the
geoid model is justified by recent advances irpresent paper.
determining geopotential models, as Tapley et al. Aiming at comparing MDTs and
(2005) pointed out in the evaluation of first GRACEcorrespondent  geostrophic  currents, HYCOM
models. The previous of GRACE geoid models hattydrodynamic numerical model outputs were used,
1000 km of resolution, and they were used only imamely the sea level elevations and currents (BLECK,
large-scale studies, such as subtropical gyresidke 2002).
resolution of these models disabled their full s&e Consequently, the objectives of this study
important aspects of the ocean circulation havare: (1) to determine MDTs and Geostrophic Surface
wavelengths between 100 and 200 km (RIOCurrents (GSC) by using SSA filter applied to
HERNANDEZ, 2004). EGM2008, EIGEN-5C and EGM96 geoid models

The first geopotential models came with th€computed with the respective harmonic coefficignts
first artificial satellite launch, in 1957, whereepise and (2) to evaluate and compare the obtained sesult
observations of satellite movements allowedvith hydrodynamic numerical model results for the
determining coefficients of low degree developmant South Atlantic, showing the main differences ane th
geopotential  series  (determination  of  longevolution of the geoid models.
wavelengths). Since then, geoid models have been
improved in order to solve short wavelengths. MDT Determination, Filtering and Geostrophic

OSO091A geopotential model (RAPP et al Surface Currents
1991), developed by Ohio State University (OSU)
from terrestrial gravity data and satellite obs&ores,
is extended up to 360 level. This model was
incorporated to TOPEX/Poseidon data. However, its
precision (standard deviation of approximately 2§ c
is not satisfactory. New surface gravity data besid
satellite orbit and altimetry data were incorpodate _
the development of Earth Gravitational Model 1996\/IDT- MSS-N @
(EGM96), obtaining considerable improvement in
relation to OSO91A model. EGM96 model was
incorporated to Jason satellite altimeter data. él@x;
its error (standard deviation of approximately 18, c
according to Lemoine et .al1998) is still high for
many oceanographic applications. _

Recently, global models of gravity fields N(0.9) = 8312.mPim(COS(0) (CimCOS(My) + Smsen(my))
were released in EIGEN-5C (FORSTE et @008)
and EGM2008 (PAVLIS et gl 2008). The EIGEN-
5C, complete up to 360 degree and order, is a rebult
GRACE system, Laser Geodynamics Satellite here a is the maior semi-axis of reference
(LAGEOQOS) and surface data. EGM2008 was recentl linsoid @ is the / co-latituden is the
published by U.S. National Geospatial-lntelligencq ps d, C d h ff.e.[/" f th
Agency (NGA) and is complete up to 2159 degree anc?ng'tu 1€, Lim AN Smare the coe 'C'ems of the
order in terms of spherical harmonic coefficients XPansion an@in(cos()) are the associated Legendre
These models, together with MSL DNSCO08 modeTunCtIOnS of de.gree and order
(ANDERSEN; KNUDSEN, 2008), were used and Coefficients of EGM96 and EIGEN-5C
evaluated in this publication. On March, 2009, @ceamodels are complete up to 360 degree and order, and

Circulation Explorer (GOCE) system was Iaunched'.EG'v|2008 model up to 2159 degree and order. Geoid

This system should significantly improve the priesis models were computed taking into account the mean

) : tide system and reference ellipsoid, similar tovater
of the reference system defined by geoid modets (1 : .
2 cm) and consequently support ocean currents an? tég';js IoplExéggge'dgl}. (A\/_IdSO, 19962 and \llfa-son
heat transport studies. et al, )- Ipsoidparameters afe.

Despite many improvements from recen Igt;gg'gg:; 1/298.257 anca major semi-axis=
geoid models (in terms of precision and resolution) -5 m.

MDTs and Geoid Models.

MDT, determined from MSL and geoid
models, is given by:

whereMSS (in here, DNSCO08) is the mean sea level,
and N is the expanded geoid height, given by the
spherical harmonic sum (WAHR et,al998):

2
|I=0—0
m=0—l
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MDT mean sea level where RQsing) is Coriolis parametef), Q is Earth’s

N sacid angular velocity, @is the latitude,g is the gravity
acceleration(on/ox) is the zonal MDT
variation,(on/oy) is the meridional MDT variation,
being ox and dy spacings equal to 0.5°.

Resolution and Error of Geoid Models

Approximate resolution of a geoid model is
ellipsoid equivalent to 20000 ki, Wwhere o is the
maximum degree of the model (SWENSON; WARH,

Fig. 1. Reference system for Mean Dynamic Topograph 2002). Consequently, the model with higher resofuti

(MDT), considering the reference ellipsoid (wittbesemi- 1S EGM2008 (9 km); considering this expression,
axes), geoid (N) and mean sea level (MSL). EGM96 and EIGEN-5C models have resolution of

approximately 55 km. However, in practice, resalnti
_ depends on the considered data gravity distribution
~ Three MDT models were computed, Withand quality. Despite EIGEN-5C resolution is equal to
resolution of 0.5° x 0.5° MDT_EGM96, EGM96 one, the precision of harmonic coefficients
MDT_EIGEN-5C and MDT_EGM2008, which should be observed. Figure 2 shows the relationship
correspond to the differences between DNSCO08 me@jgtween errors of coefficients and harmonic
sea level and EGM96, EIGEN-5C and EGM2008&gefficients fol = m.
geoid models, respectively as (1) and (2). The relation between error and coefficient is
With filtered MDTs (represented by), directly proportional to the degree and order & th
absolute Surface Geostrophic Currents (SG@NAV  model, on the other hand, coefficients of degreg an
components, to east and north, respectively) can Rgder higher than 50 have amplitudes of 1e-10, ngaki

easily estimated by: the errors higher than the coefficient in some sase
(Fig. 2). The precision of geoid models directly
u=-(g/2Qsing)/(on/dy) (3) reflects the precision of the coefficients. Thuspid

models with high degree and order present noise tha
has to be properly removed; in long wavelengths,

v=(g/22sin@)/(dn/oX . ) .
© P(oniox) geoid models are precise but they have low reswiuti
As shown in above figure, EGM2008 model, truncated
in 360 degree and order, has lower error than EIGEN
5C and EGM96.
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Fig. 2. Relations between coefficient errors aneffatients, depending on,(left) and G, (right) harmonics (for I=m).
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SSA Filter Hydrodynamic Numerical Model HYCOM

As previously mentioned, noise is one of the The Hybrid Coordinate Ocean Model
major problems in the use of existing geoid moé®ls (L;ycom) is a numerical model based on isopycnic
MDT determination, especially for models expandeq. o dinates in the open and stratified ocean, tiexgr
with high degree and order. SSA was first used as dowly to sigma coordinates in coastal and shelf
MDT filtering method by Vianna et a(2007), sincé regions, and linear coordinates in very shallow or
this technique had only been applied in time seriefomogeneous sea. The model presents thus an
reconstitutions as well as filling of gaps duehte tack optimized vertical coordinate system, representing

of information (KONDRASHOV; GHIL, 2006). improvement over other models (BLECK, 2002).
This study applied SSA technique exposed

in Ghil et al (2002). The filter depends on the choice

of covariance matrix dimension (MxM), which is

directly proportional to the number of constituetds REesuLTs

be considered in the signal reconstitution. In sk,

the best result was obtained with M=3 and Dynamic Topography computed with EGM2008 model

reconstructed series explain more than 90% of the

signal variance. The degree and order of a geoid model
In the MDT case, filtering proceduredirectly affect the determination of the dynamic

consists of two steps: first, meridional noisetopography (and consequently the respective

is removed, and then, zonal noise is removed,irsgart computed currents) because they are directly ctkate

from filtered data in step 1. In these two stegsghme its resolution. In order to evaluate this relatiuips

filter origin is applied. three models of MDT were used, based on EGM2008
As it can be seen in Figure 3, filtermodel, truncated to degree and order 2159, 360 and

application is efficient in removing noise. Other120, respectively. As can be seen in Figure 4, the

advantages of this filter are the easy applicafion degree and order of the model change the featdres o

boundary regions, and the possibility of using wititMDT.

small data sets, by controlling the matrix dimensio

M.

-40°

280° 300" 320° 340° o 20" 280' 300° 320’ 340° o' 20°

-150 -100 -50 ©0 50 100 150 -150 -100 -50 0 50 100 150
cm cm

Fig. 3. Comparison between unfiltered (left side] &ltered (right side) MDT_EGM2008.
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Fig. 4. Dynamic topography computed with EGM200®idal model truncated at 120 (left) 360 (center)l @159
(right) degree and order.

The MDT model truncated to maximum the same pattern was observed but with remarkable
degree shows better results; when the model watfferences in MC retroflection region (~40°S);
determined in 360 degree and order, some noise whewever, it should be taken into account that this
observed in the MDT, even without changes of thenodel was calculated with degree and order 360,
large and meso-scale features; however, in degrde awhile EGM2008 used degree and order 2159. Current
order 120, the noise practically do not allow thepatterns determined with MDT_EGM96 present

geostrophic currents computation. different results, even the MC retroflection was not
observed near latitude 40°S (Fig. 5), but that mixgh
Resulting Geostrophic Currents justified by the low precision and resolution ofth
model geoid.
Brazil Malvinas Confluence (BMC) is Statistical comparison for South Atlantic is

characterized by the convergence of Brazil Currerghown in Table 1, with MDT_EGMO08 model currents

(BC) with Malvinas Current (MC). Circulation having higher correlation and lower error, when

features determined with the hydrodynamic numericatomputing the mean of the square root error (SQRE)
model and with MDT_EGMO08 are similar to thein relation HYCOM outputs. On the other hand,

circulation patterns shown by Reid (1989) andMDT_EGM96 model currents present the lowest

Stramma and England (1999) in the first 140 m ef thcorrelation and largest error.

water column (Fig. 5). When using MDT_EIGEN-5C,

Table 1. Statistical comparison (average of alll groints) of elevations (MDT) and currents compasdM, VM) between
the results of numerical hydrodynamic HYCOM modea geoid models.

EGM2008 EIGEN-5C EGM96
MDT UM VM | MDT UM VM | MDT UM VM
Correlation 0.79 062 | 069 | 076 0.62 0.64 | 0.46 | 0.10 | 0.11

SQRE 0.10m 0.06 m/s 0.07m/s 0.12m 0.09m/s 0.52/m.23 m 0.12m/s| 0.16 m/s
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Fig. 5. Surface geostrophic currents in MC and B@ans determined with: (a) HYCOM, (b) MDT_EGMO08) EIGEN-5C
and (d) EGM96.
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BC (20°S-30°S) in 200 m isobath was wellimprove ocean circulation studies, mainly in shorte
characterized in all models, with resulting velmstof wavelengths, where present-day geoid models still
approximately 0.15 m/s when determined with MDT-require compatible resolution.

EGM2008, 0.17 m/s by using MDT_EIGEN-5C, and

0.30 m/s considering MDT_EGM96; the

hydrodynamic numerical model provided velocity of REFERENCES
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