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Abstract

The space-born geodetic temporal Mean Dynamic Topography (MDT) is obtained from the difference of altimetric Mean Sea
Surface (MSS) $h$ and the geoid height $N$. With the geostrophic surface currents obtained from its gradient the MDT is
an essential parameter when discribing the ocean dynamics. Spectral consistency of $h$ and $N$ is crucial to minimize MDT
errors. Usually, $h$ is globalized to allows for a Spherical Harmonic (SH) analysis and small scales beyond maximum degree
and order (d/o) resolved in the geoid are cut-off. However, the usual globalization causes ocean-land steps in $h-N$ and spectral
inconsistencies of $N$ and $h$ over land. To overcome both issues a new methodology is proposed based on globalization of
the MDT. A Laplacian smoother with the coastal MDT values as boundary condition is applied resulting in a flat surface
over land and a continuous ocean-land transition. The new methodology strongly reduces Gibbs effects and the need to work
with high resolution MDTs to minimize them. Reduction of resolution is tested to reduce MDT uncertainties caused by the
commission error expected to increase whith decreasing scale. Applying drifter data and a high resolution hydrodynamic ocean
model it is shown, that for the Gulf Stream and the Kuroshio geodetic MDTs applying recent combined geoid models contain
physical information up to at least d/o 420 (48km spatial scale). Since for oceanic regions with strong gradients in $N$ still

inconsistencies between the geoid and the MSS exist, it depends on application/region if a higher resolution MDT is needed.
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Key Points:

+ The proposed new methodology for land-filling the Mean Sea Surface (MSS) strongly
reduces Gibbs effects in the Mean Dynamic Topography (MDT).

* Recent geoid models contain physical information at least up to maximum degree
and order (d/o) 420 corresponding to 48km length scale.
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Abstract

The space-born geodetic temporal Mean Dynamic Topography (MDT) is obtained from
the difference of altimetric Mean Sea Surface (MSS) h and the geoid height N. With the
geostrophic surface currents obtained from its gradient the MDT is an essential param-
eter when discribing the ocean dynamics. Spectral consistency of A and NN is crucial to
minimize MDT errors. Usually, h is globalized to allows for a Spherical Harmonic (SH)
analysis and small scales beyond maximum degree and order (d/o) resolved in the geoid
are cut-off. However, the usual globalization causes ocean-land steps in h—N and spec-
tral inconsistencies of N and h over land. To overcome both issues a new methodology
is proposed based on globalization of the MDT. A Laplacian smoother with the coastal
MDT values as boundary condition is applied resulting in a flat surface over land and

a continuous ocean-land transition. The new methodology strongly reduces Gibbs effects
and the need to work with high resolution MDTs to minimize them. Reduction of res-
olution is tested to reduce MDT uncertainties caused by the commission error expected
to increase whith decreasing scale. Applying drifter data and a high resolution hydro-
dynamic ocean model it is shown, that for the Gulf Stream and the Kuroshio geodetic
MDTs applying recent combined geoid models contain physical information up to at least
d/o 420 (48km spatial scale). Since for oceanic regions with strong gradients in N still
inconsistencies between the geoid and the MSS exist, it depends on application/region

if a higher resolution MDT is needed.

1 Introduction

The ocean Dynamic Topography (DT) is a powerful parameter in oceanography.
It is defined as the deviation of the geometrical ocean surface from the geoid, which it-
self is that equipotential surface of gravity closest to the ocean surface in a least-squares
sense. Defined like this the geostrophic surface currents follow the isolines of the DT and
their strength is determined from the gradient of the DT and the local Coriolis param-
eter. The geostrophic currents are the equilibrium of horizontal pressure and Coriolis force
and quite accurately describe the circulation on large spatial (>1000 km) and tempo-
ral (few days and longer) scales.

Applying space-born observations, global maps of the temporal Mean DT (MDT)
can be determined as the difference of the temporal mean geometric surface of the ocean
h observed from altimetry and the geoid IV obtained from gravity measurements. This
observation strategy is very powerful providing global maps of a very useful parameter
for oceanography that hardly can be obtained by other means. In recent years the U.S./German
GRACE (Tapley et al., 2004) ), recently extended by its Follow-On, and the ESA GOCE
(Rummel et al., 2002) satellite missions have provided high precision gravimetric mea-
surements with respective improvements in the accuracy of gravity-based geoids. Satellite-
only geoid models are now available up to degree and order (d/o) 300, corresponding to
67 km spatial resolution. Combined geoid models in addition utilize altimetry data and
terrestrial gravity data up to a 5’x5’ grid, which corresponds/results in gravity field mod-
els and geoids up to approximately d/o 2160.

The computation of the MDT as the difference of h and N, however, is a challeng-
ing task since this difference is two orders of magnitde smaller than the two almost iden-
tical parameters. In addition, observation strategies and physical nature of the two quan-
tities differ. h is observed as a geometrical quantity and naturally provided on an ocean-
only grid, whereas the geoid is a global linear functional of the Earth’s gravity poten-
tial provided usually in spectral space as Stokes coefficients which result from project-
ing the potential onto Spherical Harmonic (SH) functions. The small deviation between
h and N and comparable or higher spectral power in N compared to the MDT also for
small spatial scales makes spectral consistency of IV and h a central issue for the qual-
ity of the resulting MDT.
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The usual strategy for a spectrally consistent combination of h and N to obtain
the MDT is the spectral approach as described by Bingham et al. (2008). Here h has to
be globalized which needs a filling-in of land values. Then spectral consistency is estab-
lished by SH analysis, cutting-off the Stokes coefficients for SH functions above maxi-
mum d/o n of the applied geoid model and synthesizing back to a desired grid in phys-
ical space. Subtraction of N from the globalized and filtered h,, provides the MDT, that
is finally spatially filtered if needed.

For the necessary filling-in of land data, usually geoid height from a specific geopo-
tential model is applied. Either the MSS is already provided as global field by the pro-
ducer and is used unchanged (Sanchez-Reales et al., 2013; Knudsen et al., 2011) or that
geoid model is applied which is later also subtracted from the MSS to obtain the MDT
(Feng et al., 2013; Sanchez-Reales et al., 2016). Though this filling-in with geoid data
is very convenient, it causes two sources of errors when subsequently applying the spec-
tral filter to the globalized MSS:

1. An ocean-land step is inevitable since the MSS is the sum of geoid and MDT while
over land only geoid height is set,

2. the geoid data used for land-fill-in is usually spectrally inconsistent with the geoid
contained in the MSS over the ocean.

Both issues will cause unphysical wavy noise to spread into the ocean when a spectral
cut-off filter is applied. This noise is increasing with decreasing cut-off d/o. The chal-
lenges caused by the step in MDT along the coastlines are analysed in Albertella and
Rummel (2009). Both issues, the ocean-land step as well as the spectral inconsistency
of land and ocean geoid, are tackled in this paper applying an easy to implement approach.
The fundamental idea is to understand the MDT as a global field and to define land val-
ues as function of the ocean values with the objective to minimize unphysical signals over
the ocean when (spectral) filtering is applied. Though it isn’t claimed that the objec-
tive is fullfilled completely it is shown that the proposed approach solves the dominant
ocean-land step problem und by this strongly reduces wavy structures which are com-
mon artefacts in low resolution MDT solutions generally caused by small scale informa-
tion in h — N that is not resolved in the low resolution MDT.

Beside the globalization of h, still following the spectral approach (Bingham et al.,
2008), the cut-off maximum d/o of the MDT has to be selected. So far this selection is
dominated by the mentioned wavy structure of Gibbs effects caused by the inability to
reproduce the ocean-land step with limited spatial resolution, which increases with de-
creasing maximum d/o and is the dominant error component in low resolution MDTs.
Thus high resolution is needed though both the commission error in geoid and MSS is
expected to increase with decreasing spatial scale and it isn’t known up to which reso-
lution the geodetic MDT actually contains physical information.

With the proposed globalization strategy for A and thereby substantial reduction
of noise in low resolution MDT solutions, the trade-off of increasing commission and de-
creasing omission error with increasing spectral resolution comes into focus when select-
ing the maximum d/o of the dedicated MDT. To provide useful information about sig-
nal content in the small scales of recent geoid models is thus the second subject of this
paper. This issue is interesting by itself and will facilitate the appropriate choice of the
cut-off d/o in practical applications.

The remaining paper is organized as follows: In section 2 the general methodol-
ogy to compute an MDT and the applied models for h and N are introduced. For the
assessment of surface geostrophic currents obtained from the MDTs we compare with
both near-surface drifter data and results from a high-resolution hydrodynamic ocean
model of the North Atlantic. Both tools are explained in this section. In section 3 the
methodology for globalizing the MSS is introduced. The MDTs and geostrophic surface
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currents derived by this approach are assessed by comparison to other commonly used
methods. Section 4 is dedicated to small scale signal content in MDT's derived apply-
ing recent high-resolution combined geoid models. It is tested to what extend the geostrophic
surface currents of the strongest Western boundary currents, the Gulf Stream and the
Kuroshio, are reproduced depending on resolution of the MDTs. These currents are se-
lected since here the resolution down to small scales is needed to resolve the full current
due to the short across-scale of the currents. In addition, the uncertainty in currents caused
by the commission error in both the MSS and the geoid has as low as possible weight

due to the large signal strength. In section 5 a conclusion of the main outcomes is pro-
vided.

2 Methodology and Approach
2.1 Mean Dynamic Topography

The geodetic MDTs in this paper are computed as deviation of the MSS from the
geoid model. Both, MSS and geoid model use the same tide system (tide-free) and ref-
erence ellipsoid (TOPEX). The methodology then follows the spectral approach as de-
scribed in Bingham et al. (2008). In this approach the globalized MSS model is projected
to SH functions, cut-off at a specific maximum d/o selected for the MDT and synthe-
sized to a grid the MDT is desired on. Then the geoid is synthesized to the same max-
imum d/o and grid, and subtracted from the MSS. The resulting MDT is spatially fil-
tered if necessary. For the MSS we apply DTU15 (Andersen et al., 2016). The correc-
tion of the land values in this already globalized model is a central subject of this pa-
per and explained and assessed in section 3. The geoid models we apply to compute the
different MDTs are listed in Table 1. They are obtained from recent gravity field mod-
els available for download at the International Centre for Global Earth Models (ICGEM).
For the combined models the newest releases from the different processing centers are
chosen. In addition, TIM_R6 (Brockmann et al., 2014) is selected as a recent satellite-
only model. The MDTs are computed on a 10’x10’ grid. Spatially filtered MDTs are
obtained, were needed, by applying a truncated Gaussian kernel with the truncation set
at three times the filter length.

The low-resolution geoid model (TIM_R6) is used to compute the MDTSs in sec-
tion 3 applying and comparing different methods for land-filling the MSS. The effects
of the proposed new methodology for this task are largest for low resolution MDTs. There-
fore and since satellite-only models, specifically including GOCE mission data, have been
used frequently in recent years, the TIM_R6 model is used here rather than a high res-
olution combination model. The GECO model is used to calculate coastal MDT values
needed for MSS land-filling with the new methodology explained in Section 3, though
the other three very-high-resolution models (SGG-UGM-1, EIGEN6C4, EGM2008) were
also tested and show similar results. All combination models are used in section 4 for
the investigation of MDT small scale signal content.

With local Cartesian coordinates « and y towards east and north, respectivly, the
zonal (meridional) geostrophic surface currents u (v) are calculated from the MDTs as

— g 6C
-

with g the acceleration due to gravity, ( the MDT and f = 2Qsin¢ the Coriolis param-
eter, where 2 is the angular speed of the earth and ¢ is the latitude. Practically, the ve-
locities are computed from central MDT differences with u (v) defined on the longitudes
(latitudes) of the MDT grid, but on latitudes (longitudes) centered between the two MDT
grid points the velocity is computed from. This two-point central difference computa-
tion of velocities minimizes smoothing. For practical reasons, the absolute velocity w =
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158 Vu2 + v? is defined on the MDT grid applying v and v north and east of the grid point,
150 respectively.

160 2.2 Geostrophic currents from near-surface drifter data

161 The drifter data applied in this study is the 6-hourly data set as provided by the
162 Global Drifter Program (GDP, Lumpkin and Pazos (2007)). Only drogue-on drifters are
163 applied (Lumpkin & Johnson, 2013). Available data until December 2014, made up of
164 more than 10 million entries, are used. To estimate the time average surface geostrophic
165 circulation, as can be drawn from the MDT maps, a number of corrections are neces-

166 sary applying external data wind (NCEP/NCAR reanalysis, Kalnay et al. (1996)) and
167 updated merged Sea Level Anomaly (SLA) provided by the Copernicus Marine Envi-

168 ronment Monitoring Service (CMEMS). The methodology generally follows the descrip-
160 tion in Siegismund (2013), specifically subtracting wind slip of surface buoys, the filter-
170 ing for inertial currents and subtracting the time variable part of the geostrophic cur-

171 rents calculated from SLA, re-referenced to the period 2002-2013 and linearly interpo-
172 lated to the drifter positions and time.

173 However, to secure complete indepedence of drifter data from any MDT used in
174 this study, the estimation of Ekman currents does not use an MDT as reference. Instead,
175 anomalies of the filtered drifter velocities within 5°x5° boxes are calculated. The work
176 of Rio and Hernandez (2003) and Ralph and Niiler (1999) is followed, but instead of the
177 total Ekman current U,, the anomaly UZ is estimated as

Ul = b(——)'e™® (3)

BERVAIT

178 with 7 = cg* p* Uy, x|U,| the wind stress, where cq = 2.7%1072%|U,,| "1 +1.42%107* +

179 7.64 % 107° x |U,| and |U,,| the wind speed. ’ stands for the deviation from the mean

180 for the considered box. b and © are determined by Least-squares (LS) fitting U_Z to the

181 drifter velocity anomalies for each box. No LS fitting is performed for boxes containing

182 not more than 1.000 data points.

183 All other boxes are checked for unrealistic estimates of b and ©. Therefor 1ms—!

184 westerly wind is supposed and the Ekman current for the box and mean as well as stan-

185 dard deviation of both vector components of the Ekman current for the surrounding 8

186 boxes are computed. If for at least one vector component the Ekman current of the con-
187 sidered box deviates from the mean of the surrounding boxes by more than 2.5 times the
188 standard deviation, the LS fit is identified as outlier. The check for outliers is iterated

189 for all boxes several times until no outlier is found anymore.

19 For those boxes with too few drifter data points for the LS fitting or where the re-

101 sults of the fitting are detected as outliers, b and © are a function of the parameters in

102 the surrounding boxes, respectively. b is obtained as weighted average. The weighting

193 is set proportional to the reciprocal center-center distance between the boxes. To obtain

104 © the Ekman currents for westerly wind are summed but with the lengths of the vec-

195 tors corrected to the same weighting as used to calculate b. © is then set as © = atan(ve/u.)
196 with u. (ve) the zonal (meridional) component of the vector. For every data point the

107 Ekman currents are calculated and subtracted from the filtered drifter velocities to ob-

108 tain estimates of temporal mean geostrophic currents at the positions of the filtered drifter
199 velocities.

200 For the calculation of surface geostrophic velocities across sections as is discussed

201 in Section 4, all velocities from drifters crossing the section are taken into account. The

202 velocity on the section is estimated as the average of the velocity vector before and af-

203 ter the crossing projected to the direction perpendicular to the section. To achieve a sub-
204 stantial averaging-out of errors, from all crossing points all possible 19 neighboring points
208 are grouped. A weighted average of both velocity and position, is computed for each group
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applying a reciprocal total velocity weighting (Maximenko, 2004) with the total veloc-
ity the sum of geostrophic, Ekman and wind slip component.

RMS differences of drifter and MDT derived geostrophic velocities as discussed in
Section 3 are based on evaluations for all drifter velocities in a specified region. The eval-
uation includes the comparison of the zonal and the meridional velocity component. For
the geostrophic velocities derived from the MDT the two components are defined on dif-
ferent grids. The zonal (meridional) component is defined central between two neigh-
bouring MDT grid points on the same longitude (latitude). For a specific drifter data
point and component a plane is defined by the three nearest MDT grid points surround-
ing the drifter data point and the value of that plane for the drifter data point is applied
as MDT derived geostrophic velocity component. The (MDT-drifter) difference in sur-
face geostrophic velocity is determined as

Aw = /(Au)? + (Av)? (4)

with Au (Av) the difference in the zonal (meridional) velocity component. To obtain
spatial mean RMS values not biased by the uneven distribution of the drifter data points,
the squared velocity differences are averaged over the boxes of a 1°x1° grid and then
averaged over the region considerd before the square root is applied.

2.3 Hydrodynamic Model

The hydrodynamic model applied is the MIT general circulation model (Marshall
et al., 1997) covering the Arctic Ocean and the Atlantic Ocean north of 33°S in a hor-
izontal resolution of 4 km. The model was set up with a bipolar curvilinear grid, with
one pole located over North America and the other over Europe. In the vertical, the model
setup uses 100 levels of varying depth, from 5 m in the upper ocean to 185 m in the deep
ocean. Bottom topography is derived from the ETOPO database in 2’ resolution. The
model starts from the year 2002 conditions from another model, that has a similar set-
up with lower resolution of approximately 8 km and itself starts in 1948 from the annual
mean temperature and salinity from the World Ocean Atlas 2005 (Boyer et al., 2005).
The model simulation spans the period from 2003 to 2009.

The model simulation is forced at the surface by fluxes of momentum, heat, and
freshwater computed using bulk formulae and the 6 hourly atmospheric state from the
19892009 ECMWF ERA-Interim reanalysis (Dee et al., 2011). At the open southern
boundary, the simulations are forced by the output of a 1° resolution global solution of
the MITgem forced by the NCEP data set. A barotropic net inflow of 0.9 Sv (1 Sv =10%m3s~1)
into the Arctic is prescribed at Bering Strait, the models’ northern open boundary, which
balances a corresponding outflow through the southern boundary at 33°S. A dynamic
thermodynamic sea ice model solves for sea ice parameters. See Biri et al. (2016) for de-
tails.

For the purpose of this study the modeled sea level is saved on a 10’x10’ grid ap-
plying bilinear interpolation. For regions outside the model grid a Laplacian smoother
is applied to obtain a global MDT. The Laplacian smoother solves the Laplacian Equa-
tion A¢ = 0 with the MDT values at the margin of the model grid as boundary con-
dition. Different spatial resolutions are realized by successive SH analysis and synthe-
sis steps. Geostrophic currents are obtained with the same method as applied for the geode-
tic MDTs.

3 Global Mean Dynamic Topography

Geodetic MDTs are derived from the diffence of MSS and geoid height. The spec-
tral inconsistency between the MSS and the geoid is usually solved by filling the land
areas of the MSS with geoid information and low-pass filtering the globalized MSS by
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performing a SH analysis and cutting off short scales above maximum d/o of the geoid.
However, two sources of inconsistency remain after globalizing the MSS that cause un-
physical MDT signal when cutting off small scale information in the MSS:

1. a step along the coastline with its height depending on the local amplitude of the
MDT,

2. the geoid defined over land misses small scale signal contained in the MSS over
the ocean

It is suggested here to globalize the MDT and use high resolution geoid information over
land to provide an as best as possible globalization of the MSS which then massively re-
duces the inconsistency.

3.1 Methodology

Over the ocean the true (error-free) MDT is defined as usual as the difference of
true MSS and geoid models, respectively:

(o) = h(zo) — N(2o) ()

for an arbitrary ocean point x,. To allow for a globalization that minimizes unphysical
signal when cutting-off small scales, a flat continuation from ocean to land is needed. For
this, we solve the Laplacian Equation

Al(x) =0 (6)

for all land points z; with the coastal MDT values (. as boundary condition. As result,
for an arbitrary land point z; we obtain

C(@) = g(Ce, 1) (7)
with ¢ the function determined by the Laplace equation.

Though this MDT land definition does not ensure differenciability along the coast-
lines it at least prevents Gibbs effects caused by the ocean-land step and minimizes small
scale land signals that potentially could cause unphysical ocean signals when applying
a spectral low-pass filter. Given the true ocean MDT, the unambitious method to fill-
in land signals as described above will provide what is here called the ’true’ global MDT
though better filling approaches might develop with future research. The true global MDT
can be projected onto SH functions and expressed as truncated MDT with arbitrary max-
imum d/o n > 0. The necessary succesive SH analysis and synthesis steps are explained
in detail e.g. in Bingham et al. (2008).

From the globalization of the MDT, by combining Eqs. 5 and 7, a clear definition
for the MSS over land follows:

h(x1) = N(21) + ((z1) = N(z1) + 9(Ce, 1) (8)

for an arbitrary land point x;. The true global MDT truncated at maximum d/o n can
then be descibed as

where f, describes the spectral truncation of a globally defined function to maximum
d/o n. The error of an MDT, defined up to some maximum d/o n in a real-life appli-
cation, can be described in terms of the deviation from the ’true’ MDT truncated at the
same resolution as

€, = C:LjCZC:L_QL‘F(Cn_C):(fn(il)_fn(N))_(fn(h)_f7z(N))+en
= falh=h) = fu(N = N) + en = falen) = fulen) + en (10)
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with “indicating real-life application fields, e;, the error in the globalized MSS before trun-
cation to the selected maximum d/o and ey the commisssion error of the geoid model.

én = (p—C is the omission error of the MDT caused by missing the signal beyond d/o

n. fn describes the effect of spectrally filtering the errors which causes ringing and other
effects depending on spectral distribution of the error and the cut-off d/o.

Since the geoid is usually descibed as a linear functional of SH coefficients, the spec-
trally filtered error of the geoid f, (ey) is a linear function of the SH coeflicients up to
d/o n and independent of the h— N combination strategy and not discussed here. The
omission error e,, is discussed in Section 4.

The MSS error is described as
en = ep, +en, +ec (11)
and after spectral filtering

falen) = fulen,) + fulen,) + fulec) (12)

ep, describes the error of the MSS over the ocean and is not discussed here (though
MSS at individual points near the coast may be detected as outliers, defined as land points
and then are subject to the Laplacian operator, see below). ey, and e. are the errors of
the geoid model and (., respectively, applied in Eq. 8 for land filling the MSS.

The suggested strategy to globalize the MSS aims in minimizing both ey, and e..
In past applications e. is usually equal to (. since just a geoid model is already filled-
in as MSS land values by the provider or later applied by the user, ignoring the MDT
along te coast. The ocean-land step, which is then equal to the coastal MDT values, causes
Gibbs effects described in f,(e.) when spectrally filtering the MSS. ey, depends on the
geoid model applied. Often, the same geoid model is applied that is later subtracted from
fn (;L) to compute (,. If this geoid model comes as a satellite-only model it has low max-
imum d/o and ey, contains the missing geoid signal between maximum d/o of the geoid
model and maximum d/o of the MSS to be globalized. Spectral filtering of the MSS be-
fore combination with the geoid to obtain the MDT will cause a spreading of this error
to the ocean and is then seen as error in the MDT.

In our approach we follow Eq. 8 to globalize the MSS. To compute (. we subtract
a geoid model from the coastal MSS. The same geoid model is added to the globalized
MDT to obtain MSS land values. In general this consistency is not necessary. Also a hy-
drodynamic model could be applied to derive (.. But any inconsistency of data used left
and right of the coastline can cause a step in h — N and is avoided here. The global-
ized MSS can in general be provided in any resolution m at or above maximum d/o n
of the desired MDT and is then spectrally cut as described in Eq. 8. The decision for
m will depend on two issues:

1. Since any low-pass filtering is prone to Gibbs-like effects the globalization should
be performed as close as possible to the resolution the MSS is originally provided
with,

2. geoid information over land has to be available consistent with the chosen reso-
lution m.

Geoid models are nowadays available up to d/o 2160 and it is recommended to use this
resolution for the land-filling of the MSS. However, due to limits in available resources
maximum d/o will be 1080 here, which is, however, sufficient to show the impact of the
approach to the resulting MDT. It is worth noting at this point that the coastal MDT
determined to globalize the MSS is not seen as physical signal in the resulting MDT in
the end. It is just a mean to compute the land MDT’ added to the geoid. It is thus not
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inconsistent to apply the suggested MSS globalization applying a high resolution com-
bined geoid model and use a satellite-only geoid model to compute the MDT at the end.

The suggested full procedure to compute a global MDT is as follows:

1. A gridded MSS is provided in the spectral resolution of the geoid model applied
to compute the MSS land values. We apply DTU15, which is provided on a 1’x1’
global grid and apply a spectral analysis/synthesis step to reduce the resolution
to maximum d/o 1080 computed on a 10’x10’ grid.

2. The geoid chosen for the globalization/correction of the MSS is subtracted to ob-
tain a high resolution MDT (. We use here different geoid models, see below.

3. The land-sea mask necessary to identify the grid points that need a filling, is pro-
vided by the GOCE User Toolbox (GUT), which is also applied for all analysis/synthesis
and spatial filtering issues. For outlier detection the geostrophic surface currents
based on the ocean points of (j,y are computed. For both current vector compo-
nents, if velocity exceeds 3 ms~!, the involved grid points are set to land. This
is done to minimize influence of potentially large local MSS errors onto the MDT
at some locations near the coast.

4. Based on the coastal values of (5 the MDT land values ((z;) are computed ap-

plying the Laplacian equation.

. C(xy) is added to the geoid and used as land values for the MSS.

6. The MSS is successively analyzed/synthesized to the spectral resolution n of the

resulting MDT.

. The geoid is computed for maximum d/o n.

: CA;L = hp — j\};

. MDT land values are set to NaN.

10. A spatial filter is applied, if necessary.

Ut

© 00

3.2 Impact of MSS correction onto MDT errors

The suggested methodology creating a global MSS is now tested in a practical ex-
ample. We want to obtain an MDT from DTU15 and the TIM_R6 geoid model. Four
approaches to obtain a global MSS are tested:

1. DTU15 is already a global model and is taken as is.

2. TIM_R6 is filled in over land. This is the same model that is subtracted from the
MSS to obtain the MDT.

3. Coastal MDT ((.) is computed by subtracting the GECO geoid model truncated
at maximum d/o 1080 from the MSS. MSS land values are computed following
Eq. 8 applying TIM_R6 for geoid land values N(z;). This approach minimizes the
error e, along the coastlines but the missing geoid signal between d/o 301 and 1080
is seen in the MSS land error component ey, (see Egs. 10-12).

4. Coastal MDT (. is computed as in 3, but the GECO geoid model is applied for
land values N(z;) in Eq. 8. This approach minimizes both e, and ey, and is ex-
pectedly the best of the four approaches.

The result of the four approaches is displayed in Fig. 1 for the Kuroshio. The first
two approaches (upper two rows in Fig. 1), which both include a step in global MDT
along the coast line, produce false strong MDT gradients near the coast in some regions
and thus unrealistic high surface geostrophic currents. Interestingly, in these approaches
the small-scale wavy structure far away from the coast is also more pronounced than in
the other two methods. This shows that the way the MSS is globalized is not only im-
portant for coastal processes but has also significant offshore effects. If Laplacian smooth-
ing is applied to add a flat MDT signal to the land MSS it remains the choice for the
geoid model added to the MDT signal to obtain the MSS over land. If, in our test case,
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Figure 1. MDT (left, in m) and geostrophic currents (right, in ms~"') as obtained from the
four different approaches for land-filling the MSS. Each row refers to one approach in the same

order as in the enumerated list in the text.
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the low resolution TIM_R6 model is applied (third row in Fig. 1) , still unrealistic high
currents result at some individual locations near the coastline, that are not seen when
the high resolution GECO model is applied (bottom row in Fig. 1). In summary, spec-
tral inconsistency of the MSS and the geoid model applied for the land fill-in matters
regionally. But the land-sea step in MDT is clearly the more important issue when glob-
alizing the MSS with impact on the global ocean. We will thus concentrate in the fol-
lowing onto methodologies 1 and 2, which both include the land-sea step, and approach
4, which we propose here as the best strategy for globalizing the MSS.

For a specific, regional or global application, the choice of the MDT will depend
on specific criteria or metrics. As a useful example we apply here the comparison to near-
surface drifter data to find the best MDT for two regions (around the Gulf Stream and
the Kuroshio, respectively) and the latitudinal band between 60°S and 60°N. Applying
DTU15 as MSS and TIM_R6 as geoid model as before, two parameters of the MDT com-
putation recipe as listed in section 3 are varied to find that MDT which fits best the drifter
data in the region considered:

1. the maximum d/o of the MDT
2. the length scale of the truncated Gaussian kernel applied as spatial filter

For all regions the cut-off both at maximum d/o 250 and 300 produces rather large RMS
values below filter length of 0.6° for all three approaches (Fig. 2) and should not be used.
For lower maximum d/o the MDT obtained with approach 4 fits better to the drifter data
for all filter lengths and all regions. Specifically for short filter scales and high d/o needed
to resolve small scale currents, the RMS for approach 4 is much lower than for the other
two aproaches. Quality differences of MDTs from approaches 1 and 2 are not that clear.
While globally (60°S-60°N) approach 2 is closer to the drifter data, for the Gulf Stream
and the Kuroshio region RMS values for both methods are rather close.

For the Gulf Stream the MDT model following approach 4 with max. d/o 200 and
a filter scale of 0.4° fits best to the drifter data. The best model applying a different MSS
globalization approach is an MDT with max. d/o 250, 0.6° filter scale and following ap-
proach 2. Geostrophic surface currents based on these two MDT models are displayed
in the top panels of Fig. 3. It is clearly seen that, though MSS and geoid include small
scale information up to d/o 250, due to the stronger spatial filtering necessary when ap-
proach 2 is applied, maximum speed in the core of the Gulf Stream is much weaker than
for approach 4. Similar results are found for the Kuroshio (bottom panels of Fig. 4), though
with somewhat smaller differences in velocities from different approaches. The cut-off
maximum d/o is the same as for the Gulf Stream for each of the approaches, respectively
while the filter scales are 0.1° longer.

4 Choice of maximum d/o

For the satellite-only geoid model TIM_R6 we applied in the last section we have
already seen that it isn’t recommended to use this model up to its full resolution of d/o
300. Application of other satellite-only geoid models have revealed similar results (Siegismund,
2013). This might be unevitable due to large commission errors in high d/o SH coeffi-
cients, though anisotropic filtering might relax this issue (Bingham, 2010; Cunderlik et
al., 2013). With the usual way of globalizing the MSS, Gibbs effects due to small scale
land signals and the land-ocean step are unevitable. These effects grow with reducing
the spatial resolution of the MDT. Thus, to minimize these effects, a high maximum d/o
is needed, no matter if oceanographic signal is included in the small scales. As an ex-
ample the XGM geoid model is applied to compute (unfiltered) MDTs for maximum d/o
300 to 720 for approaches 1 and 4. Fig. 4 displays the RMS differences of geostrophic
surface currents from these MDTs and the corrected near-surface drifter velocities.
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Figure 2. RMS differences [ems™'] of geostrophic surface currents as obtained from geodetic
MDTs and corrected near-surface drifter velocities. The MDTs are based on TIM_R6 as geoid
models and are computed applying approachesi]l,gg and 4 displayed as dotted, dashed and solid
lines, respectively. The three panels show results for (top) the latitudinal band from 60°S—-60°S,
(middle) the Gulf Stream region (20°—40°N, 85°—60°W) and (bottom) the Kuroshio (20°-40°N,
120°-155°E). For each model and region, MDTs with maximum d/o as listed in the inset and
applying a truncated Gaussian filter with filter lengths [0.0°0.1°...1.0°] are tested.
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Figure 3. Geostrophic surface velocities [msil] from optimized MDT models applying
TIM_R6 as geoid model. Optimization is performed for the Gulf Stream region (20°-40°N,
85°-60°W, top panels) and the Kuroshio (20°-40°N, 120°-155°E, bottom panels) by minimiz-
ing the RMS difference to corrected near-surface drifter data with respect to different maximum
d/o and spatial filter length applied to the MDT. The optimization is done for each of the MSS
globalization approaches. For approach 1 (left) and 2 (center) optimal maximum d/o is 250 for
both regions, while filter length is 0.6° (0.7°) for the Gulf Stream (Kuroshio). For approach 4
(right) optimal maximum d/o is 200 for both regions and filter length is 0.4° (0.5°) for the Gulf
Stream (Kuroshio). Sections crossing the Gulf §ic£gam (top left) and the Kuroshio (bottom left)
are plotted as thick black lines. On these sections direct comparisons of drifter and MDT derived

geostrophic (near-)surfac currents are performed (see Figs. 5 and 6).
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dotted and solid lines, respectively. For both approaches MDTs with maximum d/o as listed in
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It has to be stated that when considering global performance already for maximum
d/o 300 the bulk of the MDT signal is resolved since most of the global ocean is covered
by large scale gyres rather than small scale currents. Thus, omitted MDT signal is not
a dominant source of error. For approach 4 RMS differences are increasing with max-
imum d/o because of increasing noise in SH coefficients while for approach 1, due to Gibbs
effects, the RMS values are much higher and increase with decreasing maximum d/o.

With the Gibbs effects strongly reduced in approach 4 we mainly see the remain-
ing noise in both the geoid model and the MSS and increasing with d/o. Though this
noise is an intrinsic part of available MSS and geoid models, sophisticated anisotropic
filtering might reduce the issue. But it is asked now up to which maximum d/o signal
can be detected in the resulting MDT. With generally growing commission error with
higher d/o it might be advisable to cut the MDT beyond this scale to minimize noise
without loosing signal.

To address this question, focus is set on the two strongest western boundary cur-
rents, the Gulf Stream and the Kuroshio. The short across-current scale needs small-scale
information in the MDT to fully resolve the strong gradient in MDT, and the strength
of the currents reduces the influence of the commision error as much as possible. For both
the Gulf Stream and the Kuroshio one section is selected (see Fig. 3, left panels). The
selection is based on the high maximum velocity of the current at this position and the
number of available drifter data, respectively.

We compute MDT models applying all six combined geoid models listed in Table
1. For the MDTs that result from subtracting EGM2008, Eigen-6C4, GECO or SGG-
UGM-1 from DTU15 the same geoid model is also used to obtain land geoid values for
DTU15, while for GOCO05¢ and XGM the GECO model is applied. Spectral resolution
from maximum d/o 100 to d/o 1080 is tested.

For the Gulf Stream the MDT obtained from the hydrodynamic GECCO model
is applied for comparison. For this issue the model results are interpolated to a 10’x10’
grid, the same that is used for the geodetic MDTs, and the Laplacian smoother is used
to fill the grid points outside of the North Atlantic. Then the globalized North Atlantic
model is analysed/synthesized to obtain MDTs on the desired maximum d/o.

Currents over a section could be characterized either by absolute speed or the ve-
locity component perpendicular to the section. Errors in the MDT will systematically
increase absolute speed assuming independence of the gradients observed in the MDT
and in the error, respectively. To prevent potential bias in geostrophic velocities obtained
from the geodetic MDTs we consider therefore only the speed perpendicular to the sec-
tion with random fluctuations caused by errors in the MDT. The accurate orientation
of the sections is determined by minimizing along-section speed according to the drifter
data.

For all MDT models and both sections up to d/o 420 maximum speed increases
with increasing resolution (Figs. 5 and 6). For this resolution maximum velocities have
considerable spread between the different MDT models. For the Gulf Stream (Fig. 5)
they reach between approximately 75 and 90% of maximum velocity observed in the drifter
data. For the Kuroshio (Fig. 6) the geodetic MDTs are very close to the drifter data with
the smallest maximum velocities for GOCOO05¢ and Eigen-6¢4 reaching around 93% of
maximum drifter velocity. Beyond d/o 420 the development is heterogeneous but no model
shows substantial increase in maximum velocity. The spatial pattern of the current gen-
erally follows quite closely that observed by the drifter data for the Gulf Stream. Only
the MDT based on the Eigen-6C4 geoid shows higher currents than all other models 50—
100 km offshore the maximum velocity axis. For the Kuroshio the geostrophic currents
from the geodetic MDT's do not follow the velocities observed by the drifters so closely.
Also, beyond d/o 420 a peak of strong velocity develops close to the point of maximum

—16—



488

489

490

491

492

493

494

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

velocity as seen by the drifter data and the structure of the current for resolutions be-
yond max. d/o 720, specifically for max. d/o 1080 is well off the pattern observed by the
drifters. For the Gulf Stream the GECCO maximum velocity increases strongly until d/o
480 and reaches max. around d/o 720 close to max. velocity of the drifter data though
slightly shifted off-coast.

To get a clearer view on the development of the MDT-derived geostrophic surface
currents beyond d/o 420 we map the absolute velocities from all four high resolution geoid
models for both the Gulf Stream (Fig. 7) and the Kuroshio (Fig. 8) for max. d/o 420,
max. d/o 1080 and the difference (d/o 1080 - d/o 420). From the comparison of the cur-
rents itself, for both the Gulf Stream and the Kuroshio, the differences in velocities are
hardly detectable. From the mapping of the difference we see for the North Atlantic a
structure that seems to follow the Gulf Stream. However, analysing the geoid height we
see strong gradients east of the North American east coast and differences in the cur-
rents comparing different models beyond d/o 420 seem largely influenced by this effect
in the geoid. Much stronger geoid gradients are found in the Northwest Pacific along the
margin of the Phillipine Plate. Partly this margin follows closely the path of the Kuroshio
and it is not clear whether the differences seen in the currents for different spectral res-
olution is signal in MDT or resolution-dependent spatial patterns caused by the incon-
sistency between geoid and MSS in presence of a strong geoid gradient.

5 Conclusions

The computation of geodetic MDTs as difference of MSS and geoid needs spectral
consistency of the two fields. Since the geoid is usually derived from Stokes coefficients
describing the geopotential field their natural representation is a linear combination of
SH functions with cut-off at a specific maximum d/o. To obtain the same representa-
tion for the MSS a globalization is needed. This is usually done by filling-in a geoid model
over land. This approach, however, causes unphysical wavy structures in the MDT caused
by the Gibbs phenomenon from the ocean-land discontinuity in the MSS that reflects
the amplitude in coastal MDT, and from spectral inconsistency of the geoid filled in on
land and MSS-MDT over the ocean. The new methodology presented in this paper in-
troduces the MDT as a global field with a continuous ocean-land transition and a flat
definition over land. To obtain an unambitous global definition the land values of the
DT are defined as the solution of the source-free heat equation with the coastal MDT
as boundary condition. With this definition any ocean MDT can be globalized and res-
olution can be reduced via subsequent SH analysis and synthesis. The land values of the
MSS are consequently defined as sum of global MDT and geoid model. The coastal MDT
values needed to solve the heat equation are obtained from MSS-geoid applying a high
resolution geoid model. The same geoid model is then added to the land MDT to ob-
tain the final MSS values.

It is shown that the new methodology reduces strongly the MDT errors near the
coast as well as the unphysical waves offshore. Specifically the ocean-land discontinu-
ity from disregarding the coastal MDT with the sofar used MSS globalization causes in-
creasing MDT errors when spectrally reducing resolution. This feature is vanished with
the new methodology as is shown by comparison with geostrophically corrected near-
surface drifter velocities. Specifically for low maximum d/o the geostrophic velocities from
the MDTs fit now much better to the drifter data if the new method is applied. With
the old method an as high as possible resolution (with the applied geoid model) was gen-
erally necessary to minimize unphysical signals that are caused by both the ocean-land
step and ocean/land geoid spectral inconsistency and which grow with decreasing res-
olution. With this issue strongly diminished, the reduction in spatial resolution is a vi-
able option to reduce the commission error in both geoid and MSS model increasing with
spatial frequency.
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Figure 5. Geostrophic surface velocity [ms™!] over a section across the Gulf Stream (see
Fig. 3, top left panel) with the distance over the section provided in [km]. Only the component
perpendicular to the section is considered. As listed in the inset, geostrophic surface currents
from drifter data and from geodetic and GECCO MDTs are shown. The MDTs are SH anal-
ysed/synhtesized for a set of selected resolutions from maximum d/o 100 to 1080 each resolution

shown in a separate panel.
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Figure 6. Same as Fig. 5, but for a section over the Kuroshio (see Fig. 3, bottom left panel).
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Figure 7. Absolute geostrophic surface currents [ms~!] for the Gulf Stream region from
geodetic MDTs applying (from top to bottom) EGM2008, Eigen6C4, GECO and SGG-UGM-1 as
geoid models for (left) maximum d/o 420, (middle) d/o 1080 and (right) the difference (d/o 1080-
d/o 420). All MDT models are spatially filtered applying a truncated Gaussian kernel with 0.2
filter length.
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To provide assistance for the choice of the MDT spatial resolution in practical ap-
plications, and as an interesting issue by itself, it is tested up to which maximum d/o
physical signal is detectable in MDTs applying recent geoid models and DTU15 as MSS
model. For two sections, one over the Gulf Stream and another one over the Kuroshio
the reconstruction of surface geostrophic velocities is investigated by comparison to drifter
data and results of a high resolution dynamic ocean model. Different resolutions up to
maximum d/o 1080 are tested. Specifically, increasing maximum velocity over the sec-
tion is supposed as indicator that small scale information is added when resolution is in-
creased. It is shown that all MDT models show increasing signal up to d/o 420 for both
sections. Above this resolution, however, the evolution with increasing resolution is not
clear. Strong geoid gradients exist close to both currents. Inconsistencies of MSS and
geoid model seem to cause wavy structures that interfere with the currents generating
spatial patterns depending on resolution. Further investigation is needed.
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