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Abstract

The new gravity field models of gravity field and steady-state ocean circulation explorer (GOCE), TIM_R6 and
DIR_R6, were released by the European Space Agency (ESA) in June 2019. The sixth generation of gravity models
have the highest possible signal and lowest error levels compared with other GOCE-only gravity models, and the
accuracy is significantly improved. This is an opportunity to build high precision geostrophic currents. The mean
dynamic topography and geostrophic currents  have been calculated by the 5th (TIM_R5 and DIR_R5),  6th
(TIM_R6 and DIR_R6) release of GOCE gravity field models and ITSG-Grace2018 of GRACE gravity field model in
this study. By comparison with the drifter results, the optimal filtering lengths of them have been obtained (for
DIR_R5, DIR_R6, TIM_R5 and TIM_R6 models are 1° and for ITSG-Grace2018 model is 1.1°). The filtered results
show  that  the  geostrophic  currents  obtained  by  the  GOCE  gravity  field  models  can  better  reflect  detailed
characteristics of ocean currents. The total geostrophic speed based on the TIM_R6 model is similar to the result
of the DIR_R6 model with standard deviation (STD) of 0.320 m/s and 0.321 m/s, respectively. The STD of the total
velocities are 0.333 m/s and 0.325 m/s for DIR_R5 and TIM_R5. When compared with ITSG-Grace2018 results, the STD
(0.344 m/s) of total geostrophic speeds is larger than GOCE results, and the accuracy of geostrophic currents
obtained by ITSG-Grace2018 is lower. And the absolute errors are mainly distributed in the areas with faster
speeds, such as the Antarctic circumpolar circulation, equatorial region, Kuroshio and Gulf Stream areas. After
the remove-restore technique was applied to TIM_R6 MDT, the STD of total geostrophic speeds dropped to 0.162 m/s.
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1  Introduction
The ocean circulation is the link between the global oceans,

which provides dynamic conditions for material transport, heat
transfer, sea-land exchange, and seawater quality change. Accur-
ate ocean circulation has important implications for meteoro-
logy, oceanography, and geophysics. With the development of
satellite altimetry technology and the launch of gravity satellites,
the accuracy of the ocean circulation is getting higher, and it has
become a hot spot in currents research with its large area and all-
weather characteristics. The satellite GOCE (gravity field and
steady-state ocean circulation explorer) was launched by the

European Space Agency (ESA) from the Plesetsk Space center in
Russia on March 17, 2009. It is the first satellite in the world to ad-
opt gravity gradient measurement technology (Pail et al., 2011).
The implementation of Gravity satellite projects represented by
GOCE, GRACE (Gravity Recovery and Climate Experiment) and
GRACE-FO (follow-on) (launched in May 2018) created condi-
tions for the construction of Gravity field models. The mass dis-
tribution of the earth is irregular. On the whole, the earth is very
close to an ellipsoid, and the actual earth can be regularized. The
regularized earth is called the normal earth, and its correspond-
ing gravity field is called the normal gravity field. The difference  

Foundation item: The Open Fund of Key Laboratory of Marine Environmental Information Technology; the Open Foundation of
Technology Innovation Center for Marine Information, Ministry of Natural Resources; the Liao Ning Revitalization Talents Program
under contract No. XLYC1807161; the Dalian High-level Talents Innovation Support Plan under contract No. 2017RQ063; the National
Natural Science Foundation of China under contract Nos 41206013 and 41430963; the Scientific Research Project of Liaoning Province
Department of Education under contract No. QL201905; the Projects of Institute of Marine Industry Technology of Liaoning
Universities; the grant from Key R&D Program of Liaoning Province under contract No. 2019JH2/10200015; the Key Special Project for
Introduced Talents Team of Southern Marine Science and Engineering Guangdong Laboratory (Guangzhou) under contract No.
GML2019ZD0402; the Shandong Provincial Key Research and Development Program (SPKR&DP) under contract No.
2019JZZY020713.
*Corresponding author, E-mail: songjun2017@dlou.edu.cn
 

Acta Oceanol. Sin., 2021, Vol. 40, No. 3, P. 142–152

https://doi.org/10.1007/s13131-021-1707-4

http://www.hyxb.org.cn

E-mail: hyxbe@263.net



between the gravity potential at any point and the normal gravity
potential in the earth’s gravity field is called disturbed potential
(Pavlis et al., 2008). The earth’s gravity field model is the coeffi-
cients of the spherical harmonic series expansion of the poten-
tials, which is expressed as a set of potential coefficients trun-
cated to a finite degree/order. The degree of the models has de-
veloped rapidly from the first 8-degree gravity field model in the
1950s to the present ultra-high degree 2 190, and the accuracy of
geoid has been improved from several meters to several centi-
meters or even higher (Pavlis et al., 2008). However, EGM2008,
EIGEN-6C4 or other ultra-high degree/order gravity field models
are mainly calculated by satellite altimetry data, ground gravity
data and satellite gravity data. So, the calculated geoid of the
ocean area is related to satellite altimetry data (Förste et al.,
2008). To get a more accurate MDT (mean dynamic topography),
we need to use a satellite-only gravity model. Accurate geoid and
MSS (mean sea surface) are the basis of accurate MDT, and ac-
curate MDT is the key to obtain high precision geostrophic cur-
rents. Therefore, the high precision satellite-only gravity models
are very important for geostrophic currents research.

After the launch of GOCE satellite, numerous scholars and in-
stitutions calculated the GOCE data and generated a series of
satellite-only gravity field models (Brockmann et al., 2014; Bru-
insma et al., 2013; Kvas et al., 2019; Pail et al., 2010). Geostrophic
currents can be constructed by combining these satellite-only
gravity models with satellite altimetry data, global or regional
MDT, and the calculation principles of mean dynamic topo-
graphy were discussed (Andersen et al., 2015; Haines et al., 2011;
Knudsen et al., 2011a). Some scholars have compared the MDT
accuracy obtained by GOCE, GRACE and other gravity models,
and discussed the application results and prospects of GOCE
data in oceanography (Bingham et al., 2011; Knudsen et al.,
2011b). Some scholars discussed the geoid errors and tested a
series of MDT with different filter parameters (Albertella et al.,
2012; Bingham et al., 2015; Jin et al., 2014; Siegismund, 2013).
Many papers have constructed precise Antarctic circumpolar
currents and assess the performance of the GOCE and GRACE
missions in detail (Bingham et al., 2015; Feng et al., 2013). Be-
cause of gravity data have a long lag, these analyses used older
gravity models. The loss of high frequency information caused by
noise removal by filtering was rarely discussed in the literature.
In June 2019, ESA released the sixth generation of gravity field
models in the GOCE Virtual Archive, which is 20% more accurate
than the previous models (Brockmann et al., 2019; Förste et al.,
2019). These help us to have a deeper understanding of ocean
current changes.

In this paper, in Section 2 the calculation and comparison of
geoid obtained by different gravity field models are described,
the MSS and drifter data used in this paper are introduced and
their errors are analyzed. We introduce the calculation of mean
dynamic topography (MDT) and geostrophic velocities in Sec-
tion 3. In Section 4, the filtering lengths and errors of different
gravity fields are discussed. The latest GOCE’s sixth generation
gravity field models and MSS_CNES-CLS15 mean sea surface
height are used to calculate MDT and geostrophic currents. And
other gravity models are used to reflect the advantages of GOCE’s
new gravity field models. In Section 5, the Remove-restore tech-
nique is used to calculate the small-scale currents in the regions
to solve the attenuation problem of high-frequency information
caused by filtering. Section 6 contains the conclusions.

2  Data

2.1  Geoid
The official GOCE gravity field models published by ESA can

be solved by three methods: direct solution, time-wise solution,
and space-wise solution. Except for the latest sixth generation
models TIM_R6 (solved by time-wise solution) and DIR_R6
(solved by direct solution), the fifth generation of gravitational
field models TIM_R5 (solved by time-wise solution) and DIR_R5
(solved by direct solution) are also adopted in this paper. In
TIM_R6 and TIM_R5, the short-arc integral method applied to
kinematic orbits, cascaded digital filters applied to the gravity
gradients, Kaula-regularization applied to deal with data gaps.
Besides, satellite attitude data and nonconservative acceleration
data were used in TIM_R6 and TIM_R5. TIM_R5 and TIM_R6
have no priori gravity field information. TIM_R5 is a tide free sys-
tem, and it is available up degree/order 280 (spatial resolution is
about 71 km). TIM_R6 is the zero-tide system, and it is available
up degree/order 300 (about 67 km) (Brockmann et al., 2019; Pail
et al., 2011). About four years of GOCE gravity gradient data,
satellite orbit data, satellite attitude data and a lot of other satel-
lite data such as GRACE and LAGEOS applied in DIR_R5 and
DIR_R6 gravity field models. DIR_R5 uses the DIR_R4 gravity
model as a priori information and DIR_R6 uses the DIR_R5 grav-
ity model as a priori information. DIR_R5 and DIR_R6 are tide
free system, they are available up degree/order 300 (about 67 km)
(Bruinsma et al., 2014; Förste et al., 2019).

In order to demonstrate the advantages of the new GOCE
models, the latest GRACE gravity model ITSG-Grace2018 is used
for comparison. ITSG-Grace2018 is calculated from GRACE L1B
data of about 14 years (April 2002 to August 2016). The model is a
zerotide system, complete up to spherical harmonic degree/or-
der 200, which corresponds to a spatial resolution of 100 km
(Mayer-Gürr et al., 2018). The cutoff degree/order selected in the
calculation of geoid is the maximum degree/order of the gravity
field models. The geoid can be calculated by using the gravity
field models:

N (ϑ, λ) = R
L∑

ℓ=

ℓ∑
m=

(Cℓm cosmλ+ Sℓm sinmλ)Pℓm (cosϑ) , (1)

ϑ λ R

Cℓm Sℓm
Pℓm

ℓ

m

where  is the geographic colatitude,  is the longitude,  is the
mean earth radius, L is the highest degree considered in the
spherical harmonic expansion,  and  are the nondimen-
sional regularized spherical harmonic coefficients,  are the
fully normalized associated Legendre functions of degree  and
order .

The geoid of each gravity field model is calculated by Eq. (1).
The differences are shown in Figs 1, 2 and Table 1. Figure 1 de-
picts the difference among geoids determined by GOCE’s four
gravity field models. It can be seen from Figs 1c, e and f that the
differences between TIM_R6 and other GOCE gravity models are
mainly in the north and south poles, and the differences are
smaller as close to the equator. Figures 1a, b and d show that the
differences of DIR_R5, DIR_R6 and TIM_R5 are mainly distrib-
uted in north and south poles, southern Australia and northern
North America regions.

Figure 2 shows that the differences between GRACE and
GOCE geoid are very large. At the edge of the coastline, their dif-
ferences can reach 1 m.

Table 1 shows that the RMS differences between ITSG-Grace
2018 and other gravity models are relatively large (more than 0.30 m).
However, the differences among geoids determined by the four
GOCE models are small and their RMS values are within 0.30 m.
The RMS of DIR_R5 and DIR_R6 is the minimum (0.147 m), and
TIM_R5 and TIM_R6 have the largest RMS (0.284 m). The reas-
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ons for the differences are related to the data source and trunca-
tion degree/order of the models.

2.2  Mean sea surface (MSS)
Satellite altimeters provide accurate sea surface heights for

the calculation of geostrophic currents. This paper adopts the
latest mean sea surface height model MSS_CNES-CLS15 re-
leased by CNES (Centre National d′Etudes Spatiales). This data
provide a global grid of 1′ ((1/60)°) resolution between 80°S and
84°N, using altimeter data (TOPEX/Poseidon, ERS-2, GFO,
JASON-1, JASON-2, ENVISAT mean profile and data of the ERS-1,
Jason-1, and Cryosat-2 geodetic phase) for 20 years (1993–2012).
The MSS is defined in the mean tide system and the TOPEX/POS-
EIDON reference ellipsoid (Schaeffer et al., 2012). Figure 3 shows
the errors between MSS_CNES-CLS15 and the previous version
MSS_CNES-CLS11. The errors of MSS_CNES-CLS15 are smaller
than that of MSS_CNES-CLS11 in the coastal areas. In parts of the
north and south polar regions (especially in northern North
America), the errors of MSS_CNES-CLS15 increased slightly.

2.3  Drifter observations
On September 5, 2018, the Global Drifter Program of the Na-

tional Oceanic and Atmospheric Administration (NOAA) and the
Atlantic Oceanographic and Meteorological Laboratory (AOML)

release the version 3.03 of near-surface currents and sea surface
temperatures around the world from 73°S to 85°N, at (1/4)° resol-
ution, which are derived from satellite tracked buoys (Laurindo
et al., 2017; Lumpkin et al., 2013; Lumpkin and Johnson, 2013).
We will use this data to verify the accuracy of geostrophic cur-
rents obtained by satellite gravity models. Figure 4 shows that the
standard errors of velocity from buoy data are small. The maxim-
um standard errors are about 0.1 m/s, which distributed in
coastal and equatorial areas.

3  Calculation of mean dynamic topography (MDT) and geo-
strophic velocities

H
h N

The height of MDT ( ) is defined as the difference between
the MSS ( ) and the geoid ( ):

H = h− N. (2)

The MSS and the geoid must adopt the uniform reference el-
lipsoid system and tide system. The MDT difference calculated
by different reference ellipsoid and tide system is about 30 cm
(Tsoulis and Patlakis, 2013). Here, the geoid and MSS are
referred to the TOPEX/Poseidon ellipsoid and defined in the
mean tide system.

The geoid is solved by a gravity field model and can only be

0.3

0.2

0.1

0

−0.1

−0.2

G
eo

id
 h

ei
gh

t/m

0° 60° 120° E180°W 120° 60° 0°

60°

30°
N
0°
S

30°

60°

a

0° 60° 120° E180°W 120° 60° 0°

60°

30°
N
0°
S

30°

60°

b

0° 60° 120° E180°W 120° 60° 0°

60°

30°
N
0°
S

30°

60°

c

0° 60° 120° E180°W 120° 60° 0°

60°

30°
N
0°
S

30°

60°

d

0° 60° 120° E180°W 120° 60° 0°

60°

30°
N
0°
S

30°

60°

e

0° 60° 120° E180°W 120° 60° 0°

60°

30°
N
0°
S

30°

60°

f

0.3

0.2

0.1

0

−0.1

−0.2

G
eo

id
 h

ei
gh

t/m

0.3

0.2

0.1

0

−0.1

−0.2

G
eo

id
 h

ei
gh

t/m

 

Fig. 1.   Comparison of geoid heights from different GOCE gravity field models. a. DIR_R5-DIR_R6 model, b. DIR_R5-TIM_R5 model, c.
DIR_R5-TIM_R6 model, d. DIR_R6-TIM_R5 model, e. DIR_R6-TIM_R6 model, and f. TIM_R5-TIM_R6 model.
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expanded to a finite degree/order. But MSS is derived from satel-
lite altimetry, which can be expanded to an infinite degree/order
by spherical harmonic expansion (Tsoulis and Patlakis, 2013).
Their spatial resolution is inconsistent. The MSS and geoid must
be unified to the same scale if we calculate the difference of
them. There are two methods to do it: the spherical harmonic
function method (solved in the spectral domain) and the geo-
metric method (solved in the spatial domain) (Haines et al.,
2011). The spherical harmonic function method will be used in
this paper.

Since the resolution of geoid and mean sea surface is incon-
sistent, MSS is interpolated to the resolution consistent with
geoid and the MSS of land areas need to be replaced by geoid
heights (Albertella et al., 2012). The spherical harmonic form of
the MSS is (Bingham et al., 2008):

h(ϑ, λ) = R
L∑

ℓ=

ℓ∑
m=

(
Ch
ℓm cosmλ+ Shℓm sinmλ

)
Pℓm (cosϑ) . (3)

HAccording to Eqs (1)–(3), the mean dynamic topography 

can be obtained, whose spherical harmonic form is (Bingham et
al., 2008):

H(ϑ, λ) = R
L∑

ℓ=

ℓ∑
m=

(
CH
ℓm cosmλ+ SHℓm sinmλ

)
Pℓm (cosϑ) , (4)

{
CH
ℓm = Ch

ℓm − Cℓm

SHℓm = Shℓm − Sℓm
.

where

 

(CH
ℓm, SHℓm)

(Ch
ℓm, S

h
ℓm)

(Cℓm, Sℓm)

The spherical harmonic coefficient  is the difference

between the spherical harmonic coefficient of MSS 

and geoid .

u v

According to the MDT, the velocities of geostrophic currents
in the east ( ) and north ( ) direction can be calculated (Knud-
sen et al., 2011b):

u = −g
f

R

∂H

∂ϑ
, (5)
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Fig. 2.     Comparison of geoid heights from GRACE and GOCE gravity field models. a. ITSG-Grace2018-DIR_R5 model, b. ITSG-
Grace2018-DIR_R6 model, c. ITSG-Grace2018-TIM_R5 model, and d. ITSG-Grace2018-TIM_R6 model.

Table 1.   Statistics of the different geoid products
Gravity model Mean geoid height/m RMS/m Minmum geoid height/m Maxmum geoid height/m

DIR_R5-DIR_R6 0.001 0.147 –1.878 1.853

DIR_R5-TIM_R5 0.006 0.246 –2.624 3.286

DIR_R5-TIM_R6 0.006 0.251 –2.812 2.580

DIR_R6-TIM_R5 0.005 0.209 –2.360 2.167

DIR_R6-TIM_R6 0.005 0.207 –2.785 2.461

TIM_R5-TIM_R6 0.000 0.284 –2.463 3.510

ITSG-Grace2018-DIR_R5 –0.014   0.349 –3.423 2.337

ITSG-Grace2018-DIR_R6 –0.013   0.323 –3.506 2.419

ITSG-Grace2018-TIM_R5 –0.008   0.373 –3.331 2.342

ITSG-Grace2018-TIM_R6 –0.007   0.383 –3.655 3.322
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v =
g
f


R sin ϑ

∂H

∂λ
, (6)

g f = Ω cos ϑ

ϑ Ω

where  is gravity acceleration,  is the Coriolis para-
meter,  is the residual latitude, and  is the angular velocity of
the earth. Since the Coriolis force near the equator tends to 0,
geostrophic velocities are replaced by 0 in the region of 3°S and
3°N. Its spherical harmonic form can be expressed as

u = −g
f

R

L∑
ℓ=

ℓ∑
m=

R
(
CH
ℓm cosmλ+ SHℓm sinmλ

)
P’
ℓm (cosϑ) , (7)

v =
g
f


R sin ϑ

L∑
ℓ=

ℓ∑
m=

mR
(
−CH

ℓm sinmλ+ SHℓm cosmλ
)
Pℓm (cosϑ),

(8)

R P
′

ℓm

ϑ

Pℓm

V A

where  is the average radius of the earth, and  is the partial

derivative with respect to  of the associated Legendre function
. The spatial resolution of the geostrophic current calculated

by TIM_R5, TIM_R6, DIR_R5, DIR_R6 and ITSG-Grace2018 in
this paper is (1/2)°. The total speeds ( ) and direction ( ) of geo-
strophic currents are as follows (Albertella et al., 2012):

V =
√

u + v, (9)

A = arctan
(u
v

)
. (10)

4  Errors and optimization of geostrophic currents
High precision MDT is the basis of geostrophic currents.

However, in addition to the omission error caused by the dis-
crepancy of spatial resolution between the geoid and mean sea
surface, there is a commission error defined by the spherical har-
monic terms (Knudsen et al., 2011b). These two errors lead to
small-scale noise when calculating the MDT. In order to obtain
high precision geostrophic currents, it is necessary to filter the
MDT to reduce noise before calculating geostrophic currents.
Gauss filtering is performed on the MDT obtained from Eq. (4).
The calculation formula of Gauss filtering is as follows (Siegis-
mund, 2013):

ζP =

∑Q
WP,QiζQi∑Q
WP,Qi

, (11)

P Q
ζP, ζQi

P,Qi WP,Qi

where  is the central mesh point to be filtered;  is the grid dot
within the filtering radius;  are the MDT value of grid dot

, respectively;  is weight and its formulas are as follows
(Siegismund, 2013):


WP,Qi =

√
πσ

e−
di



σ

σ =
β√

 ln 

, (12)

di P and Qi β
di

where  is the spherical distance between points , and 
is the filter radius. The spherical distance  can be derived from
the spherical trigonometry formula:
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Fig. 3.   The errors of CNES-CLS11 (a) and CNES-CLS15 (b).
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Fig. 4.   Standard errors of drifters’ eastward velocities (a) and northward velocities (b).
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di = R

√
sinϑ− ϑi


+ sinλ− λi


cosϑcosϑi, (13)

λ, ϑ λi, ϑi

P Qi

where R is the average radius of the earth; ( ) and ( ) are
the geodetic longitude and latitude of  and , respectively.

Gauss filtering also filters out some ocean signals while re-
moving noise. In order to minimize attenuation of MDT signals
and fully suppress noise, it is necessary to select the optimal fil-
tering length. Geostrophic currents are calculated by the Eqs
(7)–(10) after MDT filtered with different filtering lengths (from
0.6°–1.6°, with a step size of 0.1°). Because there is little drifter
data in polar regions, the global regions considered for calcula-
tion are limited to 60°S–70°N. Drifter data are replaced by 0 in the
region of 3°S and 3°N, which is same as gravity models’ results.
Figure 5 shows that the STD (standard errors) results between
gravity models results and drifter in the Kuroshio and Gulf
Stream areas. When the filter length is 1° for GOCE models and
1.1° for GRACE model, the STD reaches the minimum value in
the Kuroshio and Gulf Stream area. This indicates that beyond
the filter length, the attenuation of the signal outweighs the bene-
fits of noise reduction. Therefore, the filter length chosen for
DIR_R5, DIR_R6, TIM_R5 and TIM_R6 in this paper is 1°, and the
filter length chosen for the ITSG-Grace2018 model is 1.1°.

Table 2 shows that the filtered geostrophic currents have bet-
ter consistency with the drifter results, indicating that the filtered
geostrophic currents have higher precision. The accuracy of geo-
strophic currents from ITSG-Grace2018 is the lowest. The STD
results of the four GOCE models showed little difference about 1
cm. The accuracy of geostrophic currents calculated by TIM_R6
and DIR_R6 is higher than that of TIM_R5 and DIR_R5, respect-
ively.

Figure 6 is the absolute errors of total geostrophic speeds after
using optimal filter length. We can see the error distributions and

range in the figures. The errors of total geostrophic speeds
between gravity field models and drifter are mainly distributed in
the areas with faster speed (such as the Antarctic circumpolar cir-
culation, equatorial region, Kuroshio and Gulf Stream areas). The
absolute errors difference between each gravity model results are
small. We can see their difference more clearly from the STD in
Table 2.

Figures 7 and 8 respectively show the filtered MDT and re-
lated geostrophic current results in the Kuroshio area and Gulf
Stream area. The geostrophic velocities of ITSG-Grace2018 are
relatively low. There is little difference among DIR_R5, DIR_R6,
TIM_R5 and TIM_R6 results. In summary, the accuracy of ocean
surface topography and geostrophic currents calculated by
GOCE are better than those calculated by GRACE.

5  Geostrophic currents of high precision
Gauss filtering can effectively remove the noise, but also filter

out the high frequency information. As a result, the detail fea-
tures of currents in some areas are not obvious. In order to im-
prove the accuracy of the calculation results, this paper adopts
the Remove-restore technique to recover the small-scale details
of geostrophic currents. The Remove-restore technique is to de-
duct the high frequency parts of MDT (remove), so as to facilitate
the subsequent data processing. The high frequency parts are ad-
ded to the MDT to get the desired result finally (restore) (Sjöberg,
2005). In this paper, MDT_CNES-CLS13, a short-scale MDT mod-
el published by CNES with a resolution of (1/4)°, is used to com-
plete satellite-only MDT. The MDT_CNES-CLS13 model is com-
bined with satellite altimetry, temperature and salt, buoy and hy-
drological model data, and solved by direct method, compre-
hensive method and multivariate objective analysis method
(Knudsen et al., 2019). Based on the satellite-only MDT calcu-
lated by previous method in Section 4, MDT_CNES-CLS13 is
filtered by the same filter length and the residuals (MDT_CNES-
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Fig. 5.   Standard errors of the total geostrophic speed differences between gravity models and drifter in Kuroshio area (a) and Gulf
Stream area (b).

Table 2.   STD between the geostrophic currents based on GRACE/GOCE models and drifter results

Gravity field model
Unfiltered velocity Filtered velocity

STD (u)/(m·s–1) STD (v)/(m·s–1) STD (V)/(m·s–1) STD (u)/(m·s–1) STD (v)/(m·s–1) STD (V)/(m·s–1)

DIR_R5 0.771 7.830 12.375 0.091 0.367 0.333

DIR_R6 0.765 7.567 12.118 0.091 0.355 0.321

TIM_R5 0.786 7.706 12.251 0.091 0.359 0.325

TIM_R6 0.767 7.404 11.907 0.091 0.353 0.320

ITSG-Grace2018 1.293 11.702   16.186 0.097 0.377 0.344
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Fig. 6.     The absolute errors of total geostrophic speeds calculated by different gravity field models. a. DIR_R5-drifter model, b.
DIR_R6-drifter model, c. TIM_R5-drifter model, d. TIM_R6-drifter model, and e. ITSG-Grace2018-drifter model.
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CLS13 minus the filtered MDT_CNES-CLS13) are added to the
satellite-only MDT (Rio et al., 2014).

The satellite-only MDT selected here is the MDT obtained by
TIM_R6. It can be seen from Table 3 that the STD of the eastward,
northward and total speeds of geostrophic currents calculated by
TIM_R6 dropped to 0.077 m/s, 0.209 m/s and 0.162 m/s after the
remove-restore technique. And the accuracy of geostrophic cur-

rents after remove-restore technique is higher than that of
MDT_CNES-CLS13. It can be seen that the geostrophic current
speeds after the remove-restore technique are closer to the drift-
er results in Fig. 9.

6  Conclusions
The geostrophic currents calculated by different filter lengths
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Fig. 7.   Mean dynamic topography (shadding) and corresponding geostrophic currents (black arrows) in the Kuroshio area. a. DIR_R5
model, b. DIR_R6 model, c. TIM_R5 model, d. TIM_R6 model, e. ITSG-Grace2018, and f. drifter.
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have been compared with the drifter results in this paper and the
optimal filtering length of DIR_R5, DIR_R6, TIM_R5 and TIM_R6
is 1°, and that of ITSG-Grace2018 model is 1.1°. The STD of
filtered total geostrophic speeds based on TIM_R6, DIR_R6,
TIM_R5, DIR_R5 and ITSG-Grace2018 models are 0.320 m/s,
0.321 m/s, 0.325 m/s, 0.333 m/s and 0.344 m/s, respectively. And
the absolute errors are mainly distributed in the areas with faster
speed (such as the Antarctic circumpolar circulation, equatorial
region, Kuroshio and Gulf Stream areas). It can be concluded
that the accuracy of geostrophic currents calculated by GOCE
gravity field model is higher than that of GRACE. This is due to
GOCE’s gravity gradient measurement technology can effectively
detect gravity signals of medium-short wave and small-scale cur-

rents. However, due to the truncation of geoid and filtering, there
is still a gap with drifter results. The accuracy of geostrophic cur-
rents is improved obviously and the high frequency information
is recovered after using the Remove-restore technique.
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Fig. 8.   Mean dynamic topography and corresponding geostrophic currents (velocities are displayed as black arrows) in the Gulf
Stream area. a. DIR_R5 model, b. DIR_R6 model, c. TIM_R5 model, d. TIM_R6 model, e. ITSG- Grace2018 model, and f. drifter.

Table 3.   STD of geostrophic currents between the different MDT and drifter results

MDT models
STD of geostrophic current/(m·s–1)

STD (u) STD (v) STD (V)

TIM_R6 before remove-restore 0.091 0.353 0.320

TIM_R6 after Remove-restore 0.077 0.209 0.162

MDT_CNES-CLS13 0.080 0.233 0.186
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