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ABSTRACT

The Gravity Field and Steady-State Ocean Circulation Explorer (GOCE) and satellite altimetry can
provide very detailed and accurate estimates of the mean dynamic topography (MDT) and geostrophic
currents in China’s marginal seas, such as, the newest high-resolution GOCE gravity field model GO-
CONS-GCF-2-TIM-R4 and the new Centre National d’Etudes Spatiales mean sea surface model
MSS_CNES_CLS_11 from satellite altimetry. However, errors and uncertainties of MDT and geostrophic
current estimates from satellite observations are not generally quantified. In this paper, errors and un-
certainties of MDT and geostrophic current estimates from satellite gravimetry and altimetry are investigated
and evaluated in China’s marginal seas. The cumulative error in MDT from GOCE is reduced from 22.75 to
9.89 cm when compared to the Gravity Recovery and Climate Experiment (GRACE) gravity field model ITG-
Grace2010 results in the region. The errors of the geostrophic currents from GRACE are smaller than from
GOCE with the truncation degrees 90 and 120. However, when the truncation degree is higher than 150,
the GRACE mean errors increase rapidly and become significantly larger than the GOCE results. The geo-
strophic velocities based on GOCE-TIM4 have higher accuracy and spatial resolution, and the mean error is

about 12.6cms ™!, which is more consistent with the in situ drifter’s results than using GRACE data.

1. Introduction

China’s marginal seas include the South China Sea,
East China Sea, Bohai Sea, and Yellow Sea, which con-
nects the Pacific Ocean, Indian Ocean through Taiwan
Strait, Luzon Strait, and Malacca Strait, and the Sea of
Japan through the Korea Strait (Zhou et al. 1994; Jin
et al. 2013). The China’s marginal seas have received
attention in oceanography research, and one of the im-
portant research issues is to understand the patterns of
ocean circulation (Liu et al. 2008). The upper-ocean
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circulation of China’s marginal seas is very complex,
which is influenced by the monsoon field over the sea,
coastal rivers into the sea, the Kuroshio, nonlinear ef-
fects of tide, and topography. Therefore, a thorough
study and understanding of the upper-ocean circulation
in China’s marginal seas are very important.

The geostrophic currents are closely related to the
mean dynamic topography (MDT), which is defined as the
difference between the mean sea surface (MSS) height
and the geoid (Feng et al. 2013). Currently, satellite al-
timetry can monitor sea level change with high accuracy
and resolution, so the accuracy of global geoid models is
the main limitation in estimating an ocean’s MDT and the
geostrophic currents (Losch and Schroter 2004; Stammer
et al. 2007). Nowadays, the new generation of satellite
gravimetry provides a unique opportunity to estimate


mailto:sgjin@shao.ac.cn
mailto:sg.jin@yahoo.com

NOVEMBER 2014

high-precision global geoid models (e.g., Jin et al. 2010,
2011). For example, the European Space Agency (ESA)
launched a new Gravity Field and Steady-State Ocean
Circulation Explorer (GOCE) satellite in 2009, which
carries a highly sensitive gravitational gradiometer to
detect fine gravity gradient differences. One of GOCE
mission objectives is to determine the 1-2-cm geoid at
a spatial resolution of less than 100 km (Drinkwater et al.
2007). The GOCE mission provides a new opportunity
in determining the ocean’s MDT with high accuracy
and spatial resolution. Here we used the newest gravity
field model GO-CONS-GCF-2-TIM-R4 (hereafter
GOCE-TIM4), which is a GOCE-only solution based on
measurements from November 2009 to June 2012 (ap-
proximately 26.5 months of effective data). The GOCE-
TIM4 model is a least squares solution using full normal
equations for GPS satellite-to-satellite tracking (SST)
and four components of gradiometry (Pail et al. 2011).
Numerous studies on the global and regional MDT
and geostrophic currents have been reported using the
GOCE data, such as in the Arctic (Farrell et al. 2012),
North Atlantic (Bingham et al. 2011), and global and re-
gional oceans (Knudsen et al. 2011; Sanchez-Reales et al.
2012). The Southern Ocean was investigated by Albertella
et al. (2012) and Janji¢ et al. (2012), and the Antarctic
Circumpolar Current was studied by Feng et al. (2013).
There are two limitations to a detailed ocean circulation
determination in China’s marginal seas from satellite. First,
the errors in the MDT may be larger near the coast than
in the deep ocean regions, although satellite altimetry data
have been increasingly applied toward coastal oceans in
recent years (e.g., Vignudelli et al. 2011; Liu et al. 2012).
Second, besides the Kuroshio, multiscale eddies play an
important role in ocean circulation variability in China’s
marginal seas, as seen from both satellite-derived geo-
strophic currents (e.g., Liu et al. 2008) and in situ obser-
vations (e.g., Yuan et al. 1998; Liu et al. 2000). Small errors

N(O,A, 1) =

GM" Nia" (a’f’
p

Yo n=0

where (9, A) is the geographic colatitude and longitude,
GM is the gravitational constant times the total mass, r is
the radial distance of computation point from geocenter,
a is the mean radius of the earth, vy, is the normal gravity
at reference ellipsoid, Py, are the fully normalized as-
sociated Legendre functions of degree / and order m,
and (AC,, AS,,,) are the residual coefficients of the
spherical harmonic series after subtracting the coefficients
of the normal potential from the gravitational potential;
superscript ¢, denotes the fixed values referring to the
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Fi1G. 1. Difference of geoid between the GOCE (GOCE-TIM4)
and GRACE (ITG-Grace2010) in China’s marginal seas with up to
degree and order 180.

and uncertainties in geostrophic velocity calculations may
affect the interpretation of the ocean circulation patterns.
In this paper, the errors and uncertainties of MDT and
geostrophic velocities are investigated and analyzed in
China’s marginal seas based on the newest satellite gravity
field models and mean sea surface model. Section 2 pres-
ents the observation data and model. Section 3 shows the
methods of MDT and geostrophic current error estimates
as well as results. The conclusions are given in section 4.

2. Observation data and models
a. Geoid

The geoid is an equipotential surface, which is most
closely coincided with mean sea level. The geoid height
can be expressed approximately by spherical harmonic
coefficients as follows (Chao and Gross 1987):

n n
—) Y. (ACP, cosmA + AS? sinmA)P, (cosd), (1)
m=0

Ocean Topography Experiment (TOPEX/Poseidon)
reference ellipsoid. Using the gravity field coefficients
from GOCE or from the Gravity Recovery and Climate
Experiment (GRACE), the geoid can be determined.
Here we compare the geoid derived from the
GOCE-TIM4 with the latest GRACE gravity model ITG-
Grace2010 (Mayer-Giirr et al. 2010). The ITG-Grace2010
is a static gravity field model with spherical harmonic de-
gree and order of up to 180, which is based on the
GRACE-only measurements from August 2002 to August
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2009. Figure 1 shows the difference of geoids between the
ITG-Grace2010 and GOCE-TIM4 in China’s marginal
seas. The difference is up to 0.80 m with some significant
striations in the South China Sea and the North Pacific
Ocean.

b. Mean sea surface

The geodetic MDTs are calculated by subtracting the
geoid heights from a MSS. Here we use the mean sea
surface model MSS_CNES_CLS_11 provided by Col-
lecte Localisation Satellites (CLS). The model has been
computed using 16 years of TOPEX/Poseidon, European
Remote Sensing Satellite-2 (ERS-2), Geosat Follow-On
(GFO), Jason-1, and Environmental Satellite (Envisat)
mean profile and the two 168-day nonrepeat cycle data
of the ERS-1 geodetic phase (Hernandez et al. 2000;
Hernandez and Schaeffer 2000). The model provides MSS
at regular grid with a Y/3° (2min) spacing (i.e., ~4km).
This model also provides estimation errors from the local
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FIG. 2. MSS over China’s marginal seas.

inverse technique and calibrated results of crossover point
analysis of altimetric data. Figure 2 shows the MSS in
China’s marginal seas, and Fig. 3 shows the MSS errors
in China’s marginal seas near the coasts and along the
coastlines, such as the Philippine Islands and Japan
Islands, where the MSS errors are up to 4 cm.

(b) GOCE_N_error
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FIG. 3. Errors of the MSS_CNES_CLS_11 in China’s marginal seas. (top) Errors of the geoid from different gravity
models in China’s marginal seas: (a) ITG-Grace2010 and (b) GOCE-TIM4.
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FIG. 4. The MDT in China’s marginal seas based on (a) the ITG-Grace2010 gravity model and (b) the GOCE-TIM4
gravity model.

3. Errors in MDT and geostrophic velocities
a. Errorsin MDT

The geodetic MDT (H) is defined as the difference
between the MSS height / and the geoid height N:

H=h—-N. @)

To compute a consistent geodetic MDT, the geoid
and the MSS are referred to the same coordinate sys-
tem and reference ellipsoid, while the permanent tide
should be treated consistently (Hughes and Bingham
2008; Bingham et al. 2008; Haines et al. 2011). Here, the
geoid and MSS are referred to the TOPEX/Poseidon
ellipsoid and defined in the mean tide system (no per-
manent tide effects are removed). The MSS height A
can be expanded as a sum of spherical harmonic co-
efficients as

j/

L !
h(9,A)=RY, (Cf’m cosmA + Sf’m sinmA) P, (cosd).
=0 m=0

)

Based on Egs. (1)—(3), the MDT can be represented as
aseries of spherical harmonic functions (Albertella et al.
2012; Feng et al. 2013):

l —
D (Cﬁln cosmA + SH, sinmA)P,, (cosd),

M=

H(9,1) =R
1=0 m=0
4)
H _ b
where { c,’im B C;,m Cl’"; the coefficients Cf,[n, St are
Slm = Slm - Slm

the difference between the filtered coefficients of the

spherical harmonic expansion of the MSS (Cf‘m, St );and
(Cim, Sin) are from the gravity models.

Over land, the MSS_CNES_CLS_11 contains the
EIGEN_GRACE_5C mean geoid. To compare ITG-
Grace2010 with GOCE-TIM4 results, we replace the
EIGEN_GRACE_5C mean geoid with the GRACE/
GOCE geoid. In our case the MSS is complemented
on land by geoid heights (GRACE/GOCE gravity
models):

(on ocean)

hext — h
Ngrace/goce (on land)

Then we translate the grid MSS to the spherical
harmonic coefficients (Albertella and Rummel 2009;
Feng et al. 2013). Since the spatial resolution of MSS is
significantly higher than the gravity models, these
short-scale features involved in the MDT should be
removed by filtering to make sure that the geodetic
MDTs are consistent with the spatial resolution of the
gravity field.

Here we apply a Gauss filter with a half-weight ra-
dius r of the filter that is related to the harmonic de-
gree L of the spectrum (r=20000/L) (Jekeli 1981;
Wabhr et al. 1998). Figure 4 shows the MDT computed
from the gravity model ITG-Grace2010 (Fig. 4a) and
MDT computed from the GOCE-TIM4 (Fig. 4b). The
filtering is up degree L = 180. When compared with
each other, the GRACE MDT results have some er-
rors, indicated by contour lines that are not very
smooth.

The error variance—covariance matrix Cyy of H from
Eq. (4) is expressed as
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(b) GOCE_MDT _error
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FIG. 5. The propagated errors from the harmonic coefficients to the MDT in China’s marginal seas based on (a) the
ITG-Grace2010 gravity model and (b) the GOCE-TIM4 gravity model.

Chn =Cpy T Cyn —2C,y ®)

where Cy,, is the variance—covariance matrix of the MSS
(h), Cyy is the variance—covariance matrix of N and Cjy
is the covariance matrix between # and N. The corre-
lations between N and 4 are assumed to be zero, since
both of these are derived from independent measure-
ments. By simplification, we can get

C,y=C,,+Cuy- (6)
For the geoid errors, we confine the Cpy matrix to

its diagonal part—that is, to the error variances—
neglecting the correlations between the spherical

h 21 T
{"C,jm } - J d/\J sind d -
USlm 47TR 0 0

The MSS error harmonics coefficients should be fil-
tered, and the Gaussian filter is applied to MSS and
N when combined. We can use the following func-
tion to consider the filter’s influence: (EC;m)2 =
(W)*(@Cin)?, @Sim)> = (W))*(0Si,m)?, where W, is the
Gaussian filter. From error variances of the satellite
gravity field model’s harmonic coefficients and error
variances of MSS estimate, we can obtain the informal
errors of the geodetic MDTs based on Eq. (6). As
shown in Fig. 5, the total mean uncertainty of ITG-
Grace2010 MDT is around 22.75cm, while the un-
certainty of the MDT using GOCE-TIM4 is about
9.89cm to the same degree and order of 180. The

harmonic coefficients of the gravity model. For the
MSS errors, we should translate the grid MSS errors
into harmonics coefficients while the truncation de-
gree should be the same as gravity models. The MSS
errors can be described as

L /
ch(9,A)=R Y, Y, (¢C! cosmr
[=0 m=0
I

+ O'Sﬁ” sinmA)P,, (cos?). (7)

Using the grid MSS error oh(9, A), we can calculate

(oCy.,, oSl ) in the following function

ah(ﬁ,/\)sz(COSﬁ){ gions(%)) } ' N

errors along the coastlines and near the islands are
larger, mainly because of the sparse satellite altimetric
data in these regions. To further analyze the un-
certainties of these two geodetic MDTs, we conducted
a statistical analysis. Figure 6a shows that most RMSs
based on ITG-Grace2010 MDT are located in the 16—
28-cm range, with almost 51% in the 16-20-cm range,
37% in the 20-24-cm range, and 5% in the 24-28-cm
range. The RMSs with errors larger than 28cm are
focused along the coastlines. In Fig. 6b, most RMSs
based on GOCE-TIM4 MDT are located in the 4-12-cm
range with almost 46% in the 4-8-cm range and 43% in
the 8-12-cm range (see Table 1). Therefore, the RMS of
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FIG. 6. RMS probability density distribution based on
(a) ITG-Grace2010 MDT and (b) GOCE-TIM4 MDT.

the GOCE-TIM4 MDT is significantly smaller than the
ITG-Grace2010 results at each grid point, especially
along the coastlines and near the islands. The percent-
ages of geoid errors in the geodetic MDT errors are
further given. As shown in Fig. 7, for ITG-Grace2010
MDT, the geoid error is the main source in China’s
marginal seas, and the percentage is up to 90% in most
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where g is the gravitational acceleration, f = 2() cos? is
the Coriolis parameter depending on colatitude 4, () is
the angular velocity of the earth, R is the mean earth
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regions. Along the coastlines and inlands, the percent-
age is much smaller by nearly 50%. The geoid error
accounts for 85.35% of the ITG-Grace2010 MDT errors.
For the GOCE-TIM4 MDT, the phenomenon is oppo-
site. In the East China Sea, South China Sea, and North
Pacific Ocean, the percentage is between 55% and 70%.
The geoid error accounts for 67.71% in the GOCE-
TIM4 MDT errors. Therefore, the GOCE-TIM4-
derived MDT is significantly more accurate than the
ITG-Grace2010 MDT results. And the percentage of
the GOCE-TIM4 geoid error in the MDT errors is much
smaller than the ITG-Grace2010 results.

We also calculated the errors of the geodetic MDTs
as a function of truncation degrees. Figure 8 shows
the cumulative error of geodetic MDTs based on
ITG-Grace2010 and GOCE-TIM4 in China’s mar-
ginal seas for truncation degree of up to L = 90, 120,
150, and 180. When the truncation degrees are 90
and 120, the errors of ITG-Grace2010 MDT are less
than the GOCE-TIM4 MDT errors. However, the
GOCE-TIM4 accuracy is improved for degrees of
higher than 150 when compared to ITG-Grace2010.
The MDT’s errors show that the ITG-Grace2010
MDT is precise in the lower truncation degree (less
than 120), while GOCE-TIM4 MDT can capture the
shorter scale information very accurately (higher
than degree 150).

b. Errors in geostrophic velocities

The surface geostrophic currents are directly related
to the gradient of MDT. The surface geostrophic ve-
locities (us, vs) can be calculated as

, =800 _ g oH
s” fay  fRo9
goH g oH
=897 _¢ . 9
YsTFox  f Rsindor ©)

Based on Eq. (4), the surface velocities can be expressed
in spherical harmonic coefficients as

L I —
Z Y R(Clm cosmA + S m SINMA) P}, (costt)

(10)

radius, and F}; is the first derivative with respect to ¢ of the
associated Legendre function Pj,. For the surface geo-
strophic currents vectors, the direction is A = arctan(u/vy)
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TABLE 1. Statistical results (%) of RMS probability density distribution based on ITG-Grace2010 MDT and GOCE-TIM4 MDT.

4-8 8-12 12-16 16-20 20-24 24-28 28-32 32-36 3640 4044 >44
GRACE 0 0 0 0.51 0.37 0.05 0.01 0.02 0.02 0.01 0.01
GOCE 0.46 0.43 0.01 0.02 0.02 0.02 0.02 0.01 0.01 0 0

and the length is V = \/u2 + v2 (Elema 1993). Based on
Eq. (10), we can calculate the geostrophic currents ve-
locities from geodetic MDTs.

To assess the geostrophic currents from geodetic
MDTs, a comparison with independent drifter data was
performed. Here we use the drifter-derived global near-
surface currents (Lumpkin and Johnson 2013). The
near-surface currents covering the areas from 73°S to
85°N, at annual mean and one-half degree resolution,
are derived from satellite-tracked drifters of the Global
Drifter Program (Niiler 2001; Lumpkin and Pazos 2007).
Since near-surface currents include geostrophic cur-
rents, Ekman currents, and high-frequency ageostrophic
currents, we have to remove the influence of Ekman
currents in order to perform a consistent comparison
with the geostrophic currents from geodetic MDTs.
Here the wind stress and the local Coriolis parameter
were used to estimate the Ekman component (Ralph
and Niiler 1999). In this study, the wind stress was cal-
culated from the surface winds using a constant neutral
drag coefficient of 1.2 X 10~>. The daily winds were from
the National Centers for Environmental Prediction—
National Center for Atmospheric Research (NCEP-
NCAR) reanalysis (Niiler and Paduan 1995; Pazan and
Niiler 2001).

Figures 9a—d show the mean geostrophic velocities in
China’s marginal seas estimated from ITG-Grace2010,
GOCE-TIM4, drifters’ measurements, and the CNES_
CLS_09 (Rio et al. 2011), respectively. The general

circulation pattern of the Kuroshio is clearly seen from
the GRACE, GOCE, drifters’ measurements, and
CNES_CLS_09. North Equatorial Currents between 10°
and 17°N turn to the north in the Philippines and form the
Kuroshio. The Kuroshio branches off into two sub-
branches in the Luzon Strait. One portion enters the
South China Sea and the other one continues to flow
northeastward from southeastern Taiwan and along the
eastern coast of Japan following the continental slope. At
about 35°N, 140°E near the coast of Japan, the Kuroshio
leaves the boundary, flowing east into the North Pacific as
the Kuroshio Extension.

Some details are different in the four maps. Along the
coastlines, the GRACE results are seen to be noisier,
especially in the Bohai Sea and the Taiwan Strait. For
the North Equatorial Currents, the GRACE results are
unordered, especially in the directions of the currents,
while the GOCE results have a quite close agreement
with the drifters’ results. In Table 2 we give the RMS and
correlation coefficients between GRACE, GOCE, and
the drifters’ results in China’s marginal seas. In terms of
total velocities, the GOCE RMS is just 16.1cm s,
while the GRACE RMS is 18.20cms™'. In the eastern
direction, the GOCE RMS is 14.0cms ™!, while GRACE
RMS is 15.3cms ™ L. In the northern direction, the GOCE
RMS is 15.18cms ™', while GRACE RMS is 16.0cms ™.
The correlation coefficients of the GRACE results are
0.40 in total velocities, 0.60 in the eastern direction,
and 0.21 in the northern direction, while the correlation

48°N
40°N
32°N
24°N

105°E 120°E 135°E 150°E

40% 50% 60% 70% 80% 90%
FIG. 7. The geoid error accounted for in the geodetic MDT errors in China’s marginal seas based on
(a) ITG-Grace2010 and (b) GOCE-TIM4.



2551

NOVEMBER 2014 JIN ET AL.
15 Degree: 90 5 Degree: 120
. —
g 1 g — GRACE
@ o 1 — GOCE
50.5 5
0 0
10 20 30 40 50 10 20 30 40 50
latitude latitude
Degree: 150 Degree: 180
5 30
4 N \&
E N £ 20
-"2 3 \ B
= =
2
1 0
10 20 30 40 50 10 20 30 40 50
latitude latitude

FIG. 8. The cumulative error in geodetic MDTs based on ITG-Grace2010 and GOCE-TIM4 in China’s marginal seas
for degrees of up to L = 90, 120, 150, and 180.

coefficients of the GOCE results are 0.73 in total veloc-
ities, 0.65 in the eastern direction, and 0.26 in the
northern direction, much closer to drifters’ results than
the GRACE in China’s marginal seas. We can see clearly
that the CNES—CLS_09 result is smaller than the
drifters’ results (Fig. 9d). We also calculate the RMS
and correlation coefficients between CNES_CLS_09
and the drifters’ results (Table 2), and the RMS of

(ou,)? = (5>2— S S R
s f) R2(sin®)? (=0 m=o i

We can obtain the error coefficients (o0Cj., oS/1 ) of

MDT. Therefore, we can calculate the errors of geo-
strophic velocities based on Eq. (9). We also calculated
the errors of the geostrophic surface velocity fields based
on GRACE and GOCE models as a function of

CNES_CLS_09 is almost located between the GOCE
and GRACE results in China’s marginal seas.

The accuracy of the surface geostrophic velocity fields
depends on the accuracy of the spherical coefficients of
the geodetic MDTs as well as omission errors for the
higher-order spherical harmonic constituents omitted in
the geodetic MDT. Based on Eq. (10), the errors of
geostrophic velocities can be described as

R*[(oC1 )% (cosmh)? + (aSiE, )2 (sinmh)2][P), (cosd)]?

)2(cosm)* + (oSH )2 (sinm [P, (cos9)]*. (11)

truncation degree. Figure 10 shows the cumulative error
of the geostrophic velocities to degrees of up to L = 90,
120, 150, and 180. The GRACE errors of geostrophic
currents are smaller than the GOCE results for trunca-
tion degrees of 90 and 120, which indicate that the
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(a) Geostrophic currents based on GRACE MDT
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(b) Geostrophic currents based on GOCE MDT
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FIG. 9. Geostrophic velocities in China’s marginal seas from (a) GRACE geoid (ITG-Grace2010), (b) GOCE geoid
(GOCE-TIM4), (c) drifters’ measurements, and (d) CNES-CLS09 MDT.

accuracy of ITG-Grace2010 is better than GOCE-TIM4
for the low degree (Figs. 10b,c). However, when the
truncation degrees are 150, the GRACE mean errors
rapidly increase to 9.83cms ™' and become larger than
the GOCE results. The mean errors of the GRACE re-
sults increase from 9.8 to 40.1cms™ ' for a truncation
degree of 180. The total mean error from the ITG-
Grace2010 model is around 40.1 cms ™!, while the mean
RMS error from GOCE-TIM4 is about 9.7cms ™. The
mean error in the eastern direction from the ITG-
Grace2010 model is around 30.3cms !, while the
GOCE-TIM4 result is about 7.8cms™'. Comparing
Fig. 10a with Fig. 10b, there is only a little difference at
the truncation degree of 150, which means that the east
components of ITG-Grace2010 are almost the similar
to the GOCE-TIM4 results. The northern direction’s
mean error based on the ITG-Grace2010 model is
around 29.1 cms™ !, while the GOCE-TIM4 result is
about 5.6cms ! (Fig. 10c). For the northern di-
rection’s mean error, the GRACE mean errors are
larger than the GOCE-TIM4 results when the trunca-
tion degree is 120. In Fig. 10, we can find that when it is
closer to the equator, the errors of geostrophic veloc-
ities are larger for both GRACE and GOCE results.
The reason is that when we calculate the errors, the
latitude is close to the equator, the Coriolis parameter

is close to 0, and the larger errors of geostrophic ve-
locities will be obtained.

4. Conclusions

In this paper, errors and uncertainties of MDT and
geostrophic currents in China’s marginal seas have been
investigated and analyzed. For the MDT, the total mean
RMS of ITG-Grace2010 MDT is around 22.75 cm, with
almost 51% of the RMS in the 16-20-cm range and 37%
in the 20-24-cm range, while the RMS of the GOCE-
TIM4 MDT is about 9.89 cm, and almost 46 % falls in the
4-8-cm range and 43% in the 8-12-cm range. The RMS
of the GOCE-TIM4 MDT is significantly smaller than
the ITG-Grace2010 results at each grid in China’s
marginal seas, especially near and along the coastlines

TABLE 2. Comparison of geostrophic current velocities from
GRACE and GOCE with the drifters’ results in China’s marginal
seas; corr = correlation coefficients.

\% Uy Vs
RMS Corr RMS Corr RMS Corr
GRACE 18.2 0.40 15.3 0.60 16.0 0.21
GOCE 16.1 0.43 14.0 0.65 15.2 0.26
CNES-CLS09 174 0.42 14.9 0.59 16.0 0.25
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