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Abstract:

Two time series of deep ocean bottom pressure records (BPRs) in between the Crozet Islands and
Kerguelen are compared with GRACE (Gravity Recovery And Climate Experiment) equivalent water
heights. An analysis of the correlation is performed for four time series: 1) monthly averages of the
equivalent water height at the Crozet Islands, 2) the same near the Kerguelen Islands, 3) the mean of
the two preceding series and 4) the difference between the two locations expressed in terms of
geostrophic transport. We find that smoothed GRACE solutions are strongly correlated with the BPR
data with correlation coefficients in the order of 0.7—0.8. Consequently GRACE measures real oceanic
mass variations in this region.
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Abstract. Two time series of deep ocean bottom pressure records (BPRs)
in between the Crozet Islands and Kerguelen are compared with GRACE
(Gravity Recovery And Climate Experiment) equivalent water heights. An
analysis of the correlation is performed for four time series: 1) monthly
averages of the equivalent water height at the Crozet Islands, 2) the same
near the Kerguelen Islands, 3) the mean of the two preceding series and 4)
the difference between the two locations expressed in terms of geostrophic
transport. We find that smoothed GRACE solutions are strongly correlated
with the BPR data with correlation coefficients in the order of 0.7 — 0.8.
Consequently GRACE measures real oceanic mass variations in this region.

Introduction

The GRACE mission (Gravity Recovery And Cli-
mate Experiment), launched in 2002, continuously mea-
sures the Earth’s gravity field. Temporal variations in
gravity are caused by the redistribution of masses origi-
nating from sources such as the atmosphere, ocean, hy-
drology, ice-sheets or the solid earth (eg. Tapley et al.
[2004]).

Compared to the gravity signal of continental hydrol-
ogy the contribution of the ocean is in general much
weaker (Wahr et al. [1998]). Detecting these variations

from GRACE therefore represents a major challenge,
but would be of great value for climate studies and val-
idation of ocean models.

The validation of the GRACE data using indepen-
dent in situ bottom pressure measurements, has not
been accomplished so far. Kanzow et al. [2005] already
compared in situ bottom pressure in the tropical north-
west Atlantic ocean. However, no significant correla-
tion between GRACE and the BPR data was found
in that analysis. In this article we compare GRACE
fields, processed by CNES/GRGS (Toulouse, France),
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with two time series of in situ bottom pressure in the
southern section of the Indian Ocean.

Several large-scale oceanic phenomena justify the de-
ployment of the BPRs. This region is characterized
by the presence of a merged set of strong fronts north
of the Crozet Islands and Kerguelen accounting for
around 75% of the total Antarctic Circumpolar Cur-
rent (ACC) transport (Park et al. [1993]). Furthermore,
Park et al. [1993] suggested that through the passage
between Crozet and Kerguelen a deep western bound-
ary current is flowing northwards into the Crozet Basin.

In this study it is demonstrated that GRACE has the
ability to measure temporal variations of ocean bottom
pressure in the Crozet-Kerguelen region.

Data sets

Bottom Pressure Recorders

The analysis is performed using data of two BPRs
which were deployed at approximately 4000 m depth at
(47.12 ° S, 54.90 ° E) and (48.83 ° S, 61.28 ° E), re-
spectively. These positions, separated by 510 km, are
on either side of the saddle point in between the Crozet
plateau and the Kerguelen plateau as can be seen from
the bathymetric contours in figure 1. The period cov-
ered February 2004 until February 2005 with a temporal
resolution of 15 minutes.

The BPRs effectively measure the mass of the overly-
ing water column plus that of the atmosphere. Hence,
mass fluctuations in the ocean and atmosphere above
the BPR induce pressure variations. Through the Cori-
olis force, differences of pressure anomalies measured at
different locations are linked to geostrophic current ve-
locity changes. Thus, large-scale mass transports can
be measured by a set of at least two BPRs. When as-
suming geostrophy, the variation of the mean vertically
averaged transport between the two stations can be de-
rived from Kanzow et al. [2005] [eq. 2].
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In which §V is the change of the mean vertically aver-
aged geostrophic transport. The change in pressure at
station 1 and 2 is denoted by dp; and dp2, py, is the den-
sity of the seawater. The unit vector €, points in the
zenith direction and the vector €5 connects the two
stations. The Coriolis parameter f is taken constant
using a latitude of 48°, which is the average latitude of
the BPR stations. The vertical scale height H is set to
4000 m, the average depth of the two BPRs. This choice

is justified since the flow is predominantly barotropic in
regions where the ACC is present (Hughes et al. [2003]).

For this study, the BPR time series were de-tided by
applying a harmonic fit of 73 tidal constituents on the
data. Then, the BPR data is smoothed with a 30 day
running mean centered on a 10 days time axis, according
to the same weighting scheme that is applied to the
GRGS-GRACE solution.

GRACE data

The GRACE data used is processed by CNES/GRGS
in France (Biancale et al. [2005]). They consist of 30-
day solutions of the mean gravity field expressed in
Stokes coefficients up to the degree 50 every 10 days.
The relative weights applied for the three consecutive
ten-day intervals of each monthly solution are 0.5/1/0.5.
LAGEOS satellite laser ranging data is used to increase
the accuracy of the lower degree coeflicients, mainly for
degree 2. For the higher degree coefficients, effectively
from degree 30 and onward, the solution is constrained
toward the static gravity field. The effective spatial res-
olution is therefore approximately 666 km (Llubes et al.
[2006]). The data has been corrected for ocean tides
using the FES2004 model (LEGOS Toulouse) as well
as earth tides (according to IERS Convention 2003).
Aliasing of high frequency atmospheric and ocean vari-
ability has been taken into account by using ECMWF
3-D atmospheric pressure fields and a barotropic ocean
model, MOG2D (see Carrére and Lyard [2003]). How-
ever, in our case, monthly averages of the atmospheric
fields and the barotropic ocean are added back to the
solution as explained below, since those effects are mea-
sured by the in situ bottom pressure recorder.

The procedure to obtain the bottom pressure at the
BPR locations is as follows. We first subtract a sta-
tic gravity model, EIGEN-GL04S (GRGS/GFZ) from
the monthly GRACE solution. Degree 1 coefficients
derived from a geo-center motion model from Crétaux
et al. [2002] are added back as recommended in Cham-
bers et al. [2004]. The gravity field is then smoothed to
remove noise of the higher degree coefficients and con-
verted to bottom pressure using a similar equation as
from Wahr et al. [1998]:

20+1

a e
Appott (6, X) = 93/) Zlele(cos ®)
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[AClm cos(mA) + AS;, sin(m)\)} (2)

Here Appoit(¢p, A) is the change in bottom pressure
at the geographical location with colatitude ¢ and lon-
gitude X\. AC}, and ASj,, are the fully normalized
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stokes coeflicients of the gravity field relative to the sta-
tic gravity field (EIGEN-GL04S). The associated nor-
malized Legendre polynomial of degree [ and order m
is denoted by Py, (cos¢). The load Love numbers k;
are calculated following Han and Wahr [1995]. Sym-
bols a, pe and g are the Earth’s mean radius, mean
density and mean gravity respectively. W; denotes the
Gaussian smoothing weight factor.

Finally, the smoothed averaged atmospheric and
barotropic ocean model is added back. The GRACE
derived bottom pressures for the two BPR locations
are used to calculate §V as in eq. 1. We used vari-
ous smoothing radii to investigate the effect it has on
the solution.

Bottom pressure comparison with
GRACE

Here, a correlation analysis on the derived GRACE
solution and the equivalent BPR set is performed. We
compare the four time series for 1) bottom pressure near
Crozet, 2) bottom pressure near Kerguelen, 3) the mean
pressure of both locations representative for the mid-
point and 4) the change of vertically averaged mean
geostrophic transport through the BPR section.

Figure 2 shows the four above mentioned time series
of the averaged BPRs, GRACE and the monthly av-
eraged ocean and atmosphere models. The first three
series show strong similarities in signatures and magni-
tudes. Standard deviations of the BPR series are com-
parable to those of the GRACE series. Furthermore,
the approximate signal to noise ratio, the ratio of the
variance of the GRACE series and the variance of the
difference between the BPR and GRACE series, are 1.5,
1.2, 1.8 respectively.

Figure 2 (d) displays a much weaker agreement be-
tween the series of V. The BPRs measure a significant
variation in transport through the section in the order
of 20 Sv whereas GRACE and the models show only
little variation. Consequently, the signal to noise ratio
is 0.37. The cause for this is the smoothing process
applied to the GRACE solutions. As the separation be-
tween the stations is small compared to the smoothing
radii used, the GRACE solutions at the two locations
are correlated. When considering differences, the asso-
ciated signals in common would be subtracted decreas-
ing the true variation of the signal. Although the per-
formance of GRACE is less than the first three series it
appears to perform better than the atmosphere/ocean
model alone.

Figure 2 (a-c) shows a large discrepancy in the first

few months between GRACE and the BPR series. The
ocean and atmosphere model also display this feature.
This discrepancy could partly be caused by a possible
initial drift in the BPR measurements not uncommon
for deep ocean pressure recorders (Vassie et al. [1994])
and indicated by relative drifts of the two pressure chan-
nels in the BPRs, which occur in the first month. Addi-
tionally, it could also reflect some physical phenomena
not properly reproduced by the barotropic ocean model
and the atmosphere model. This will result in alias-
ing of unmonitored high frequency ocean or atmosphere
phenomena in the GRACE solution.

Table 1 lists the correlations of GRACE with the
BPRs. Already for smoothing radii around 800 km
strong correlations exist in the order of 0.8. The high
correlation levels support the discussion above. In par-
ticular, the correlation is greatly increased when remov-
ing the first two months of the time series. This effect
is strongest for the Crozet position .

The confidence intervals at the Kerguelen position
are slightly tighter and high correlations are reached
for smaller radii than Crozet. This leads to the conclu-
sion that GRACE represents the true bottom pressure
somewhat better at the Kerguelen BPR. Possibly, due
to the smoothing process, the GRACE solution near
Crozet is more sensitive to contamination by signals
from the nearby fronts.

For all four time series the monthly averages of the
MOG2D and the ECMWF data show a weaker correla-
tion with the BPR series. Relative to GRACE and the
BPRs the models display a considerable drift. The good
correlations found earlier can therefore be contributed
to the GRACE data and are not due to the ocean and
atmosphere models only.

The good agreement between the series suggests that
the BPRs measure predominantly a large-scale signal.
A regional plot in Fig. 1 shows such a large-scale sig-
nal overlying the Kerguelen plateau. This signal could
correspond to the observation of Meredith and Hughes
[2004] who suggested that wind curl anomalies around
the plateau caused Ekman flow onto the Kerguelen
plateau increasing the overlying mass. Furthermore, the
averaged BPR time series at the two location correlate
with each other in the order of 0.45 — 0.6, which also
illustrates that the in situ measurements are represen-
tative for large-scale signals such as seasonal signals or
possibly variations in the ACC.
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Conclusion

The in situ bottom pressure data and GRACE data
are in good agreement, both at each individual loca-
tion as well as in terms of the mean bottom pressure in
the center. The geostrophic transport variations show a
weaker resemblance, because of the spatial correlation
introduced in the GRACE smoothing process. The high
correlations demonstrate that GRACE is able to detect
changes in bottom pressure accurately in space and time
and that GRACE has the potential to measure actual
ocean mass transport variations. However, the results
of this studies are valid for the Crozet-Kerguelen re-
gion only, and do not necessarily apply elsewhere in the
global ocean.

The good agreement seems to be due to coherent
large-scale mass variations in this region. The steep
slopes in the bathymetry and the general position of
the Kerguelen plateau might contribute to the enhance-
ment of the currents due to topographic steering of the
circulation.

Furthermore, the positioning of the BPRs turned out
to be beneficial for the study of large-scale bottom pres-
sure variations. Whether the present results can be gen-
eralized for other BPR records remains to be seen but
we suspect that the best results will be found for in situ
observations which are sufficiently remote from strong
sources of land hydrologic signals, such as those from
the Amazon basin which affected the study by Kan-
zow et al. [2005]. Additionally, deployment at higher
latitudes is advantageous due to the increased accu-
racy of the GRACE solution associated with the denser
groundtrack pattern and due to the expected increase in
barotropic contribution to the bottom pressure (Kan-
zow et al. [2005]).

We would like to thank IPEV
(Institut Polaire Francais Paul Emile Victor) for allowing

Acknowledgments.

the deployment and recovery of the BPRs from the vessel
Marion Dufresne. Furthermore we thank Peter Foden from
Proudman Ocean Laboratory and Olivier Peden from IFRE-
MER for assuring the technical success of the BPR opera-
tion. Finally, the valuable contribution of two anonymous
reviewers was strongly appreciated.

References

Biancale, R., J.-M. Lemoine, G. Balmino, S. Bru-
insma, F. Perosanz, J.-C. Marty, S. Loyer, and
P. Gégout, 3 years of geoid variations from GRACE
and LAGEOS data at 10-day intervals over the

period from July 29th, 2002 to March 24th,
2005, CNES/GRGS: http://bgi.cnes.fr:8110/geoid-
variations/README.html, 2005.

Carrere, L., and F. Lyard, Modeling the barotropic
response of the global ocean to atmospheric wind
and pressure forcing - comparisons with observations,
Geophysical Research Letters, 30, 81, 2003.

Chambers, D., J. Wahr, and R. Nerem, Preliminary
observations of global ocean mass variations with
GRACE, Geophysical Research Letters, 31, 2004.

Crétaux, J.-F., L. Soudarin, F. J. M. Davidson, M.-C.
Gennero, M. Bergé-Nguyen, and A. Cazenave, Sea-
sonal and interannual geocenter motion from SLR
and DORIS measurements: Comparison with sur-
face loading data, Journal of Geophysical Research
(Solid Farth), 107, 2002.

Han, D., and J. Wahr, The viscoelastic relaxation of a
realistically stratified Earth, and a further analysis
of postglacial rebound, Geophysical Journal Interna-
tional, 120, 287-311, 1995.

Hughes, C. W., P. L. Woodworth, M. P. Meredith,
V. Stepanov, T. Whitworth, and A. R. Pyne, Coher-
ence of Antarctic sea levels, Southern Hemisphere
Annular Mode, and flow through Drake Passage,
Geophysical Research Letters, 30, 171, 2003.

Kanzow, T., F. Flechtner, A. Chave, R. Schmidt,
P. Schwintzer, and U. Send, Seasonal variation of
ocean bottom pressure derived from gravity recov-
ery and climate experiment (grace): Local valida-
tion and global patterns, Journal of Geophysical Re-
search, 110, 2005.

Llubes, M., J.-M. Lemoine, and F. Rémy, Antarctica
seasonal mass variations detected by GRACE, 2006,
submitted to Earth and Planetary Science Letters.

Meredith, M. P., and C. W. Hughes, On the wind-
forcing of bottom pressure variability at Amsterdam
and Kerguelen Islands, southern Indian Ocean, Jour-
nal of Geophysical Research (Oceans), 109, 3012—,
2004.

Park, Y.-H., L. Gamberoni, and E. Charriaud, Frontal
structure, Water Masses, and Circulation in the
Crozet Basin, Journal of Geophysical Research,
98(C7), 12,361-12,385, 1993.

Tapley, B. D., S. Bettadpur, J. C. Ries, P. F. Thomp-
son, and M. M. Watkins, GRACE Measurements of
Mass Variability in the Earth System, Science, 305,
503-506, 2004.

Vassie, J. M., A. J. Harrison, P. L. Woodworth, S. A.
Harangozo, M. J. Smithson, and S. R. Thompson,
On the temporal variability of the transport between



RIETBROEK ET AL.: BOTTOM PRESSURE COMPARISON WITH GRACE

Amsterdam and Kerguelen islands, Journal of Geo-
physical Research, 99, 937-950, 1994.

Wahr, J., M. Molenaar, and F. Bryan, Time vari-
ability of the Earth’s gravity field: Hydrological
and oceanic effects and their possible detection us-
ing GRACE, Journal of Geophysical Research, 103,
30,205-30,230, 1998.

Kluyverweg 1, 2629 HS Delft, Netherlands.
(r.rietbroek@student.tudelft.nl)

Laboratoire de Physique des Oceans IFREMER Cen-
tre de Brest F-29280 Plouzane, Brittany France. (ple-
grand@ifremer.fr)

Kluyverweg 1, 2629 HS Delft, Netherlands.
(bert.wouters@tudelft.nl)

CNES (Centre National d’Etudes Spatiales), 18, av-
enue Edouard Belin 31401 Toulouse cedex 4, France
(Jean-Michel.Lemoine@cnes.fr)

LEGOS CNRS/CNES - Observatoire Midi-Pyrénées
14, Avenue Edouard Belin 31400 Toulouse Cedex 01
France (Guillaume.Ramillien@legos.obs-mip.{r)

Proudman Oceanographic Laboratory Joseph Proud-
man Building, 6 Brownlow Street, Liverpool L3 5DA,
UK. (cwh@pol.ac.uk)

This preprint was prepared with AGU’s IATEX macros v5.01,
with the extension package ‘AGUT*’ by P. W. Daly, version 1.6b
from 1999/08/19.



RIETBROEK ET AL.: BOTTOM PRESSURE COMPARISON WITH GRACE

Crozet BPR (IO1) Kerguelen BPR (102) Mean at Midpoint Vert. aver. transport

"1 [km] P 95% low. p 95% low. P 95% low P 95% low
0 0.29(0.41) | 0.04(0.20) | 0.56(0.57) | 0.35(0.20) | 0.68(0.78) | 0.44(0.60) | -0.09(0.01) | -0.44(-0.48)
600 0.55(0.76) | 0.23(0.56) | 0.69(0.76) | 0.47(0.60) | 0.72(0.89) | 0.43(0.77) 0.33(0.33) -0.04(-0.11)
800 0.61(0.81) | 0.29(0.62) | 0.68(0.79) | 0.43(0.64) | 0.71(0.90) | 0.40(0.77) | 0.62(0.58) | 0.31(0.20)
1000 0.64(0.83) | 0.32(0.64) | 0.68(0.80) | 0.41(0.66) | 0.71(0.91) | 0.39(0.79) 0.76(0.72) 0.53(0.43)
1400 0.65(0.84) | 0.33(0.66) | 0.68(0.81) | 0.42(0.67) | 0.73(0.92) | 0.41(0.83) 0.83(0.79) 0.67(0.58)

Table 1. Correlation coefficients, p, with their
corresponding lower bounds of the 95% confidence
intervals, yielded by the comparison of the local

bottom pressure for the BPR stations, the mean at the

midpoint and vertically averaged geostrophic
transport vs. GRACE-GRGS (smoothed for given

radii). The values between brackets represent a subset
of the BPR data, which excludes the first two months.

Confidence intervals are obtained by a bootstrapping
method (percentile method).

Figure 1. GRACE equivalent water height field for
the solution of 31-10-2004. Note the strong anomaly
at the Kerguelen plateau. Superimposed are the
bathymetric contours and the positions of the BPR
deployments denoted by 101 and 102.

Figure 2. Equivalent water height at the BPR
location near Crozet (a), near Kerguelen (b), at the
midpoint (¢) and the change of the mean vertically
averaged transport through the section bounded by

both BPRs (d). Equivalent water height and
geostrophic transport are given for 1) the averaged
BPR data (blue diamonds), 2) GRACE (red circles)

and 3) sum of barotropic ocean model (MOG2D) and

ECMWEF pressure fields (green crosses). The

smoothing radius used is 800 km. Standard deviations

are denoted by o.
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