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Abstract In situ ocean bottom pressure (OBP) obtained from 154 different locations irregularly
scattered over the globe is carefully processed to isolate signals related to the ocean general circulation and
large-scale sea level changes. Comparison against a global numerical ocean model experiment indicates
poor correspondence for periods below 24 hr, possibly related to residual tidal signals and small timing
errors in the atmospheric forcing applied to the ocean model. Correspondence increases rapidly for periods
between 3 and 10 days, where wind-driven dynamics are already well understood and consequently well
implemented into numerical models. Coherence decreases again for periods around 30 days and longer,
where processes not implemented into ocean general circulation models as barystatic sea level changes
become more important. Correspondence between in situ data and satellite-based OBP as obtained from
the Gravity Recovery and Climate Experiment (GRACE) German Research Centre for Geosciences RLO5a
gravity fields critically depends on the postprocessing of Level-2 Stokes coefficients that also includes the
selection of appropriate averaging regions for the GRACE-based mass anomalies. The assessment of other
available GRACE Level-2 products indicates even better fit of more recent solutions as ITSG-Grace2016

and the Center for Space Research and Jet Propulsion Laboratory RLO5 mascons. In view of the strong
high-frequency component of OBP, however, a higher temporal resolution of the oceanic GRACE products
would be rather advantageous.

1. Introduction

Temporal variations in the ocean bottom pressure (OBP) field and its spatial gradients reflect a wide range of
dynamic regimes in the ocean. Barotropic ocean tides on frequencies from subdaily (Ray, 2013) to long-period
(Ray & Erofeeva, 2014) dominate the field but can be readily separated due to the monocromatic character
of the dominant partial tides. Other barotropic waves as, for example, tsunamis excited by offshore earth-
quakes or submarine landslides, have a rather transient OBP signature (Milburn et al., 1996). Low-frequency
changes in globally averaged OBP reflect the global mean barystatic sea level rise due to water influx from
continental storages (Chambers, 2006). The majority of variability at time scales from days to many years, how-
ever, is related to the thermohaline and wind-driven circulation in the world’s ocean, which is represented
numerically in global and regional ocean general circulation models (Bingham & Hughes, 2008a).

OBP is routinely measured for diverse purposes, both by means of research campaigns or as part of long-term
operational networks. The Deep-ocean Assessment and Reporting of Tsunamis (DART) network monitors
OBP throughout the Pacific to facilitate tsunami early warning (Meinig et al., 2005). Transport variability of
the Antarctic Circumpolar Current (ACC)—the largest ocean current system on the globe—has been moni-
tored in Drake Passage already 40 years ago (Nowlin et al., 1977) and continues until present days also with
the help of in situ OBP recorders (Meredith et al., 2011). The dynamics of the Kuroshio extension off the
Japanese coast—a region characterized by high eddy kinetic energy due to the confluence of warm, salty
subtropical and cold, fresh subpolar waters—were recently studied in detail with an array of current meters
and pressure recording inverted echo sounders (Bishop & Watts, 2014). And finally, the Atlantic Meridional
Overturning Circulation—responsible for poleward heat transport and the associated rather mild climate in
western Europe —is monitored routinely by the RAPID array at 26°N with a series of in situ OBP sensors aligned
along the gradient of the continental shelf (McCarthy et al., 2015).
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Observations of ocean bottom pressure are technically challenging since in situ sensors are required to detect
variations of less than 1 hPa at depths of up to 10 km, which translates into a measurement sensitivity of
10~° while being exposed to a highly corrosive environment. Sensors suitable for practical oceanographic
purposes became only available at affordable prices about three decades ago (Watts & Kontoyiannis, 1990),
which subsequently allowed the deployment of a very irregularly distributed global network of OBP recorders.
More recently, activities are underway to make OBP observations a part of newly laid out transcontinental
communication cables, which would provide continuous in situ measurements with more homogeneous spa-
tial distribution, including areas far away from the coasts, which currently have very few OBP measurements
(Howe & Workshop Participants, 2015).

Besides distributing in situ sensors throughout the global oceans, OBP can be also observed remotely from
satellites. The gravity mission GRACE (Gravity Recovery and Climate Experiment) launched in March 2002
consists of two identical satellites trailing each other in a near-circular orbit at initially 500 km altitude. The
satellites are separated by approximately 220 km and measure their relative positions by means of a highly
accurate intersatellite, K band microwave ranging system (Tapley et al., 2004). The GRACE mission has ended
its science operation phase in the year 2017, but the follow-on mission GRACE-FO (Flechtner et al., 2016) was
successfully launched on 22 May 2018.

In this paper, we are going to contrast OBP from in situ sensors against output from a numerical ocean circula-
tion model and the results of the GRACE mission in order to evaluate the current level of consistency between
remotely sensed and in situ OBP as well as numerical models. The paper is structured as follows: In section 2,
we describe the in situ OBP data and the processing we apply to it, whereas in situ and simulated OBP data
are compared in section 3. Subsequently, we describe the comparison of the in situ and satellite-based OBP
and discuss necessary adjustments applied to the GRACE data before it can be contrasted with in situ obser-
vations (section 4), assess the differences between various spherical harmonics and mascon GRACE solutions
(section 5), followed by some conclusions given in section 6.

2. OBP From In Situ Observations

Ocean bottom pressure is the combined pressure caused by the weight of the column of sea water and the
atmosphere above it. We make use of data from globally distributed ocean bottom pressure recorders from
various institutions initially compiled by Macrander et al. (2010). The data are taken from 167 different geo-
graphic positions irregularly scattered over all ocean basins with some bias toward the Northern Pacific Ocean.
Time series from every station are visually inspected for drifts and discontinuities. Long-term drifts are present
in some OBP in situ time series due to the mechanical creep of materials subjected to high stress (Watts &
Kontoyiannis, 1990). Since a few stations had a significant nonlinear drift at the beginning or the end of its
time series, short segments of data were discarded. Long-term trends, as well as the remaining drifts, are
removed with a quadratic fit. Discontinuities are sometimes present in the time series due to recovery and
redeployment of sensors for data recovery, battery replacement, and general maintenance. After the drifts
and trends are removed from every segment of data separately, a Heaviside function is fitted and removed to
every discontinuity.

Data are subsequently cleared from outliers by applying a 5-sigma criterion. Temporal sampling is reduced
to 1 hr for all stations that provide subhourly sampled data. Tidal signals are removed from the time series
with the T_TIDE package for classical harmonic analysis (Pawlowicz et al., 2002). The number of tidal con-
stituents is automatically chosen and ranges from 17 for the shortest time series to 68 for time series with
the length of ~1 year. The longest tidal period fitted to every in situ time series is the fortnightly con-
stituent MSF with a period of 354.37 hr. The annual tide SA with period of 365.26 days is removed only from
the longest time series. Because T_TIDE is best suited for time series with 1 year length since the imple-
mented nodal corrections may not be accurate enough for longer time series, all time series significantly
longer than 1 year were separated into smaller segments prior to de-tiding. Finally, data series from the same
geographical position but different deployments of the same sensor or even different sensors operated in
succession are stacked into one time series by reducing each segment to zero mean. For this study, data from
the time period 2002-2010 at 154 different stations with a varying length of the individual time series are
considered (Figure 1).
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Figure 1. Time series length and temporal sampling for all ocean bottom pressure in situ stations utilized in this study in
the world oceans (a) and in the Kuroshio region off the coast of Japan (b). Circles represent locations with in situ
measurements with hourly or higher temporal sampling, triangles 12-hourly and squares 24-hourly sampling.

KESS = Kuroshio Extension System Study.

3. OBP From an OGCM Experiment

In the following, we utilize results from a recent numerical ocean circulation model experiment to assess the
plausibility of the observed OBP. We apply the ocean component of the coupled Earth System Model from
the Max Planck Institute for Meteorology in Hamburg (Jungclaus et al.,, 2013) in a configuration with moder-
ate horizontal resolution (tripolar grid with approximately 1° grid spacing) and 40 layers in the vertical. The
model is initialized from climatological temperature and salinity distributions (Boyer et al., 2005), forced with
3-hourly atmospheric data from ERA-Interim starting in 1979 and operational analysis data of ECMWF from
2007 onward. The particular experiment is described in more detail by Dobslaw et al. (2017). Since it is not
constrained by observations, the model experiment is fully independent of the in situ OBP data introduced
above.

Model output is disaggregated into five different frequency bands by means of a series of fourth-order Butter-
worth filters with cutoff periods of 1, 3, 10, and 30 days, and the variability for each of the frequency bands is
plotted in terms of root-mean-square (rms) values calculated over the period 2003-2012 (Figure 2). Subdaily
periods are dominated by basin-wide barotropic gravity waves that cause the largest bottom pressure vari-
ability in shallow shelf areas and semienclosed seas. Variability generally increases in the 1- to 3-day period
band, where transient weather patterns start to modulate the ACC and consequently induce bottom pres-
sure variability almost everywhere in the Southern Ocean. For 3—10 days, we note distinct regions in the ACC
area showing an enhanced OBP variability, which is related to the particular resonance characteristics of the
regional bathymetry at those frequencies. Those resonances are changing when moving to even longer peri-
ods, but the particular sensitivity of individual locations in the Southern Oceans to certain periodicities in the
atmospheric forcing remains the dominant driver of OBP variability.

We finally note that the variability obtained from low-pass filtering the modeled OBP time series with a
fourth-order Butterworth filter somewhat differs from the results obtained from monthly-mean averages.
Calculating unweighted monthly-mean values from a time series effectively corresponds to convolving a
time series with a rectangular weighting function, whose Fourier transform exhibits substantial side lobes
at periods shorter than 30 days. This is reflected in the plots, showing, for example, diminished variability in
the Bellingshausen Basin northward of the Amundsen Sea in the monthly-mean estimates compared to the
30-days low-pass filtered series. Similar deviations are also visible for other regions of the world.

Model output at 3-hourly temporal sampling is subsequently contrasted against the observed in situ OBP.
Note that 12 frequencies associated with atmospheric and oceanic pressure loading tides at periods from 8 to
24 hr have been estimated and removed from the modeled data set in order to retain the nontidal variability
only. Model data is extracted at each OBP in situ station by means of bilinear interpolation from the four
nearest grid points. We calculate relative variance changes r(m) of the observations o when the modeled
quantity m is subtracted:
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Figure 2. Root-mean-quare (rms) values of 3-hourly ocean bottom pressure variability simulated with MPIOM over the
time period 2003-2012 separated into five different frequency bands by means of fourth-order Butterworth filters:

(a) periods shorter than 24 hr; (b) 1-3 days; (c) 3-10 days; (d) 10-30 days; and (e) longer than 30 days. Additionally, the
rms calculated from monthly-mean ocean bottom pressure averages from the same model experiment is provided (f).

_ D*(0) — D*(0o — m)

o D2(0)

, M
where D?(0) indicates the variance of the in situ observations o, and D*(0 — m) the residual variance after
subtracting the model. Since moving-window filters distort data toward both ends of a time series, and since
in situ records typically contain many data gaps of varying duration, small gaps are linearly interpolated before
filtering. Note that those interpolated epochs are again removed before calculating explained variances. Data
gaps present in the in situ time series are considered in the simulated data as well prior to the calculation of
relative explained variances to ensure that both the in situ and simulated time series have exactly the same
number of data points.

For the most rapid variations at periods shorter than 24 hr (Figure 3a), we note almost no agreement between
model and observations. Observed variability is likely affected by residual tidal signals not properly removed.
Small timing errors in the onset of weather systems and associated fronts present in the atmospheric data
consequently also cause a delayed OBP response in the numerical ocean model. Note further that forcing data
are only provided to the ocean model every 3 hr with linear interpolation in time to the actual time step of
the model of 90 min, which further reduces the quality of simulated OBP at subdiurnal periods. Correspon-
dence increases, however, for periods between 1 and 3 days (Figure 3b) with most of the stations having small
positive relative explained variance. Most prominent examples are the Arctic Ocean (60% of the variability
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Figure 3. Percentage of variance in OBP observed at in situ stations that is explained by a numerical ocean model
experiment with MPIOM for periods (a) shorter than 24 hours; (b) between 1 and 3 days; (c) between 3 and 10 days;
(d) between 10 and 30 days; and (e) longer than 30 days as separated by means of 4th order Butterworth filters. In
addition, the relative explained variance for monthly-mean estimates is given (f).

observed in that frequency band is explained by the model), the tropical Atlantic (50%), and the ACC region,
in particular, in the sector south of Africa (up to 50%).

For periods between 3 and 10 days (Figure 3c), we note exceptionally good correspondence between in situ
observations and the numerical model. Relative explained variances frequently exceed 70% even at loca-
tions close to the coast and in areas with steep gradients in bathymetry. All considered stations have positive
explained variance, indicating skill of the ocean model at every single location where in situ OBP observa-
tions are available. OBP variability in this frequency band is largely dominated by the wind-driven circulation,
thereby suggesting that the physics behind that process at, in particular, large spatial scales, are already well
understood and subsequently well implemented into MPIOM.

When moving toward longer periods of up to 30 days (Figure 3d), however, explained variances are somewhat
lower again. At those frequencies, density-related effects have an increasingly growing influence on the in situ
observations. Nevertheless, all but three stations still have positive explained variances. For OBP variations at
periods of 30 days and longer (Figure 3e), however, the correspondence between the numerical model and
the observations is rather poor. This might be related to the subtraction of long-term quadratic signals and the
reduction of data gaps in the observations as described above; to the fact that seasonal and interannual sea
level variations associated with self-attraction and loading (Tamisiea et al., 2010) and the influx of water from
the continents (Bergmann-Wolf et al., 2014) are not considered in the model; and to OBP signals associated
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with time variations in the meridional overturning circulation that are certainly not captured by the model to
its full extent (Bingham & Hughes, 2008b).

We finally note that utilizing monthly-mean values (Figure 3f) instead of 3-hourly data that is low-pass filtered
with a 30-day cutoff period alters the results in a nonnegligible way. As indicated above, boxcar moving aver-
age filters retain variability at higher frequencies and give values toward both ends of the averaging window
higher weights than theoretically desirable. Due to the additional influence of data gaps in the in situ series,
the results change rather strongly for some of the stations. This is particularly true in the vicinity of the ACC
whose variability is dominated by the weather time scale. Here we note a substantial degradation of the fit
between model and in situ observations when monthly means are considered instead of low-pass filtered
time series. Furthermore, some stations need to be discarded because they do not contain sufficiently long
time series when monthly-mean values are considered.

4. OBP From GRACE Satellite Data Processed at GFZ

The GRACE satellite mission consists of two identical satellites equipped with a suite of instruments required
to map the Earth’s gravity field from space. Those precise sensors include a microwave tracking system to
measure range and range rates between the two satellites; an upward looking GPS receiver to determine the
spacecraft’s position relative to a constellation of navigation satellites; an accelerometer with three sensitive
axes mounted at the center of mass of each satellite to distinguish between gravitational and nongravitational
forces; and two star cameras to quantify the orientation of the satellite with respect to inertial space. Data
accumulated over 30 days are typically processed into a global gravity field with a spatial resolution of about
500 km. Over the whole lifetime of the GRACE mission, individual gravity field solutions for more than 160
different months have been calculated and made publicly available as so-called Level-2 science products in
terms of Stokes coefficients. The most recent data product officially released by German Research Centre for
Geosciences (GFZ) is RLO5a (Dahle et al., 2016).

Differences from month to month in the gravity field are related to changes in the mass distribution on Earth
and can thus be converted into surface mass anomalies or consequently OBP variations. Starting from Level-2
Stokes coefficients, degree-1 terms and C,, have to be added from auxiliary sources; subsurface geophysi-
cal signals associated with glacial isostatic adjustment or coseismic deformations need to be removed; and
spatially anisotropic and temporally varying filtering is required to reduce the effects of correlated noise con-
tained in the solutions at, in particular, smaller spatial scales. Finally, gravity changes are inverted into OBP
anomalies by assuming an infinitely thin layer of time variable mass at the surface of the reference ellipsoid,
and the monthly mean of the nontidal atmosphere-ocean mass variability removed during the dealiasing
process is added back.

Such global OBP grids with a typical spatial sampling of 1° are publicly available from NASA’s TELLUS portal
accessible at http://grace.jpl.nasa.gov. For the TELLUS data, C,, coefficients are replaced with a solution from
Satellite Laser Ranging (Cheng et al,, 2011); degree-1 coefficients are estimated using the method from Swen-
son et al. (2008); a glacial isostatic adjustment correction has been applied based on the model from A et al.
(2013); a destriping and a 500-km-wide Gaussian filter have been applied to the data (Swenson & Wahr, 2006);
and land leakage is minimized by using an iterative procedure (Chambers, 2012). As an alternative access point
to the public, GFZ has recently launched the GRAVIS portal available at http://gravis.gfz-potsdam.de, which
is also providing Level-3 GRACE-based OBP grids based on the same series of GFZ RL05a Stokes coefficients.
For the GRAVIS data, degree-1 coefficients are approximated according to Bergmann-Wolf et al. (2014); C,,
is replaced with values from satellite laser ranging provided by Cheng and Ries (2013); GIA effects are sub-
tracted by means of Paulson et al. (2007); coseismic and postseismic deformations of the largest earthquakes
are estimated and subtracted (Tanaka et al., 2018); and the nonisotropic DDK-1 filter (Kusche et al., 2009) is
applied to reduce the impact of spatially correlated noise.

It is well known that the GRACE errors are increasing at smaller spatial scales so that the satellite data should
not be regarded as a point measure but rather as a spatial average over a region of 100,000 km? and larger.
Interpolating bilinearly to the position of each sensor as applied during the validation of the simulated OBP
is therefore not recommended. B6ning et al. (2008) suggested to identify patterns of coherent OBP variability
from OGCM simulations and use those regions to average over GRACE data. We therefore calculate autocor-
relation maps for each of the in situ stations given in Figure 1 from monthly MPIOM OBP grids covering the
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Figure 4. Percentage of variance in ocean bottom pressure observed at in situ stations that is explained by ocean
bottom pressure from GRACE monthly Level-3 grids after applying the pattern filter for GFZ Release 05a from TELLUS
portal of NASA (a) and for GFZ Release 05a GRAVIS grids (b). GFZ = German Research Centre for Geosciences.

years 2003-2012. All locations with autocorrelation values larger than 0.7 and distances to the in situ station
smaller than 2,000 km are included into the area over which GRACE information is averaged to obtain OBP
time series that can be compared with the in situ data.

For the relative explained variances of the monthly-mean values (Figure 4) as obtained from the GFZ RLO5a
GRACE TELLUS solutions, we note relatively poor correspondence between GRACE and in situ OBP, in particu-
lar, when compared to the level of fit obtained between in situ data and numerical models as discussed above.
Many stations with negative explained variances imply that the residual variance after subtracting GRACE is
actually larger than the variance of the in situ observations themselves. Nevertheless, the results are compa-
rable with the results of the validation of the monthly means of the OGCM. For comparison, we also show
results of the validation of the new GRAVIS Level-3 grids. Even though both versions of GRACE OBP grids
are based on the same Level-2 Stokes coefficients, their correspondence with the in situ data is significantly
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Figure 5. Change in percentage of variance in ocean bottom pressure observed at in situ stations that is explained by
ocean bottom pressure derived from GRACE satellite gravimetry compared to Figure 4b after bilinearly interpolating
GRACE data to the in situ station’s location instead of applying the pattern filter (a), and after considering actual GRACE
months instead of the calendar months during the evaluation (b). GRACE = Gravity Recovery and Climate Experiment.
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Figure 6. Percentage of variance in ocean bottom pressure observed at in situ stations that is explained by ocean
bottom pressure derived from monthly ITSG2016 Stokes coefficients (a); from the JPL RLO5 mascon solutions (b); and
from the CSR RLO5 mascon solutions (c). CSR = Center for Space Research; JPL = Jet Propulsion Laboratory.

different. In the KESS array, almost twice as many data points have positive explained variance for the GRAVIS
grid than for TELLUS, which underlines the importance of a careful postprocessing of GRACE solutions prior
to any oceanographic interpretation of the satellite record.

When applying bilinear interpolation to the GRACE Level-3 GRAVIS grid instead of the pattern filter (Figure 5a),
we note a significant deterioration for many in situ stations. We further note that the full suite of GRACE sen-
sor data is not available every day due to the necessity of satellite swap and orbit-lifting maneuvers; mass trim
operations; changes in the temperature control regime; and other interruptions to the science data acquisi-
tion that are common to satellites operating in a near-Earth environment. GRACE monthly solutions therefore
often do only contain sensor data from a subset of days out of a given month, but only the first and the last
day of data used for a particular gravity field are usually provided within the meta data set attached to each
gravity field solution. Consequently, we calculate time mean values for the actual GRACE months out of the in
situ data and recalculate once more relative explained variances (Figure 5b). While in this case improvements
compared to using calendar months are visible, those are very modest and present only for some stations with
data coverage during those few months (e.g., January 2004) for which the actual GRACE averaging period sig-
nificantly differs from the calender month. Since, moreover, data gaps in the GRACE sensor data stream are
not considered whatsoever—those are expected to have a similar impact—we finally recommend to treat
the GRACE monthly means as being referred to the calendar month only.
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Figure 7. Rms of pair-wise differences of monthly ocean bottom pressure estimates for GFZ RL0O5a and ITSG-Grace2016 (a); CSR RLO5M and JPL RLO5M (b); GFZ
RLO5a and JPL RLO5M (c); CSR RLO5M and ITSG-Grace2016 (d); GFZ RLO5a and CSR RLO5M (e); and JPL RLO5M and ITSG-Grace2016 (f), each calculated over the
period 2003-2012. CSR = Center for Space Research; JPL = Jet Propulsion Laboratory; GFZ = German Research Centre for Geosciences.

5. OBP From Alternative GRACE Solutions

The processing strategy for the GRACE GFZ RL0O5a solution has been developed around the year 2012 and
kept unchanged afterward, so that later months were only added to the time series without making use of
more recent insights on sensor data characteristics or parameterization options. A major step forward is only
expected from the next reprocessing RLO6 that will be made available in late summer 2018. In the meantime,
alternative GRACE solutions have been published by various international research groups that make use of
numerous improvements in both Level-1 and Level-2 processing methods. Here we assess Stokes coefficients
of the ITSG-Grace2016 solutions made available by University of Graz (Mayer-Glirr et al., 2016) processed into
OBP by using the same postprocessing strategy as applied to the GFZ RL0O5a GRAVIS solutions. We further test
the RLO5 mascon (RLO5M) solution of the Center for Space Research (CSR) at the University of Austin (Save
et al,, 2016), and also the RLO5 mascon series as provided by the Jet Propulsion Laboratory (JPL) of NASA
(Watkins et al., 2015). For both mascon products, OBP is readily available in gridded format so that no further
postprocessing apart from the application of the spatial pattern filter is necessary.

From the validation against in situ OBP (Figure 6), we note slightly better agreement between ITSG2016 and
the in situ observations when compared to GFZ RLO5a. This is particularly apparent at several stations in the
Arctic Ocean and in the Kuroshio Extension region. Both mascon solutions exhibit an even better fit, in par-
ticular, in the tropics, where low signal magnitudes due to the strong vertical density changes—and thus
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baroclinic compensations of surface-induced pressure gradients—are met by enhanced noise levels in the
GRACE solutions caused by the maximum satellite ground track separation distance at the equator.

It is instructive to also calculate over the period 2003-2012 pair-wise monthly differences of all four consid-
ered GRACE products and compare the resulting rms fields (Figure 7). For the two Stokes coefficient solutions
GFZ RLO5a and ITSG-Grace2016, we note a globally rather homogeneous spread of about 1.5 hPa that differs
only slightly from region to region. Notable exceptions are some semienclosed regions as Hudson Bay, Baltic,
and North Sea, where deficits of the GRACE nontidal atmosphere and ocean dealiasing product AOD1B RL0O5
are (partially) compensated in ITSG-Grace2016 by coestimated daily fields from a Kalman Smoother approach
as described in Kurtenbach et al. (2012). We further note that differences in the open ocean are smallest
between the two mascon series with a remaining noise floor of less than 1 hPa in the Central Pacific. Errors in
ITSG-Grace2016 in that area are only slightly larger, whereas GFZ RL0O5a shows scatter of about 1.5 hPa.

It is, however, interesting to note that for selected regions very different results are obtained from the mas-
con solutions when compared to the Stokes coefficients products. This includes regions of major offshore
earthquakes as the Sumatra-Andaman event from the year 2004, or the Tohoku-Oki rupture in 2011. Both
mascon parameterization obviously respond very differently to the coseismic change in the gravity field. Also,
dynamics of the Argentine Gyre are known to be not reproduced by the AOD1B and thus mapped into the
monthly GRACE gravity fields. CSR RLO5 M approximately captures the time variable rotation structure of the
gyre as known from high-resolution ocean models and satellite altimetry, whereas the JPL mascon solutions
reveal a spatially rather heterogeneous response. Also, individual pixels in the Amundsen and Ross Sea show
enhanced variability in the JPL series that cannot be explained by GRACE sensor data characteristics. Close to
the coasts, the somewhat different treatment of spatial leakage from the continents causes further discrepan-
ciesamong the different releases. A notable exception is Arafura Sea northward of Australia, where differences
extend much further offshore to be only related to typical leakage problems.

Figure 7 thus indicates many regions where individual GRACE gravity field estimation choices taken by the
different processing centers lead to substantial discrepancies in the resulting OBP estimates, and where it is
advisable to assess more than one GRACE solutions from preferably different processing centers for particular
oceanographic applications. The figure could be also used as a guideline for selecting future in situ obser-
vation stations that would be most helpful for GRACE validation activities. Unfortunately, many regions with
above average GRACE uncertainties are also characterized by harsh environmental conditions that are rather
challenging for the collection of in situ data even today.

6. Conclusions

In situ OBP provides a very precise measure of ocean mass redistribution due to a variety of different dynamical
processes acting on very different temporal and spatial scales. Data from 154 different locations scattered
over all ocean basins has been contrasted for five different frequency bands against a recent experiment from
a global ocean general circulation model. We found almost no agreement between model and observations
at periods below 24 hr due to underestimation of variability in the model, sensor noise, and remaining tidal
signals in the in situ station data. Consistency between model and observations is rapidly increasing for longer
periods, culminating in positive explained variances at every single station considered for periods between
3 and 10 days. The correspondence is decreasing again toward longer periods, where dynamic processes
typically not considered in an OGCM as the barystatic sea level variability become increasingly important and
the in situ time series are affected by systematic effects in the instruments associated to aging of the oscillator
and consequently drift in the measurements; local subsidence of the instrument on the seafloor; and the need
for surface maintenance and subsequent redeployment at regular time intervals.

When looking at monthly-mean estimates only, the correspondence of in situ bottom pressure with results
from the GRACE satellite mission is, however, worse than the fit with the numerical model, even though
large-scale barystatic mass changes are known to be monitored by the GRACE mission quite accurately. We
conclude that it is particularly related to the residual spatially correlated errors in the GRACE record. A revised
postprocessing strategy as applied for the gridded GRACE data disseminated via the newly launched GRAVIS
portal of GFZ improves the fit in many areas. Similarly, the consideration of the exact start and end days
of each monthly solution improves the fit at a few stations. It is, however, suspected that data gaps in the
GRACE sensor data stream within the month have a quite similar effect, but this information is not readily
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available from the current Level-2 GRACE products and has to be obtained from the corresponding process-
ing center directly. The fit between in situ observations and GRACE is further improved with more recent
data releases as ITSG-Grace2016 and the mascon solutions from both JPL and CSR. However, the analysis of
pairwise differences revealed substantial discrepancies between individual solutions at places with particu-
lar ocean dynamics as in the Argentine Gyre or underneath the Antarctic ice shelves, thereby reflecting the
individual gravity field estimation strategies of the different processing centers.

In view of the strong high-frequency component of the GRACE-based OBP, it is argued that a higher temporal
resolution of the oceanic GRACE product would be rather advantageous. Efforts in providing such higher
temporal sampling have been reported from both European (Kurtenbach et al., 2009, 2012) and U.S. research
groups (Save et al,, 2016). To only identify the barystatic contribution to sea level changes, a monthly sampling
of the GRACE fields appears to be sufficient, but for the determination of the wind-driven ocean circulation
contributions to the bottom pressure field, the effects of inadequate temporal filtering limit the applicability
of the present-day gravity fields.
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