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AOD1B is an a priori background model fully  
independent from GRACE sensor data. 

Purpose: 
 

•  AOD1B attempts to remove high-frequency non-tidal gravity signals 
at periods shorter than ~60 days from the GRACE sensor data in 
order to avoid temporal aliasing. 

•  AOD1B provides a priori information on atmospheric mass variability 
in order to aid the geophysical signal separation. 

Requirements: 
 

•  AOD1B needs to be provided with very high temporal and spatial 
resolution to proper represent the atmospheric weather systems. 

•  AOD1B needs to be stable on time-scales from years to decades in 
order to avoid the introduction of spurious signals into the gravity 
fields. 
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Currently Maintained AOD1B Releases 

[hPa] 

RL05 RL06 

since 1979; 6 hourly; d/o=100 since 1976; 3 hourly; d/o=180 

ERA-Interim (1979 – 2000) 
op. ECMWF (since 2001) 

ERA-40 (1976 – 1978) 
ERA-Interim (1979 – 2006) 
op. ECMWF (since 2007) 

OMCT 1.0° forced with 6 hourly 
ECMWF data 

MPIOM TP1L40 forced with 3 
hourly ECMWF data 

ATM; OCN; GLO; OBA ATM (IB-corrected); OCN (additive 
inverse IB-corrected); GLO; OBA 

S2 tide removed from OCN only; 
S2 and S3 partially aliased 

12 frequencies removed from both 
OCN and ATM  

artificial drift in OCN component; 
jumps in ATM component 

residual decadal signals are in 
range of observed variability 

update cycle: weekly update cycle: daily 
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S U M M A R Y
The release 06 (RL06) of the Gravity Recovery and Climate Experiment (GRACE) Atmosphere
and Ocean De-Aliasing Level-1B (AOD1B) product has been prepared for use as a time-
variable background model in global gravity research. Available since the year 1976 with a
temporal resolution of 3 hr, the product is provided in Stokes coefficients up to degree and order
180. RL06 separates tidal and non-tidal signals, and has an improved long-term consistency
due to the introduction of a time-invariant reference orography in continental regions. Variance
reduction tests performed with globally distributed in situ ocean bottom pressure recordings
and sea-surface height anomalies from Jason-2 over a range of different frequency bands
indicate a generally improved performance of RL06 compared to its predecessor. Orbit tests
for two altimetry satellites remain inconclusive, but GRACE K-band residuals are reduced by
0.031 nm s−2 in a global average, and by more than 0.5 nm s−2 at numerous places along the
Siberian shelf when applying the latest AOD1B release. We therefore recommend AOD1B
RL06 for any upcoming satellite gravimetry reprocessing effort.

Key words: Global change from geodesy; Loading of the Earth; Satellite gravity.

1 I N T RO D U C T I O N

During the past 15 yr since the launch of the Gravity Recovery and
Climate Experiment (GRACE; Tapley et al. 2004) in 2002 March,
the concept of a low–low satellite-to-satellite tracking gravime-
try mission has matured into a global monitoring system of mass
redistribution and mass transport. Quantitative estimates of mass
changes obtained from GRACE observations revealed, for exam-
ple, substantial mass loss in the Tien Shan high-mountain glaciers
(Farinotti et al. 2015); the non-sustainable depletion of ground-
water resources in various densely populated regions of the world
(Famiglietti 2014) and a gradually increasing Greenland meltwa-
ter discharge which impacts Labrador Sea convection and conse-
quently the meridional overturning circulation in the North Atlantic
(Yang et al. 2016). The relevance of GRACE for the monitor-
ing of environmental changes is reflected in the approval of the
follow-on mission GRACE-FO, which is scheduled for launch in
Spring 2018 February (Flechtner et al. 2016).

Despite of its ability to accurately trace mass variability at large
spatial scales, satellite gravimetry is inherently insensitive to dis-
criminate between mass changes at, above, or beyond the Earth’s
surface. Further, the GRACE satellites are orbiting the Earth at an
altitude of typically 450 km where small-scale features of the Earth’s
gravity field are already substantially diminished by the harmonic
upward continuation. Gravity signals originating from processes
that are sharply defined in the space domain, as, for example, mass

loss of a single outlet glacier, are therefore smoothed into adjacent
regions in the GRACE science products—an effect known as spatial
leakage. Finally, GRACE is orbiting the Earth once every 90 min,
and it requires the accumulation of data from various (typically
30) days to compute a full global gravity field. Signals at periods
shorter than two times the accumulation period lead to spurious
signals in the gravity field model—a phenomenon called temporal
aliasing.

In order to aid the vertical signal separation problem and to re-
duce temporal aliasing, an a priori time-variable background model
representing the mass variability in both atmosphere and oceans is
typically introduced into the gravity field estimation procedure. The
GRACE Atmosphere and Ocean De-Aliasing Level-1B (AOD1B)
Product is routinely provided by Deutsches GeoForschungsZentrum
(GFZ) since the launch date of the GRACE mission (Flechtner 2007;
Flechtner et al. 2015). To meet its intended purposes, the product
should fulfill two minimal requirements: (1) AOD1B needs to be
provided with very high temporal and spatial resolution to properly
represent transient weather systems and their associated pressure
and mass signals. (2) AOD1B needs to be stable in time on long
time-scales from years to decades in order to avoid the introduc-
tion of spurious low-frequency signals or discontinuities into the
GRACE gravity fields that are subsequently prone to be interpreted
erroneously in an entirely different geophysical context.

A detailed technical documentation of the latest AOD1B re-
lease 06 (RL06) is given in Dobslaw et al. (2016a). Besides

C© The Authors 2017. Published by Oxford University Press on behalf of The Royal Astronomical Society. 263
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PDD Chapter 2: Surface Pressure Contributions 
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Figure 2.3: Yearly means of atmospheric surface pressure anomalies for the years 1976, 1986, 1996 and
2004 – 2015 as included in AOD1B.

2.7 Assessment of 3-Hourly Tendencies

We also calculate differences of consecutive 3-hourly time-steps of the re-synthesized anomalies in
the gravity potential expressed in terms of equivalent surface pressure. Those tendencies will be
particularly large at times where a jump in the series appears. However, neither the yearly RMS
values of the surface pressure tendencies (Fig. 2.5) nor the time-series of area-averaged absolute
values of pressure tendencies (Fig. 2.6) give evidence for such inconsistencies.

Product Description Document AOD1B RL06
Atmospheric Surface Pressure Variability

Doc: GRACE 327-750
Rev. 6.0, December 8, 2016

P. 19 of 73

1976 1986 1996

2004 2005 2006

2007 2008 2009

2010 2011 2012

2013 2014 2015

−5 −4 −3 −2 −1 0 1 2 3 4 5

Yearly Means of Atm. Pressure [hPa]

Figure 2.3: Yearly means of atmospheric surface pressure anomalies for the years 1976, 1986, 1996 and
2004 – 2015 as included in AOD1B.

2.7 Assessment of 3-Hourly Tendencies

We also calculate differences of consecutive 3-hourly time-steps of the re-synthesized anomalies in
the gravity potential expressed in terms of equivalent surface pressure. Those tendencies will be
particularly large at times where a jump in the series appears. However, neither the yearly RMS
values of the surface pressure tendencies (Fig. 2.5) nor the time-series of area-averaged absolute
values of pressure tendencies (Fig. 2.6) give evidence for such inconsistencies.
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PDD Chapter 2: 3 Hourly Tendencies in Surface Pressure 
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Figure 2.6: Area-weighted global mean of absolute values of 3 hourly tendencies of atmospheric surface
pressure as included in AOD1B.
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PDD Chapter 4: Upper-Air Density Anomalies 
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Figure 4.4: RMS variability of 3 hourly effect of upper-air density anomalies on the Earth’s gravity field
as included in AOD1B calculated individually for the years 2004 – 2015 as expressed in equivalent surface
pressure changes.

however, we conclude that this feature does not significantly affect the consistency of AOD1B in
view of its intended applications in satellite gravimetry.
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PDD Chapter 3: Ocean Contributions 
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Figure 3.1: Trend in the dynamic ocean contribution to bottom pressure obtained from the years 460 - 499
of the MPIOM spin-up simulation.

3.2 Atmospheric Forcing Data

Dynamics simulated by MPIOM in our particular model experiment are driven by atmospheric
forcing only, and no observational constraints are introduced into the simulation by means of data
assimilation. As for previous releases of AOD1B, luni-solar gravitational tides in the oceans are
not simulated, but tidal waves in response to periodically varying atmospheric pressure loading and
surface winds are part of the simulated ocean bottom pressure field. Those signals are separated
during the post-processing from the non-tidal AOD1B coefficients as discussed in Ch. 6.

The simulation is initialized from 3D temperature and salinity climatologies (Levitus, 2005) fol-
lowed by a spin-up simulation under cyclic atmospheric forcing conditions with daily sampling as
prepared for an ocean model intercomparison project (Röske, 2005). The spin-up simulation has
been integrated over 499 years, remaining trends in ocean bottom pressure are less than ±3 Pa
a−1 on regional scales, and ±12 Pa a−1 even for individual grid points (Fig. 3.1). The spin-up
is followed by a transient simulation with 3 hourly atmospheric forcing obtained from ERA-40 for
the period 1970 - 1978, from ERA-Interim during 1979 – 2006, and from the operational ECMWF
data for all subsequent years.

MPIOM requires the following atmospheric forcing data-sets: atmospheric surface pressure; hori-
zontal surface wind stress, surface wind speed, temperature as well as dew point temperature at 2
m above the surface; cloud cover, short-wave incoming radiation at the surface, and precipitation.
Wind stress is derived from horizontal winds at 10 m above ground, density of air at the lowest
model level as defined by temperature and specific humidity, and the Charnock parameter that
characterizes the roughness of the sea-surface (Beljaars, 1997). The instantaneous horizontal wind
stress components are calculated by employing FORTRAN routines provided by ECMWF that are
consistent with the IFS cycle 23r1 (Anton Beljaars, pers. communication, 2004).

3.3 Post-Processing of Simulated Bottom Pressure

Ocean bottom pressure is a standard output variable of MPIOM that hydrostatically sums the
contributions of air and water pressure along the plumb line. In order to separate the oceanic
contribution to ocean bottom pressure, the atmospheric surface pressure applied as a forcing data-
set is subtracted. Subsequently, tidal fluctuations as discussed in Ch. 6 are estimated and removed,
and the long-term mean ocean bottom pressure averaged over the period 2003 – 2014 is subtracted
to arrive at pressure anomalies. Further, pressure anomalies are inverse-barometrically corrected

Residual OBP trends in MPIOM  
spin-up run (years 460 – 499) 
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Figure 3.2: Trend in the dynamic bottom pressure over the period 1976 – 2015 (left) and 2002 – 2015
(right) as included in AOD1B.

by re-adding the difference between the local pressure and the mean pressure averaged over the
whole ocean domain. In order to finally remove any fluctuations in total ocean mass induced by
the Boussinesq approximation employed in the ocean model momentum equations as discussed by
Greatbatch (1994), the mean bottom pressure averaged over the whole ocean domain is removed
by subtracting a homogeneous shell of mass at every time-step:

pb(θ,φ) = pb(θ,φ)−
1

AOceans

∫∫

Oceans

pb(θ,φ)dA (3.1)

In the following, we will exclusively discuss bottom pressure anomalies that exclude the static
contribution of the mean atmospheric surface pressure averaged over the whole ocean domain,
which is called “dynamic contribution to bottom pressure” or “dynamic bottom pressure” in the
remainder of this document. Pressure anomalies are transformed into Stokes coefficients up to d/o
= 180 as described in Sect. 2.5 by assuming that all mass variability takes place at the surface of
the reference ellipsoid, which implies that both ξ and h are assumed to be zero over the oceans.

3.4 Spatial Patterns of Trends and Variabilities

Stokes coefficients of the dynamic ocean contribution to the time variations of the Earth’s gravity
field are resynthesized back onto an equi-angular grid for a series of consistency checks as reported
below. Long-term trends obtained from the years 1976 – 2015 are in the range of 10 Pa a−1

regionally. They mostly take place in the surroundings of the ACC and therefore reflect adjustment
of the ocean dynamics to the ECMWF-based wind forcing. Trend pattern are, however, largely
different when compared to the trends obtained from the spin-up run, thereby indicating that the
remaining trends are not related to ongoing deep-sea adjustment processes or artificial drift in the
model. In addition, trends are only slightly larger than corresponding atmospheric trends, which is
an acceptable level of accuracy in view of the currently available length of the satellite gravimetry
data record.

Yearly means of ocean bottom pressure reveal signals of a few hPa in particular in the Southern
Ocean (Fig. 3.3) that are primarily related to large-scale changes in surface winds and thus time-
varying transports in the Antarctic Circumpolar Current (Bergmann & Dobslaw, 2012). Signals of
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Figure 3.2: Trend in the dynamic bottom pressure over the period 1976 – 2015 (left) and 2002 – 2015
(right) as included in AOD1B.

by re-adding the difference between the local pressure and the mean pressure averaged over the
whole ocean domain. In order to finally remove any fluctuations in total ocean mass induced by
the Boussinesq approximation employed in the ocean model momentum equations as discussed by
Greatbatch (1994), the mean bottom pressure averaged over the whole ocean domain is removed
by subtracting a homogeneous shell of mass at every time-step:

pb(θ,φ) = pb(θ,φ)−
1

AOceans

∫∫

Oceans

pb(θ,φ)dA (3.1)

In the following, we will exclusively discuss bottom pressure anomalies that exclude the static
contribution of the mean atmospheric surface pressure averaged over the whole ocean domain,
which is called “dynamic contribution to bottom pressure” or “dynamic bottom pressure” in the
remainder of this document. Pressure anomalies are transformed into Stokes coefficients up to d/o
= 180 as described in Sect. 2.5 by assuming that all mass variability takes place at the surface of
the reference ellipsoid, which implies that both ξ and h are assumed to be zero over the oceans.

3.4 Spatial Patterns of Trends and Variabilities

Stokes coefficients of the dynamic ocean contribution to the time variations of the Earth’s gravity
field are resynthesized back onto an equi-angular grid for a series of consistency checks as reported
below. Long-term trends obtained from the years 1976 – 2015 are in the range of 10 Pa a−1

regionally. They mostly take place in the surroundings of the ACC and therefore reflect adjustment
of the ocean dynamics to the ECMWF-based wind forcing. Trend pattern are, however, largely
different when compared to the trends obtained from the spin-up run, thereby indicating that the
remaining trends are not related to ongoing deep-sea adjustment processes or artificial drift in the
model. In addition, trends are only slightly larger than corresponding atmospheric trends, which is
an acceptable level of accuracy in view of the currently available length of the satellite gravimetry
data record.

Yearly means of ocean bottom pressure reveal signals of a few hPa in particular in the Southern
Ocean (Fig. 3.3) that are primarily related to large-scale changes in surface winds and thus time-
varying transports in the Antarctic Circumpolar Current (Bergmann & Dobslaw, 2012). Signals of

Residual OBP trends in AOD1B RL06 
OCN component (1976 – 2015) 
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PDD Chapter 5: Fit and Remove 12 Frequencies 
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Product Description Document AOD1B RL06
Atmospheric Tides

Table 5.1: Tidal constituents estimated and removed from the non-tidal AOD1B coefficients.

partial tide Argument Frequency (◦h−1)
P1 t− h− 90◦ 14.9589314
S1 t+ 180◦ 15.0000000
K1 t+ h+ 90◦ 15.0410686

N2 2t− 3s + 2h+ p 28.4397295
M2 2t− 2s+ 2h 28.9841042
L2 2t− s+ 2h− p+ 180◦ 29.5284789

T2 2t− h+ p′ 29.9589333
S2 2t 30.0000000
R2 2t+ h− p′ + 180◦ 30.0410667

T3 3t− h 44.9589300
S3 3t 45.0000000
R3 3t+ h 45.0410700

by the dis-appearance of the M2 tide after opening of the Panama Canal that redirected commercial
shipping routes and thus drastically reduced the number of observations in other parts of the world
(see Schindelegger & Dobslaw, 2016, Sect. 5).

Despite of the overall good agreement between ECMWF and in situ pressure gauges, some discrep-
ancies have been identified for M2 in oceanic regions with strong ocean tides that move atmospheric
pressure sensors attached to buoys or ships periodically to different geopotential heights: promi-
nent examples are the signals in the Gulf of Alaska and around the British Isles. Those signals
are neither present in free simulations of the lunar tide nor in global fields derived from properly
corrected in situ observations (Schindelegger & Dobslaw, 2016).

To some extent, changes in the atmospheric tides on interannual to decadal scales have been also
studied for both S1 (Schindelegger et al., 2016) and S2 (Dı̀az-Argandoña et al., 2016). Changes from
year to year are present in all global atmospheric reanalysis data sets considered, but they deviate
strongly when compared to each other. Further research should be devoted to the assessment of
interannual changes of atmospheric tides in particular also in the context of long-term changes
in atmospheric composition and temperature, but in view of the demonstrated sensitivity of the
ECMWF assimilation system to changes in the observing system, it is likely that all the tidal
variations seen in the current global atmospheric data-sets still contain systematic errors; see, e.g.,
Sterl (2004) for a detailed discussion of the consequences of low observation density at middle-to-
polar latitudes in global atmospheric reanalyses. Moreover, spurious tidal structures may emerge
when predefined assimilation techniques respond to abrupt changes in the types and volumes of
observations. Robertson et al. (2011) provide evidence that the introduction of new satellite data
typically results in perturbations of energy fluxes and modelled moisture, which are important
variables in the generation of the diurnal atmospheric tide. In-situ data might be considered as
the more reliable and robust source for tidal signals, yet the sampling over several critical areas
(equatorial oceans, Amazon, Central Africa) is quite sparse to accurately constrain atmospheric
models by an observed tide.

Based on a thorough pre-assessment of the tidal signals in the ECMWF data-set to be used for
AOD1B, we selected the following strategy to cope with atmospheric tides in AOD1B RL06:
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Figure 5.1: Surface pressure signals of atmospheric tides for the triplets (P1-S1-K1), (T2-S2-R2), (T3-S3-R3)
and (N2-M2-L2) removed from AOD1B as estimated over the period 2007 – 2014.
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Figure 6.1: Ocean tides simulated in response to the atmospheric tides for the triplets (P1-S1-K1), (T2-S2-
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Figure 6.1: Amplitude spectra in the diurnal band of atmospheric surface pressure (left) and wind terms
(right) of AAM from ESMGFZ (blue) and GFZ2010 (grey) calculated for the period 1976 – 2016.
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Figure 6.2: Amplitude spectra in the semi-diurnal band of atmospheric surface pressure (left) and wind
terms (right) of AAM from ESMGFZ (blue) and GFZ2010 (grey) calculated for the period 1976 – 2016.

Semi-Diurnal 

AOD1B RL05 
AOD1B RL06 



Dobslaw et al.: Current Status of AOD1B RL05 and RL06 13 

Spectral Analysis of C20 from AOD1B (1976 – 2016) 

Doc: ESMGFZ EAM PDD
Rev. 0.1, April 21, 2017
P. 40 of 48

Product Description Document EAM from ESMGFZ
Tidal Signals in EAM from ESMGFZ

0.324 0.326 0.328 0.33 0.332 0.334 0.336 0.338 0.34 0.342
Period (days)

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

M
ag

ni
tu

de

×10-10 AAM chi1 mass term

T3
S3

R3

ESMGFZ
GFZ2010

0.324 0.326 0.328 0.33 0.332 0.334 0.336 0.338 0.34 0.342
Period (days)

0

1

2

3

4

5

6

7

M
ag

ni
tu

de

×10-10 AAM chi1 motion term

T3
S3

R3

ESMGFZ
GFZ2010

0.324 0.326 0.328 0.33 0.332 0.334 0.336 0.338 0.34 0.342
Period (days)

0

0.5

1

1.5

2

2.5

M
ag

ni
tu

de

×10-10 AAM chi2 mass term

T3

S3R3

ESMGFZ
GFZ2010

0.324 0.326 0.328 0.33 0.332 0.334 0.336 0.338 0.34 0.342
Period (days)

0

1

2

3

4

5

6

M
ag

ni
tu

de

×10-10 AAM chi2 motion term

T3

S3

R3

ESMGFZ
GFZ2010

0.324 0.326 0.328 0.33 0.332 0.334 0.336 0.338 0.34 0.342
Period (days)

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2
M

ag
ni

tu
de

×10-13 AAM chi3 mass term

T3
S3

R3

ESMGFZ
GFZ2010

0.324 0.326 0.328 0.33 0.332 0.334 0.336 0.338 0.34 0.342
Period (days)

0

1

2

3

4

5

6

7

8

9

M
ag

ni
tu

de

×10-13 AAM chi3 motion term

T3

S3

R3

ESMGFZ
GFZ2010

Figure 6.3: Amplitude spectra in the ter-diurnal band of atmospheric surface pressure (left) and wind
terms (right) of AAM from ESMGFZ (blue) calculated for the period 1976 – 2016.
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Figure 1. Relative variances (per cent) of in situ ocean bottom pressure observations explained by AOD1B RL06 (left-hand column) and differences between
relative variances explained by RL06 and RL05 (right-hand column) that have been bandpass filtered for periods of 1–3 d (top row), 3–10 d (middle row) and
10–30 d (bottom row).

Improvements in RL06 are also apparent for the 3–10 d frequency
band in particular in the Antarctic Circumpolar Current (ACC)
region where ocean variability is strongly dominated by the surface
wind forcing; and also in the Arctic Ocean, where the representation
of ocean dynamics benefits most from the curvilinear horizontal
grid utilized in MPIOM. For the longer periods between 10 and
30 d, we note a generally lower level of relative explained variances,
since other dynamic processes apart from surface pressure and wind
forcing have an increasing influence. Both RL05 and RL06 show an
approximately similar fit to the in situ observations in that frequency
range.

4 VA L I DAT I O N A G A I N S T JA S O N - 2
S E A - L E V E L A N O M A L I E S

Sea-level variability as observed by radar altimetry missions is
largely coherent with OBP changes at subseasonal time-scales away

from the tropics (Bonin & Chambers 2011). In comparison to in
situ OBP data which are only available from sparsely scattered lo-
cations, nadir-looking radar altimetry data are providing coverage
for all ice-free oceanic regions over almost three decades now. We
utilize four years of Jason-2 along-track sea-level data originating
from the Jason-2 Geophysical Data Records, version D (GDR-D;
CNES 2017) during 2012–2015 processed by GFZ’s ADS Central
(Schöne et al. 2010). The data are corrected for all recommended in-
strumental and geophysical effects as provided within GDR-D. For
particular corrections, however, alternative models are applied, in-
cluding solid Earth tides following the International Earth Rotation
and Reference System Service (IERS) Conventions 2010 (Petit &
Luzum 2010), and ocean and load tides (Savcenko & Bosch 2012).
The commonly used dynamic atmospheric correction which com-
bines a low-frequency inverted barometer (IB) effect with high-
frequency signals from a barotropic ocean model is not applied.
Instead, AOD1B-based OBP estimates are converted into sea-level

Downloaded from https://academic.oup.com/gji/article-abstract/211/1/263/3979461/A-new-high-resolution-model-of-non-tidal
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Figure 2. Relative variances (per cent) of sea-level variability from Jason-2 over the period 2012–2015 explained by (a) AOD1B RL06, and (b) differences
between relative variances explained by RL06 and RL05, each bandpass filtered for periods of 1–30 d. For comparison, corresponding results from in situ
ocean bottom pressure observations consistently filtered for identical frequencies are shown as well (circles). Note that in situ data were used from the years
2004–2008, which differs from the Jason-2 data period.

anomalies by using a mean sea-water density of 1028 kg m−3, and
are combined with the IB correction before being applied as an ad-
ditional correction model to the Jason-2 along-track data. Residual
daily sea-level anomalies are finally interpolated onto 1◦ equiangu-
lar grids using search radii of 300 km.

In order to focus on the high-frequency variability only, a third-
order high-pass Butterworth filter with 30 d cut-off period is applied
to the daily sampled Jason-based sea-level anomaly time-series from
each gridpoint before calculating the variance fraction explained
by AOD1B. For comparison, we also overlay relative explained
variances of the in situ data that have been consistently bandpass
filtered for periods between 1 and 30 d (Fig. 2). From this anal-
ysis, we note that both AOD1B versions reduce the variability in
many regions, but patches of negative explained variance are sub-
stantially smaller for RL06. Clear improvements are in particular
apparent in various semi-enclosed basins, as, for example, Hudson
Bay, Baltic, Mediterranean, Red Sea and the Gulf of Carpentaria.
For the Southern Ocean, we also identify large areas of improvement
in particular in the Atlantic and Indian sectors of the ACC region,
but note also some areas northwards of Ross Sea and Amundsen
Sea where Jason-2 observed variability is better explained by RL05
than by RL06.

The level of explained variance is always slightly higher for in
situ data when compared to Jason-2 observations, which is plausible
since small but existing steric contributions to radar altimetry are
neglected in our analysis, whereas the in situ OBP data are a direct
measure of the quantity discussed here. We further note that the
results of the two stations exhibiting negative skills for both RL05
and RL06 (located in the Gulf of Alaska and northwest off Australia)
are not confirmed by the results of the radar altimetry, thereby
suggesting that remaining errors in the processing of the in situ
data as, for example, deficits in the reduction of tides might be
responsible for the discrepancies found here. In general, however,
both satellite altimetry and the in situ data support the conclusion
that AOD1B RL06 is superior to RL05 in terms of reproducing
the open-ocean high-frequency variability despite of the fact that
largely different periods of data coverage are considered.

5 I M PA C T O N G R A C E K - B A N D
R E S I D UA L S

We also contrast both AOD1B versions with the primary sen-
sor data of the GRACE mission, the K-band range-rate (KBRR)

measurements between the two co-orbiting spacecraft performed
by the intersatellite dual one-way microwave ranging instrument.
We evaluate so-called KBRR pre-fit residuals that are obtained af-
ter data screening and POD of the GRACE satellites, but prior to
the gravity field adjustment. Instrument data over the year 2008 are
used here which are frequently applied as a test-case in GRACE
data processing due to generally good data quality that benefits
among other things from the low solar activity during that year. To
pin-point the geographical location of an anomaly, KBRR residuals
are transformed into K-band range acceleration (KBRA) residuals
by differencing KBRR residuals in time followed by a fifth-order
Butterworth low-pass filter with a cut-off frequency of 1/60 Hz.
Individual KBRA residuals are binned into 3◦ boxes, and subse-
quently the variance of all KBRA residuals accumulated over the
year in any particular box is calculated.

Since an improved modeling of forces acting on the GRACE
satellites will result in a better fit between modeled and measured
observations, a reduction of KBRA residual variance when mov-
ing from AOD1B RL05 to RL06 is interpreted as an improvement
in RL06 over the previous version (Fig. 3). We note strong im-
provements with KBRA reductions of more than 0.5 nm s−2 (cor-
responding to roughly 25 per cent of the residual signal) over the
Siberian Shelf, where artificial drifts were present in AOD1B RL05
that are now corrected in RL06. Variance reduction is also posi-
tive in the entire Arctic region and also in various semi-enclosed
seas at the Northern Hemisphere including Hudson Bay, North Sea,
Baltic and—less pronounced—the Mediterranean and the Black
Sea, which are largely consistent with the results from Jason-2 pre-
sented above. Improvements are less clear in South-East Asia and in
the ACC region, where numerous bins with even increasing KBRA
residuals are documented. When looking at the global statistics,
however, we note that the maximum improvement in any of the 3◦

boxes amounts to 2.241 nm s−2 (at 74◦N, 161◦E), the worst degra-
dation is only to −0.488 nm s−2 (at 8◦N, 104◦E) and the global
mean of 0.031 nm s−2 also supports the preference of RL06 over
RL05.

6 I M PA C T O N P R E C I S E O R B I T
D E T E R M I NAT I O N

We finally test the impact of AOD1B on the POD of radar altimetry
satellites. We essentially follow the processing strategy outlined in
Rudenko et al. (2016), but focus on two satellites only that orbit
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Figure 3. Reduction in GRACE K-band range acceleration residuals when replacing AOD1B RL05 with RL06 averaged over the year 2008.

Table 1. Impact of AOD1B RL05 and RL06 on precise orbit
determination for the Jason-1 satellite as averaged over the
period 2002–2012.

SLR DORIS
AOD1B rms Observation rms Observation
version (mm) Count (µm s−1) Count

RL05 15.12 1 767 916 357.2 46 050 097
RL06 15.11 1 767 916 357.2 46 050 097

the Earth at different altitudes and inclinations. Two versions of
orbits have been computed for ENVISAT (2003–2012) and Jason-1
(2002–2012) by adding either AOD1B RL05 or RL06 to the time-
variable background gravity field during the POD procedure. We
utilize space geodetic observations of those satellites acquired
from Satellite Laser Ranging (SLR) disseminated via the Interna-
tional Laser Ranging Service (Pearlman et al. 2005), and from the
Doppler Orbitography and Radiopositioning Integrated by Satel-
lite (DORIS) system provided via the International DORIS Service
(Willis et al. 2010).

For every orbit version, individual a posteriori rms fits for each
of the observation groups used for POD are calculated. Orbits of
the Jason-1 satellite (1340 km altitude and 66◦ inclination) are just
marginally improved both in terms of DORIS and SLR observa-
tions when AOD1B RL05 is replaced by RL06 (Table 1), the av-
erage improvements and their associated formal errors are small
but significantly different from zero, that is, 0.009 ± 0.005 mm
and 0.06 ± 0.02 µm s−1 for SLR and DORIS, respectively. SLR
orbital fits for ENVISAT (800 km altitude and 98◦ inclination)
slightly decrease when AOD1B RL05 is replaced by RL06 by
−0.029 ± 0.008 mm (Table 2). For the DORIS observations, how-
ever, RL06 improves the fit with 0.039 ± 0.003 µm s−1. Based on
those numbers, we conclude that orbit tests are not a very sensitive

Table 2. Impact of AOD1B RL05 and RL06 on precise orbit
determination for the ENVISAT satellite as averaged over
the period 2003–2012.

SLR DORIS
AOD1B rms Observation rms Observation
version (mm) Count (µm s−1) Count

RL05 12.92 1 026 514 428.8 32 460 082
RL06 12.94 1 026 514 428.7 32 460 081

option to assess the quality of present-day AOD1B modifications.
Nevertheless, a small but positive impact of AOD1B RL06 is doc-
umented for almost all observation groups tested.

7 S U M M A RY A N D C O N C LU S I O N S

A new RL06 version of the de-aliasing product AOD1B has been
calculated in preparation of the next reprocessing of monthly gravity
fields from the GRACE satellite mission. Compared to its predeces-
sor RL05, AOD1B RL06 provides an increased temporal (3 hr) and
spatial (d/o = 180) resolution; a clear separation between tidal and
non-tidal signals; and an improved long-term consistency due to
the applied mapping of all atmospheric surface pressure fields to a
time-invariant reference orography. Consequently, a posteriori cor-
rection models that account for occasional ECMWF model changes
present in RL05 (Fagiolini et al. 2015) will be no longer necessary
for a GRACE gravity field time-series utilizing AOD1B RL06.

Together with its predecessor, AOD1B RL06 has been tested
for its ability to reduce scatter in four fundamentally different
groups of oceanographic and geodetic observations that include in
situ OBP station data, sea-level anomalies from satellite altimetry,
GRACE K-band residuals as well as various space geodetic observa-
tions utilized for POD of Earth-orbiting satellites. Apart from rare
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Summary on AOD1B 

•  AOD1B RL05 and RL06 are currently routinely updated (weekly 
and daily, respectively) 

•  RL06 has an improved long-term consistency: posterior 
corrections to GSM fields (GAE, GAF) will be no longer necessary 

•  Separation between tidal and non-tidal signals in RL06: 
atmospheric tides need to be treated separately in Precise Orbit 
Determination 

 
 
 
 
 
 
 
•  Data and documentation for RL06 are publicly available: 

www.gfz-potsdam.de/en/esmdata 
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S U M M A R Y
The release 06 (RL06) of the Gravity Recovery and Climate Experiment (GRACE) Atmosphere
and Ocean De-Aliasing Level-1B (AOD1B) product has been prepared for use as a time-
variable background model in global gravity research. Available since the year 1976 with a
temporal resolution of 3 hr, the product is provided in Stokes coefficients up to degree and order
180. RL06 separates tidal and non-tidal signals, and has an improved long-term consistency
due to the introduction of a time-invariant reference orography in continental regions. Variance
reduction tests performed with globally distributed in situ ocean bottom pressure recordings
and sea-surface height anomalies from Jason-2 over a range of different frequency bands
indicate a generally improved performance of RL06 compared to its predecessor. Orbit tests
for two altimetry satellites remain inconclusive, but GRACE K-band residuals are reduced by
0.031 nm s−2 in a global average, and by more than 0.5 nm s−2 at numerous places along the
Siberian shelf when applying the latest AOD1B release. We therefore recommend AOD1B
RL06 for any upcoming satellite gravimetry reprocessing effort.

Key words: Global change from geodesy; Loading of the Earth; Satellite gravity.

1 I N T RO D U C T I O N

During the past 15 yr since the launch of the Gravity Recovery and
Climate Experiment (GRACE; Tapley et al. 2004) in 2002 March,
the concept of a low–low satellite-to-satellite tracking gravime-
try mission has matured into a global monitoring system of mass
redistribution and mass transport. Quantitative estimates of mass
changes obtained from GRACE observations revealed, for exam-
ple, substantial mass loss in the Tien Shan high-mountain glaciers
(Farinotti et al. 2015); the non-sustainable depletion of ground-
water resources in various densely populated regions of the world
(Famiglietti 2014) and a gradually increasing Greenland meltwa-
ter discharge which impacts Labrador Sea convection and conse-
quently the meridional overturning circulation in the North Atlantic
(Yang et al. 2016). The relevance of GRACE for the monitor-
ing of environmental changes is reflected in the approval of the
follow-on mission GRACE-FO, which is scheduled for launch in
Spring 2018 February (Flechtner et al. 2016).

Despite of its ability to accurately trace mass variability at large
spatial scales, satellite gravimetry is inherently insensitive to dis-
criminate between mass changes at, above, or beyond the Earth’s
surface. Further, the GRACE satellites are orbiting the Earth at an
altitude of typically 450 km where small-scale features of the Earth’s
gravity field are already substantially diminished by the harmonic
upward continuation. Gravity signals originating from processes
that are sharply defined in the space domain, as, for example, mass

loss of a single outlet glacier, are therefore smoothed into adjacent
regions in the GRACE science products—an effect known as spatial
leakage. Finally, GRACE is orbiting the Earth once every 90 min,
and it requires the accumulation of data from various (typically
30) days to compute a full global gravity field. Signals at periods
shorter than two times the accumulation period lead to spurious
signals in the gravity field model—a phenomenon called temporal
aliasing.

In order to aid the vertical signal separation problem and to re-
duce temporal aliasing, an a priori time-variable background model
representing the mass variability in both atmosphere and oceans is
typically introduced into the gravity field estimation procedure. The
GRACE Atmosphere and Ocean De-Aliasing Level-1B (AOD1B)
Product is routinely provided by Deutsches GeoForschungsZentrum
(GFZ) since the launch date of the GRACE mission (Flechtner 2007;
Flechtner et al. 2015). To meet its intended purposes, the product
should fulfill two minimal requirements: (1) AOD1B needs to be
provided with very high temporal and spatial resolution to properly
represent transient weather systems and their associated pressure
and mass signals. (2) AOD1B needs to be stable in time on long
time-scales from years to decades in order to avoid the introduc-
tion of spurious low-frequency signals or discontinuities into the
GRACE gravity fields that are subsequently prone to be interpreted
erroneously in an entirely different geophysical context.

A detailed technical documentation of the latest AOD1B re-
lease 06 (RL06) is given in Dobslaw et al. (2016a). Besides
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