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S U M M A R Y
The GRACE Atmosphere and Ocean Level-1B (AOD1B) product is routinely applied in the
processing of satellite gravimetry data to mitigate the impact of temporal aliasing. Spurious
trends, low-frequency signals or bias jumps in the background model data can, if unaccounted
for, introduce biases into the global gravity solutions which might be interpreted erroneously in
subsequent geophysical analyses. Here, we examine the most recent release, RL07, of AOD1B
for such artefacts. A focus is placed on the transition from the atmospheric re-analysis ERA5
to operational weather model data, in January 2018, which coincides with the gap between the
missions GRACE and GRACE-FO. We find that linear trends computed from 1975 to 2020 are
well below 30 Pa a–1 for all components of RL07. The assessment of 3-hourly tendencies gives
no indication of bias jumps and shows that the transition in atmospheric data does not have an
adverse effect on the consistency of RL07. We conclude with a comparison of the variability
of both AOD1B RL06 and RL07 in the context of their application in satellite gravimetry.

Key words: Global change from geodesy; Satellite geodesy; Satellite gravity; Time variable
gravity; Time-series analysis.

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

Satellite gravimetry missions such as GRACE (Tapley et al. 2004)
and its successor GRACE-FO (Landerer et al. 2020) have provided
invaluable insight into Earth’s large-scale mass variations. Monthly
gravity solutions covering more than 20 yr have been extensively
used to monitor changes in terrestrial water storage (TWS; Rodell
et al. 2018), ice-mass loss in Greenland (Sasgen et al. 2020) and
Antarctica (Velicogna & Wahr 2006) as well as ocean mass variabil-
ity (Chen et al. 2018) associated with the inflow of water from the
continents. A thorough review of the numerous achievements from
the GRACE mission can be found in Tapley et al. (2019). Addition-
ally, recent efforts to estimate trends from GRACE and GRACE-FO
level 1B data directly have allowed the study of trends with even
higher resolution (Loomis et al. 2021). On the other hand, GRACE
data have also been used in high-frequency or short-timescale anal-
yses such as the analysis of storm-induced ocean mass variability
(Ghobadi-Far et al. 2022), or rapid TWS increases due to flooding
(Han et al. 2021).

To derive GRACE based gravity solutions, however, background
model information is usually required to account for the inherent
insensitivity to high frequency mass changes both in the spatial
and temporal domains. The GRACE satellites orbit at very low al-
titudes (less than 500 km) by passing over the North and South

Pole every 90 min while the Earth is spinning underneath the or-
bital plane. This configuration allows dense temporal sampling at
the poles, but increasingly sparse coverage towards the equator, so
that very rapid mass variations are undersampled at lower latitudes.
This includes submonthly mass variations from a variety of sources
but most prominently ocean tides with prominent periodicities at
diurnal and semi-diurnal frequencies (Ray et al. 2003; Han et al.
2004; Sulzbach et al. 2021), as well as non-tidal variability in at-
mosphere and ocean, which are conventionally subtracted from the
satellite data to mitigate temporal aliasing effects. The Atmosphere
and Ocean De-Aliasing Level-1B (AOD1B) product provides this
a priori background information of atmospheric and oceanic non-
tidal mass variations. It is routinely provided by Deutsches Geo-
forschungsZentrum (GFZ) since the launch of the original GRACE
mission in the year 2002 (e.g. Flechtner et al. 2006). The recently
published new release RL07 of AOD1B (Shihora et al. 2022a) im-
proves over previous versions by including new atmospheric data
sets and an updated ocean model configuration, which allow for a
more accurate representation of the high-frequency non-tidal mass
variations on the Earth (Shihora et al. 2022b).

However, especially in light of the above cited scientific appli-
cations of the final gravity data, AOD1B is not only required to
accurately represent the high-frequency mass variations but also
feature stability and consistency over long timescales from months

C© The Author(s) 2023. Published by Oxford University Press on behalf of The Royal Astronomical Society. 1063

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/234/2/1063/7083026 by G

FZ Potsdam
 user on 02 M

ay 2023

http://orcid.org/0000-0003-2459-6606
http://orcid.org/0000-0002-9596-267X
http://orcid.org/0000-0003-1776-3314
mailto:linus.shihora@gfz-potsdam.de


1064 L. Shihora et al.

to decades. Large spurious trends, low-frequency signals or bias-
jumps in the background data could be erroneously introduced into
the final gravity solutions where they are subsequently interpreted in
an entirely different geophysical context. Especially over the con-
tinents, such trends might be interpreted in the context of TWS
changes or ice-mass changes and have a significant impact on the
applicability of the final results from the GRACE and GRACE-FO
missions.

We here present an analysis of both the trends and annual signal
as included in AOD1B RL07 (Section 3 and 4) as well as possible
bias jumps by studying 3-hourly tendencies (Section 5). In both
cases, we present results separately for the atmospheric as well
as the oceanic component of AOD1B and compare to alternative
re-analyses as well as the previous release RL06. We also compare
both releases in terms of difference in variability in Section 6 before
concluding in Section 7 with a summary of the results in the context
of the geophysical applications of satellite gravimetry.

2 OV E RV I E W O F A O D 1 B R L 0 7

AOD1B RL07 (Shihora et al. 2022b) is based on atmospheric data
from atmospheric re-analyses of the European Centre for Medium-
range Weather Forecasts (ECMWF) in combination with ocean bot-
tom pressure fields from an ocean general circulation model. The
early years of the atmospheric component until 2017 are based on
ECMWF’s ERA5 re-analysis (Hersbach et al. 2020), while from
2018 onwards operational ECMWF data is used to allow for a
near-real-time continuation of the data product. To ensure consis-
tency between the two sources, surface pressure fields are mapped
to a common reference orography (Dobslaw 2016). In addition to
surface pressure variations, density anomalies from the upper at-
mosphere are considered for the entire time-series as well.

The oceanic component of RL07 is based on ocean bottom
pressure (OBP) anomalies specifically simulated for AOD1B with
the Max-Planck-Institute for Meteorology Ocean Model (MPIOM;
Jungclaus et al. 2013), which is consistently forced with atmo-
spheric data from ERA5 until 2017 and ECMWF operational data
from 2018 onwards.

Tidal signals in the atmospheric surface pressure as well as corre-
sponding induced signals in the OBP data are empirically estimated
and subtracted (Balidakis et al. 2022) in order to only represent
non-tidal mass-variations. Anomalies are computed with respect to
the long-term mean from 2007 to 2014 and are subsequently pro-
vided as coefficients of a spherical harmonic expansion up to degree
and order (d/o) 180 with a temporal resolution of 3 hr. RL07 is be-
ing produced starting in the year 1975, which coincides with the
launch of the Starlette satellite, to allow for the consistent process-
ing of even the earliest satellite laser ranging (SLR) data. AOD1B
RL07 is publicly available under Shihora et al. 2022a while more
details on initial geodetic validation are provided in Shihora et al.
(2022b).

3 A S S E S S M E N T O F L I N E A R T R E N D S

As a first step, we analyse the trends in the components of AOD1B
RL07 in order to assess their possible impact on the estimated
GRACE gravity field time series. The analysis is split into the
individual components of AOD1B, that is (i) the atmospheric surface
pressure, (ii) contributions from density anomalies in the upper
atmosphere and (iii) ocean bottom pressure.

Figure 1. Linear trends in surface pressure as it is used for AOD1B RL07 as
a combination of ERA5 (2002–2017) and ECMWF operational data (2018–
2020) (a). As a reference (b) and (c) show the linear trends in surface pressure
when considering only ERA5 re-analysis data or the MERRA2 re-analysis.
All trends are computed from 2002 to 2020.

3.1 Surface pressure

Fig. 1 shows the linear trend for the atmospheric surface pressure
as it is included in AOD1B RL07 in subfigure (a). It consists of
data from the ERA5 re-analysis until 2017 followed by ECMWF
operational data starting in 2018. To ensure that there is no impact
due to the transition between the two data sets we also show the
trend when using only the ERA5 re-analysis (b) as well as surface
pressure from the MERRA2 re-analysis (Gelaro et al. 2017) as a
reference (c). The trends are computed starting in January 2002
shortly before the launch of GRACE until the end of the year 2020.

We conclude that the surface pressure contribution to AOD1B
RL07 does not include large trends. The largest local signals are
found along the coast of Antarctica and in the Ross Sea with values
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Stability of AOD1B RL07 1065

Figure 2. Linear trend of ERA5 surface pressure from 1975 to 2020.

of up to 30 Pa a–1. Over the continents values are even smaller
reaching only up to 5 Pa a–1. Trends using the combination of ERA5
and ECMWF operational data (Fig. 1a) are very close to the results
obtained from using only the ERA5 re-analysis (Fig. 1b) indicating
that the transition between the data-sets does not have a significant
effect. Surface pressure trends over the period from 2002 to 2020
from MERRA2 (Fig. 1c) show a very similar pattern to the other
results. The largest trends are also found in the southern ocean close
to Antarctica, although the trends are, with values of up to 15 Pa a–1,
slightly smaller.

Since AOD1B RL07 is produced all the way back to the year 1975,
we also compute the linear trend over a longer time period in Fig. 2.
The figure shows the linear trend in ERA5 surface pressure for
1975 until 2020. For this period, trends are globally below 8 Pa a–1

and significantly below 5 Pa/a over the continents with a global
average of 0.47 Pa a–1. Comparing the trends on longer timescales
to the results from Fig. 1 the feature along the coast of Antarctica
is much reduced, indicating that the pattern is not related to long-
term drifts but rather to interannual-to-decadal climate variability.
In view of the strong variability in surface pressure in the area
and the importance of atmosphere–ocean interactions on the long-
term evolution of the regional atmospheric circulation, such a trend
in the region is indeed plausible. However, the representation of
surface pressure signals around Antarctica is likely less accurate
due to a sparser coverage of assimilated observational data. Part of
this can be seen from the difference in trend between ERA5 and
MERRA2. This also matches Hobbs et al. (2020) who report that
the exact distribution and magnitude of long-term pressure changes
around Antarctica varies in different re-analysis data-sets. These
uncertainties in the atmospheric data should thus be considered for
a new assessment of the remaining uncertainty of AOD1B RL07
that is currently under preparation.

3.2 Upper air density anomalies

In addition to surface pressure anomalies, AOD1B RL07 takes the
contribution of upper air density anomalies (Swenson & Wahr 2002)
over both continents and oceans into account. To visualize the effects
in an accessible way, we transform the upper air gravitational effects
into apparent surface pressure variations that would have caused the
same effect on the gravity field outside the atmosphere for the trend
assessment presented here.

Fig. 3 shows the linear trend in the contribution of upper-air
density anomalies computed for the years 2002–2020. Trends are
much smaller compared to contributions from atmospheric surface

Figure 3. Linear trend of the upper-air density anomalies from 2002 to 2020
as included in AOD1B RL07.

pressure due to the comparatively small deviations from the hydro-
static balance. Regionally, those trends do not exceed 0.5 Pa a–1,
and for most of the grid points values are even much smaller. On
a area-weighted global average, the linear trend amounts to about
0.05 Pa a–1 which is well within the expected range of natural cli-
mate variability and will thus not introduce any artificial trends into
AOD1B.

3.3 Ocean bottom pressure

Ocean bottom pressure forms the third major component of the non-
tidal mass variability represented by AOD1B. Transient simulations
with MPIOM and forcing from either ERA5 or the operational
ECMWF data are used to calculate OBP fields every 3 hr. Especially
for oceanic applications of satellite gravimetry, large secular trends
in the simulated OBP can also significantly reduce the quality of
the gravity field solutions, since monitoring the long-term increase
in ocean mass is one of the most important science goals of satellite
gravimetry in maritime regions (Chambers et al. 2010).

In Fig. 4(a), we present the trend in OBP as it is used in AOD1B
RL07 based on ERA5 atmospheric forcing until 2017 and opera-
tional ECMWF forcing data from 2018. Similar to Section 3.1, we
also compare to OBP trends using only ERA5 atmospheric forc-
ing in the MPIOM simulation (b) in order to gauge the impact of
changed forcing data. Additionally, we compare the trends to the
previous release 06 of AOD1B (c) (Dobslaw et al. 2017). Similar
as before, all three trends are computed over the period 2002–2020.

Trends in the oceanic component of AOD1B (Fig. 4a) are region-
ally around 20 Pa a–1. The largest trends are found in the south in
the region of the Antarctic Circumpolar Current (ACC), especially
in the Bellingshausen Basin. This region experiences some of the
highest speeds on Earth, and signals in Fig. 4 reflect an adjustment
of the ocean dynamics to the atmospheric forcing in a region where
the shape of the ocean’s bathymetry favours resonant ocean mass
redistribution. Additionally, shallow parts of Arctic Ocean show
trends of similar magnitude but opposite sign. On a global average,
the absolute magnitude of linear trends is below 7 Pa a–1.

Comparisons with OBP trends based on ERA5 atmospheric forc-
ing only (Fig. 4b) reveals very little impact from the transition
in forcing data. Both regional patterns as well as the magnitudes
of trends are highly similar. Trends in the previous release 06 of
AOD1B are generally comparable in magnitude, but show a differ-
ent regional pattern. Whereas the trends in the Arctic Ocean are
largely the same, trends in the Southern Ocean are not as clearly
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1066 L. Shihora et al.

Figure 4. Linear trends in the ocean bottom pressure contribution as in-
cluded in AOD1B RL07 (a) where both ERA5 and ECMWF operational
atmospheric forcing data are used. Panel (b) shows the linear trend when
only using ERA5 atmospheric forcing data. Panel (c) shows the linear trend
from AOD1B RL06 for comparison. All trends are computed from 2002
until 2020.

defined. Instead, there are smaller regions with locally increased
trends. We attribute these patterns primarily to an insufficient spin-
up of the ocean simulation, which has been extended to 2.000 years
for RL07, and also to the consequences of the higher quality of the
(more recent) atmospheric re-analysis data utilized for RL07.

We also compute the linear trend in ocean bottom pressure over
a longer period from 1975 until 2020 in Fig. 5. Whereas the spatial
pattern in the Southern Ocean is very similar to results in Fig. 4(a),
the overall magnitude of the trend is reduced. Trends in coastal
areas and the Arctic Ocean are also significantly smaller. We there-
fore conclude that the trends in OBP, which are of a comparable
amplitude to surface pressure trends, are at an acceptable level of

Figure 5. Linear trend of MPIOMs ocean bottom pressure from 1975 to
2020.

accuracy in AOD1B RL07, but a tiny contribution of artificial drift
from the ocean model might still enter the gravity fields.

For comparison, Rodell et al. (2018) estimate the uncertainty of
the GRACE-based TWS trend for Antarctica to be ∼40 Gt a–1 which
corresponds to about 0.3 cm a–1 equivalent water-height which is
still larger than the ERA5-based trend signal over the Antarctic re-
gion. Similarly, the uncertainty of global ocean mass change as esti-
mated by GRACE is given by Tapley et al. (2019) to be ∼0.4 mm a–1

which is on the same order of magnitude as the globally averaged
OBP trends in AOD1B RL07. Please note that although Chen et al.
(2022) give estimates on the order of ±0.05 mm a–1, this number is
based on the misfit of the GRACE data in the linear regression and
does not include uncertainties based on, for example GIA and geo-
centre motion which have additional impacts of approximately ±0.3
mm a–1 (Chambers et al. 2010) or approximately ±0.21 mm a–1

(Blazquez et al. 2018), respectively.
Whereas the drift remaining in AOD1B RL07 is acceptable at the

current level of GRACE-based trends, further efforts are certainly
needed in case that a future gravity mission of the next generation
is being implemented, which probably shall provide more accurate
gravity field data from better instruments, more satellites, and lower
orbit altitudes as well as extend the time-series of gravity solutions.
In addition, care must be taken in handling background model infor-
mation when it comes to the computation of GRACE-based trends,
as the residual drift in AOD1B is now on the order of magnitude of
GRACE trend uncertainties.

4 A S S E S S M E N T O F T H E A N N UA L
S I G NA L

Next to long-term linear trends, the accuracy of low frequency sig-
nals such as annual variations is of interest. In principle, these long
term signals do not contribute to the temporal aliasing in the grav-
ity field solutions. As satellite gravimetry is, however, inherently
incapable of distinguishing between individual vertical contribu-
tions to mass variations, background models are often applied also
for signal separation. In the analysis of TWS data for instance,
atmospheric mass variations must be removed by subtracting the
variations as represented by AOD1B. As a result, a proper repre-
sentation of longer frequencies such as the annual signal can be
important in many applications of the gravity data.

In Fig. 6, we show the amplitude of the annual variations in
surface pressure based on ERA5 (Fig. 6a) and MERRA2 (Fig. 6b)
data from 2002 to 2020.
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Stability of AOD1B RL07 1067

Figure 6. Amplitude of the seasonal signal from ERA5 (a) and MERRA2
(b) surface pressure estimated from 2002 to 2020.

The signal is largest over Greenland, where amplitudes of over
12 hPa are reached. Similarly large signals can be found in some
coastal areas such as the East China Sea or the Persian Gulf. Over
most of the ocean, however, the amplitude is typically below 1 hPa.
Comparing the amplitudes from the two re-analyses shows a very
small difference. Most of the differences are found in regions with
steep orographic gradients which might be the cause of some of
these differences as we did no adjustment to a common orography.
The spatially averaged absolute value of the difference reaches only
11 Pa which, given the magnitude of the annual signal, is negligible.
The small discrepancy can be attributed to the large weight of the
identical barometer observations in both re-analyses.

5 A S S E S S M E N T O F 3 - H O U R LY
T E N D E N C I E S

So far, the assessment of the individual components of AOD1B
RL07 has focused only on the stability on decadal timescales. How-
ever, errors on short timescales such as bias changes, can have an
equally adverse impact on GRACE gravity field solutions (Fagiolini
et al. 2015). In this section, we examine 3-hourly tendencies which
are an effective statistical metric to reveal abrupt jumps or other sub-
tle discontinuities in the underlying data. 3-hourly tendencies are
here defined as the differences between consecutive 3-hourly time-
steps and are thus a measure of the amount of change from one data
epoch to the next. A sudden large peak in the tendencies would be
an indicator of a bias jump, which would require further scrutiny.
We focus here again on the individual components of RL07, namely
the atmospheric component which combines the surface pressure
anomalies and the upper air density contributions, as well as the

Figure 7. Area-weighted spatial mean of the absolute value of 3-hourly
tendencies for the atmospheric component of AOD1B. Results are shown for
RL07 (a) and RL06 (b). The transition from re-analysis data to operational
ECMWF data is indicated by the vertical dotted lines.

oceanic component. We place a special focus on the transition be-
tween the ERA5 and operational ECMWF atmospheric data as this
marks a significant change within the time-series where ensuring
consistency is particularly important since it coincides with the gap
between the two missions GRACE and GRACE-FO.

5.1 Atmospheric component

First, we consider the tendencies of the atmospheric contribution
to RL07. In Fig. 7, we show the 3-hourly tendencies as a single
time-series by computing the area-weighted mean of the absolute
value of the tendencies. The time-series is shown for RL07 (a) as
well as RL06 (b) for comparison. The dotted vertical line marks
the epoch of transition from re-analysis to the operational ECMWF
atmospheric data in the respective release (i.e. 1 January 2007 in
RL06, and 1 January 2018 in RL07).

The atmospheric tendencies for RL07 are largely comparable to
the corresponding results from RL06. Both the overall magnitude
of the tendencies as well as the scatter of the intra-annual variations
agree well as shown in Fig. 7. In addition, there is no evidence for
trends or significant peaks visible which would indicate a bias jump
in the atmospheric data. While RL06 shows a slight increase in the
tendencies after 2007 due to the change in spatial resolution after
the transition from ERA-Interim to operational ECMWF data, the
impact of the transition for RL07 in 2018 is even smaller.

5.2 Oceanic component

Next, we consider the tendencies for the oceanic component of
AOD1B RL07. Similar to the previous section we compute the
area-weighted absolute value of the tendencies to arrive at time-
series for both RL06 and RL07 as shown in Fig. 8. Both tendency
time-series are comparable in terms of seasonal variation, however,
the RL07 results show overall slightly larger values. In addition,
there is a change in the tendencies visible over the transition from re-
analysis to operational atmospheric forcing data. In RL07, we note a
decrease in the tendencies after 2018, whereas for RL06 the oceanic
tendencies increase after 2007. For RL06 the change from ERA-
Interim to operational ECMWF data included a notable change
in spatial resolution and as a result shows a slight impact on the
variability in the MPIOM simulation. The change in RL07 is rather

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/234/2/1063/7083026 by G

FZ Potsdam
 user on 02 M

ay 2023



1068 L. Shihora et al.

Figure 8. Area-weighted spatial mean of the absolute value of 3-hourly
tendencies for the oceanic component of AOD1B. Results are shown for
RL07 (a) and RL06 (b). The transition in atmospheric forcing data from
re-analysis to operational ECMWF data is indicated by the vertical dotted
lines.

Figure 9. Area-weighted spatial mean of the absolute value of 3-hourly
tendencies for the oceanic component of AOD1B for the transition from
2017 to 2018 which signifies the transition in the atmospheric forcing data.
Results are shown for RL07 (a) and RL06 (b).

due to the different atmospheric forcing frequency in the simulation.
As RL07 aims to take full advantage of the newly increased 1-hourly
resolution of the ERA5 re-analysis, the transition to operational
data also includes a reduction in the forcing frequency of MPIOM
to 3-hourly sampled forcing fields. As a result, a decrease in the
variability from each time-step to the next is found, since advected
atmospheric fronts are less sharply defined with fewer time-steps.
The sensitivity to the change in atmospheric forcing thus shows that
the tendencies can indeed identify even very subtle changes in the
underlying data.

We also show the tendencies for a much shorter period around
the transition in forcing data in Fig. 9 to ensure that there are indeed
no abrupt changes. The figure shows the tendencies for two months
around the transition to operational forcing for the oceanic part of
RL07. As a reference we also show the tendencies over the same
period for RL06 which does not include any change in atmospheric
data during that time. The comparison between the two time-series
reveals no conspicuous features. While the tendencies decrease,
they do so rather smoothly and well within the usual range of the
otherwise typical variability.

Figure 10. Area-weighted spatial mean of the absolute value of 3-hourly
tendencies for the oceanic component of AOD1B RL07 for the transition
from 2017 to 2018 which signifies the transition in the atmospheric forcing
data. Tendencies are computed using only the arctic ocean (a) or the Baltic
sea (b).

Figure 11. Area-weighted spatial mean of the absolute value of 3-hourly
tendencies for the oceanic component of AOD1B RL07 from December
2018 to February 2019.

As the analysis has so far focused on the consistency on a global
scale, we now also analyse the impact of the forcing transition in two
key regions of the world. Fig. 10(a) shows the tendencies around
the transition epoch for the Arctic Ocean, which is usually under-
represented in the global average analysis due to its rather small
total area but features a comparatively high variability in OBP. In
Fig. 10(b), we show tendencies for the Baltic Sea, which is a semi-
enclosed sea and thereby challenging to model given the spatial
resolution of MPIOM. Whereas the tendencies for those two regions
show a larger amount of variability than the global average, there is
no indication of an adverse impact of the transition in atmospheric
forcing data even on those regional scales.

A second notable feature of the tendencies shown in Fig. 8(a)
are small peaks that appear at irregular intervals in some years.
Those peaks are visible at the same times also in the tendencies
calculated from RL06. As they appear in two separate time-series
that are based on both different ocean model configurations and
different atmospheric forcing data-sets, they are likely a physical
feature in the simulation rather than a bias jump. To verify, we
first show a detailed view of the tendencies for one of the peaks
in Fig. 11. The figure shows that the increase in tendencies is not
due to a single time-step, which would indicate a bias jump, but
instead stretches for about 1 week around the end of December
2018. As the time-series shown in Fig. 11 is based on a spatial
average, we also determine the spatial distribution of the increased
tendencies. We average the absolute value of the tendencies for the
week of increased tendencies and subsequently subtract a long-term
mean. The difference is shown in Fig. 12. Regions that contribute
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Stability of AOD1B RL07 1069

Figure 12. Spatial distribution of the increased tendencies for the last week
of December 2018. Tendencies are averaged over 1 week around the increase
in the tendencies and a long term mean is subsequently subtracted.

to the temporary increase in tendencies are thus shown as spatially
coherent positive signals. Based on the figure we can identify three
core regions which have the largest contributions: the Mozambique
Channel, the Tasman Sea and the western equatorial Pacific. All
three of these regions are, due to their basin-geometry, resonant at
very short periods extending over a few hours. This can be readily
seen for example from the spatial distribution of semi-diurnal ocean
tides (Sulzbach et al. 2021). While other regions in Fig. 12 also
show a positive difference, such as the Arctic or the North Sea, a
close inspection of the time-series of these regions shows that they
do not contribute to the temporary increase in variability. These
regions, instead, have a generally larger variability and thus happen
to feature in the figure. Based on the assessments of Figs 11 and 12,
we conclude that the increase in variability is not due to a change in
bias or a technical issue but rather caused by occasionally happening
resonances in certain oceanic regions.

5.3 ERA5 back extension

As AOD1B RL07 is starting in 1975, the first four years are based
on the so-called back extension of the ERA5 re-analysis (Bell et al.
2021) which covers the years from 1950 to 1978. To assess the
transition between the back extension and the regular ERA5 data,
we also compute tendencies for the components of AOD1B RL07
across the transition. Fig. 13 shows the area-weighted absolute value
of the tendencies for both the atmosphere (Fig. 13a) as well as the
oceanic component (Fig. 13b) from 1978 to 1979.

The 3-hourly tendencies clearly show an impact of the change
from back extension to the regular ERA5 data both for the atmo-
sphere as well as the simulated ocean bottom pressure data forced
with the atmospheric data. For the atmosphere, the back extension
based data exhibit a significantly larger variation in the tendencies.
Bell et al. (2021) report a significant improvement in the quality
of the surface pressure data beginning in 1979 coinciding with the
introduction of the TIROS Operational Vertical Sounder (TVOS)
satellite data (see Bell et al. 2021, fig. 9). A corresponding change
is visible in the oceanic tendencies as well. Both the variation as
well as the overall magnitude of the 3-hourly tendencies changes
across the transition.

While the impact is not overly large, there is thus a change in
the highest frequencies of AOD1B RL07 for the earliest years. We
believe that this will not significantly impact applications such as the
processing of the earliest SLR satellites as the accuracy of the early

Figure 13. Area-weighted spatial mean of the absolute value of 3-hourly
tendencies. Results are given for surface pressure (a) as well as AOD1Bs
oceanic component (b) for 1978–1979. The period covers the transition from
the back extension to regular ERA5 re-analysis data.

Figure 14. Standard deviation of the difference between AOD1B RL07
and RL06 GLO coefficients after retransformation from spherical harmonic
coefficients.

SLR tracking data is significantly lower than today. As an example,
the assimilation of normal points for the ITRF2020 from the ILRS
starts in 1983 (Noll et al. 2019) only, which is in part driven by
the reduced accuracy of instruments as well as a poorer coverage of
ground stations. Nonetheless, the impact of the lower accuracy of
the ERA5 Back Extension based years in AOD1B should be kept
in mind when using the years 1975–1979.

6 C O M PA R I S O N T O A O D 1 B R L 0 6

We finally assess the overall impact of the various changes in
AOD1B RL07 on the surface mass variability in general. To that
end, we compare the so called GLO coefficients—which combine
the effects of atmosphere and ocean and are routinely applied dur-
ing the GRACE gravity field processing—from RL06 and RL07.
In Fig. 14, we show the standard deviation difference between the
GLO coefficients that have been re-synthesized from the Stokes
Coefficients into the spatial domain.

The difference in variability between RL07 and RL06 generally
reach an amplitude of about 4 hPa on regional scales. Especially in
the Southern Ocean and the region of the ACC as well as several
coastal areas. In contrast, the differences over the continents are

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/234/2/1063/7083026 by G

FZ Potsdam
 user on 02 M

ay 2023



1070 L. Shihora et al.

significantly smaller and are well below 1 hPa. Generally, the dif-
ferences in the atmospheric contribution between RL07 and RL06
are much smaller than in the oceanic component. This is largely
due to the common code base of the ERA5 and ERA-Interim re-
analyses which are the basis of the RL07 and RL06 atmospheric
components, respectively. The oceanic component, as it is based on
unconstrained ocean simulations, has undergone more significant
changes such as the inclusion of the feedback of self-attraction and
loading to the ocean dynamics (Shihora et al. 2021). In combination
with the change to the ERA5 re-analysis as atmospheric forcing data
which offers higher spatial and temporal resolutions, this changes
the OBP signals as shown in the previous Section. Together with
differences due to intrinsic variability which are prominent in the
Southern Ocean (Zhao et al. 2021), and the lack of observational
constraints, larger differences in the oceanic components between
RL07 and RL06 are the consequence.

Whereas validation of the previous RL06 of AOD1B with altime-
try (Bonin & Save 2020) and experimental daily GRACE solutions
(Schindelegger et al. 2021) have indicated deficiencies especially
for the ocean component of AOD1B, we are confident that dif-
ferences between RL06 and RL07 as visible in Fig. 14 reflect in
particular improvements in the high frequency mass variations as
evidenced by Shihora et al. (2022b). This, however, raises the ques-
tion of how large the remaining uncertainties are, so that residual
errors in background modelling can be properly incorporated into
the stochastic modelling of the GRACE gravity field processing. The
latest thorough error assessment for AOD1B is based on AOD1B
RL05 (Dobslaw et al. 2016), which was vetted as applicable to
RL06 within a subsequent simulation study (Poropat et al. 2020).
Differences found between RL06 and RL07 suggest, however, that
this assessment is no longer representative and needs to be revisited.
This is especially important, as the inclusion of background model
uncertainties has been shown to have a positive impact on the gravity
field estimation process (Zenner et al. 2010; Kvas et al. 2019) and
in dedicated mission performance simulation studies (Abrykosov
et al. 2022).

7 C O N C LU S I O N S

Release 07 of the Atmosphere and Ocean de-aliasing Level-1B
product available in terms of 3-hourly sampled sets of Stokes Coef-
ficients expanded up to degree and order 180 has been thoroughly
assessed in this study for the whole period between 1975 and 2021.
Both long-term trends as well as short term inconsistencies such
as bias jumps that might have a significant impact on the GRACE
gravity field solutions have been examined.

In Section 3 we have focused on identifying and quantifying
potential long-term trends in all three components of AOD1B: the
atmospheric surface pressure anomalies, contributions from density
anomalies in the atmosphere and ocean bottom pressure anomalies.
For all three components we conclude that the existing trends are at
an acceptable level for the inclusion in AOD1B RL07. The largest
contribution to the linear trend, when computed over a 40-yr time-
span, comes from the oceanic component where trends still do not
exceed 30 Pa a–1. Trends over the same period for the atmospheric
contributions are much smaller. GRACE-based trends, such as anal-
ysed by Loomis et al. (2021) or TWS based trend as published by
Rodell et al. (2018), are generally on the order of 1 cm a–1 which
is equivalent to 1 hPa a–1. The uncertainties of the trends are, as an
example, estimated to be on the order of 30 Pa a–1 equivalent water-
height for ice-mass loss in Antarctica and thus still larger that the

trends included in AOD1B RL07. Atmospheric trends in AOD1B
RL07 are also comparable to previous releases and current state-
of-the-art re-analysis data which, due to their observational basis,
do not include large artificial trends. For the ocean, the trends are
acceptable given the current accuracy of satellite gravimetry based
trend analyses. For future gravity missions, however, efforts should
be made to further reduce the remaining drift.

To assess the consistency over short time-scales we have com-
puted 3-hourly tendencies for the atmospheric and oceanic con-
tributions separately. These tendencies are defined as differences
between consecutive 3-hourly time-steps. The change in the atmo-
spheric forcing of the ocean simulation from re-analysis data to op-
erational ECMWF data can be identified in the tendencies, showing
that they are indeed a sensitive diagnostic to identify possible issues.
They have also been used for the assessment of previous releases
of AOD1B and have helped to identify possible model changes
such as changes in the integrated forecast system of the operational
ECMWF atmospheric data which might include changes in the res-
olution. As they are also an easily computed quantity, tendencies
make a useful tool for the assessment of other model-based data
sets both during preparation as well as during operational produc-
tion. At GFZ, this includes effective angular momentum functions
(Dobslaw et al. 2010) and non-tidal loading grids (Dill & Dobslaw
2013) which are produced from data sources similar to AOD1B.

A closer examination of the transition in atmospheric forcing in
the ocean simulation shows that there are no inconsistencies or bias
jumps induced by the change. This is found to be true also for rather
sensitive areas of the ocean domain such as the Arctic Ocean or the
Baltic Sea.

An additional assessment of the impact of the ERA5 Back Ex-
tension, which is used for the years 1975–1978 of AOD1B RL07,
shows that there is indeed a difference in the variability of at-
mospheric surface pressure and thus also simulated ocean bottom
pressure. Although this will likely not negatively affect the process-
ing of, for example the earliest SLR satellite data, these differences
should be kept in mind when using the earliest years of AOD1B. In
summary, there is no indication of unexpected behaviour that could
negatively affect the application of the background model data in
either the oceanic or atmospheric component of AOD1B RL07 es-
pecially for the application in satellite gravimetry from GRACE and
GRACE-FO.

Atmospheric and oceanic background models are not only ap-
plied in the processing of satellite gravimetry but are also applied
in, for example altimetry via the Dynamic Atmospheric Correc-
tions (DAC) product (Carrère & Lyard 2003; Carrère et al. 2016).
Also for these background models, tendencies can be a valuable
tool for the routine assessment of the consistency of the data due
to their sensitivity to model changes or inconsistencies and their
straightforward computation.

Finally, we have assessed the differences in the mass variations
of RL06 and RL07. We find that the largest differences are found
in the ocean domain, which is to be expected given then more sig-
nificant changes in the ocean model configuration for RL07. As
analyses of RL07 indicate a globally improved representation of
the mass-variations with respect to RL06, we conclude that previ-
ous studies on the uncertainties of AOD1B (Dobslaw et al. 2016;
Poropat et al. 2020) are not sufficiently applicable to RL07 and
need to be revisited. We thus propose a new quantification of the re-
maining uncertainties in AOD1B, especially in the oceanic domain
due to the lack of observational constraints. We believe that such a
new assessment, including uncertainties due to differences between
state-of-the-art atmospheric re-analyses as well as the impact of the
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atmospheric forcing and the initial conditions of the ocean simula-
tion, can have a significant impact on the quality of the final gravity
field solutions from satellite gravimetry.
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