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Abstract Several different basis functions have been used to represent the Earth's gravity field in order

to generate estimates of mass variations on Earth from the analysis of data of the Gravity Recovery and
Climate Experiment (GRACE) and its successor GRACE Follow-On missions, including spherical harmonics, mass
concentration elements (mascons) and slepian functions. Each approach depends inherently upon accurate
modeling of the orbits of the pair of satellites as they revolve around the Earth, so that the observations of
inter-satellite changes in range (or, more specifically, range rate) can be exploited to identify mass variations.
We have developed software using a classical orbit modeling approach, mascons and 24-hr orbit integration,

to estimate simultaneously corrections to orbital parameters and the temporal gravity field from GRACE data.
Rather than using the range rate, we use the range acceleration as the inter-satellite observable as it aids in
localizing the mass variations. Level-1 B range acceleration observations contain high levels of high-frequency
noise that inhibits their usefulness for this purpose. Instead, we generate range acceleration observations by
numerical differentiation of the Level-1B range rate prefit residuals. Simulations show that the gravity signal
is not attenuated in this process. Our monthly estimates of mass anomalies from GRACE data (2003-2016) agree
well with previous studies, both spatially and temporally. When converted to spherical harmonics our time
series of C, , derived from GRACE data alone, are close to the independent estimates from satellite laser ranging,
but the overall solution is improved by substituting the SLR C, .

Plain Language Summary The Gravity Recovery and Climate Experiment (GRACE) space gravity
mission consists of a pair of identical twin satellites one following the other and separated by about 200 km.
The distance between the satellites is altered by mass distribution on Earth. While all published temporal
gravity field models are estimated from the rate of change of the inter-satellite distances (known as range rate),
this study uses the relative acceleration (known as range acceleration) between the satellites as the observation
to determine the distribution of mass on Earth. The methodology we developed has multiple advantages with
respect to solutions derived using the range rate. Mass changes on Earth are located spatially with greater
accuracy and have a better resolution of the long wavelength gravity field.

1. Introduction

The Gravity Recovery and Climate Experiment (GRACE) space gravity mission (Tapley et al., 2004) operated
from 2002 until it was decommissioned in 2017. Data from the mission have had major impacts in the fields
of hydrology (e.g., Leblanc et al., 2009; Lo et al., 2010; Rodell et al., 2018), cryospheric science (e.g., Luthcke
et al., 2013; Velicogna, 2006), oceanography (e.g., Boening et al., 2012; Chambers, 2006) and glacial isostasy
(e.g., Martin-Espaiiol et al., 2016; Riva et al., 2009). Small changes in the strength of the Earth's gravity field
caused by the redistribution of mass on the Earth cause subtle changes in the range between the satellites. This is
the fundamental observation that made the GRACE mission unique.

A number of different mathematical approaches have been used to parameterize the Earth's gravity field and the
convergence of the inversions of the data. Solving for coefficients of spherical harmonic models has been the
most common approach used since the start of the GRACE mission (e.g., Lemoine et al., 2007; Tapley et al., 2004).
A common characteristic of the estimated temporal gravity fields is a north-south striped error pattern, in part
related to the high correlations between even and odd order coefficients (Swenson & Wahr, 2006). Such errors
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have been mitigated through the application of their destriping filter but also through the use of a number of other
filters such as Gaussian (e.g., Wahr et al., 1998) and the suite of DDK filters (e.g., Kusche, 2007). Some studies
(Bruinsma et al., 2010; Lemoine et al., 2007) applied constraints to the spherical harmonic coefficients so that
their change in magnitude with higher degree matched some empirical pattern, thus reducing the noise in the
estimated temporal gravity fields.

Rowlands et al. (2005) and Watkins et al. (2005) introduced the use of mass concentration elements (mascons)
as an alternate parameterization to represent the temporal gravity field from GrAcE data. A mascon is defined as
a tile or region of known area on which a change in mass is estimated. They related the change in mass of each
mascon (represented by a uniform thickness of water over the surface of each mascon) to spherical harmonic
coefficients representing the temporal gravity field and, hence, estimated the spatial pattern of mass variations.
Luthcke et al. (2006) showed that the use of mascons permitted more intuitive applications of spatial and tempo-
ral constraints in the inversion steps, resulting in temporal gravity field estimates that contained significantly less
noise and did not require any further filtering. They used a regular 3° X 3°mascon geometry. Subsequent studies
using mascons have adopted different approaches to defining the mascon geometry. Watkins et al. (2015) used 3°
equal-area spherical caps for each mascon, while Save et al. (2016) used 1° geodesic shapes. Luthcke et al. (2013)
reduced the size of their regular-shaped mascons to 1° X 1°, although they state explicitly that this is not the actual
spatial resolution of the solutions, since neighboring mascons are correlated.

Different approaches have been used to improve the convergence of the inversions for temporal gravity field solu-
tions using mascons. Luthcke et al. (2013) used empirically determined constraints on each mascon along with
spatial and temporal correlations between mascons. Watkins et al. (2015) used variations derived from geophysi-
cal models (and the GRACE data itself) to regularize their solutions. Save et al. (2016) constrained their inversions
using only the information contained in the GRACE measurements themselves. Their regularization matrices were
time varying and did not bias their solutions toward any particular model values.

To date, all published solutions use the range rate information. Numerical differentiation of the range rate
creates a range acceleration observable but amplifies short-wavelength signals while reducing the amplitude of
longer-wavelength signals. The potential advantage of using the range acceleration as the primary observation
(instead of the range rate) is that gravity anomaly signals caused by mass anomalies on Earth would be better
localized spatially, with a spike occurring in the range acceleration observations when the satellites are approxi-
mately overhead (Save et al., 2012). However, it has not been demonstrated that the longer-wavelength signals are
retained in this approach. Postfit range acceleration residuals, derived from postfit range rate residuals, have been
used (Save et al., 2012, 2016) to quantify the amount of mass variation signal that was not captured by parameters
when estimating the temporal gravity field. These studies did not directly use the range acceleration observations
to estimate the gravity fields.

Range rate observations contain a once-per-revolution signal after passing over a disturbing mass signal.
Conversely, range acceleration observations are much less affected once the satellites have passed over a mass
anomaly signal. This feature can be exploited when inverting GRACE observations to estimate the spatial pattern
of the temporal gravity field, provided that the long-wavelength features of the gravity field can also be sensed
and estimated.

We show below that accurate mass anomalies at short and long spatial scales can be recovered from GRACE range
acceleration observations, although the range acceleration observations provided in the Level-1B mission data
contain a signal to noise level that precludes their use in gravity field estimation. Through an alternate numerical
differentiation process, it is possible to filter out the high-frequency noise without attenuating the short-wave-
length signals of the mass anomalies. The resulting temporal gravity field estimates recover accurately both the
short- and long-wavelength components of the temporal gravity field.

In this paper we describe our orbit modeling and mascon parameterization used to estimate temporal gravity
fields using data from the GRACE mission. We describe how the inter-satellite range acceleration data can be
used to estimate the temporal gravity fields and how it reduces the typical north-south striped error pattern seen
in solutions derived using the range rate. In our companion paper (Tregoning et al., 2022) we describe how we
constructed our mascon field, and its effect on mitigating the smearing of signals between oceans and continents.
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Table 1
Background Force Modeling Used in the Orbit Integrations

Process Description

static gravity field DIR-R4 (truncated to degree 200) (Bruinsma et al., 2013)
dealiasing atmosphere and non-tidal ocean AODI1B-RL06 (Dobslaw et al., 2017)
ocean tide model FES2014 (Carrere et al., 2015; Lyard et al., 2021)
modified Antarctica from Padman et al. (2002)
atmospheric tides S, S, and S; from the AODI1B product (Dobslaw et al., 2017)
non-gravitational accelerations Level-1B data ACC1B/SCA1B
Cellestial body perturbation JPL Ephemeris DE421 (Folkner et al., 2008)
Solid Earth tides IERS 2010 non-elastic Earth (Petit & Luzum, 2010)
including mean polar motion (Wahr et al., 2015)

General relativity IERS 2010 standard (Petit & Luzum, 2010)

2. Methods
2.1. Orbit Modeling

We have developed the ANU GRACE processing software with which we estimate the temporal gravity field of the
Earth from GRACE observations. Our software uses the classical variational approach to integrate satellite orbits
(e.g., Beutler et al., 2010), then estimates adjustments to a static gravity field to quantify the “temporal gravity”
field (time varying mass anomalies with respect to a mean gravity field). We parameterize the temporal gravity
field using mascons and derive changes in mass on each mascon in terms of an equivalent thickness of water
over the area of the mascon. We explicitly relate the change in mass of each mascon directly to the inter-satellite
measurements, as described in our companion paper (Tregoning et al., 2022).

We integrate the satellite orbits using an Adams-Bashforth-Moulton 3—4 integrator. It is composed of an
Adams-Bashforth (order 3) explicit step (Bashforth & Adams, 1883) as a predictor phase followed by an Adams-
Moulton (order 4) step (Moulton, 1926) as a corrector phase. Table 1 describes the forces acting on the satellites
in our orbit integration. Our integrator uses a 5-s step size, performs the integrations in the inertial reference
frame (defined using IERS 2010 conventions, Petit & Luzum, 2010) and outputs positions, velocities and partial
derivatives in the terrestrial reference frame.

We parameterize the satellite orbits using as few parameters as possible: initial position and velocity of each
satellite plus one accelerometer bias and scale parameter per satellite per 24 hr period in each of the along-track,
cross-track and radial directions. We iterate the orbits to converge to a set of orbital parameters that best fit
the GPS positions and velocities (provided in the oyv1B data files) and inter-satellite range rate measurements
(provided in the kBRr1B data files) before estimating simultaneously all orbital and mascon parameters. This
process is described in detail in Section 3.

2.2. Calibration of Accelerometer Observations

The observations made by the accelerometers onboard the GRACE and GRACE-Fo satellites require calibration. Previ-
ous studies have differed significantly in their approach to calibrating the observations, although most studies
adopt a model which includes a bias and a scale factor. The temporal estimation of bias values varies from up to
28 values per day (Rowlands et al., 2010) to daily values (e.g., Bruinsma et al., 2010; Watkins et al., 2015), while
scale factor values have been estimated daily (e.g., Bruinsma et al., 2010; Rowlands et al., 2010), as monthly
mean values or even fixed at a value of 1 for the radial scale factor (Watkins et al., 2015). Once the thermal
control within the satellites was deactivated later in the GRACE mission (from April 2011 onwards), thermally
driven non-linear variations occurred in the accelerometer measurements (Klinger & Mayer-Gurr, 2016; McGirr
et al., 2021), particularly in the cross-track and radial components.

The purpose of calibrating the accelerometer observations is to turn the biased measurements into “absolute”
measurements of the non-gravitational accelerations acting on each satellite. These calibrated measurements can
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Figure 1. Uncalibrated cross-track accelerometer observations of GRACE-A for (a) a typical day (2010-09-01) when the satellites pass into the shadow of the Earth,
showing the repeating pattern of the observations for each revolution. (b) 2010-07-17, including low-frequency thermal effects (black) and high-pass filtered values
(red). Signals have been demeaned. The observed spikes are generated by thrust events.

then be applied directly in the integration of the satellite orbits. The measurements are a sum of the effects of
atmospheric drag, solar radiation pressure, reflected energy from the Earth and linear components of the thruster
firings during satellite attitude maneuvers. The atmospheric drag dominates the along-track component while the
solar radiation dominates the radial component. In most cases, each of these effects has a quasi-stable signature
that repeats through each orbit cycle within a single day. Therefore, one would expect that the calibrated acceler-
ometer observations would display a repeatable pattern throughout the ~15 orbital revolutions within a day. We
find that, in general, a single bias and scale factor parameter per orthogonal axis per day is sufficient to ensure
that the calibrated accelerometer observations display the expected temporal patterns in the along-track and radial
directions (Figure 1a).

Thermal variations within the satellites affect the accelerometer observations and we mitigate these effects by
applying a raised cosine high-pass filter as described in McGirr et al. (2021), with low- and high-edge frequencies
of 0.045 and 0.055 mHz (Figure 1b). Once the low-frequency thermal effects are removed, the accelerometer
observations can be calibrated using single bias and scale parameters per axis per day, as before.

2.3. Partial Derivatives

The state vector parameters (5’0 = (po, Do, 50, l;z))), defining the initial condition of satellite orbits include the initial
position (pp) and velocity (i) at the start of the orbit and also the accelerometer calibration parameter scales (o)
and biases (50). We derive partial derivatives that relate the observed positions and velocities (6 = ( D, 5)) of a
satellite to the initial state vector parameters by integrating additional orbits where each parameter is perturbed by
a small amount at the start of the orbit. We calculate the partial derivative for a parameter at epoch # as the differ-
ence between the actual and perturbed orbit at each time ¢ divided by the magnitude of the original perturbation.
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where o; st is the instantaneous position and velocity of the satellite in the perturbed orbit, 5 is the instantaneous
position and velocity coordinate of the satellite in the unperturbed orbit and 6.5; is the size of the perturbation
applied to the initial value of S, to perturb the orbit. The perturbations that we apply are 0.5 m for position param-
eters, 0.05 mm.s~! for velocity parameters, 50 nm.s 2 for accelerometer bias parameters and 3% for accelerometer
scale parameters. We derive partial derivatives relating our mascon parameters to the observations through an
equation for the gravitational acceleration of two point sources, as described in Tregoning et al. (2022).

2.4. Prefit Residuals

The least squares inversions to solve for the mass anomaly fields use the difference (which we call here the “prefit
residuals”) between the observations and the theoretical values computed from orbits integrated without disturb-
ing masses. By not modeling a priori the mass anomaly fields, these prefit residuals contain the unmodelled mass
anomaly signals, plus any errors in orbit modeling and/or forward models used in the orbit integration (e.g., ocean
tides, non-tidal ocean and atmosphere, orientation errors for the GRACE satellites etc.). If the orbital parameter
values used in the orbit integration are reasonably accurate then the prefit residuals are dominated by the effects
of the unmodelled gravity field anomalies.

Typically, gravity field inversions using GRACE data have been done using the rate of change of range between the
satellites, known as the range rate, as the observable. The time derivative of the range rate, called the range accel-
eration, also provided in the Level-1B data has not been exploited for gravity field estimation; however, range
acceleration solutions have been produced (Save et al., 2019; Tregoning et al., 2017, 2018). The Level-1B range
acceleration observables, Ry, provided at 5-s sampling, are generated from 10 Hz dual one-way ranges using a
digital filter, where the filter is N self-Convolutions of a Rectangular time-domain window function (CRN; in this
case, N = 7) and the time window is 70.7 s (see Case et al., 2010; Thomas, 1999 for details). The CRN filter for
the range acceleration observations is actually the double time derivative of the CRN filter used to generate 5-s
ranges from the same 10 Hz data. Thus, it is not the Level-1B range measurements themselves that are used to
derive the 5-s range acceleration observations present in the level-1B file but the 10 Hz Level-1A dual one-way
ranges. Note that all of the Level-1B range, range rate or range acceleration “observations” are, in fact, derived
values, not direct observations, and no covariance or correlation information between these three observables is
available in Level-1B data files.

The use of the range acceleration to estimate the temporal gravity field offers distinct advantages over the use
of the range rate because it localizes the mass change signals; however, it contains high frequency noise, which
needs to be removed from the Level-1B range accelerations in order to make the range acceleration a viable
observable for estimating temporal gravity fields. In theory, this can be done by appropriate filtering techniques.

2.5. Derivation of Range Acceleration Data

In this section we show how we derive prefit range acceleration residuals that do not contain the high-frequency
noise of the Level-1B observations. We do this through numerical differentiation of prefit range rate residuals,
employing a noise robust derivative filter which helps to mitigate the high frequency noise. We show below
through simulation that our range acceleration observable retains all the gravity signal but contains significantly
less noise than the Level-1B range acceleration.

To derive an analytical expression from which to calculate typical range acceleration prefit residuals using simu-
lated data, we start with the inter-satellite range, R:

R2 = FABJ:AB (2)

where 7,5 is the vector of the inter-satellite relative position between GRACE A and GRACE B. The range rate, R, is
the time derivative of the range:

R =é4p.Faz 3)
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Figure 2. (a) Temporal gravity field of Luthcke et al. (2013) for September 2010, (b) Prefit Range acceleration residuals for the same month generated using
Equation 7 for our “target” - ““a priori” orbits.

where 7 is the inter-satellite relative velocity vector and é is the unit vector of the line of sight direction between
the two satellites. By differentiating Equation 3 with respect to time, one can derive an analytical expression for
the range acceleration, R (Rummel, 1979):

R=2¢4piap+éapiap “4)

where ?A p is the inter-satellite relative acceleration vector and é 4 is the time derivative of the unit vector é. This
has been called the “classic acceleration” approach (e.g., Rummel, 1979).

Projecting those equations in Cartesian coordinates, they become:

Lo ©)

.. 32 2 + pipi
R=_£+ZP, PP’ )
R R

where p, p, p are the relative difference in position, velocities and acceleration between both satellites.
2.5.1. Prefit Range Acceleration Residuals as a Temporal Gravity Field Proxy

We generated simulated GRACE orbits and extracted from our orbit integrator the positions, p, velocities, p, and
accelerations, p, for each satellite at each epoch in the inertial reference frame. We used these values in Equa-
tion 7 to create a set of simulated range acceleration observations. We calculated orbits for day 2010-09-01 and
included in our gravity models for these orbits the temporal gravity field estimate for September 2010 of (Luthcke
et al., 2013; Figure 2a) that we will call ‘target’ orbits. Thus, these perturbed range acceleration observations, R
(where superscript ¢ stands for target orbits) contain the effects of the temporal gravity field for this date. We also
calculated the simulated range rate observable, R’ from Equation 6.

Next, we generated a second set of GRACE orbits where we did not use the temporal gravity field as part of the grav-
ity models in the integrator (which we call our “a priori” orbits). That is, we simulated the satellites flying around
just the static component of the Earth's gravity field. Once again, we extracted the positions, velocities and accel-
erations at each epoch for each satellite and, using Equations 6 and 7, computed the range rate and acceleration
observations, R? (where superscript a stands for a priori orbits).
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Figure 3. (a) Amplitude spectra of range acceleration residuals from a simulated temporal gravity field (Blue: values computed using Equation 7. Orange: values
derived from the ND filter of the simulated range rate differences). (b) Time series for 2010-09-01 of the range acceleration difference between the analytical formula
(Equation 7) and using the maximally flat derivative filter.

The difference between R’ and R* provides us with simulated prefit range acceleration residuals, A R,, computed
analytically and containing only the effects of the temporal gravity field on the inter-satellite observable. Plotted
spatially (Figure 2b), these prefit range acceleration residuals do indeed correspond to the places on Earth where
there are signals in the temporal gravity field for September 2010 (compare Figures 2a and 2b).

The amplitude spectrum of the analytically derived range acceleration residuals, A R,, are shown in Figure 3a
(blue line). The gravity signal is evident at frequencies lower than 0.01 Hz, with essentially no other power pres-
ent. To some extent, this is influenced by the spatial resolution with which we simulated the temporal gravity
field (~200 km). Abich et al. (2019) and Tapley et al. (2019) estimated that the highest detected frequencies of the
temporal gravity field were likely to be around 30 mHz, which is consistent with our simulation.

2.5.2. Range Acceleration Obtained via Numerical Differentiation of Range Rate

Mass changes on mascons will have a direct effect on the accelerations acting on the satellites. Hence we choose
to use the acceleration in the range measurement to determine the gravity field, but to do this it is necessary to
suppress short wavelength noise in the range acceleration prefit residuals.

We seek a means of deriving prefit range acceleration residuals using real data through numerical differentiation
of the range rate data. It is important to verify that the numerical differentiation process does not contaminate or
attenuate the gravity signal; therefore, we first performed the numerical differentiation (ND) on our simulated
range rate observables, R" and R? using a maximally flat numerical differentation filter:

R.a = Fnp (R) (8)
where F,, is the ND filter. The derivative routine implements a 7-point maximally flat low-pass digital differ-
entiation filter (Hosseini & Plataniotis, 2017; Selesnick, 2002) that minimizes high frequency noise in a uniform
manner while producing an accurate derivative at low frequencies.
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We calculated the prefit range rate residuals, AR,, (being R® — R”), and performed the numerical differentiation
on AR,. This generated a second set of range accelerations, A R,4. Figure 3 shows the difference between the two
methods on a single day (2010-09-01). Here, we found a good agreement between the derived prefit range rate
residuals and those calculated analytically from simulated data, with a RMS differences of only 0.04 nm.s~2. The
full amplitude of the temporal gravity field is retained in the amplitude spectrum (Figure 3a, orange line) with
insignificant noise having been introduced at higher frequencies and differences less than 0.4 X 10~° m.s~2 in the
time series (Figure 3b).

In summary, numerically differentiating prefit range rate residuals yields prefit range acceleration residuals that
are insignificantly different from those generated using the analytical expression in Equation 7. Our numerical
differentiation of range rate prefit residuals can substitute as a means of generating prefit range acceleration resid-
uals. We adopt our procedure to generate prefit range acceleration residuals from real observations.

2.5.3. Prefit Range Acceleration Residuals Derived From Real Data

Range acceleration observations are provided in the Level-1B data for the microwave instrument of the GRACE
mission, but they contain a very high level of noise (Tregoning et al., 2017; Figure 4a, blue curve). The difference
between the Level-1B range acceleration observations and our range acceleration observations derived using
Equation 7 therefore contains a higher level of high-frequency noise above 0.2 Hz. The noise is so large that it
obscures the temporal gravity field signal completely in the spatial domain (Figure 4c).

To create prefit range acceleration residuals using the Level-1B data, we need to create a range acceleration
observation that is not dominated by short wavelength noise. Since we do not have Level-1B observations of the
cartesian accelerations required to compute the range acceleration analytically using Equation 7, we calculate
the observations by differencing the observed and our computed range rates, then numerically differentiating the
prefit range rate residual as described in 2.5.2 (Figure 4a, orange curve).

We applied this method to the actual Grace Level-1B data for September 2010. That is, we difference the
Level-1B range rate observations from range rates computed from our integrated a priori orbits for this day, then
numerically differentiated the difference. It is perhaps not surprising that the amplitude spectrum of these prefit
range acceleration residuals contains a higher level of high frequency noise (Figure 4a, orange curve) than our
simulated values shown in Figure 3; however, it is clear that the part of the spectrum that contains the gravity field
signal contains similar power to the simulated gravity field for this day (i.e., no signal attenuation has occurred).
However, there is a significant reduction in high frequency noise compared to using the Level-1B range acceler-
ation observable. Furthermore, the spatial pattern of signals in our range acceleration prefit residuals (Figure 4d)
matches those created by simulation from the temporal gravity field estimated by Luthcke et al. (2013). This gives
confidence that our prefit range acceleration residuals are both realistic and not dominated by noise.

Next, we applied a low-pass raised cosine filter to the prefit range acceleration residuals, using a cutoff frequency
of 0.02 Hz. Tapley et al. (2019) showed that 0.03 Hz is the upper limit of the likely signals of the temporal gravity
field, so we consider all power in the spectrum above this frequency to be noise. Applying the high-pass filter
reduces this noise (Figures 4a and 4b green curve), leaving a prefit range acceleration residual that can be used
with confidence in inversions for the temporal gravity field (Figure 4e). The comparison between the different
maps, as well as the first 30 min of the time series (Figure 4b), demonstrates that the noise level of the range
acceleration residual after this processing is at the nm.s~2 level.

2.5.4. Range Acceleration Observable Reduces North-South Striping in Gravity Field Solutions

The practical advantage of using the range acceleration observations, rather than the range rate observations,
is that it causes a significant reduction in the presence of north-south stripes in the estimated temporal gravity
fields. This occurs because there is a substantial reduction in cross-correlation between partial derivatives relat-
ing mascon parameters to the inter-satellite observations when using range acceleration rather than range rate
observations.

In the inversions, the partial derivatives relating each mascon to the inter-satellite measurements are required
(either range rate dRR/dmascon; or range acceleration dRA/0mascon,, where i is the ith mascon number). If one
calculates the cross-correlations between these partial derivatives for mascon i and all other mascons then strik-
ingly different spatial patterns are obtained for the range rate and the range acceleration partial derivatives.
To illustrate, we calculated the cross-correlations between all mascons and a single randomly selected mascon
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Figure 4. (a) Amplitude spectra of range acceleration residuals from GRACE data on 2010-09-01 using values computed using Level-1B range acceleration observations
(blue), values derived from the numerical differentiation of the range rate prefit residuals (orange) and values derived from the numerical differentiation of the range
rate residual, then low-pass filtering (green). (b) first 30 min for range-acceleration residual determined using the numerical differentiation filter (orange) and after
applying the low pass filter (green). Spatial distribution of the prefit range acceleration for September 2010 using (c) Range acceleration Level-1B observations, (d)
numerically differentiated prefit range rate, and (e) as for (d) but also applying a low-pass filter.

located in Panama. In the case of the range rate observations (Figure 5a), strong north-south striping is present
in the cross-correlation pattern. This means that, mathematically, a change in any mascon along the flight path
of the satellites passing over mascon i (or a change of opposite sign in mascons beside the flight path) will likely
yield a very similar fit to the observations. This explains some of the north-south striping patterns that have
been present in GRACE temporal gravity fields since the start of the mission. In contrast, the range acceleration
partial derivatives (Figure 5b) are much more weakly correlated along track. Indeed, if anything, there is a slight
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pass over the mascon. Estimated temporal gravity fields for September 2010 using (e) range rate observations, (f) range acceleration observations. Note that the north/
south striping visible in the range rate solution is significantly reduced in the range acceleration solution.

east-west cross-correlation between the partial derivatives but it is much weaker than for the north-south pattern
of the range rate cross-correlations.

There is a spike in the partial derivatives of both dRR/0mascon; and dRA/0mascon; when the satellites pass close
to mascon i. The high cross-correlations between range rate partial derivatives stem from the fact that the spike
is <50% larger than the subsequent once-per-revolution signal induced in the partial derivatives (Figure 5c). That
is, the once-per-revolution signal dominates each of the range rate partial derivative time series, which leads to
high correlations (or anti-correlations) between partial derivatives of different mascons. On the other hand, the
spikes in the range acceleration partial derivatives are around an order of magnitude greater than the associated
once-per-revolution signals (Figure 5d), meaning that the mass change signals on the ith mascon dominate the
partial derivatives and are, therefore, well located spatially. The dominance of the spike signals in the partial
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derivatives actually breaks the cross-correlations between partial derivatives of different mascons, as evidenced
by the much smaller magnitudes of cross-correlations visible in Figure 5b.

To demonstrate the effect on a global solution, we used the temporal gravity of September 2010 from Luthcke
et al. (2013) to simulate observations, then estimated the temporal gravity field using the range rate or range
acceleration as the inter-satellite observable. All other analysis choices were exactly the same in the two solutions.
North-South striping is evident in the range rate solution (Figure Se) but not when using the range acceleration
observable (Figure 5f). Note that we have not applied any filtering to the temporal gravity field solutions, neither
spatial Gaussian filters nor any filters in the frequency domain. While we acknowledge that our range rate solu-
tion might be improved by the application of such filters, it is not the focus of this study. Furthermore a “stripe-
free” solution can be achieved simply by choosing to use the range acceleration as the inter-satellite observable,
without the need for any additional filtering steps.

3. Processing Workflow and Constraints
We have processed the full GRACE Level-1B data set for the period August 2002 to August 2016.

We parametrize the surface of the Earth in 12,721 mascons of about 40, 000 km? (roughly 200 km by 200 km,
located on the ellipsoid) using the methodology of Tregoning et al. (2022). For the mascon solutions we also
adopt an iterative process to refine the loads using basic linear least-squares approach (Tarantola, 2005),

X = X1+ (ATC A+ Cy) + Cass) ™ (ATC3'b). )

where x; are the adjustments to the a priori parameters x,_, for iteration j, A is the design matrix of partial deriv-
atives, Cj, is a diagonal weight matrix of the observations, C,, is the constraint (or regularization) matrix, C,, .
is the conservation of mass constraint and b is the vector of prefit residuals. Monthly solutions are generated by
stacking the normal equations of the daily solutions, which then creates time series of mass changes on each of

our mascons.

After each iteration an a priori model of the mascon loads on land is generated by computing an annual variation
of the time series of each mascon, plus characterizing long-wavelength inter-annual variability as determined
using a Butterworth filter with a cut-off period of 2 years. We conserve mass of the system by calculating the
integrated change in mass over land and uniformly distributing any excess mass into/out of the ocean to satisfy
mass conservation. The apriori model derived from iteration j is then used in iteration j + 1. The Jacobian matrix
A for each iteration is determined by re-integrating the orbits using the mascon estimates obtained from the previ-
ous iteration as a priori values. Cj, is the covariance on the observation, set to 0.07 m for the positions, 0.07 X
10~m.s~! for the velocities, 1 X 10~°m.s~2 for the range acceleration.

As shown by Save et al. (2016), it is difficult to find and apply a model covariance (C,,) that is tight enough to
suppress the noise but sufficiently loose to permit the mascons to adjust to their optimal values. Figure 6 shows
the impact of regularization (uniform regularization at 1m, 0.1 m and tighter variable regularization) on two
monthly solution (September 2010 a-c, July 2016 d-f). Only the tight regularization is able to supress the noise in
the monthly inversions and, in fact, there is still noise present in the July 2016 estimate.

We use a geographically variable C,, where different values of the uncertainties of the mascons depend on very
general a priori knowledge of the hydrological processes in the region. We defined four categories of uncertainty
values, 1 cm for the areas with small hydrological variations (most seas, oceans, interior Antarctica), 1.5 cm for
continental mascons, 2.5 cm for the Amazon Basin and the Caspian Sea, and a 5 cm is defined for glaciated areas
where large variation is expected (Greenland, Alaska, Patagonia, Antarctic Peninsula, West Antarctica; Figure 7).
The C,,,, constraint is applied to conserve the mass of the system by adding a condition that the sum of all mass
adjustments is equal to zero. While these constraints are tight, as shown is the following section it is possible
to estimate signal up to 8m through this process of iteration. The selection of these values is subjective and was
made based on extensive assessments of noise levels in the solutions and whether we could identify any attenua-
tion of signals by the presence of spatial coherence in the postfit range acceleration residuals. Our chosen values
supress the noise in the inversions while not attenuating the signals (see Figure S1).
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Figure 6. Effect of the regularisations Tikhonov 1 m (first column), Tikhonov 0.1 m (second column) and selected
regularization (last column) for September 2010 (first row), July 2016 (second row), and its ability to recover a C,,
perturbation of 1071°.

To assess how the regularization might affect the estimation of long-wavelength components of the gravity field,
we conducted a simulation where we perturbed the C, , term of the static gravity field by 1e—10, then attempted
to recover the perturbation by estimating changes using the mascon parameters, using different levels of regu-
larization. The estimated mass change fields were then converted to spherical harmonics and the estimated C,
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Figure 7. Covariance of the model (regularization) used for the mascons in the inversion procedure. The model used is
purely diagonal (values in meters).
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term compared to the perturbation. Using very loose, 1 m Tikhonov regularization we recover ~60% of the
perturbation (Figure 6). However, the estimated temporal gravity field is dominated by noise using this level of
regularization, indicating that stronger regularization is required. The amount of recovered C, , signal decreases
to ~50% if the regularization is tightened to 0.1 m (Figure 6) but the mascon estimates are still dominated by
noise. When the tight, spatially variable regularization is used, we obtain our temporal gravity field estimates but
C, , perturbation is not well recovered at all. Thus, the estimation of C, , variations from the analysis of GRACE
data is strongly affected by the regularization applied to the mascon pafameters.

4. Results

To validate our results, we compare our estimates of integrated water changes over specific regions with the RL0O6
solutions of the Center for Space Research, University of Texas at Austin (CSR; Save, 2020; Save et al., 2016) and
the Goddard Space Flight Center (GSFC; Loomis et al., 2019). Differences between the three analysis approaches
mean that one should not necessarily expect to find exact agreement between the solutions. The most significant
differences are that (a) we use the range acceleration observable, which then requires less filtering/regularization
of the results, and (b) unlike the mascons in the solutions of the other centers, our variable-shaped mascon geom-
etry means that our mascons don't cross coastlines or the Amazon drainage boundaries (Tregoning et al., 2022).
Our solution has been corrected for Cz,o (Loomis et al., 2020), degree 1 (1n13a, Swenson et al., 2008; Sun
et al., 2016), GIA (Peltier et al., 2018) and AOD1B-GAD product (Dobslaw et al., 2017). We also compare with
our solution corrected only for the GIA to assess the effect of the different corrections.

41. C,,

Previous analyses of GRACE data have found significant and unrealistic noise in the estimated C,, coefficients
of the temporal gravity field (e.g., Watkins et al., 2015). This has led analysts to replace their estimated C,
coefficients with values derived from Satelite Laser Ranging (SLR) observations (Save et al., 2016; Watkins
et al., 2015). Mascon solutions have also been found to have inaccurate estimates of this long-wavelength compo-
nent of the temporal gravity field, and Watkins et al. (2015) made a correction of the (implied) C,, component
of their mascon fields by converting to spherical harmonic coefficients, replacing the C, , terms then converting
back to mascons.

We converted our estimated monthly gravity fields to spherical harmonic models, then compared our C, , coeffi-
cient time series with the values derived from SLR observations. Our Grace-derived C, , (Figure 8) captures the
general trend of the SLR observations known as T™~-11 (Cheng & Ries, 2017) and 1~-14 (Loomis et al., 2020).
The largest discrepancy occurs around 2006.5; converted to a spatial difference this amounts to around 5 cm of
equivalent water height in the polar region. This suggests that there is a need to make a correction to our GRACE
mascon solutions to remove errors in out estimated C, .

4.2. Polar Ice Sheets

One of the major uses of GRACE data is in the quantification of mass loss of the polar ice sheets in Greenland and
Antarctica. Our solutions for the integrated change of Greenland are in broad agreement with those of CSR and
GSFC, especially in terms of annual variations (Figure 9a). Based on a least squares fit over this time period, the
trends of mass loss of the different solutions are similar for the Grace-era (2002.5-2016.5): —219.7 + 17.4 Gt.
year~! for this study versus — 225.7.0 + 13.8 Gt.year™! and —263.1 + 14.8 Gt.year~! for the CSR and GSFC

-1 which is

solutions, respectively. The RMS difference between our time series and that of CSR is 852 Gt.year
of similar magnitude to the difference between CSR and GSFC (700 Gt.year™!). We see no significant difference
between our solution with and without all the corrections (C,, degl, GAD) for the time series integrated over

Greenland.

In contrast, in Antarctica (Figure 9b) we find that our solutions with and without these corrections adjustments do
differ. The corrected time series exhibits a strong seasonal variations which is related to the degree 1 correction.
Our integrated Antarctic mass loss signal which includes all corrections agrees broadly with the time series of
CSR or GSFC (RMS = 202 Gt.year™").
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4.3. Ocean Mass Change

We summed the change in mass across all our ocean mascons and compare with the GRACE estimate of total
mass change in the oceans of CSR and GSFC (Loomis et al., 2019; Save et al., 2016). Here, there is potentially
a significant difference in the two approaches, since our ocean mascons essentially include the entire ocean right
to the shoreline around continents, whereas those of CSR and GSFC include mascons that cross the coastline.
Save et al. (2016) addressed this by breaking their mascons into smaller ocean and continent components, while
Loomis et al. (2019) used a multi-iteration regularization strategy to mitigate the leakage of signal. We do not
invoke any particular strategy since our mascon geometry correctly locates the signals on continent or ocean,
thereby mitigating any signal leakage issue (see Figure 6 of Tregoning et al., 2022).

All time series (Figure 10) have a similar amplitude of annual variation (ANU: 12.6 + 0.3 mm; CSR: 10.8 + 0.3 mm;
GSFC: 10.3 + 0.2 mm) and all have a statistically significant acceleration term (ANU: 0.13 + 0.01 mm.yr~2,
CSR: 0.06 + 0.01 mm.yr=2; GSFC: 0.12 + 0.01 mm.yr~2), showing broad agreement between the three solutions.

4.4. Caspian Sea and Amazon Basin

Finally, we compare two major basins which have been observed previously to have large seasonal variations as
well as multi-year, non-linear trends. Here again, one might not expect a high level of agreement between our
solutions and those of CSR and GSFC because our mascons are constructed to follow the shoreline of the Caspian
Sea (Figure 11a) and the drainage divide of the Amazon Basin (Figure 11b), whereas the mascons of the other
two centers span these natural boundaries. Our integrated time series for the Caspian Sea agrees very closely with
that of CSR, whereas that of GSFC has a larger range and slightly larger annual amplitude. In contrast, our annual
amplitude for the Amazon Basin (170 + 5 mm) is about 15% smaller than those of GSFC and CSR (200 + 4 mm
and 195 + 5 mm respectively). No significant difference is seen between any of the solutions in terms of long-
term trend of total water storage change in the Amazon Basin.
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the ANU time series in blue (our solution), the GSFC mascons solution (gray) and the CSR solution (black). All time series
have been demeaned on their 2003—-2004 average.
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Figure 11. Comparison of the integrated mass in mm of equivalent water height over (a) ocean surface (b) the Caspian Sea
and (c) the Amazonas over the GRACE-era from the ANU time series (blue, red with the C, , correction), the GSFC mascons
solution (gray) and the CSR solution (black). All time series have been demeaned on their 2003-2004 average.

5. Conclusions

The range acceleration observable can be used to estimate accurate temporal gravity fields from GrRace data;
however, the very high levels of high-frequency noise in the Level-1B range acceleration observations cause
significant errors in gravity field estimates. We reduced the noise through a combination of a maximally flat
derivative filter and a low-pass filter of range rate residuals, without attenuating the gravity field signals them-
selves. When converted to spherical harmonics, the C, , coefficients of our monthly mass anomaly fields agree
broadly with the independent SLR estimates although the estimates are affected by the choice of regularization.
We therefore replace the C,, in our mascon solution with the TN14sLr estimate. The resulting mass anoma-
lies compare well with other mascon estimates, both in terms of spatial pattern and temporal evolution in both
continental and oceanic environments. The observed differences can be attributed to the different processing
methodology and definition of the mascons geometry (cf. our companion manuscript Tregoning et al., 2022).
With the successful launch of the Grace Follow-On mission in May 2018, including a more accurate laser to
measure the inter-satellite range, the use of range acceleration observations offers the potential to improve signif-
icantly the recovery of the temporal gravity field.

Data Availability Statement

Products generated from this paper and the code used to produce the result are available at https://datacommons.
anu.edu.au/DataCommons/item/anudc:6133. A range of input datasets were used in this paper. The tide model
(FES2014b) is available at https://www.aviso.altimetry.fr/en/data/products/auxiliary-products/global-tide-fes/
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