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, which only applies attitude and time correction due to orbit separation. In this paper we present an improved method of the ACC data transplant, which also includes thruster spike correction. The thruster spikes are residual linear accelerations occurring at each thruster firing caused by thruster imperfections and misbalance. We provide detailed description of the thruster spike model, which was derived analytically based on the ACC transfer function and 10 Hz ACC data. Using the transplanted ACC data we computed the gravity field models for the months with missing GRACE-B ACC data (November 2016 -June 2017). We show that the gravity field model based on in the improved ACC data transplant has significantly reduced noise, especially for degrees beyond the first orbital resonance, when compared to the simple transplant method. The improved ACC transplant became therefore a part of the processing standards for the upcoming JPL RL06 gravity solution.

Introduction

In November 2017, the Gravity Recovery and Climate Experiment (GRACE) [START_REF] Tapley | The Gravity Recovery and Climate Experiment: Mission overview and early results[END_REF]) ended its mission. The final year was especially challenging for both mission operation and science data processing. The aging of the spacecraft affected battery health and fuel reserve the most. After losing several battery cells on GRACE-B, there was not enough voltage to nominally operate the spacecraft. Several measures were taken to reduce battery load [START_REF] Herman | Life with a weak heart -prolonging the GRACE mission despite degraded batteries[END_REF]Witkowski andMassmann, 2016, 2017). One of the measures was turning off the accelerometer (ACC) on GRACE-B since September 2016.

The ACC measurement from both satellites, however, is necessary for the gravity field recovery. The accelerometer provides information about the non-gravitational forces acting on the spacecraft, such as atmospheric drag, solar radiation pressure and Earth albedo, at the level of precision of 10 -10 ms -2 / √ Hz [START_REF] Touboul | In orbit nano-g measurements, lessons for future space missions[END_REF]. In order to obtain orbit perturbations caused solely by the gravitational attraction of the Earth mass, the effect of non-gravitational forces have to be reduced from the original measurement, i.e. microwave inter-satellite ranging and GPS observations [START_REF] Kang | Precise orbit determination for GRACE using accelerometer data[END_REF]. Estimating the non-gravitational accelerations based on atmospheric and other models, however, does not provide sufficient accuracy. [START_REF] Klinger | The role of accelerometer data calibration within GRACE gravity field recovery: Results from ITSG-Grace2016[END_REF] clearly demonstrated that for lower satellites' altitudes (< 410 km) large discrepancies between the modeled and measured accelerations exist, which are mainly caused by imperfections in the atmospheric density models. Hence in order to obtain the gravity field solutions for the months with single ACC operation, a new data processing strategy had to be developed to retrieve the missing information, the so called ACC data transplant.

The ACC data transplant uses GRACE-A ACC measurement to generate the missing GRACE-B ACC data. The ACC data transplant was already studied by [START_REF] Save | Single Accelerometer Gravity Solutions for GRACE[END_REF] as the ACC data was missing for several weeks in 2002 and 2003. After the GRACE-B accelerometer was turned off in 2016, the ACC data transplant became part of the official solution for the gravity field models starting from November 2016 [START_REF] Save | GRACE battery status and science impact[END_REF]. In the solution presented by Save, only attitude and time correction is applied to the GRACE-A ACC data to generate the missing GRACE-B data.

However, the accelerometer senses not only the accelerations caused by non-gravitational forces, but also linear accelerations caused by spacecraft operation and environment, such as residual linear accelerations due to thruster firing, twangs or heater switching spikes [START_REF] Flury | Precise accelerometry onboard the GRACE gravity field satellite mission[END_REF][START_REF] Peterseim | Twangs -high-frequency disturbing signals in 10 Hz accelerometer data of the GRACE satellites[END_REF]. These disturbing accelerations are unique for each spacecraft. While twangs and heater switching spikes are filtered out during ACC Level-1A to Level-1B processing [START_REF] Wu | Algorithm theoretical basis document for GRACE Level-1B data processing v1.2[END_REF], the residual linear acceleration due to thruster firings ("thruster spikes") remain in the ACC data even after the 35 mHz low-pass filtering. [START_REF] Meyer | The Impact of Attitude Control on GRACE Accelerometry and Orbits[END_REF] proved that these thruster spikes (mostly reaching up to a few hundreds nm • s -2 , but is some cases exceeding 1000 nm • s -2 ) are real linear accelerations which have to be taken into account for orbit determination. Therefore, if not corrected, the thruster spikes are the largest high-frequency error source in the transplanted ACC data.

We present a new method for the modeling of the residual linear accelerations due to thruster firings. Our thruster spike model is based on an analytic function obtained by inverse Laplace transform of the ACC transfer function. The model is determined for each thruster pair and for the whole scale of possible thruster firing duration times (30-1000 ms) based on the fit to the raw unfiltered ACC measurement data, the 10 Hz ACC Level-1A data. This is a new approach as most of the previously developed thruster spikes models were based on ACC Level-1B data, i.e. 35 mHz low-pass filtered data with 1 s sampling [START_REF] Meyer | The Impact of Attitude Control on GRACE Accelerometry and Orbits[END_REF][START_REF] Tregoning | Innovative analysis constraints in the ANU GRACE mascon solutions[END_REF] and thus do not reflect the true nature of the thruster spikes. The thruster spike model developed by Mc-Cullough et al. (2015) was already based on the Level-1A ACC data and the knowledge of accelerometer transfer function, however, the model was created for averaged acceleration profiles and for yaw and roll thruster pairs only.

The goal of this paper is to present an improved ACC data transplant method which includes the thruster spike correction in addition to the attitude and time correction. The newly generated ACC data are validated for selected months, in which accelerometers on both satellites were turned on. We provide numerical comparison of our new method to the original method presented by [START_REF] Save | Single Accelerometer Gravity Solutions for GRACE[END_REF]. Finally, we present the gravity field solutions for all months with single ACC operation, i.e. November 2016 -June 2017.

In Section 2 we provide a brief overview about the accelerometer data and we focus on characterization of the thruster spikes. In Section 3 we describe in detail the accelerometer data transplant and all the necessary corrections. In Section 4 we present validation of the ACC data transplant based on comparison with original GRACE-B data. And finally in Section 5 we show the gravity field solutions for the months with missing GRACE-B ACC data.

Accelerometer data

The SuperSTAR three-axis capacitive accelerometer (ACC) manufactured by the Office National d'Etudes et de Recherches Aerospatiales (ONERA) (Touboul et al., 1999b) is mounted at the center of mass (CoM) of each satellite. The sensor unit consists of a titanium proof-mass with dimensions of 40 x 40 x 10 mm 3 surrounded by an electrode cage. The acceleration measurement is performed by measuring electrostatic forces applied by the cage electrodes to keep the proof-mass motionless with respect to a cage. These forces are proportional to the difference of acceleration acting on the cage and on the proof-mass. Since the accelerometer is located in satellite's CoM, the measured acceleration is proportional to non-gravitational forces acting on the satellite, such as air drag, solar radiation pressure and Earth albedo [START_REF] Touboul | In orbit nano-g measurements, lessons for future space missions[END_REF][START_REF] Frommknecht | Integrated Sensor Analysis of the GRACE Mission[END_REF][START_REF] Peterseim | Twangs -high-frequency disturbing signals in 10 Hz accelerometer data of the GRACE satellites[END_REF].

The air drag dominates the along-track component of the linear acceleration. The solar radiation pressure is strongest in the radial component. The Earth albedo represents the smallest non-gravitational force acting on the GRACE spacecraft [START_REF] Klinger | The role of accelerometer data calibration within GRACE gravity field recovery: Results from ITSG-Grace2016[END_REF]. The magnitude of these forces depends especially on the atmospheric density, solar flux, satellite's attitude, satellite's surface characteristics and Earth's surface properties. The linear acceleration can be determined with a precision of 10 -10 ms -2 / √ Hz for the high sensitive axes (radial and along-track axes) and 10 -9 ms -2 / √ Hz for the less sensitive axis (cross-track axis) [START_REF] Flury | Precise accelerometry onboard the GRACE gravity field satellite mission[END_REF].

The measured linear acceleration is disturbed by high-frequency signals caused by satellite's operation or environment, such as thruster spikes (see Section 2.1), twangs (see Section 2.2), heater switching spikes or magnetic torquer spikes (see Section 2.3). These high-frequency signals are unique for each satellite. The main focus in this paper is on the thruster spikes as they are the most critical for the ACC data transplant.

The accelerometer also provides information about the angular acceleration of the spacecraft, which can be used for attitude determination [START_REF] Klinger | Combination of GRACE star camera and angular acceleration data[END_REF][START_REF] Sakumura | The V03 Level-1 release[END_REF]. The angular acceleration, however, cannot be transplanted from the measurement of the other satellite, because it purely reflects the attitude variations of the individual satellite. For this reason, in the following, we only focus on the linear acceleration.

The ACC data are stored in ACC1A and ACC1B data products, which refer to the respective GRACE Level-1A and Level-1B data [START_REF] Bettadpur | Gravity Recovery and Climate Experiment: Product specification document[END_REF]. Briefly summarized, the ACC1A data are the raw, 10 Hz data, given in Accelerometer reference frame (AF) and in receiver clock time. The ACC1B are 35 mHz low-pass filtered, 1 Hz data, given in the Science reference frame (SRF) and in GPS time. The ACC1A to ACC1B processing is described in [START_REF] Wu | Algorithm theoretical basis document for GRACE Level-1B data processing v1.2[END_REF]. The reference frames are sketched in Figure 1, for more details check [START_REF] Bettadpur | Gravity Recovery and Climate Experiment: Product specification document[END_REF]. For better understanding, when possible, we refer to the accelerometer axes as along-track, cross-track and radial. The thruster spikes are residual linear accelerations caused by imperfections of attitude control thrusters. There are twelve 10 mN cold gas attitude control thrusters onboard each satellite [START_REF] Schelkle | The GRACE cold gas attitude and orbit control system[END_REF][START_REF] Bettadpur | Gravity Recovery and Climate Experiment: Product specification document[END_REF]. The thrusters are designed to operate in pairs in order to control only the angular acceleration about the ± roll, ± pitch and ± yaw axis of the spacecraft, cf. Figure 2. If the thrusters were perfect, there would be no linear acceleration sensed by the accelerometer. Unfortunately, this is not the case. Due to possible misalignment of the thruster pair, applied force imbalance, differences in thruster reaction time, differences in feed pressure for a thruster pair, and/or misalignment of the ACC proof-mass from the center of mass of the spacecraft, the thruster firings cause linear acceleration as well. Figure 3 shows a sample of raw 10 Hz linear acceleration superimposed by the thruster spikes. They occur immediately after the thruster firing and last for no more than one or two seconds. Figure 4 shows one particular type of thruster spike caused by a 100 ms positive roll thruster firing. The magnitude of the thruster spikes can exceed 1000 nm • s -2 . There is a slight delay between the actual thruster activation and the reaction of the accelerometer of approx. 0.14 s due to the applied Butterworth filter in the onboard data processing chain. Figure 4 shows approx. 180 thruster spikes of the same type plotted on top of each other. Obviously, thruster spikes of one particular type are very consistent, which allows for the thruster spike modeling. As the thruster imperfections are different for each thruster pair, the shape and amplitude of the thruster spike varies for each thruster pair (± roll, ± pitch, ± yaw), for each xyz component, for each firing duration (from 30 ms to 1000 ms) and also are different for each spacecraft, cf. Figure 5.

The thrusters are activated on average about 1000 times a day. The most frequent are ± yaw thruster firings, least frequent pitch thruster firings. The firing duration varies from 30 ms to 1000 ms. The thrusters are the secondary attitude actuators for GRACE and they are activated only when the control torques generated by the magnetic torquers do not suffice to maintain the desired attitude [START_REF] Herman | Attitude control for GRACE: the first low-flying satellite formation[END_REF]. For this reason, the geographical location of the thruster activations is strongly correlated with the direction of Earth's magnetic field lines, see Figure 6.

The thrusters operate based on an adaptive strategy using a pulse width modulator (PWM). This means the length of the pulse depends upon the strength and the results of the preceding thrusts [START_REF] Herman | Attitude control for GRACE: the first low-flying satellite formation[END_REF]. The PWM, however, had been turned off since December 2014 on both satellites to reduce the fuel consumption. As a result, the thrusters' firing duration is shorter, but the thrusters are activated more often. Except for large attitude maneuvers, the firing duration is constant. Table 1 shows the frequency of the thruster activations for the preferred firing duration. In case of roll and yaw thrusters, the firing duration is the same for more than 93% of all thruster activations. More importantly, after the PWM was turned off, the thruster spikes became very consistent in shape and amplitude. Figure 7 shows the thruster spikes for one day in 2008 and 2017. In the early years, when the PWM was turned on, the thruster spikes had different directions and amplitude even for the same type of thrust. Hence it would be practically impossible to model these thruster spikes precisely. But after the PWN was turned off, the spikes are now very consistent in shape, amplitude and direction, which allows us to model and to reconstruct them well. This is the reason, why we use only data from 2015-2017 as basis to find the thruster spike model. We don't use any data prior that period, because of the inconsistency of the thruster spikes. Figure 8 shows an example of one thruster spike as seen in both ACC1A and ACC1B data. Due to its asymmetric shape, the thruster spike is not filtered out by the 35 mHz low-pass filter, but it is smeared over approx. 70 s. The energy of the pulse is preserved. 

Twangs

Twangs are high-frequency, damped oscillations lasting for a few seconds. They dominate the radial component of the linear acceleration. The most likely cause of the twangs is vibration of insulating foil covering the bottom of each spacecraft [START_REF] Frommknecht | Integrated Sensor Analysis of the GRACE Mission[END_REF]). An extended study on twangs was presented by [START_REF] Peterseim | Twangs -high-frequency disturbing signals in 10 Hz accelerometer data of the GRACE satellites[END_REF], in which also other possible causes of these disturbances were discussed.

Despite their large magnitude, up to a few thousand nm • s -2 , and frequent occurrence, up to hundreds per day, their effect on the gravity field is negligible. Due to their symmetrical shape, the residual acceleration after the 35 mHz low-pass filtering, is at or below the measurement accuracy. Therefore, the twangs do not affect the transplanted data and no additional correction for twangs is needed.

Other disturbances

In the linear acceleration, other disturbing signals can be found, such as heater switching spikes [START_REF] Flury | Precise accelerometry onboard the GRACE gravity field satellite mission[END_REF] or magnetic torquer induced spikes [START_REF] Peterseim | Magnetic torquer induced disturbing signals within GRACE accelerometer data[END_REF].

The heater switching spikes are caused by switching the heaters, which maintain the desired temperature of the spacecraft. However, the thermal control on both spacecraft was turned off in April 2011, thus the heater switching spikes are no longer present in the data. Since, for our analysis, we use data from 2015 to 2017, no correction for these spikes is necessary.

The magnetic torquer induced spikes are very small, just at or below the level of ACC measurement accuracy. These disturbances do not affect the gravity field as they are eliminated by the low-pass filter. Therefore they do not have to be corrected.

The off-centering of the ACC proof-mass with respect to the satellite's center of mass could cause additional signal in the linear acceleration due to satellite's angular motion and gravity gradients. To minimize this effect, center of mass calibration is regularly performed [START_REF] Wang | Determination of Center-of-Mass of Gravity Recovery and Climate Experiment satellites[END_REF]. Therefore we do not have to correct for this effect in the post-processing.

ACC data transplant

The ACC data transplant uses GRACE-A ACC measurement to generate the missing GRACE-B ACC data. ACC data transplant is possible due to the fact that both satellites are flying in almost the same orbit, separated by approx. 220 km. This means, the following satellite flies through nearly the same inertial position approx. 25 seconds later than the leading satellite. Within this time frame, it can be assumed that the change in the atmospheric density, solar radiation or Earth albedo is very little. Hence it can be assumed that the non-gravitational acceleration at that particular point is approximately the same for both spacecraft.

There are two different realizations of the ACC data transplant. We call them: the "simple" and the "full" ACC data transplant. The "simple" ACC data transplant includes only time and attitude correction [START_REF] Save | Single Accelerometer Gravity Solutions for GRACE[END_REF]. The time correction resolves the orbit separation, and the attitude correction deals with the different attitude of each spacecraft relative to the velocity vector. The "full" ACC data transplant includes not only the time and the attitude correction, but also thruster spike correction, which represents the effect of the residual linear acceleration caused by thruster firings. Figure 9 shows a flowchart of individual processing steps for both ACC data transplant realizations. Table 2 provides a brief description of the GRACE data products used for ACC data transplant.

Because the PWM was turned off in Dec 2014, for thruster spike modeling we only use data from 2015 to 2017 in order to keep the data set consistent.

In the following, details about the time, attitude and thruster spike correction are provided. The numerical comparison of the "simple" and the "full" ACC data transplant is presented in Sections 4 and 5. 

Time correction

The time correction resolves the orbit separation. The core idea of the computation of the timeshift is finding the minimal 3D distance between the two spacecraft. The input data for the time correction are ECI1A and CLK1B data. As the satellites fly with a speed of approx. 7 km/s, the time correction has to be determined on sub-milisecond accuracy level. For this reason, the orbits are interpolated using Lagrange quadratic interpolation and the CLK1B clock correction is interpolated using cubic splines. Figure 10 shows the time correction due to orbit separation for one selected day. 

Attitude correction

The different orientation of the two spacecraft relative to the velocity vector is inevitable due to the precise inter-satellite pointing, which is one of the fundamental requirements of the GRACE missions. As the two satellites fly with their K-band antenna horns orientated towards each other, the leading satellite is rotated about 180 • about the radial axis and both satellites fly with a pitch offset of approx. ±1 • with respect to the velocity vector, cf. Figure 12. Therefore, in order to rotate the ACC data from GRACE-A into GRACE-B reference frame, pitch and yaw rotations need to be applied, cf. Equation 1. Here, AF denotes the ACC reference frame, ψ and φ denote yaw and pitch rotation angles, resp.

  a x a y a z   AF * = R y (ψ) • R x (φ) •   a x a y a z   AF (1)
where

R x (φ) =   1 0 0 0 cos φ sin φ 0 -sin φ cos φ   (2) R y (ψ) =   cos ψ 0 -sin ψ 0 1 0 sin ψ 0 cos ψ   (3) 
Figure 13 shows the pitch offset of each spacecraft relative to the velocity vector for November 2016 to June 2017. Until end of March 2017, the satellites were kept precisely pointed toward each other, cf. Figure 12a, which resulted in a non-zero pitch offset relative to the velocity vector. The magnitude of the pitch offset varied between ±0.6 • and ±1.3 • . Our empirical analysis based on data from 2015-2016 revealed that the best fit of the rotated GRACE-A data and the original GRACE-B data is achieved when applying 3.2 • pitch correction instead of the actual angle, which would be between 1.2 • and 2.3 • . Also, the analysis of the computed gravity fields based on the different pitch settings shows that the gravity field solution is best when using the 3.2 • pitch correction, cf. Figure 11. One possible explanation for that could be that this value accounts not only for the true pitch offset, but also for differences in rarefied airflow around the spacecraft. On March 29, 2017, the pitch offset of both spacecraft was intentionally changed in order to align the x SRF axis with the velocity vector, cf. Figure 12b. The decision to change the satellite orientation was made to support the ACC data transplant. After the final attitude correction commanded on April 7, 2017, the pitch offset of both spacecraft was zero, see Figure 13. This means, only the yaw correction is needed to rotate the ACC data after this date.

The change of the pitch offset, however, introduced a large bias of ≈15 mrad in the pitch pointing angle with respect to the line-of-sight. This misalignment acts as an amplification factor on the attitude noise. In addition, the attitude noise further increased during single star camera operation, i.e. when the other camera was blinded by the Sun or the Moon. Consequently, zonal coefficients of the spherical harmonics of the gravity field solutions have been significantly affected. However, the new V03 of SCA1B data product, i.e. combined attitude solution based on star camera quaternions and accelerometer angular accelerations, helped to significantly reduce this noise and to mitigate the latitudinal banding in the gravity field solutions [START_REF] Wiese | GRACE JPL Level 2 processing status[END_REF][START_REF] Sakumura | The V03 Level-1 release[END_REF].

Note that for the purpose of the ACC data transplant, we only account for the 180 • yaw rotation and the 3.2 • or 0 • pitch offset. We do not correct for the actual attitude variations measured by the onboard star cameras. The star camera measurement has much higher high-frequency noise than the accelerometer measurement [START_REF] Frommknecht | Integrated Sensor Analysis of the GRACE Mission[END_REF]. Therefore if using the star camera data for the attitude correction, additional high-frequency noise would be introduced to the transplanted ACC data, which is not desirable. 

Thruster spike correction

The thruster spike modeling is the most challenging part of the ACC data transplant. It requires extensive data analysis and deep understanding of the ACC measurement system. In the following, we provide details about the new improved thruster spike model and also discuss its limitations. In the first step, we derived the ACC response function. This is done in frequency domain by multiplication of ACC transfer function (Equation 4) and Butterworth filter. The ACC transfer function is a mathematical function given by the manufacturer (ONERA), which describes a response of the system to the input signal. This function differs for the ultra-sensitive and the less-sensitive axes. The Butterworth filter is a 4 th order low-pass filter with cut-off frequency of 3 Hz, which is applied onboard the spacecraft to de-alias the raw data. For more details, see Section 3.3.2.

Thruster impulse response function

In the second step, the thruster impulse was transformed from time domain into frequency domain using a Laplace transform. Based on an empirical data analysis (cf. Figure 22), we chose to model the thruster impulse in cross-track and radial direction as a single square pulse, and the thruster impulse in along-track direction as a two pulse function -ramp shaped pulse followed by a square pulse, see Figure 15. Then, by multiplication of the ACC response function and the thruster impulse we obtained the thruster impulse response function in the frequency domain, which was further transformed into the time domain applying an inverse Laplace transform. Since the input function was very long and complicated, this step was done using Mathematica (Wolfram Research, Inc., 2016).

The output from Mathematica was converted to a function, which is driven by 5 parameters describing the input thruster impulse (cf. Figure 15 These three and five variables, resp., were estimated by finding the best fit of the thruster impulse response function to the actually measured thruster spikes using the method of least squares. The model variables are estimated for all possible thruster spikes, i.e. 6 thruster pairs, firing duration from 30 ms to 1000 ms, XYZ component linear acceleration and both satellites. Because the problem is highly non-linear, a clean set of ACC1A thruster spikes without outliers, as well as precise apriori values of the 5 variables are necessary.

Accelerometer model

GRACE SuperSTAR accelerometer is based on the electrostatic levitation of the proof-mass, with almost no mechanical contact with the cage. The proof-mass is controlled on its six degrees of freedom (3 translations and 3 rotations) through 6 pairs of electrodes, which apply the electrostatic forces. Due to the geometrical configuration of the proof-mass and the need to levitate it on ground under 1g, there are ultra-sensitive electrodes, which control horizontal translations along y AF and z AF axes and rotation about x AF axis, and less-sensitive electrodes, which control translation along x AF axis and rotations about y AF and z AF axes.

The pair of electrodes corresponding to each loop is used for both capacitive position sensing and electrostatic restoring force generation. Figure 16 shows the control loop for the sensitive axes of the accelerometer. The motion of the ACC proof-mass is detected by capacitive detectors, there is one detector for each electrode pair. For each degree of freedom, there is a Proportional-Integral-Derivative (PID) type controller, which delivers voltages in order to nullify its inputs. These voltages are sent to the measurement chain (data sent to ground after anti-aliasing filtering and decimation), as well as to the Drive Voltage Amplifiers (DVA) to be applied on the electrodes pairs. The proof-mass is supplied by DC voltage V p to linearize the electrostatic forces and a 100 kHz voltage V d for the capacitive detection. The mathematical formulation of the electrostatic forces applied on the proof-mass as well as the measurement of each electronic transfer function allows to compute the accelerometer loop transfer function H(p) (Touboul et al., 1999a): Table 3: Parameters of the accelerometer loop transfer function (Equation 4) for each linear acceleration in Nominal Range Mode (NRM), used for scientific sessions

H(p) = ω 2 c (1 + b • p + c • p -1 ) p 2 + ω 2 c (1 + b • p + c • p -1 ) -ω 2 p ( 4 
x AF y AF z AF ω c [rad/s] 74 10.4 10.4 ω p [rad/s] 7.6 1 1 b [s/rad] 3.6 • 10 -2 0.2 0.2 c [rad/s]
4.1 0.9 0.9

This transfer function can be verified on ground for the ultra-sensitive axes y AF and z AF (Figure 17). The accuracy of the verification is limited by the seismic noise. The model is representative of the true accelerometer transfer function up to frequency of 2-3 Hz. It is due to the fact that the model doesn't take into account the detector and DVA transfer function (just the gain) as well as the low-pass filter at the output of the controller. It is sufficient as this transfer function will be multiplied by the 4th order Butterworth anti-aliasing filter. For the less sensitive axis x AF , the transfer function determination is based only on individual measurement of each electronic transfer function as well as the control of geometrical parameters (like the gap between proof-mass and electrodes and the proof-mass mass). The measurement chain is composed by the pick-off filter, a 1st order low pass filter with a cut-off frequency higher than 80Hz, the anti-aliasing filter, a 4th order Butterworth low pass filter with a -3dB cut-off frequency at 3Hz and a gain of 5 and the sigma-delta analog to digital converter with a order 3 sinc transfer function with a -3dB cut-off frequency at 2.619 Hz. Only the 4th order Butteworth low-pass filter was taken into account in the accelerometer response function.

Thruster spike model

The measured thruster spikes are extracted from the raw 10 Hz ACC1A timeseries and thruster spikes of the same type are then clustered together. The thrusters are activated either individually or in a sequence, where multiple pairs can be activated at the same time. Therefore, in order to get a representative thruster spike data set, the extracted spikes have to pass the following criteria: at the time of thruster activation, only one thruster pair can be activated and within 3 s before and after the thruster activation, no other thruster firing can occur. In the next step, thruster spikes, which are superimposed by twangs, are discarded from the data cluster.

Figure 18 shows a clean data set of + roll 100 ms thruster spikes and the fitted model function. Our mathematical model replicates the shape of the real spike very well.

For the most frequent thruster events (see Table 1), it is possible to obtain a timeseries of the estimated parameters. Figure 19 shows daily estimates of the model parameters for + roll 100 ms thruster spike in 2016. Clearly, the parameter values are consistent in time. This is an important finding, because it allows us to use data from multiple years to get clusters of measured thrusters spikes for the less frequent thruster events. Also, it allows us to create a thruster spike model for GRACE-B which is based on data from 2015 to Sep 2016, while this model is used to correct data from Nov 2016 to Jun 2017. The parameter values can be directly estimated for thruster spike types, for which a clean data set of ACC1A data was available. This, however, did not cover the full range of the possible thruster firing durations. The reason for that is that the thruster events with long duration are rare and they occur in sequences, hence it is not possible to separate the spikes from each other and get a clean data set. Therefore, in order to get the thruster spike model for any arbitrary firing duration, the timeseries of the directly estimated model parameters had to be interpolated and extrapolated. As Figure 20 shows, the parameter estimates for the various firing duration are very consistent, which allows to find an interpolation curve for each parameter. The respective thruster spike models for the different firing duration based on these interpolated data are shown in Figure 21. While the thruster spike model based on a single square pulse provides a very good fit to the measured spikes in radial and cross-track component, the fit to the measured data in along-track component is poor. For comparison, Figure 22 shows the fit of two thruster spike models to the along-track thruster spikes. The two models differ in the used function for the thruster impulse, which is a single square pulse in the first case and a double ramp/square pulse in the second case. The second model provides four times better fit then the first one. The RMS of the differences between the respective model and the measured data for the given example is 24 nm • s -2 and 6.6 nm • s -2 , resp.

Note that for both spacecraft the shape of all along-track thruster spikes is consistent for all thruster pairs, only its magnitude differs, cf. Figure 5a and5b. We can confirm that the shape and the magnitude of the individual thruster spikes are independent of spacecraft's attitude, hence they are not driven by factors such as air drag. Our hypothesis is that the shape of the along-track thruster spike is driven by two factors: thruster misbalance itself and mechanical design of the spacecraft's propulsion system. That would also explain why the second model (i.e. based on thruster impulse modeled as a double ramp/square pulse) provides significantly better fit to the measured data.

Figure 22: Comparison of the fit of two thruster spike models to the along-track thruster spikes (GRACE-A, +roll, 100 ms, extracted from ACC1A). Model 1 was derived using a single square pulse to model the thruster impulse. Model 2 was derived using a double ramp/square pulse

Model limitations

The accuracy of the thruster spike model is limited by several factors:

-least squares estimation: The estimated model parameters represent an "average" spike, cf. Figure 18. Despite the very good fit to the data cluster, residual acceleration may still remain in the ACC data after the thruster spike correction is applied.

-interpolation/extrapolation: Due to the lack of clean clusters of ACC1A thruster spikes, the interpolation/extrapolation of the estimated model parameters is inevitable, cf. Figure 20. It can be assumed that the spikes with shorter firing duration are estimated more precisely that the ones with long firing duration.

-ambiguity in THR data files: In principle, commands for thruster activation can be sent by the onboard Attitude and Orbit Control System (AOCS) every second. However, the onboard system provides only a cumulative information about thruster activations every three seconds. For this reason, when the thrusters were activated in a close sequence, it is not possible to distinguish which thruster pair was activated first and for how long. This cumulative information introduces a serious ambiguity which cannot be resolved.

-valve pressure change:

The analysis of long timeseries of the estimated model parameters show that one of the factors affecting the amplitude of the thruster spikes may be thruster valve pressure. This became obvious when in March 2017, the valve pressure onboard GRACE-B was intentionally changed. Because the accelerometer on GRACE-B was turned back on in May 2017 for 20 days, it was possible to estimate directly the model parameters and compare them with the values in 2015 and 2016. Although the change in the amplitude of the thruster spikes was noticeable, we still used the same model for all months, which provided a satisfactory fit to the data.

-ACC scale factors: The measured linear accelerations have to be corrected for bias and scale, which are unique for each accelerometer. This is done first during the gravity field processing. Our thruster spike model is based on ACC data before scaling. However, the introduced inaccuracy in the thruster spike correction is assumed to be very small, because the GRACE-A and GRACE-B scale factors are very similar. Despite all these limitations, in Section 4 we show that applying the thruster spike correction based on our model results in significant improvement of the transplanted ACC data.

Validation of the ACC data transplant

ACC data transplant is validated by comparison of the transplanted data to the original GRACE-B ACC measurement for a selected period of time, May 2-22, 2017, when on both satellites the accelerometer was turned on. In the following, we present the comparison of the"simple" and "full" ACC data transplant with the original GRACE-B ACC measurement in terms on ACC timeseries as well as gravity field solution based on these three data sets.

ACC timeseries

Figure 23 shows a comparison of all three components of the Level-1B linear acceleration obtained by "simple" and "full" ACC data transplant, with the original GRACE-B ACC measurement. The only difference between the "simple" and the "full" ACC data transplant is the thruster spike correction. While in the first case the linear accelerations still contain GRACE-A thruster spikes, in the second case, these GRACE-A thruster spikes are removed from the data set and the GRACE-B thruster spikes are added back.

The linear acceleration generated by the "full" ACC data transplant is characterized by significantly reduced high frequency noise compared to the simple ACC data transplant. This is solely a result of precise thruster spike modeling and the respective thruster spike correction. For a better visibility, Figure 24 shows timeseries and power spectral densities of differences of the respective transplanted data and the original GRACE-B measurement. A major improvement is achieved in cross-track and radial component. Especially frequencies above 5 • 10 -4 Hz are affected.

A smaller effect in the along-track component is to be expected. One reason is that the thrusters are intentionally located off the along-track axis, therefore the residual linear acceleration due to thruster firing is the smallest of all components. Another and more important reason is that the noise in the along-track component is dominated by high-frequency variations in the Earth's atmosphere, which cannot be modeled. Figures 24b, 24d and 24f, however, reveal a 1/rev signal remaining in the transplanted data. As the ACC measurement itself is dominated by 1/rev signature, it is not trivial to separate the true 1/rev signal and the 1/rev error due to transplant. Correcting for this 1/rev signal would require extensive data analysis and experiments based on true ACC measurements from both satellites for at least one half beta cycle (approx. 6 months). Possibly more beta cycles would be better so as not to derive models and statistics on a single beta cycle driven by varying solar activity, etc. In addition, towards the end of the mission (2016/2017), the satellites are very low in orbit. The transplant error, dominated by 1/rev, at this altitude is an order of magnitude higher than earlier in the mission (2008-2010) because the error is signal proportional and the signal is an order of magnitude higher in some directions. Another factor is the change of angle of attack in March 2017, which would require to recalibrate the 1/rev model. This data analysis, however, is beyond the scope of this paper, and is a subject for future work. 

Gravity field models

To see the effect on the gravity field, we compared monthly gravity field solutions based on the three data sets: "simple" and "full" ACC data transplant and the original GRACE-B measurement. Figure 25 shows the degree variances and Figure 26 shows the global maps of geoid heights for the three solutions. The gravity field models were processed according to JPL RL05 standards [START_REF] Watkins | GRACE JPL Level-2 Processing Standards Document for Level-2 Product Release 05.1[END_REF]. The geoid heights are shown relative to the nominal background field (GIF48), the solution was smoothed by a Gaussian filter with 400 km radius.

The "full" ACC data transplant results in significantly reduced noise for degrees beyond the first orbital resonance, when compared to the solution based on "simple" ACC data transplant. RMS difference of the solution based on transplanted ACC data relative to the solution based on original GRACE-A and GRACE-B ACC measurement are:

"Simple" transplant: 4.94 cm of EWH "Full" transplant: 3.92 cm of EWH which means the "full" ACC data transplant improves the gravity field error by approx. 1 cm of EWH (after smoothing to 400 km) compared to the "simple" ACC data transplant.

The comparison of both the ACC timeseries and the gravity field solutions clearly proves that the "full" ACC data transplant provides significantly improved solution compared to the "simple" ACC data transplant, which is currently used as part of official processing algorithms for RL05. The "full" ACC data transplant, however, cannot fully substitute the actual ACC measurement itself. For the precise gravity field determination we still need working accelerometers onboard each spacecraft. The ultimate goal of the ACC data transplant is to generate the GRACE-B ACC timeseries for the months when the accelerometer was turned off in order to obtain the gravity field solution for these months. In the following, we present the comparison of the monthly gravity field models based on the ACC data obtained by "simple" and "full" ACC data transplant. The exact days for the monthly solutions are: Gravity field models were computed based on JPL RL05 standards. Figure 27 shows the comparison of degree variances (with respect to the nominal background field GIF48) of both solutions for the respective months. As expected, the overall performance of the "full" ACC data transplant is significantly better compared to the "simple" transplant. The "full" ACC data transplant results in significantly decreased noise in degrees beyond the first orbital resonance.

The improvement for June 2017 seems to be smaller than for the other months. This might be caused by the fact that there were many days with long thruster firings occurring simultaneously. The thruster model for these periods is not accurate. In addition, the pitch offset of GRACE-B significantly changed for 5 days (cf. Figure 13), which, for the sake of consistency, was not taken into account in the applied attitude correction.

Overall, we show that the gravity field solution based on the "full" ACC data transplant is characterized by significantly lower noise compared to the solution based on "simple" ACC transplant. It will be implemented as part of the official processing for the upcoming JPL RL06. Also, the new ACC data will be released as L1B product for November 2016 to June 2017. 

Conclusions

The accelerometer data transplant allows to exploit the measurements of the GRACE mission in its final phase, despite the limitations caused by aging of the spacecraft. The fundamental idea of the ACC data transplant is to use GRACE-A ACC measurement to generate the missing GRACE-B ACC data. Using the ACC data transplant we can successfully recover the gravity field models for the months with single ACC operation (November 2016 -June 2017).

A simple method for ACC data transplant method was already introduced more then 10 years ago, which was based only on attitude and time correction. In this paper, we presented an improved method for GRACE accelerometer data transplant based on modeling of the residual linear accelerations due to thruster firings. Our model is based on the actual characteristics of the ACC sensor as it is analytically derived from the ACC transfer function. By using the high rate 10 Hz ACC data we ensure precise modeling of the thruster spikes.

Our ACC data transplant method results in significantly improved gravity field models characterized by lower noise for degrees beyond the first orbital resonance, compared to the simple method, which does not include the thruster spike correction. We demonstrated that the improvement of the gravity field solution was achieved for all months with missing GRACE-B measurement. For this reason, the improved ACC data transplant is now part of the processing standards for the upcoming JPL RL06 solution.

Despite the fact that ACC data transplant provides very good results for the months with missing ACC measurement, it cannot fully substitute the actual measurement itself. For precise gravity field modeling, data from both accelerometers are necessary.
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 1 Figure 1: Accommodation of the Accelerometer reference frame (AF) and the Science reference frame (SRF) in the GRACE satellite body
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 2 Figure 2: Attitude control thrusters onboard GRACE satellite, source: Schelkle (2000)
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 3 Figure 3: A sample of the raw 10 Hz linear acceleration (cross-track component) with clearly visible thruster spikes, one of the most dominant high-frequency signals. The blue stars indicate the time when the attitude control thrusters were activated
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 56 Figure 5: Thruster spikes for the most frequent firing durations for each thruster pair on GRACE-A (left column) and GRACE-B (right column)

Figure 7 :Figure 8 :

 78 Figure 7: Demonstration of the effect of Pulse Width Modulator (PWM) being turned on (a,b) and turned off (c,d). The figures show thruster spikes (plotted on top of each other) in ACC1A data induced by positive roll firings for GRACE-A, 2008-08-01 (a,b), and 2017-05-01 (c,d). Figures on the left and on the right show the same data, plotted using line and dot style for better visual demonstration.
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 9 Figure 9: Flowchart of the key processing steps of the "simple" and "full" ACC data transplant

Figure 10 :

 10 Figure 10: Time correction due to the orbit separation as on May 19, 2017

Figure 11 :

 11 Figure 11: RMS of degree variances of monthly gravity field solutions for April 2015 to November 2016, obtained by "simple" ACC transplant while applying 1.8 • and 3.2 • pitch correction, respectively.

  Figure 12: Sketch of the satellite orientation with respect to the velocity vector and the line-of-sight (LOS) during the science mode operation. Case a): until end of March 2017, the satellites were kept precisely pointed towards each other, which resulted in a non-zero (≈ ±1 • ) pitch offset. Case b): at the end of March 2017, the satellite's pointing with respect to the velocity vector was intentionally changed to minimize the pitch offset, which resulted in attitude bias with respect to the line-of-sight

Figure 14 :

 14 Figure 14: Flowchart of derivation of the thruster spike model

Figure 15 :

 15 Figure 15: A sketch of the thruster impulse models: a) single square pulse used to model the impulse cross-track (x AF ) and radial (y AF ) direction, b) double ramp/square pulse used to model the impulse in along-track (z AF ) direction . The shape of the pulse is driven by its width (τ1, τ2) and amplitude (A1, A2)

  ): t 0 ... timeshift [s] A 1 ... amplitude of the first pulse [m/s 2 ] τ 1 ... width of the first pulse [s] A 2 ... amplitude of the second pulse [m/s 2 ] τ 2 ... width of the second pulse [s]

Figure 16 :

 16 Figure 16: Schematic diagram of the accelerometer control loops for the sensitive axes, controlling 3 degrees of freedom -translation along the y AF and z AF axes and rotation φ about the x AF axis

  ) where p = i2πf where f is frequency ω 2 c is the accelerometer loop gain ω 2 p is due to the electrostatic stiffness b is the derivative gain of the PID c is the integral gain of the PID ... for ω c , ω p , b, c values see Table 3

Figure 17 :

 17 Figure 17: On-ground verification of the transfer function for GRACE SuperSTAR FM2 (flight model 2) accelerometer, for y AF axis in Nominal Range Mode (NRM). The upper plot shows the module of the transfer function in dB and the lower plot shows the phase of the transfer function in degrees. The red dotted curve is the expected transfer function response according to the model and the black curve is the measurement done on ground

Figure 18 :

 18 Figure 18: Fit of the thruster spike model (black curve) to the measured thruster spikes (red dots) induced by + roll 100 ms thrust on GRACE-A. The red dots represent approx. 180 thruster spikes (extracted from ACC1A data)

Figure 20 :

 20 Figure 20: Thruster spike model parameters for GRACE-A + roll thruster event, cross-track component, for the whole range of firing duration. The red stars represent values which were directly estimated based on available ACC1A data. The black curves represent the interpolated solution for each parameter
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 2324 Figure 23: Comparison of the Level-1B (1 Hz, 35 mHz low-pass filtered) linear acceleration obtained by "simple" (blue curve) and "full" (red curve) ACC data transplant with the original GRACE-B ACC data (black curve) as measured by the onboard accelerometer. Data sample from 2017-05-19

Figure 25 :

 25 Figure 25: Comparison of the gravity field solutions based on the three ACC data sets in terms of degree variances for May 2017. No smoothing applied

  excluded from the data analysis because of the ongoing satellite swap maneuver and battery issues, during which no K-band ranging data are available: Sep 4 -Nov 13, 2016 and Feb 4 -Mar 16, 2017. 

Figure 27 :

 27 Figure 27: Comparison of the gravity field solutions based on the "simple" and "full" ACC data transplant in terms of degree variances (with respect to GIF48) for the months with missing GRACE-B ACC measurement. No smoothing applied

  

  

Table 1 :

 1 

		GRACE-A	GRACE-B	
	+roll	100 ms	98% 100 ms	80 %
	-roll	100 ms	97 % 100 ms	90 %
	+pitch 30, 31 ms	76 % 30, 31, 32 ms 61 %
	-pitch	30, 31 ms	79 % 30, 31, 32 ms 60 %
	+yaw	51, 52 ms	94 % 51, 52 ms	93 %
	-yaw	51, 52 ms	94 % 51, 52 ms	93 %

Frequency of thruster activations with the specific firing duration. The values are based on data from Nov 2016 to Jun 2017 during science mode operation. In other words, e.g. the GRACE-A + roll thruster pair is activated for 100 ms in 98% of all cases

Table 2 :

 2 GRACE Level-1 data products used in this study. A full data product description can be found in[START_REF] Bettadpur | Gravity Recovery and Climate Experiment: Product specification document[END_REF] 
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