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Abstract We examined the sensitivity of GRACE Follow-On (GRACE-FO) laser ranging interferometer
(LRI) measurements to sub-monthly time-variable gravity (TVG) signals caused by transient, high-frequency
mass changes in the Earth system. GRACE-FO LRI provides complementary inter-satellite ranging
measurements with higher precision over a wider range of frequencies than the baseline K-band microwave
ranging system. The common approach for studying mass variation relies on the inverted TVG or mascon
solutions over a period of, for example, one month or 10 days which are adversely affected by temporal aliasing
and/or smoothing. In this article, we present the alternative along-orbit analysis methodology in terms of
line-of-sight gravity difference (LGD) to fully exploit the higher precision LRI measurements for examination
of sub-monthly mass changes. The discrepancy between “instantaneous”” LGD LRI observations and monthly-
mean LGD (from Level-2 data) at satellite altitude indicates the sub-monthly gravitational variability not
captured by monthly-mean solutions. In conjunction with the satellite ocean altimetry observations, high-
frequency non-tidal atmosphere and ocean models, and hydrology models, we show that the LGD LRI
observations detect the high-frequency oceanic mass variability in the Argentine Basin and the Gulf of
Carpentaria, and sub-monthly variations in surface (river) water in the Amazon Basin. We demonstrate the
benefits gained from repeat ground track analysis of GRACE-FO LRI data in the case of the Amazon surface
water flow. The along-orbit analysis methodology based on LGD LRI time series presented here is especially
suitable for quantifying temporal and spatial evolution of extreme, rapidly changing mass variations.

Plain Language Summary The GRACE Follow-On (GRACE-FO) mission, launched on 22 May
2018, is extending the legacy of GRACE by measuring time-variable gravity field of the Earth. Temporal
variation in Earth gravity field is caused by mass change on and near the Earth surface due to various processes
in hydrosphere, cryosphere, solid Earth, and ocean. In addition to the Ka-band ranging system, the GRACE-FO
satellites are also equipped with a laser ranging interferometer (LRI) which measures the inter-satellite

distance change with higher precision. When GRACE-FO satellites fly over a mass change anomaly, the LRI
measurements capture the corresponding gravitational changes at ~500 km altitude. We directly examine the
LRI gravitational measurements and show that they clearly detect the rapid mass variability associated with the
high-frequency (a) oceanic gyre in the Argentine Basin, (b) oceanic mass changes in the Gulf of Carpentaria,
and (c) river water variation in the Amazon Basin. Such processes show large mass variability within a month
and, thus, they cannot be adequately studied using the standard monthly-mean data products from GRACE-FO
mission. Therefore, the presented along-orbit analysis approach broadens the scope of geophysical applications
that can be addressed by GRACE-FO satellites data.

1. Introduction

The Gravity Recovery and Climate Experiment Follow-On (GRACE-FO) mission (Landerer et al., 2020),
launched on 22 May 20138, is extending the GRACE data record (2002-2017; Tapley et al., 2004) of global mass
transport and provides a unique perspective into Earth's evolving climate and water cycle. The monthly-mean
time-variable gravity (TVG) fields from GRACE and GRACE-FO with a spatial resolution of 300-500 km are
routinely used to monitor and study mass changes caused by solid Earth, oceanic, atmospheric, hydrologic, and
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cryospheric processes (Tapley et al., 2019). The microwave-based K-band ranging (KBR) measurements with pm
precision are used to compute the standard GRACE and GRACE-FO monthly-mean TVG data along with orbit,
orientation, and non-gravitational accelerometer data.

As a technology demonstration of inter-satellite ranging by optical lasers aimed for future GRACE-like missions,
GRACE-FO is also equipped with a laser ranging interferometer (LRI) which measures the inter-satellite distance
with nm precision (Sheard et al., 2012). The GRACE-FO LRI has been providing the first laser interferometric
range measurements between remote spacecraft since June 2018 with a noise level of 1 nm/ \/ Hz at frequencies
above 100 mHz (Abich et al., 2019). The LRI measurements have the potential to improve the sensitivity to
near-surface mass variations, especially if coupled with next-generation accelerometers with higher precision for
measurement of non-gravitational forces acting on the satellites (Kang & Bender, 2021; Spero, 2021).

The monthly-mean TVG (Level-2; L2) and mascon (Level-3; L3) solutions are estimated by inversion of
inter-satellite range-rate residuals. The residuals are obtained by subtracting the static gravity as well as high-fre-
quency (sub-monthly) geophysical signals like ocean tides and non-tidal atmosphere and ocean mass variability
(given by the so-called AOD1B models [e.g., Dobslaw et al., 2017]) from measured KBR and LRI measurements
(Yuan, 2019). As such, the errors in KBR and LRI residuals originate from sensor (KBR, LRI, and accelerometer)
noise as well as errors in high-frequency background models like AOD1B. Since the early years of GRACE, it
was well established that mis-/un-modeled errors in high-frequency background models exceed the sensor noise
and, therefore, dominate the monthly-mean solutions (e.g., Han et al., 2004). That is why despite the much lower
noise level of LRI, especially at higher frequencies, the L2 solutions obtained from GRACE-FO KBR and LRI
are of comparable quality (e.g., Fahnestock et al., 2019; Flechtner et al., 2016). Thus, analysis of laser tracking
data in terms of standard monthly-mean L2/L.3 solutions does not allow for fully exploiting the higher precision
LRI measurements.

To fully demonstrate the advantage gained from LRI, Ghobadi-Far, Han, McCullough, et al. (2020) employed
a novel method of directly analyzing inter-satellite ranging residuals along the satellite orbit and showed that,
relative to KBR, LRI improves the accuracy of gravitational measurements by as much as one order of magnitude
at frequencies above 10 mHz. The spectrum of LRI residuals at higher frequencies is dominated by mis-/un-mod-
eled static gravity signals. In this article, we present the along-orbit analysis methodology for the examination
of TVG and surface mass change (SMC) signals. The along-orbit analysis is particularly suitable for examining
high-frequency (sub-monthly) mass variations because inter-satellite ranging residuals represent instantaneous
gravitational changes caused by mass change happening at or beneath the Earth surface. In contrast to the month-
ly-mean TVG or mascon solutions, which are most appropriate for monitoring seasonal to interannual changes,
our approach in this study could be used to examine geophysical processes associated with significantly shorter
time-scales, such as tsunamis (Ghobadi-Far, Han, Allgeyer, et al., 2020) and Earth free oscillations (Ghobadi-Far
et al., 2019).

Our methodology is based on along-orbit analysis of observations and models in terms of line-of-sight gravity
difference (LGD). We first describe the formula for computation of synthetic LGD from TVG fields and SMC
grids (available from gravity and geophysical models), and discuss the effect of elastic loading (Section 2). The
LGD observations are computed from inter-satellite ranging residuals. We review and further validate the LGD
approach, originally developed by Ghobadi-Far et al. (2018) for GRACE KBR analysis, for representation of
instantaneous TVG signals at satellite altitude from LRI measurements (Section 3). The discrepancy between
synthetic LGD obtained from monthly-mean L2 solutions and LGD observations from LRI measurements indi-
cates sub-monthly mass variability. We present three examples of such high-frequency (sub-monthly) oceanic
and hydrologic mass changes detected by precise LRI measurements (Section 4): oceanic mass variability in
(a) the Argentine Basin and (b) Gulf of Carpentaria (GoC), and (c) surface water transport in the Amazon River
Basin. We verify the above rapid mass changes using ocean altimetry data, a test release for the next AOD1B
model and the GLDAS/NOAH hydrology model. We conclude by presenting our perspective on the use of LRI
data for various sub-monthly applications (Section 5).

The aim of this article is to demonstrate the sensitivity of LRI to high-frequency mass variations with different
kinds of examples and develop a new methodology of exploiting such LRI measurements for studying high-fre-
quency geophysical processes that are not captured by the standard L2 and L3 data products from the GRACE-FO
project.
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2. Synthetic LGD Computation From Time-Variable Gravity and Surface Mass
Change Models

LGD is defined as the difference of two gravity vectors exerted on the twin GRACE-FO satellites projected in the
line-of-sight (LOS) direction. We provide the equations to compute LGD from TVG fields and SMC grids in this
section. The two methods of computing LGD from TVG and SMC data are essentially equivalent. Nonetheless,
we still find it useful to provide the equations for both approaches so that one can directly compute LGD from
either data types without the need to convert one to the other.

2.1. LGD From TVG Fields

Geopotential fields representing TVG are conventionally given in terms of anomalous spherical harmonic coef-
ficients 6Cy,, and 8.5}, to the maximum degree L. Geopotential change 8V along the satellite orbit at position
(r, @, A) as a series in spherical harmonics reads (Heiskanen & Moritz, 1967):

+1 1

SV (r. . 2) = 2 ( ) Y [6Cim cos(mA) + 68 sin(mA)] P (sing), )
m=0

where GM is the gravitational constant times the Earth's mass, R is the Earth equatorial radius, and B, is the

normalized associated Legendre function of degree / and order m. The gravity vector in the local North-East-Up
(NEU) frame is given by (e.g., Koop, 1993):

SVn(r,p, A)
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With PI’" _ being the derivative of P,,. The LGD computation requires the gravity and LOS unit vector to be
expressed in the same coordinate frame. The LOS unit vector is simply given in the Earth-Centered Earth-Fixed
(ECEF) frame by /2% = l" "L with r; and r, denoting the ECEF position vectors of GRACE-FO satellites. The

|’
rotation matrix from NEU to ECEF is given by:

—singcosA —sind  cosgcosA
R =| —singsinA  cosA  cosgsinA |- 3)
cosQ 0 sing

The gravity vector in ECEF is obtained by &gFCFF = RgNPV, where 6gNEU = [6Vy 6VE 6Vy]"
58°CFF = [6Vx 6Vy 6V2]". The synthetic LGD from the TVG models is then computed as:

LOS _— ( Fy gECEF ECEF) LOS ( 4)

o8y, 24 €n

where “.” denotes the inner product.

2.2. LGD From SMC Grids

SMC data are given in the form of a grid on the surface of the Earth in terms of equivalent water height in for
example, meter. The GRACE-FO satellites sense the direct gravitational attraction by the surface mass as well
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as solid Earth deformation caused by the mass loading. In the following, by approximating each cell of the SMC
grid by a point-mass, we present the LGD computation method using numerical integration, first without and
then with inclusion of the elastic loading effect.

2.2.1. LGD From SMC Grids Without the Loading Effect

Geopotential change 6V; at the altitude of GRACE-FO satellite i (i = 1 or 2) caused by the SMC grid including a
total of J point-masses is given by (Heiskanen & Moritz, 1967):

J
3o, )
d,’j

Jj=1

oVi=G

where d;; is the distance between the point-mass j and satellite i. 6m in terms of equivalent water height 4 is
written as 6m; = h;p,, R>ApAicosg;, with p,, being the volumetric density of water in kg/m?, and Ag and A1
being the grid interval (spatial resolution) of the SMC grid in the latitude and longitude directions, respectively.
Defining the ECEF coordinates of point-mass j and satellite i as [X;Y; Z j]T and [X; Y; Z;]", respectively, the
gravity difference vector between two GRACE-FO satellites in the ECEF frame is formulated as (Heiskanen &
Moritz, 1967):

(X2 =X, Xi-X)]
J v ig’i@- Y, —d;’;
685 — g =G Y om |~~~ |- ©®)
= 22z, B 7'~z
&, &

LGD caused by SMC grid is obtained by substituting Equation 6 in Equation 4.

2.2.2. LGD From SMC Grids Considering the Loading Effect

To include the loading effect in the LGD computation from SMC grids, we reformulate the geopotential 5V in
Equation 5 into a spectral form to incorporate the potential load Love numbers k; (Farrell, 1972). Such spectral
form can be obtained by expressing the inverse distance 1 /d in terms of the Legendre polynomials P, (Heiskanen
& Moritz, 1967):

J 5 . I+1
Vi=GY % ¥ (1 +k,)(§) P,(cosw;), @)

j=1 =0
where y;; is the spherical (angular) distance between the point-mass j and satellite i, given by:
cosyi; = sing; sing; + cosg; cos@; cos( A — 4;). (8)

The gravity vector in the NEU frame is given by:

J ® 2 dcosy;;
> m; Y (1 +k,)<§> Y pr (cosyy)
J

SVin(r, @, A) j=1 i=0 i 1 2d(,a;
G om; & R\ " dcosyi;
i =7 1+k — P MIN 9
SVie(r, @, ) | = 12 E] cosgr EO( 1) <r,-> i ! (cosyij) )

6Viu(r, @, 4)

1=0

7 © R 142
> —m; Y (1+k)( + 1)<r—> P, (cosyy)
j=1 f

where P, is the derivative of the Legendre polynomial. LGD is obtained by transformation of the NEU gravity
vectors to ECEF and then projection of the gravity difference vector in the LOS direction, using Equations 3
and 4.

GHOBADI-FAR ET AL.

4 of 20



A7t |

M\\JI Journal of Geophysical Research: Solid Earth 10.1029/2021JB022983
%0 (b) 5 (c)
20°N 20
- -0.02
N
0 2 0 9 .0.04
3 £
= (<
5 -10 -
- -0.06
20°s -20
-30 -0.08
200w a0 -0.1 -0.05 0 -20 0 20
Inm/s®)im [nm/s?)im longitude [deg]
-0.06 -0.04 -0.02 0 0.01

Figure 1. Sensitivity analysis of the LGD kernel evaluated at 490 km altitude for a case where the barycenter of GRACE(-FO) satellites is located at latitude 0° and
longitude 0°. (a) Kernel values in [nm/s?]/m along with the positions of the GRACE(-FO) satellites denoted by green squares. (b) Cross-sectional view of the kernel
along the meridian. (c) Cross-sectional view of the kernel along the equator. The larger the kernel value at a certain position, the larger the contribution of mass
anomaly at that position to LGD signal at satellite altitude. LGD, line-of-sight gravity difference.

2.3. Numerical Experiments

We first examined the spatial behavior of the integral kernel to understand the sensitivity of LGD observations to
mass anomalies at the Earth's surface. We computed the kernel values for GRACE-FO satellites (i.e., observation
points) at the altitude of 490 km with the barycenter of twin satellites located at the latitude and longitude zero,
with an inter-satellite distance of 200 km, and for an equiangular grid with 0.25° resolution at the Earth surface.
Figure la shows the kernel values in terms of nm/s%m, and Figures 1b and 1c show its cross-sectional views
along the meridional and equatorial planes passing through the barycenter. The kernel values are defined in such
a way that, when multiplied by SMC given in terms of equivalent water height in meter, they provide us with LGD
in nm/s? at satellite altitude. Thus, a positive mass anomaly beneath the satellites is reflected as a negative LGD
anomaly and vice-versa. The LGD kernel has its maxima at the barycenter of GRACE-FO satellites. Expectedly,
it decays with increasing distance, approaching zero for spherical distances beyond ~20°. In addition, the kernel
is clearly non-isotropic, but it possesses symmetric features with respect to the meridional and equatorial planes.

We used satellite altimetry sea level anomalies from longitude of 65°W to 20°W and latitude of 60°S to 25°S with
0.25° x 0.25° spatial resolution on an arbitrary date (1 April 2001) to carry out some numerical experiments on
LGD model computation from SMC grids. To that end, we simulated four GRACE-FO tracks at 490 km altitude
over the region (see Figure 2a). We first computed LGD using the spectral form (Equation 9) with various maxi-
mum degrees of expansion from 100 to 500 and by setting k; = 0. Comparison with the closed form solution
(Equation 6) showed that error of the spectral method for the maximum degrees 100, 200, and 500 is on the order
of 1072, 107, and 10~'3 nm/s?, respectively. Thus, we recommend the use of maximum degree 200 or larger for
LGD computation from SMC grids at the GRACE-FO altitude of 490 km.

Furthermore, to examine the magnitude and behavior of the loading effect in LGD computation, we computed
LGD along the four GRACE-FO arcs in Figure 2a using Equation 9, once including the loading effect and once
by turning off the loading effect (i.e., setting k; = 0). Figure 2b shows the LGD signal caused by mass in solid
curves, and the mass plus elastic loading effect in dashed curves. Different colors indicate different ground tracks
as shown in Figure 2a. Root-mean-square (RMS) of the elastic loading effect in LGD computation is about 10%
of that of total LGD.

We also computed LGD along the arc with longitude 40°W using the original ocean altimetry grid with 0.25°
spatial resolution, and after resampling the grid at 0.5°, 1°, and 2° resolutions to determine the suitable grid reso-
lution for LGD computation using numerical integration at GRACE-FO altitude. The LGD signals in Figure 2¢
and the differences in Figure 2d show that using SMC grids with spatial resolution of 0.5° seems to be a suitable
trade-off value between accuracy and computational efficiency, leading to errors less than 0.01 nm/s?> when
compared to the case of grid with 0.25° resolution (except near the edges).
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Figure 2. (a) Satellite altimetry measurements of sea surface height (smoothed with a 3° x 3° window) along with four GRACE Follow-On (GRACE-FO) tracks
simulated at the altitude of 490 km. (b) Synthetic line-of-sight gravity difference (LGD) time series computed from mass anomalies in (a), considering only the direct
mass effect (solid curves) as well as mass plus elastic loading effect (dashed curves). (c) Synthetic LGD along the GRACE-FO track in green in (a) computed from
satellite altimetry grid resampled at 0.25° x 0.25°, 0.5° x 0.5°,1° X 1° and 2° X 2°. (d) Difference between synthetic LGD from 0.25° x 0.25° and 0.5° x 0.5° grids, as
well as from 0.25° x 0.25° and 1° x 1° grids. Elastic loading accounts for ~10% of the total effect. The grid resolution of 0.5° x 0.5° is sufficient to accurately compute
LGD from the surface mass grid data at the GRACE-FO altitude of 490 km.

3. LGD Observations From Inter-Satellite Laser Ranging Data

The inter-satellite distance between the two GRACE-FO satellites is measured by the on-board KBR and LRI
systems. The measured biased ranges are numerically differentiated and corrected for various effects like light
time and ionospheric delay (for KBR only) to obtain instantaneous range-rate measurements. We reduced the
inter-satellite range-rate data to residual quantities by removing the calculated range-rate based on the reference
orbital state vectors. We used the dynamic reference orbits of the GRACE-FO satellites computed by JPL used for
production of the JPL L2 RLO6 solutions (Yuan, 2019). Such dynamic orbits were computed by numerically inte-
grating the gravitational potential models including the GGMOS5C mean gravity field model (Ries et al., 2016),
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the high-frequency AOD1B RL06 model (Dobslaw et al., 2017), other well-known geophysical models like
ocean tides described in the standard L2 document (Yuan, 2019), as well as non-gravitational forces measured
by the on-board accelerometers. As such, our range-rate residuals are the same as the so-called pre-fit range-rate
residuals employed for computing the JPL L2 solutions. As the next step, we computed the range-acceleration
residuals by numerically differentiating the range-rate residuals using the simple central difference method. The
range-acceleration residuals from LRI with a 2 s sampling rate are the key data set used in this study. For a recent
GRACE mascon solution based on range-acceleration residuals, see Allgeyer et al. (2022).

Residual range-acceleration 65 and LGD (denoted by 6glL205) are related to each other by the following equation
(e.g., Rummel, 1979):

6 =685 +6 (k- €)5°), (10)

where i, is the inter-satellite velocity vector. The term (hz . élL?S) represents the residual centrifugal accel-

eration difference acting on the satellites. Equation 10 does not include the non-gravitational forces because
they were included in the dynamic reference orbits and, thus, were already removed from the observations. The
residual non-gravitational forces caused by errors in accelerometer data will be present in the LGD observations,
though. Since the residual centrifugal acceleration term is relatively smaller than § 5 and mainly contributes to the
low frequencies (Ghobadi-Far et al., 2018), LGD was often approximated by range-acceleration residuals (e.g.,
Spero, 2021; Weigelt, 2017).

Ghobadi-Far et al. (2018) found a spectral relationship between range-acceleration residuals 5 and LGD (SglLZOS

and developed a transfer function to directly compute 5g1L205 from 6/ with improved accuracy. Using various
cases of synthetic orbit and gravity computation, it was found that §5 and 5gleos are near-perfectly correlated
over frequencies above 1 mHz (or 5 cycles-per-revolution, CPR), and the admittance or transfer function Z(f)
between these two quantities is stationary regardless of time, orbital altitude, and the gravitational signal strength
and, thus, can be pre-determined from synthetic data. Application of the transfer function Z(f) to 64 is carried

out in the frequency domain as follows:
88150 =FH{Z(f) - F {65}, an

where ¢ refers to time of observation, and 7 {...} and 7! {...} denote the Fourier transformation and its inverse,
respectively. This allows us to compute time series of LGD gravitational quantities from kinematic range-accel-
eration §, with an error of only a few per cent over the frequency band above 5 CPR, equivalent to ~4,000 km
and smaller in terms of spatial resolution (Ghobadi-Far et al., 2018). The limitation on the frequency band makes
the LGD observations most suitable for regional applications. The transfer function by Ghobadi-Far et al. (2018),
obtained from orbit and gravity simulation for the GRACE mission, can be described by an analytic equation
such as:

Z(f)=1.0+35"*f104 (12)

We validate the above transfer function using independent inter-satellite ranging data from GRACE-FO and
Gravity Recovery and Interior Laboratory (GRAIL) satellites (Zuber et al., 2013). As stated earlier, the transfer
function is not dependent on magnitude of gravitational signals and satellite altitude. Therefore, we can even use
GRAIL satellite data and the lunar gravity field for this purpose.

We used the time series of 55 from GRACE-FO KBR and LRI data. We computed the synthetic LGD time series
using the JPL L2 monthly-mean solutions to degree 96, obtained from KBR data (Yuan, 2019). Both synthetic
LGD and observed 55 are computed as residual quantities referenced to the background static gravity model
GGMO5C. We also computed synthetic LGD from the difference between the static gravity model GOCOO06s
(Kvas et al., 2019) and GGMO5C from degree 97 to 360. We note that the time-variable coefficients of GOCO06s
representing the trend and annual variations are not used when computing LGD from this model. In the case
of GRAIL, we used j from the KBR sensor and computed synthetic LGD from the lunar geopotential model
GL0900D to degree 900 (Konopliv et al., 2014). For the GRAIL data processing, we refer to Han (2013). Low
altitude (~30 km) of GRAIL orbit during the extended mission leads to sensitivity of gravity signals to much
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Figure 3. (a) Correlation and (b) admittance (or transfer function) spectra estimated from various pairs of inter-satellite range-acceleration measurements (GRACE-FO
KBR, LRI, and GRAIL KBR) and synthetic line-of-sight gravity difference (from L2, GOCO06s, and GLO900D models). The correlation and admittance spectra found
in Ghobadi-Far et al. (2018) are verified using various actual inter-satellite ranging data and to a much higher frequency, thanks to GRAIL data.

higher frequencies than those observed by GRACE-FO. Thus, the GRAIL data are particularly useful to validate
the transfer function at high frequencies.

Figure 3a shows examples of the correlation spectrum estimates computed between 65 and § gleos' There are three
time series of 55 from GRACE-FO LRI and KBR, and GRAIL KBR, while three time series of 5g|>° from JPL
monthly-mean L2 solution (degrees 2-96), GOCOO06S (degrees 97-360), and GL0O900D (degrees 2—900) models.
The L2 and GOCOO06s models were compared with GRACE-FO LRI and KBR, resulting in four correlation spec-
tra, and GL0O900D was compared with GRAIL KBR; therefore, there are a total of five correlation spectra. The
high correlation over the frequencies below 10 mHz (60 CPR) from GRACE-FO and GRAIL data were found
(blue, yellow, and green curves). Only LRI data (not KBR) were highly correlated with the static gravity model
GOCOO06s at higher frequencies to 25 mHz, indicating greater sensitivity of LRI data to short wavelength static
gravity signals (Ghobadi-Far, Han, McCullough, et al., 2020). The correlation spectrum estimated from GRAIL
data exhibits nearly perfect correlation up to 100 mHz.

Correspondingly, the admittance spectra are shown in Figure 3b. The pre-determined transfer function by Ghoba-
di-Far et al. (2018) obtained using GRACE synthetic orbit and gravity computation is shown for comparison.
In general, the empirically calculated admittance spectra from real GRACE-FO and GRAIL data agree with the
pre-determined transfer function quite well for the frequency from 1 to 10 mHz. The GRACE-FO LRI provides
additional observation to the transfer function up to 25 mHz. The GRAIL data further confirms the transfer func-
tion to a much higher frequency of around 100 mHz.

Figure 4 presents the amplitude spectral density of different LGD time series determined from actual KBR and
LRI measurements and from L2 TVG and GOCOO06s static model, all computed as residuals with respect to the
reference model GGMOS5C. The LRI noise and accelerometer noise from Spero (2021) in terms of LGD are also
shown. KBR and LRI residuals are consistent with the L2 TVG model to frequencies below 10 mHz, indicating
the dominance of TVG signals in this band. In the frequency band of 10-25 mHz, LRI residuals show gravita-
tional anomalies consistent with the static model GOCOQ6s. This shows that LRI captured the residual static
gravity signals not properly modeled by the reference model GGMOSC (see Ghobadi-Far, Han, McCullough,
et al., 2020 for more details). As such, the LRI residuals referenced to GGMOSC represent low-frequency TVG
as well as high-frequency (residual) static gravity signals. To demonstrate this in the spatial domain, we extracted
all the GRACE-FO tracks in January 2019 passing over the eastern edge of Himalayas around the longitude of
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1 late the gravitational signals represented by the LRI residuals referenced to
GGMO5C. We note that the accelerometer noise shown in Figure 4 does not
include the systematic errors in accelerometer measurements like errors of
the thrust model used in calibration of the GRACE-FO L1B accelerometer
data (see McCullough et al., 2019). Such systematic errors contribute signif-
icantly to the LRI residual error budget at high frequencies above ~40 mHz.

4. Analysis of LRI Measurements for Sub-Monthly
Surface Mass Variations

For analysis of TVG signals, we applied a high-pass filter at 1 mHz (5 CPR)
frequency to GRACE-FO LRI residuals and also removed the remaining
static gravity signals from LRI residuals referenced to GGMOS5C (originally
used for release 6 data products by JPL) using GOCOO06s, because GOCO06s
provides the best fit results to LRI measurements among other state-of-the-art
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Figure 4. Amplitude spectral density of inter-satellite K-band microwave

static gravity models at higher frequencies (Ghobadi-Far, Han, McCullough,
et al., 2020). We present three examples of sub-monthly SMC processes to
demonstrate new applications of high-precision LRI measurements based on

100 250

our unique along-orbit analysis approach of TVG signals.

ranging and laser ranging interferometer (LRI) residuals as well as monthly-
mean L2 and static gravity model GOCOOQ6s, all represented in terms of line-

of-sight gravity difference residuals referenced to GGMO5C. LRI noise and
GRACE Follow-On (GRACE-FO) accelerometer noise form Spero (2021) are
also shown. This figure is based on the actual GRACE-FO data on 1 January

2019.

4.1. High-Frequency Ocean Gyre in the Argentine Basin

Located in the southwest Atlantic Ocean, the Argentine Basin is associated
with complex ocean dynamics at wide-ranging spatial and temporal scales.
According to satellite altimetry, some of the largest high-mesoscale variabil-
ity in the world ocean occurs on the western side of the basin, in the conflu-
ence zone of the Brazil and Malvinas boundary currents (Wunsch, 2015, Figure 3.32). To the east of this zone, in
the center of the basin, is a region of considerably weaker variability, which is nonetheless dominant when altim-
etry is filtered to reveal only large scales (>1,000 km) and temporal scales from 20 to 100 days (Fu et al., 2001).
Trapped around a topographic feature called the Zapiola Rise near 45°S, 45°W is an intense anticyclonic circu-
lation, which includes a dipole-like rotating mode of period 20-25 days and spatial scale ~1,000 km. The mode
is barotropic, which is known from ocean current measurements (Saunders & King, 1995), bottom-pressure
measurements (Hughes et al., 2007), and a high-resolution ocean model (de Miranda, 1999). It is therefore in
principle detectable by gravimetry, and indeed using 10-day GRACE solutions from Groupe de Recherche de
Géodesie Spatiale (Lemoine et al., 2007), Han et al. (2014) and Yu et al. (2018) showed that GRACE could detect
the feature. Note that although the mode is barotropic, it fails to appear in barotropic ocean models, and even in
many baroclinic models, because it is evidently excited by eddy-driven vorticity supplied from the surrounding
high-mesoscale ocean. Thus, only high-resolution, eddy-permitting baroclinic models are capable of simulating
the ~25-day mode (de Miranda et al., 1999; Hughes et al., 2007).

We examined the LRI residuals referenced to the long-term mean field over the Argentine Basin in January 2019.
We found ten ascending and ten descending GRACE-FO tracks over the region from longitude 55°W to 45°W and
compared the LGD LRI observations (LGD'"RY) with synthetic LGD from monthly-mean L2 solution (LGD"?) of
January 2019 along those tracks. Figure 6a shows the ascending ground tracks, and Figure 6b shows the corre-
sponding LGD"R! and LGD'? signals, depicted by color and solid black curves, respectively. Synthetic LGD'?
is only a function of location (over a period of one month), while LGD™®! observations represent instantaneous
gravitational variability in space and time. Figure 6b clearly demonstrates how the commonly used monthly-mean
L2 solutions capture the average variability over a month. The LGD'? show a common positive anomaly of
~2-3 nm/s? from latitude 50°S to 35°S, where the strong barotropic variability in the Argentine Basin occurs (Fu
et al., 2001, also see Figure 9). The LRI observations, on the other hand, show instantaneous anomalies varying
from +1 nm/s? on 28 January to +6 nm/s? on 16 January. It is seen that on 10, 11, 16, and 17 January LGD'"}!
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Figure 5. Spatial map of (a) LGD LRI observations, (b) synthetic line-of-sight gravity difference (LGD) from monthly-mean L2 model, (c) synthetic LGD from
GOCO06s model, and (d) summation of (b and c), along the GRACE Follow-On tracks in January 2019 near longitude 105°E. All observations and models are
computed as residual signals with respect to GGMOSC. The laser ranging interferometer (LRI) residuals referenced to GGMOS5C represent low-resolution time-variable
gravity and high-resolution (residual) static gravity signal (mainly over the eastern edge of Himalayas).

is larger than LGD'?2, while on other days the LRI anomalies are roughly equal to or smaller than L2. The same
conclusion can be drawn for descending tracks shown in Figures 6¢ and 6d, and also for GRACE-FO tracks from
longitude 45°W to 35°W (not shown). The mismatch between the instantaneous LRI measurements and L2 solu-
tions points to the sub-monthly variability in the Argentine Basin and the fact that monthly-mean L2 solutions are
not the appropriate data products for analysis of such high-frequency processes. Furthermore, the mismatch also
highlights that the AOD1B RL6 model (Dobslaw et al., 2017), included in the background models to remove the
sub-monthly non-tidal oceanic variability, does not adequately predict the high-frequency mass changes in the
Argentine Basin. As noted above, this is to be expected in an ocean general circulation model with approximately
1° horizontal resolution that is not constrained by oceanographic in situ data.

To help explain the discrepancy between (instantaneous) LRI and (monthly-mean) L2 data, we used daily sea
level anomaly (SLA) maps on a 0.25° x 0.25° grid generated from observations of multi-mission satellite altim-
eters (Taburet et al., 2019). Before gridding, these data had been subjected to high-frequency de-aliasing by
removing sea-surface heights from a high-resolution barotropic model (Carrere et al., 2016); to avoid removing
our signal of interest, we restored the dynamic ocean signals from this model, but not inverted-barometer signals
since the latter do not affect gravimetry measurements. We then obtained the sub-monthly changes by subtracting
the monthly-mean SLA of January 2019 from daily SLA maps, and removed the AOD1B RL6 ocean model from
altimetry SLA to make them consistent with the LRI residuals. As the next step, we computed synthetic LGD
from the sub-monthly SLA observations (using numerical integration described in Section 2.2.2) and added it to
LGD. The results, represented by dashed black curves in Figures 6b and 6d, show that satellite ocean altimetry
data can explain the sub-monthly TVG signal in LRI measurements to a large extent, especially when there is a
big difference between LRI and L2 (e.g., see the case of 16 January 2019).

The difference between instantaneous LRI residual measurements and monthly-mean L2 in terms of LGD repre-
sents fast gravitational changes at satellite altitude occurring within a month. Figure 7 shows the sub-monthly
LGD ! observations, obtained after subtracting LGD2, and sub-monthly LGD computed from altimeter SLA for
the ascending and descending tracks (same as Figure 6). The agreement between LRI and altimetry observations
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Figure 6. (a) Ascending and (c) descending ground tracks of GRACE Follow-On (GRACE-FO) in January 2019

with average longitude between 55°W and 45°W passing over the Argentine Basin. Comparison between laser ranging
interferometer (LRI) measurements (color) and monthly-mean L2 (solid black), both computed as referenced to the long-
term mean GOCOO6s in terms of line-of-sight gravity difference, for (b) ascending and (d) descending tracks. The dashed
black curves represent the monthly-mean L2 plus the sub-monthly ocean variability from satellite altimetry measurements.

GRACE-FO LRI detects the high-frequency (~25 days) rotating gyre (from latitude 50°S to 35°S) in the Argentine Basin. LRI
residuals along the consecutive ground tracks are offset by 5 nm/s.
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monthly altimeter sea level anomalies along the
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GRACE Follow-On (a) ascending and (b) descending tracks in January 2019 corresponding to Figure 6. Correlation and root-

Figure 7. Comparison between observed LGD LRI anomaly referenced to the monthly-mean (i.e., sub-monthly LGD LRI)
mean-square reduction values for LGD data from latitude 50°S to 35°S are given.

and synthetic line-of-sight gravity difference (LGD) computed from sub
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Figure 8. Examples of sub-monthly sea level anomalies from satellite altimetry observations (smoothed with a 3° x 3° window) on (a) 16 January 2019 and (b) 28
January 2019, along with the corresponding GRACE Follow-On (GRACE-FO) ascending tracks in solid black lines, reflecting the high-frequency ocean variability in
the Argentine Basin (see the corresponding line-of-sight gravity difference [LGD] data along the ascending tracks on 16 and 28 January 2019 in Figure 7a). Dashed
black curves represent unit-less sub-monthly LGD signal observed by the GRACE-FO laser ranging interferometer.

at sub-monthly time-scale is clearly visible. Centered at latitude ~45°S, in the case of ascending tracks, for exam-
ple, one can see a negative sub-monthly LGD anomaly on 5 January (reflecting positive SLA), a positive anomaly
on 16 and 17 (reflecting negative SLA), and then again a negative anomaly on 27 and 28. The along-orbit LGD
data already captured approximately 20-25 days of periodic changes in SLA.

Figure 8 shows examples of daily SLA maps on January 16 and 28 computed with respect to the monthly-mean
and the GRACE-FO ascending tracks for each day. This figure illustrates how the transition of SLA from negative
to positive centered at latitude ~45°S within one month changed the LGD LRI measurements seen in Figure 7.
We also computed the cross-correlation between the sub-monthly LGD LRI and SLA from latitude ~50°S to
~35°S as well as the RMS reduction in LRI when subtracted by SLA data (see Figure 7). The cross-correlation
and RMS reduction is as high as ~0.9 and ~0.6, respectively. There are discrepancies of a couple of nm/s?
between GRACE-FO LRI measurements and altimeter data for different times and locations. It may be caused by
altimeter gridding and interpolation errors (the procedures depend on temporal correlation scales that may not be
accurate) as well as baroclinic sea level variability not accounted for in the gravity computation from altimeter
SLA.

4.2. Ocean Mass Variability in the Gulf of Carpentaria

The GoC is a large shallow sea in northern Australia which shows large seasonal (Tregoning et al., 2008) as
well as high-frequency non-tidal variability (e.g., see RMS variability of ocean model outputs in Schindelegger
et al., 2021). The AOD1B models are constantly being improved to better reproduce the sub-monthly variability
in GoC in order to reduce the aliasing of high-frequency signals into the monthly-mean solutions. An intermedi-
ate (test) version of a new AOD1B model called v71 was recently developed at GFZ to be used as a background
model in the next release of L2 solutions (Shihora & Dobslaw, 2021). In the following, we show how the LRI
measurements can be employed to validate the test AOD1B model with the example in GoC. We reiterate that
the AOD1B RL6 model (Dobslaw et al., 2017) was used in the background models to compute the LRI residuals
employed in this article.

We examined the LRI residuals along the descending GRACE-FO tracks over GoC from 23 January 2019 to
7 February 2019. During this period, a low-pressure system brought unprecedented rainfall and flooding to
north-eastern part of Australia, mainly in Queensland (Australian Bureau of Meteorology, 2019). The strong
surface winds associated with this weather pattern also caused substantial oceanic variability in GoC. The six
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Figure 9. (a) GRACE Follow-On descending tracks near the Gulf of Carpentaria between 23 January 2019 and 7 February 2019, when a low-pressure system
generated large oceanic mass variability in this region. (b) Comparison between LGD LRI observations and synthetic line-of-sight gravity difference (LGD) computed
from monthly-mean L2 solutions, both computed with respect to the long-term mean GOCOO06s. The difference between the color and black curves represents the
sub-monthly change not captured by L2 solutions and is as large as 6 nm/s>.

descending tracks found over this period are shown in Figure 9a. LGD™! residuals as well as LGD"? form Janu-
ary and February 2019 solutions, both referenced to GOCOQ6s, are shown in Figure 9b. Monthly-mean L2 is
consistently smaller (in terms of absolute value) than the instantaneous LRI; the difference (i.e., sub-monthly
change) is as large as 6 nm/s? on 26 January. This indicates that the AOD1B RL6 model underestimates the rapid
ocean mass variability in GoC over this period, resulting in large sub-monthly LRI residuals.

We removed LGD™ from LRI residuals to focus on sub-monthly LGD'®!, reflecting mainly the high-frequency
oceanic variability not properly captured by the AOD1B RL6 model (see Figure 10). We computed synthetic
LGD along the GRACE-FO descending tracks from spherical harmonic coefficients of AOD1B RL6 (3-hourly)
and v71 (hourly) using the spherical harmonic expansion described in Section 2.1. The difference between the
two models, representing the AOD1B model update by v71, is shown in black in Figure 10. If the AOD1B update
(v71 = RL6) is positively correlated with the sub-monthly (instantaneous) LRI residuals, it means the test model
v71 improves the modeling of high-frequency variability in GoC against RL6. The positive cross-correlations
of ~0.8 and higher reported in Figure 10, computed for data from latitude 20°S to 0°, show that indeed this is
the case. Similar results were obtained based on the ascending tracks (not shown). The improvement in v71
ocean mass change computation in GoC is likely due to inclusion of the self-attraction and loading effect into
the MPIOM general ocean circulation model. Given the basin is resonant on the period of several days, the self-
attraction and loading effect will be significant (Dobslaw et al., 2021; Shihora & Dobslaw, 2021). The anomaly
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Figure 10. Comparison between observed sub-monthly line-of-sight gravity difference (LGD) LRI (N.B. it is referenced to
AODI1B RL6 model) and synthetic LGD from the difference between (3-hourly) RL6 and (hourly) v71 AOD1B models along
the descending tracks shown in Figure 9a. Along-orbit laser ranging interferometer (LRI) analysis reveals the significant
improvement by AOD1B v71 test model for this experiment. This is likely due to inclusion of the self-attraction and loading
effect in the ocean mass change computation.

in sub-monthly LRI on 7 February (magenta) from 23°S to 15°S, which is extended south and not in agreement
with the AOD1B update, is caused by the flood water on land.

The along-orbit analysis of LRI residuals presented here aims at the validation of AOD1B models at a specific
location and time. As an alternative approach, one can obtain global comparison of LRI residuals with respect to
different AOD1B models over many years and compare them to assess the improvement by newer models. For
example, see the comparison of AOD1B RL5 and RL6 using KBR residuals (obtained after low pass filtering to
suppress the KBR noise at high frequencies) in Dobslaw et al. (2017). Both approaches are complementary and
provide useful information about the performance of AOD1B models from different aspects. While the former is
more suitable for model evaluation associated with a specific phenomenon like a tropical cyclone, the latter helps
to delineate regions where the new model improves (or worsens) the high-frequency mass variability averaged
over many years.

4.3. Surface Water Transport in the Amazon Basin

As a hydrological example of sub-monthly mass change, we focus on surface water including water in floodplains
and river channels in the Amazon. In high water periods like April, surface water plays a significant role in the
Amazon water budget and contributes to as much as ~50% of the total water storage (Han et al., 2009). Compared
to the soil moisture, which is spatially disperse and varies at broad spatial scales, surface water is spatially local-
ized (e.g., Han et al., 2009; Kim et al., 2009). Moreover, surface water storage changes faster than soil moisture
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Figure 11. (a) Monthly-mean surface water storage in April 2020 simulated from GLDAS/NOAH runoff with the effective routing velocity of 0.1 m/s in the Amazon,
Orinoco, and Tocantins Basins, along with GRACE Follow-On descending tracks (almost repeat passes) in April 2020 near longitude 50°W on 6, 17, and 28 April
2020. (b) Comparison between laser ranging interferometer (LRI) data and monthly-mean L2 in terms of line-of-sight gravity difference (LGD) change referenced to

a long-term mean. (c) Sub-monthly LGD changes measured from LRI (colors) and comparison to sub-monthly soil moisture (dashed black) and sub-monthly surface
water storage (solid black). Note the agreement between LGD measurements and sub-monthly surface water storage model (not soil moisture model) from latitude 10°S

to 0° on 6 and 28 April 2020.

storage with larger amplitude variation. We examined the LRI data for such high-frequency hydrological mass
variation caused by surface water storage.

Instead of extracting GRACE-FO tracks within a longitudinal band as in the case of previous oceanic examples,
we searched for the GRACE-FO tracks passing almost over the same location (the so-called repeat tracks) in
April 2020. GRACE-FO satellites completed 167 orbital revolutions in 11 days in April 2020. Figure 11a shows
three descending tracks at the longitude of 50°W passing over the Tocantins River and near the Amazon mouth
on 6, 17, and 28 April 2020. The comparison between LRI and L2, both computed as residuals referenced to
GOCOO06s, shown in Figure 11b, indicates that instantaneous LRI measurements near latitude 5°S are smaller in
early April and larger in late April than the monthly-mean L2. Figure 11c illustrates the sub-monthly LRI resid-
uals on different days. The sub-monthly LGD variability is less extensive covering only ~10° in latitude (from
latitude 10°S to 0°) than the LGD variability with respect to the long-term mean (see anomaly from latitude 20°S
to 0° in Figure 11b), likely indicating the localized mass anomalies. The positive and negative anomaly on 6 and
28 April indicates mass deficit and excess relative to the monthly-mean total water storage, respectively.

To explore the cause of sub-monthly LRI variability, we obtained soil moisture from the GLDAS/NOAH model
(Rodell et al., 2004) in the Amazon, Orinoco and Tocantins Basins, and computed its daily variability with
respect to the monthly-mean of April 2020. Furthermore, we simulated surface water storage changes by routing
the GLDAS/NOAH runoff using the Total Runoff Integrating Pathways (TRIP) river network (Oki et al., 1999)
and the effective velocity of 0.1 m/s. A small velocity like 0.1 m/s better fits the GRACE inter-satellite ranging
data in April (Han et al., 2009). Like soil moisture, we computed the daily change in surface water referenced to
the April 2020 monthly-mean. Figure 12 shows that surface water varies substantially from ~—0.5 m to ~+0.5 m
within a month over the major Amazon and Tocantins River tributaries. In contrast, the soil moisture sub-monthly
changes are much smaller (~0.05 m) and more spatially disperse. We computed the synthetic LGD from
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Figure 12. Sub-monthly soil moisture on (a) 6 April 2020 and (b) 28 April 2020, as well as (c) the monthly-mean soil moisture in April 2020 from GLDAS/NOAH
in the Amazon, Orinoco, and Tocantins Basins. Sub-monthly surface water storage on (d) 6 April 2020 and (e) 28 April 2020, as well as (f) the monthly-mean surface
water storage in April 2020. Surface water storage was simulated by routing the GLDAS/NOAH runoff with a constant velocity of 0.1 m/s. The daily anomaly of
surface water storage with respect to the monthly-mean is by far larger and more localized than that of soil moisture storage.

sub-monthly soil moisture and surface water grids (using numerical integration approach) and compared them
with the sub-monthly LRI measurements in Figure 11c. The surface water is capable of successfully explaining
LRI sub-monthly anomaly from latitude — 10°S to 0° in early and late April. However, the simulated surface water
does not reproduce the LRI anomaly from latitude — 15°S to — 5°S on 17 April, possibly indicating, among others,
the limitation of constant velocity and error in the model runoff.

To provide additional context for our GRACE-FO results, and as an independent measure of the timing of the
maximum water storage for sites near the GRACE-FO ground tracks, we examined continuous GPS (cGPS)
observations of vertical position as a function of time from late 2019 to late 2020. For this example, we selected
cGPS sites adjacent to the Tocantins River and the outflow of this tributary near the Amazon River mouth (see
Figure S1 in Supporting Information). As inferred from the vertical loading history cGPS data, the maximum
subsidence occurs at sequentially later times for sites from higher elevations that are closer to the river catchment
(TOPL) progressing to (MABA) to a near-coastal site (BELE; Figure S2). The GRACE-FO LRI LGD data from
April (Figure 11b) illustrate slices in time when water loading increased to a maximum near the cGPS site MABA
(latitude 5.3°S) in late April.
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5. Summary and Outlook

A new approach of “along-orbit” gravity data analysis, in contrast to spatial data analysis (“monthly-mean” grav-
ity field inversion), was explained and demonstrated with three different examples of sub-monthly mass varia-
tions. This method fully exploits the superb sensitivity of GRACE-FO LRI data and brings advantages to examine
instantaneous TVG changes. We presented a new gravimetric data product of LGD time series along the satellite
orbit estimated from LRI measurements. LGD is a measurement of in situ, relative gravity variation at orbital
altitude and at a given time, and it can be determined from LRI data through the spectral domain transfer function
(Ghobadi-Far, Han, McCullough, et al., 2020). We validated the LGD transfer function developed with GRACE
orbit and gravity simulation by Ghobadi-Far et al. (2018) using new GRACE-FO KBR and LRI, as well as
GRAIL inter-satellite tracking data to address the robustness of this approach across a wide range of frequencies.

We presented how to synthesize LGD time series from TVG L2 fields and SMC grids of geophysical models to
evaluate the uncertainty of the models by direct comparison to in situ LGD LRI measurements. This has several
merits beyond the use of monthly-mean L2 and L3 data products. The model assessment against the L2/L.3 data
is difficult owing to various levels of post-processing applied to the data, resulting in spatially smoothed and
scaled information. In addition, strictly speaking, the L.2/L.3 data are not precisely the monthly-mean due to
inhomogeneous ground track coverage and transient (non-stationary) mass change signals. The regularized solu-
tions at different time-scales including daily (e.g., Mayer-Giirr et al., 2018), 5-day (Save et al., 2020) and 10-day
(Lemoine et al., 2007) solutions are alternatives to advance the use of gravity data for short-term mass change
processes. However, these regularized results rely on constraints and regularization in the solution process, which
have the potential to introduce biases in the estimate. On the other hand, the model assessment against the LGD
observations is straightforward and unique (unlike inversion) and bypasses all complications associated with
spatial filtering, smoothing, and more importantly it is free of temporal aliasing error, as we demonstrated in this
study with the examples of high-frequency oceanic and terrestrial water mass changes.

Extending the application of LGD further, the LGD observations are suitable for model calibration and data
assimilation. In particular, the instantaneous gravity perturbation data like LGD (as opposed to the current prac-
tice of monthly-mean L2/L.3 data assimilation) can be used for hydrology data assimilation at higher temporal
resolution (like daily) by updating the model state parameters frequently with precise timing and location of the
LRI measurements along with their error information.

The monthly-mean L2 and L3 data products from GRACE/GRACE-FO have proven to be effective for monitor-
ing and studying mass change signals with mainly seasonal to interannual variability. The methodology presented
in this study is a way of scientifically utilizing high-precision LRI data to extract short-term (sub-monthly)
mass change signals. Thus, it broadens the scope of geophysical applications that can be addressed by GRACE/
GRACE-FO satellites data. The LGD time series (computed from LRI) can be introduced as a new gravity data
product for the GRACE-FO mission.

Data Availability Statement

The GRACE-FO Level-1B and Level-2 data used in this study are publicly available at https://podaac.jpl.nasa.
2ov/GRACE. Earth static gravity field models are available at http://icgem.gfz-potsdam.de/tom_longtime. TRIP
river channel was obtained from http://hydro.iis.u-tokyo.ac.jp/~taikan/TRIPDATA/TRIPDATA html. Satellite
altimeter data were obtained from the Copernicus Marine Service at https://marine.copernicus.eu. The altimeter
de-aliasing model data are available from https://www.aviso.altimetry.fr.
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