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SUMMARY

The Gravity Recovery and Climate Experiment (GRACE) observes gravitational potential
anomalies that include the effects of present-day surface mass change (PDSMC)- and glacial
isostatic adjustment (GIA)-driven solid Earth mass redistribution. Therefore, GIA estimates
from a forward model are commonly removed from GRACE to estimate PDSMC. There
are several GIA models and to facilitate users in using a GIA model of their choice, both
GRACE and GIA products are made available in terms of global gridded fields representing
mass anomaly. GRACE-observed gravitational potential anomalies are represented in terms
of equivalent water height (EWH) with a relation that accounts for an elastic solid Earth
deformation due to PDSMC. However, for obtaining GIA EWH fields from GIA gravitational
potential fields, two relations are being used: one that is similar to that being used for GRACE
EWH and the other that does not include an elastic deformation effect. This leaves users with
the possibility of obtaining different values for PDSMC with a given GRACE and GIA field.
In this paper, we discuss the impact of this problem on regional mass change estimates and
highlight the need for consistent treatment of GIA signals in GRACE observations.
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1 INTRODUCTION

The Gravity Recovery and Climate Experiment (GRACE) satel-
lite mission observed mass redistribution in the Earth system at
unprecedented spatiotemporal scales (Vishwakarma et al. 2018;
Tapley et al. 2019). This novel observation has helped us measure
ice-sheet and glacier mass change, explain sea level budget, track
droughts and floods, map post-seismic response of the solid Earth
after earthquakes and estimate glacial isostatic adjustment (GIA)
signal (Wu et al. 2010; Tapley et al. 2019). Therefore, GRACE data
have become an important tool for several disciplines of Earth sci-
ences. One of the reasons for the popularity of GRACE is the format
in which its results are disseminated. GRACE observes changes in
the distance between two satellites in the same orbit, which is re-
lated to the gravitational potential field of the Earth, while the final
output is, among others, available in terms of either spherical har-
monic (SH) representations of the gravitational potential or gridded
equivalent water height (EWH) fields representing surface mass
change (Wahr ef al. 1998). EWH is an imaginary uniform layer of
water with height 4 over a grid cell that would result in a gravita-
tional potential perturbation that would be observed by the GRACE
satellites. Obtaining EWH from gravitational potential is an inverse

problem that is solved with the help of several approximations and
assumptions (Wahr et al. 1998). This means that EWH fields suffer
from several caveats that were explained by Chao (2016), and the
end user should carefully consider them before using EWH fields.
The GIA effect should be removed from GRACE fields to esti-
mate present-day surface mass change (PDSMC), such as ice-sheet
mass balance, barystatic sea level change, land water storage change
and so on (Peltier 2009; Tapley et al. 2019). To reach a larger scien-
tific community across disciplines and to facilitate users in choosing
a GIA correction, GRACE products and various GIA model esti-
mates are disseminated in terms of gridded EWH fields. While
there is no ambiguity in converting GRACE-observed geopotential
anomalies to EWH grids, two different relations have been pub-
lished to convert GIA-related geopotential trends to EWH grids:
one that accounts for an elastic response to EWH (Peltier 2004;
Tellus 2019) and the other that does not account for an elastic re-
sponse (Wu et al. 2010; Ivins et al. 2013; Caron et al. 2018a).
Therefore, users are left with two versions of GIA EWH fields to
choose from. It is very well known that the PDSMC estimates are
largely affected by huge uncertainties in GIA (Sasgen et al. 2017,
Shepherd et al. 2018; Willen et al. 2020), and an additional error
due to inconsistent treatment of GIA needs to be avoided. In this
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Figure 1. Various options available to users for deriving PDSMC estimates.

paper, we reiterate the relations that are being used to obtain gridded
GIA products, discuss all the possible PDSMC estimates that can
be obtained from a given GRACE product and a GIA model, and
finally comment on the accuracy of each estimate of PDSMC and
the need for consistency.

2 EWH FIELDS FROM GEOPOTENTIAL

GRACE level 2 products include sets of SH coefficients representing
monthly averages of the gravitational field of the Earth. Subtracting
a mean gravitational field from these SH coefficients gives us resid-
ual SH coefficients that are noisy and filtering is one way to suppress
the noise (Wahr et al. 1998; Swenson & Wahr 2006; Vishwakarma
et al. 2017). Following Wabhr ef al. (1998), we can convert these SH
coefficients to EWH fields. The filtered residual SH coefficients,
denoted by ACj, and AS),, are related to surface density change
Ao (9, 1) assuming that the mass redistribution takes place within
a thin layer near the Earth’s surface (Wahr ez al. 1998),

APy 2% L 2+ 1
Ao (8, 1) = Tg Z Z P, (cos6) ik

1=0 m=0
X [AC),, cosmh+ AS;, sinmA], (1)

where p,, is the average density of the Earth (5517 kg m ™), a is the
mean radius of the Earth, 6 is the co-latitude, A is the longitude and
Py, are the fully normalized Legendre functions for degree / and
order m. Eq. (1) accounts for the solid Earth’s elastic deformation
induced by a surface mass change. The gravity field effect of this
elastic deformation is represented by inclusion of the potential load
Love numbers kl' (Farrell 1972; Wahr et al. 1998; van Dam et al.
2007). Ao (8, 1) can be written as a product of density of water

4—| —l

Gridded PDSMC fields (c) |

Pwater and EWH, resulting in

N i 2 +1
EWH(O, 1) = —Pave 3 le(cose)1 : -

Pwater Im kl

x [AC), cosmAh + AS), sinmA]. (2)

Since GIA-related solid Earth mass redistribution is also recorded
by GRACE, it is required to remove GIA predictions from a forward
model to obtain estimates of PDSMC (Wahr et al. 1998; Peltier
2009). GIA model outputs are available in terms of the rate of
change of the gravitational potential (level 2 SH products), which
can then be converted to EWH (level 3 gridded products) providing
users with an option to remove GIA from GRACE at either level 2 or
level 3. One way of converting modelled GIA-induced geopotential
trends to EWH is to use a relation analogous to eq. (2):

_ 20+ 1
EWHZ(’}IA(Q, A) = ;;Oiavtg Z Py, (cosB) ] —:_k'
water -, 1

X [ACS™ cosma + ASIA sinmi], (3)

Im

wherein the GIA SH coefficients are denoted by AC;* and AS*.
This expression describes a hypothetical surface mass redistribution
on an elastic Earth that would cause the same gravity anomaly as
the modelled GIA. This relation is favoured in Peltier (2009) and is
more commonly used. Another way of converting modelled GIA-
induced geopotential trend to EWH is to exclude k;:

EWHG0(6,2) = ~2™8 3™ By, (cos 6)(21 + 1)

pwater l,m
x [AC™ cosmh + ASTA sinmA]. 4)

In this case, EWH is a hypothetical surface mass redistribution on
a rigid Earth that would cause the same gravity anomaly as the
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(I) GIA EWH trend (mm/yr)

(III) PDSMC EWH trend (mm/yr)
using equation 3

(II) full GRACE EWH trend (mm/yr)

(IV) PDSMC EWH trend (mm/yr)
using equation 4

Figure 2. Panel (I) shows the GITA EWH in mm yr~—! from the Caron e al. (2018a) GIA model (using eq. 3); panel (IT) shows GRACE total mass change trends
in mm yr~! of EWH; panel (III) shows GRACE PDSMC trends in mm yr~—!' of EWH derived using option (b); panel (IV) shows GRACE PDSMC trends in
mm yr~! of EWH derived using option (c); panel (V) shows the error obtained by subtracting panel (IIT) from panel (IV); and panel (VI) shows the percentage

€rror.

modelled GIA. This relation was used by Wu et al. (2010, 2012),
Ivins et al. (2013) and Caron et al. (2018a).

3 VARIOUS POSSIBLE PDSMC
ESTIMATES FROM A GIVEN GRACE
AND GIA FIELD

In Fig. 1, we show three possible ways for obtaining PDSMC esti-
mates. In option (a) (Fig. 1a), the GIA SH trend is first subtracted
from GRACE SH anomalies, and then using eq. (2) PDSMC esti-
mates are obtained (Wahr et al. 1998; Peltier 2009). However, this
requires level 2 processing expertise at the user end and provides no
flexibility to a level 3 user. Therefore, options (b) and (c) are opted
by level 3 users, where they download GRACE level 3 products
(obtained using eq. 2), and then remove GIA EWH fields of their
choice. These GIA EWH fields may be obtained by either eq. (3)
or eq. (4). In option (b), eq. (2) is used on GRACE level 2 data

(GIA + PDSMC), which is equivalent to applying eq. (2) consis-
tently to both PDSMC and GIA signals. Using the same equation
to obtain GIA EWH fields (c¢f. eq. 3) and then removing it from
GRACE EWH fields is equivalent to removing GIA at level 2.
Hence, PDSMC estimates from option (b) are equivalent to option
(a), and are correct. On the other hand, in option (c), eq. (2) is used
on GRACE (GIA + PDSMC) but a slightly different relation (eq. 4)
is used for obtaining GIA EWH fields, which leads to an error in
the PDSMC EWH fields:
(21 + Dk,

a —
errorC(G, A,) = 3;)& Z P]m(COS G)W
water 7 1

X [ACT™ cosmA + AS™ sinmAl]. 5)

m
Since the full GIA signal is mass conserving (Cgy* = 0), the
global average of this error is zero. However, the error has signif-
icant implications for regional studies. This is further discussed in

Section 4.
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Table 1. Error due to a GIA correction inconsistency (5) on estimates of regional mass change rates. The GIA model by Caron ef al.

(2018a) is used here.

Region Error Nature of error PDSMC estimates from literature

Oceans +0.1 mm yr~! Underestimated +1.63 £ 0.1 mm yr~! (Vishwakarma et al. 2020)
East Antarctica —153 Gtyr™! Overestimated +15 £ 41 Gt yr~! (Shepherd et al. 2018)
West Antarctica and peninsula —2.0 Gtyr™! Overestimated —120 4 30 Gt yr~—! (Shepherd et al. 2018)
Antarctic Ice Sheet —17.3 Gtyr™! Overestimated —105 + 51 Gt yr—! (Shepherd et al. 2018)
Greenland Ice Sheet —1.2 Gtyr™! Overestimated —248 4 18 Gt yr~! (Shepherd et al. 2020)

4 ERRORS DUE TO INCONSISTENT GIA
CORRECTION

To illustrate the error due to an inconsistent treatment of GIA,
we used the ITSG-Grace2018 level 2 SH product from the Insti-
tute of Geodesy, Graz (Mayer-Giirr et al. 2018; Kvas et al. 2019),
for a period from January 2003 to December 2015 inclusive. The
GIA model outputs are taken from Caron et al. (2018a). They
are given in terms of the rate of change in gravitational poten-
tial and we converted them to EWH using either eq. (3) or eq. (4).
It can be shown that the GIA EWH fields provided by Caron ef al.
(2018a) on https://vesl.jpl.nasa.gov/solid-earth/gia/ can be repro-
duced when using eq. (4) (Caron et al. 2018b). The recommended
post-processing steps for GRACE data were followed: replacing
the Cyy and degree 1 coefficients (Swenson et al. 2007; Cheng
et al. 2013), subtracting a mean static gravity field (computed
from monthly SH coefficients between January 2004 and Decem-
ber 2009) to obtain residual SH coefficients and filtering with a
Gaussian filter of half-width radius of 400 km (Wahr ez al. 1998).
The residual SH coefficient time-series was decomposed into an
intercept, a linear trend, a semi-annual signal and an annual signal
using least-squares regression (Vishwakarma ez al. 2020). Here, we
use linear trends from GRACE and the GIA model. The difference
between the PDSMC rates obtained from options (b) and (c) is not
negligible and is shown in panel V of Fig. 2. Panel (I) shows the GIA
EWH trends obtained using eq. (3), panel (II) shows GRACE total
mass change trends, panel (IIT) shows the PDSMC from option (b),
panel (IV) shows the PDSMC from option (c) and the percentage
error Ev, is shown in panel (VI). The percentage error is computed
as

B0, ) = VHeror® 1) 00 6)
EWHeorrect (€, 1)

We also compute area weighted averages of the error for five
regions: (i) oceans, (ii) East Antarctica, (iii) West Antarctica and
the Antarctic Peninsula, (iv) Antarctic Ice Sheet, (v) Greenland Ice
Sheet and (vi) continents, except Antarctica and Greenland. The
results are shown in Table 1. We conclude that due to such an
error, the Antarctic ice mass loss rate would be overestimated by
~18 per cent and the ocean mass increase rate would be underesti-
mated by ~6 per cent. This further demonstrates the importance of
removing the GIA signal consistently. The error here is a function
of the GIA model only, which is clear from eq. (5). Therefore, these
numbers will change if we replace the Caron et al. (2018a) GIA
model used here by a different GIA model.

4.1 Ensuring consistent treatment of GIA

Options (a) and (b) ensure a consistent treatment of GIA and pro-
vide equivalent results. Option (a) is the simplest by concept, as it
avoids the concept of EWH GIA grids, which might be subject to
misinterpretation. Option (b) offers flexibility to level 3 users for

choosing a GIA model. Option (c) leads to an error demonstrated in
eq. (5) and illustrated in Fig. 2. An additional option arises if users
download a gridded PDSMC field that is already corrected for GIA
and then want to apply a different GIA correction. These gridded
fields could be level 3 GRACE products or the mascons, which are
readily available from various data centres. In this case, users need
to add back the previously removed GIA field and remove a GIA
grid of their choice. Here, users should ensure consistency. Any
provision of GIA EWH fields should include information on the
relation used (eq. 3 or eq. 4).

5 CONCLUSIONS

Subtracting the GIA signal is essential to accurately determine the
PDSMC from GRACE data. The interdisciplinary appeal of the
mission motivated research institutions and data centres to provide
users with easy to use data sets, which resulted in the availability
of various gridded GRACE products and GIA models. Many stud-
ies remove gridded GIA of their choice from GRACE to obtain
PDSMC fields. Two relations are being used to obtain GIA EWH
fields from SH representations of GIA, leading to two different GIA
EWH products. In this contribution, we described various combi-
nations of GRACE and GIA to obtain three PDSMC estimates and
discuss which one is correct. Using GRACE products from TU
Graz and GIA estimates from Caron et al. (2018a), we show that
an inconsistent treatment of GIA can lead to an overestimation of
ice-sheet mass losses (—17.3 Gtyr~! over Antarctica) and an under-
estimation of ocean mass change (+0.1 mm yr~'). Similar errors
will occur when replacing GIA solution in level 3 GRACE prod-
ucts, including mascons. Therefore, users should carefully account
for GIA in GRACE products.
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