
Authors’ comment to RC1
We are very pleased about the highly positive assessment of our work. We thank Matt King for the helpful
comments on our manuscript. Please find below how we revised the manuscript in detail in response
to the reviewer’s comments. Italic font indicate the referee comments. Green text indicates the authors’
responses; in blue we have added text fragments indicating changes in the manuscript. Along with the
revised manuscript, we have submitted a complete marked-up version, which highlights all changes made
in the revised manuscript.

1. Please add a note on the origin of the various frames of GPS and the empirical model.

We added that the GPS data is consistently in in centre-of-figure reference frame IGb14. The empirical
model from the data combination is in the close proximity of a centre-of-figure reference frame, too. During
GRACE/GRACE-FO data processing, we add degree-1 coefficients following the approach from Sun et al.
(2016). We added to Sect. 2.1, Sect. 2.4, and Sect. 3, respectively:

::::
We

::::
thus

::::::::
transfer

::::
the

::::::::
gravity

:::::
fields

:::::
into

::
a

:::::::::::::::
centre-of-figure

:::::::::
reference

:::::::
frame.

::::
The

::::::
GNSS

:::::
data

::::
are

::
in

::::
the

:::::::::::::::
centre-of-figure

::::::::::
reference

::::::
frame

:::::::
IGb14.

:

:::::
Both,

:::::::
ḣbmi,gnss::::

and
:::::::
ḣbmi,comb::::

are
:::
in

:
a
::::::::::::::::
centre-of-figure

:::::::::
reference

:::::::
frame.

2. I was also very confused by the text before Equation 2 and Eq2 also. The first part of equation 2 is the
daily formal errors. These are well known to be over-optimistic but also entirely dependent on choices in
the analysis that are subjective. How were these scaled? The first part of Eq2 sums these in quadrature
but there is no multiplier of 1/D. Is that correct? I do not understand the rationale for the two components
of Eq2 so a larger explanation would be welcome.

We calculate monthly time series as the weighted mean of the daily solutions (Eq. 1). As a weight, wd,
we use: wd = (σgnss

d )2. The uncertainty (variance) of the weighted mean is formally calculated as 1/Σ(wd),
which we use in the first part of Eq. 2 (e.g. Taylor, 1997, Ch. 7). We agree that it is well known that the daily
formal errors are over optimistic. The scatter of the daily solutions within a month is sometimes larger than
the formal uncertainties of the daily solution reflect. We argue that the variation of the coordinates within
a month represent error effects rather than displacements of the bedrock, i.e. the estimated uncertainty
according to 1/Σ(wd) is likely to be not representative. We were aiming for a more realistic measure of the
uncertainty of the monthly values from the GNSS time series. We decided to pragmatically add to the
uncertainty resulting from the formal errors (first part of the equation), the measure of the scatter of the
values within a month (second part of the equation). The latter is the variance resulting from the daily
values within a month. We argue that this is a more realistic approach than an uncertainty measure that is
based on the formal uncertainties only. To clarify this, we extended the explanation of this approach in the
text as follows:

To derive a representative monthly uncertainty ,
::::
The

:::::::::::
uncertainty

:::
of

::::
the

::::::::
monthly

:::::::::
weighted

::::::::::
averages,

σgnss
m , we use the standard uncertainty of the weighted mean, which is derived from the uncertainties

of the individual daily solutions
:
,
::::::
could

:::
be

::::::::::
calculated

:::::
from

::::
the

:::::::
formal

:::::
daily

:::::::::::::
uncertainties

:
(e.g. Taylor,

1997, Ch. 7). However, the uncertainty
::
we

:::::
find

:::::::::::
unphysical

:::::::
scatter

::
of

::::
the

::::::
daily

::::::
values

:::::::
within

::
a

:::::::
month

::::
that

::
is
::::
not

::::::::::::
represented

:::
by

::::
the

:::::::
formal

:::::::::::::
uncertainties

:
of each daily solutionis

:
.
::::::
From

::::
this

::::
we

:::::::::
conclude

::::
that

::::
the

:::::::
formal

:::::::::::::
uncertainties

::::
are

::::::
likely

:::
to

:::
be

:::::::::::::::
over-optimistic

:::::
and

::::
too

:
limited to represent all error

effects
:::::
noise

:::::::
sources

:
(Buchta et al., 2024). For this reason, we add the variance

:
a
:::::::::
measure

:::
of

::::
the

::::::
scatter

:
of all daily solutions in this month

::::::
within

:
a
::::::::
month,

:::
i.e.

:::::
their

:::::::::
variance,

:::
as

:::
an

::::::::::
additional

:::::::::
measure

::
of

:::::::::::
uncertainty

:::
to

::::
the

:::::::
formal

:::::::::::::
uncertainties:

(σgnss
m )2 =

[
D∑

d=1

(σgnss
d )−2

]−1

+
1

D − 1

D∑
d=1

(hgnssd − hgnssm )2 .

::::
The

::::
first

:::::::::::
summand

::::::::::
represents

::::
the

::::::::::::
uncertainty

:::
of

::::
the

:::::::::
weighted

::::::
mean

::::::::
derived

:::::
from

::::
the

:::::::
formal

::::::
daily

:::::::::::::
uncertainties.

:::::
The

:::::::
second

::::::::::
summand

::
is

::::
the

::::::::
variance

:::
of

:::
the

::::::
daily

::::::::::::
expectation

::::::
values

:::::::
within

::
a

:::::::
month.

:
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3. P9L5: I was unsure if the spatial mask is exactly the values of Riva et al or something else ’according
to’ is ambiguous.

The utilized mask is not exactly the same as used by Riva et al. (2009) but generated very similar. We
clarified this in the manuscript as follows:

We use a spatial mask given the GIA
:::::::
density

:
at each location in Antarctica according to

::::::
similar

:::
as

::::
the

:::
one

::::::::
utilized

:::
by Riva et al. (2009), which is based on findings from GIA modelling .

::::::
They

::::::::::
assessed

::::
this

::::
ratio

::::::::
between

:::::::::::::
GIA-induced

::::::
gravity

:::::::::
changes

::::
and

::::::::::::
GIA-induced

:::::::::
geometry

:::::::::
changes

:::::
from

::::
GIA

:::::::
forward

:::::::
model

:::::::
outputs

::::::::
following

::::::::
findings

:::::
from

:
Wahr et al. (2000)

:::
and

:::::::
refined

::
it

::
to

::::::::
account

:::
for

::::::::::::::
self-gravitation

::
of

::::
sea

::::::
level.

:::::::::
Following Riva et al. (2009)

:
,
:::
we

:::::::::
generate

:::
the

::::::
mask

:::
by

:::::::::
assuming

::::::::::::::::::::
ρgiacontinent = 4000 kg

m3:::::
over

::::
the

:::::::::
continent

:::
and

:::::::::::::::::
ρgiaocean = 3400 kg

m3:::::
over

::::
the

:::::::
ocean.

:::::
We

::::::::
assume

::
a

::::::::
smooth

:::::::::
transition

:::::::::
between

:::::::::
continent

::::
and

:::::::
ocean

::
by

::::::
using

::
a

:::::::
100 km

::::::::::
Gaussian

:::::::::
smoother

:
(Fig. S2).

::::
Note

:::::
that

:::
we

:::
do

::::
not

::::
run

::::
GIA

::::::::
forward

:::::::
models

:::
to

:::::
tune

:::::
these

:::::::::
densities

::::
nor

:::
the

:::::::
length

::
of

:::::::::
transition

:::::::::
between

:::::::::
continent

::::
and

:::::::
ocean.

:
Riva et al. (2009)

:::::
found

::::
that

::
a

::::::::::
300 kg m−3

:::::::::
increase

::
of

::::
the

::::
GIA

:::::::
density

:::::
leads

:::
to

:::
an

:::::
2.5 %

:::::::::
increase

::
of

::::
the

::::
GIA

::::::::
solution.

:

4. Section 4: please define the meaning of Gaussian width. there are various definitions used such as half
height or 6 sigma or 1 sigma.

By ”Gaussian width”, we refer to the ”half-response width”, i.e. the distance between the centre of the
gaussian hat and the value where the maximum has decreased to its half. We clarified this by adding:

It is initially unknown, what Gaussian filter width (here referred to as the half-response width
:
,
::::
i.e.

:::
the

:::::::::
distance

::::::::
between

::::
the

::::::::::
maximum

::::
and

::::
its

::::
half

::::::::::
amplitude) is optimal for separating GIA from IMC

such that the spatial resolution is close to the true GIA effect.

5. Discussion: please come back to the potential origin of the bias with the GNSS of 1mm/yr. Where may
this come from? Some informed speculation is appropriate.

While the bias is within the uncertainties, we agree that the origin of the bias is an interesting question
which future work may investigate. We suspect that this bias has been mainly introduced by the input data
sets of the combination approach and only partly by the GNSS data. Possible long-term climate trends
outside the modelling period of the utilized regional climate model could cause a trend error (Medley and
Thomas, 2019) as well as climate trends during the initialization of the firn model (Thomas et al., 2017).
Other possible causes, already discussed in Sect. 5.3, are far field effects of mass redistribution within
the Earth system that has been not accounted for in the regional combination approach while evaluating
the GRACE/GRACE-FO gravity fields. This theoretically includes all other mass changes, including those
from the Greenland ice sheet, terrestrial hydrology, glaciers, and GIA outside Antarctica. We expanded
the discussion regarding this bias in Sect. 5.3 as follows:

Our
:::
We

:::::
find

:
a
:::::
bias

::
of

::::::::::::
0.9,mma−1

:::::
when

:::::::::::
comparing

::::
the

::::::
GNSS

::::::
uplift

:::::
rates

:::::
with

::::
the

::::::::::::
combination

:::::::
results

::::::::
(Sect. 4).

:::::
We

::::::
argue

:::::
that

::::
due

:::
to

:::
the

::::::
large

:::::
GIA

::::::
uplift

::
of

::::
up

::
to

:::::::::::::::
43± 7mma−1,

:::::::
errors

::
of

::::
less

::::::
than

::::
one

::::::::::
millimetre

:::
per

:::::
year

::::
over

::
a
:::
10

::::
year

:::::::
period

:::
are

:::::::
hardly

::::::::
relevant

:::::::::
(Fig. 2c).

:::::::::::
Systematic

:::::::
errors

:::::::::::
responsible

:::
for

:::
the

::::::
small

::::
bias

:::::
may

::::
be:

::::::::::
long-term

::::::::
climate

::::::
trends

::::::::
outside

::::
the

::::::::::
modelling

::::::
period

:::
of

::::
the

:::::::
utilized

:::::::::
regional

:::::::
climate

:::::::
model

::::::::::::::::
(RACMO2.3p2:

::::::::::::
1979–2021),

:::::::
which

::::::
could

::::::
cause

::
a

::::::
trend

:::::
error

:
(Medley and Thomas,

2019)
:
.
::::::::::::::
Furthermore,

::::
the

::::
firn

:::::::
model

::::::
needs

:::
to

::::
be

::::::::::
initialized

:::::
over

::
a
:::::::::
reference

::::::::
period

::
to

:::::::::
generate

::::
an

:::::::::::
equilibrium

::::
firn

::::::
layer.

::::
We

:::::::
assume

:::::
that

:::::
there

::::
are

::
no

::::::::::
dominant

::::::::
climate

::::::
trends

:::::
over

:::
the

:::::::::
reference

::::::::
period,

::::::
which

::
is

::::::::::
1979–2021

::
in

:::::
case

::
of

:::
the

:::::::::::::
IMAU-FDM (Veldhuijsen et al., 2023).

::::::::::
However,

::::
this

:::::::::::
assumption

:::::
may

:::
not

:::
be

:::::
valid

:::
in

:::::::
reality.

::
If

::::::
there

:::
are

::::::::
climate

::::::
trends

:::::::
during

::::
the

:::::::::::::
initialization,

::::
this

::::::::::::
assumption

::::
will

::::
lead

:::
to

::::::
errors

::
in

:::
the

::::::
trend (Thomas et al., 2017)

:
.
::::::
Even

:::::::
though

:::
we

::::::
argue

::::
that

::::
the

::::
bias

::
is

::::::
hardly

::::::::
relevant

::::::
given

:::
by

:::
the

::::::
signal

:::
to

:::::
noise

::::::
ratio,

::::
this

:::::
may

:::
not

::::::
apply

:::
to

:::::
other

::::::::
regions

::
of

:::::::::::
Antarctica.

::::
We

::::::::::::
recommend

:
a
::::::::::
thorough

:::::
error

::::::::::::::::
characterization

::
of

::::
the

::::::
input

:::::
data

:::::
when

::::::::
aiming

::
to

:::::::::::
determine

:::::::
signals

:::::::
outside

:::
of

:::
the

::::::
ASE

:::::::
region.

::::
This

::::::
plays

::
a
:::::::
crucial

:::::
role

::::::::::
especially

:::
for

::::
the

:::::::::::
evaluation

::
of

::::::::::
altimetry

:::::
over

::::
the

:::::
East

::::::::::
Antarctic

:::
ice

::::::
sheet

::::::
where

:::::::::::::
firn-thickness

::::::::::
variations

::::::::::
dominate

:::::
over

:::::::::::::::::
ice-flow-dynamic

::::::::
changes

:::::
and

:::::::::
assessing

::::::::::::::
firn-thickness
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:::::::::
variations

:::::::::
remains

::
a

:::::::::
challenge

:
(Kappelsberger et al., 2024-09)

:
.
:::
In

::::::::::
addition,

::::::
there

::::
are

:::::::::::::
uncertainties

::
on

::::::::
secular

:::::
time

::::::
scales

::
of

::::
the

:::::::
GNSS

::::::::::
solutions,

::::::
which

::::
are

::::::::
induced

:::
by

::::
the

:::::::::::
realization

::
of

::::
the

:::::::::::
Terrestrial

:::::::::
Reference

::::::::
Frame.

:::::
For

::::::::::
example,

::::
the

:::::::::::
ITRF2014

::::::
shows

:::
a

:::::
drift

:::
of

:::::::::::
0.2mma−1

:::
in

::::::::::::
translation

:::
of

::::
the

::::::::::::
Z-coordinate

::::::::::
compared

::
to

::::
the

:::::::
current

:::::::::::
realization

::::::::::
ITRF2020

:
(Altamimi et al., 2023)

:
,
::::::
which

::::::::::::
particularly

:::::
maps

:::::
onto

::::
the

:::::::
vertical

::::::::::
velocities

::
in

::::::
polar

::::::::
regions.

:

::::::::::
Moreover,

:::
our

:
estimation procedure does not take far-field effects and the error covariance structure of

GRACE/GRACE-FO into account, as done in some other combination approaches (e.g. Willen et al.,
2024), which potentially leads to errors in the result. However, we use the covariance information
of the input data sets for estimating the uncertainties

::::::::::
introduced

:::
by

:::::::::
far-field

:::::::
signals. Willen et al.

(2022) indicated that for the grounded AIS, far field
:::::::
far-field

:
effects due to hydrological and glacier

mass changes for a 10 year period are on the order of 1 and 10Gt a−1, respectively. If we assume the
estimated GIA to fully absorb the far field effects, this would result in a GIA bedrock motion bias of
0.02 and 0.2mma−1, respectively (assuming an area of the grounded AIS of about 12·1012m2 and an
effective GIA density of 3700 kgm−3 and a uniformly distributed far field effect). We argue that due
to the large GIA signal, errors of less than one millimetre over a 10 year period are hardly relevant,
as the signal-to-noise ratio is still large (

::::
The

::::::::::::
assumptions

:::::::
about

::::
the

::::::::
effective

:::::::::
densities

::::::::::
(Eq. 7+8,

:
Fig. 2c) . This statement does not apply to

other regions of Antarctica and we recommend a thorough error characterization of the input data when
determining significant signals outside of the ASE region. This plays a crucial role especially for the
evaluation of altimetry over the East Antarctic ice sheet because firn-thickness variations dominate
over ice-flow-dynamic changes and assessing firn-thickness variations is a challenge . Furthermore,
as

:::
S2)

::
in

::::::::::
Eq. 9+10

:::::
may

::::
also

:::::::::::
contribute

::
to

::::
the

:::::
bias.

:::::
We

::::
base

::::
the

::::::::
relation

:::::::::
between

:::::
mass

::::::::
changes

:::::
and

:::::::
volume

::::::::
changes

::
of

::::
the

:::::::
various

:::::::::
processes

:::
on

:::::::::
previous

:::::::
studies

:
(e.g. Riva et al., 2009; Gunter et al., 2014)

:
.

:::::::::::::
Investigations

:::::
with

:::::
GIA

:::::::
models

::::
and

:::
ice

::::::
sheet

:::::::
models

:::::
may

::::::
reveal

::::::::
whether

::::::::
further

::::::::::::::
improvements

::
in

::::
the

::::::::::
estimation

::::
can

:::
be

:::::::::
achieved

:::
by

::::::::
refining

:::::
these

:::::::::
effective

:::::::::
densities.

:

6. Please also discuss a little more what GIA modelling went into the Riva mask and if that explored low
viscosity mantle and if not, what impact that could have.

Regarding the GIA density mask, please refer to our comment above how we revised the manuscript to
address this. So far, we have not yet carried out any investigations with GIA models to clarify whether
a lower viscosity in the upper mantle impacts the relationship between GIA-induced gravity changes and
GIA-induced geometry changes, i.e. leads to a higher or lower ”GIA density”. In our study, we assume
that the GIA density does not depend on the rheology, as the GIA density is a ratio of effects and not
a volumetric mass density in terms of a material property. However, this is an assumption and could be
clarified by studying (3-D) GIA modelling outputs in future work. Riva et al. (2009) wrote that an 300 kg m−3

increase of the GIA density leads to an 2.5 % increase of the GIA signal. This could indicate that the
assumed density is not a major source of uncertainty.

7. General: I think spatial high resolution is not the right term but spatially continuous. Consider changing
throughout.

We agree and changed throughout.

8. P2L5 add the Gomez et al 2024 study (Science Advances)

Done.

9. P6L5-7 I did not understand what was meant here.

This was a complicated description for surface melting, e.g. in blue ice areas. In this case, there would be
an SMB-induced mass change that is not part of the firn layer. We removed this sentence as we already
state that we assume that the mass change of the firn layer equals the SMB change.
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10. P6 L23 ”At some” -> ”Some”

Done.

11. P13L21 should be Fig S4 I think

The two local maxima can be seen in Fig. 3a and S4. We reformulate the sentence as follows:

Figure 3 illustrates the spatial fields
:::::
maps

:
of the mean rates of the determined GIA and IMC of

:::::::
derived

::::
from

:
the optimal result .

:::
(cf.

::::::::
Fig. S4

:::
for

::
a
::::::
cross

:::::::
section

::::::
across

::::
the

:::::::
region

::::::::::::
highlighting

::::
the

::::::::::
dominant

::::::::
signals).

:

12. P13L39 please repeat the data period given the trend is limited to that for IMC

We included 2011-01 to 2020-12.

13. P5L6 well, it is tuned to GNSS in terms of filter width

We agree that ”independently” might be misleading and reformulate the sentence as follows:

For the first time, we are able to determine present-day GIA effects at such a high spatial resolution
from GRACE/GRACE-FO and CryoSat-2 satellite data, thus recovering the vertical bedrock motion
independently from GNSS-data

::::
Our

:::::::::
spatially

::::::::::
continuous

:::::
GIA

:::::::::
estimate

::
is

:::
the

::::
first

:::
to

:::::
agree

:::::
with

::::::::
vertical

::::::::
bedrock

:::::::::
velocities

:::::
from

:::::::
GNSS

:::::
data in the ASE.

14. P15L8 this sentence is only for ASE. I note Wolstencroft et al found good agreement in the southern
peninsula, updated by Koulali et al 2023

We agree and added ASE to make clear that this sentence does not hold for other regions.

15. L16L6 ’as a the’

Done.

16. P16L10 add bedrock locations to Fig4c? and 100W meridian?

Thanks for this suggestion. We added both to Fig. 4c and extented the figure caption as follows:

::::
The

:::::
grey

::::
box

::::::
marks

::::
the

:::::::
region

::
of

:::::
sign

::::::::
reversal

::
of

:::::::::
bedrock

:::::::
motion

:::::
that

:::::
may

:::
be

::
of

::::::::
interest

:::
for

::::::::
further

:::::::::::::
investigation.

::::
The

::::::
green

::::
line

:::::::
shows

:::
the

:::::
100°

:::::
West

::::::::::
Meridian

::::
and

::::
the

:::::
olive

::::
dots

::::
are

:::::
rock

:::::::::
outcrops

:::::
from

Burton-Johnson et al. (2016)
::::::::
provided

::::
via

::::::::::::::
Quantarctica3

:
(Matsuoka et al., 2021)

:
.

17. P18L7 not sure what ’no dominant magnitudes of viscous effects’ means

We reformulate this as follows:

Based on findings from Powell et al. (2020), no dominant magnitudes of viscous effects in the solid
earth response are expected with

:::
we

:::
do

::::
not

:::::::
expect

:::::
that

:::::::::::
significant

::::
rate

:::::::::
changes

:::::::
related

:::
to

::::::::
viscous

::::::::::::
deformation

::::::
caused

:::
by

:::::::
recent

:::::
IMC

::::
are

::::::::::
detectable

:::::
over an investigation period of only 10 yearsand the

assumption of a Maxwell rheology of the mantle. Significant .
:::::::
When

::::::::::
assuming

::
a
::::
low

::::::::::::::
upper-mantle

:::::::::
viscosity,

::::::::::
significant

:::::::
viscous

:
effects should be measurable from ≈20 years

:::::::
onwards.
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18. Data: need link to GNSS

We included the link.
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