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Reviewer 1

The authors have introduced the Global Gravity-based Groundwater Product (G3P), a satellite observation-derived dataset of
monthly groundwater storage variations from 2002 to 2023 at 0.5° of spatial resolution. The authors underlined the challenge
of monitoring global groundwater changes due to the limited groundwater in situ data and the need to have such a product.
They used observations from the Gravity Recovery and Climate Experiment satellite mission which provide total water storage
anomalies (TWSA), unique means of quantifying groundwater storage anomalies (GWSA) at large spatial scales. To derive
the changes in GWSA, they subtract the storage anomalies of surface water storage anomalies (SWSA), soil moisture in the
unsaturated zone (UZS), snow water equivalent (SWE), the mass of glaciers (GM) and ice sheets (ISM) from TWSA, following
a water budget approach. For these different storage anomalies, they have estimated the uncertainties which they propagated
to get the one of GWSA. The findings cover the development and the assessment of the global GWSA dynamics which re-

vealed regional variations indicating both depletion and recovery in different areas.

This is an important paper in the sense that the developed G3P data set which relies mostly on the observed datasets of different
water storage compartments serves as a prototype for an operational global groundwater service, crucial for sustainable water
management. The paper is impressive in its scope and thorough in its analysis. While the results look convincing, well-written,
and nicely presented, I have suggested a few minor changes that might be helpful for the authors to further improve the man-

uscript. Other than these small typos, there is a lot to recommend publishing this paper.

Dear reviewer,
Many thanks for carefully reading our manuscript and for your helpful suggestions for improving it. Our responses to your

comments are given below in reddish color.

Line 32 - 35, could you consider inserting a brief statement of the results itself of the evaluation. Abstract should briefly
provide the main results (e.g., number on statistics). The way this sentence is presented, it just describes the step followed in
the paper without highlighting the main results.

We add a sentence on the evaluation results in the abstract.

Line 40, in the sentence below, there is a typo error. The verb "are" should be replaced by "is" I think. The authors could also
consider changing the verb "weigh" to an usual verb such as "measure" for fluidity in the comprehension. Here is the sentence:
"A main source of the data are observations with satellites 40 that weigh the changing amount of water by its mass attraction
effect".

We rephrased the sentence to: An important part of the data comes from satellites that track changes in water by its gravity

effect.
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Line 44 - 49, there is no reference in these sentences. Please could the authors consider inserting some references at different
sentences.
These introductory sentences describe basic textbook knowledge on the water cycle and on groundwater. We suggest not to

include references for it.

Line 113 - 127, this part did not reference some recent relevant papers which also point out the origine of uncertainties related
to GWSA estimation using the mass balance equation: 1) Getirana et al. 2025 (https://doi.org/10.1029/2025GL119197) and
Arifin et al. 2025 (https://doi.org/10.1029/2025GL118580). I suggest the authors include these references as this

part is dedicated to a kind of literature review.

Also following the second reviewer’s suggestion, we add the reference of Getirana et al. 2025 to this paragraph. Also, Arifin
etal. 2025 is additionally added here, while we referred to it already in the original manuscript with respect to G3P uncertainties

and evaluation (line 777).

Line 137, many acronyms have been already defined in the upper part of the text. Why are the authors continuing using the
expanded form and keep putting their acronym in brackets? Just use the acronym provided above. e.g., ".... Monthly ground-
water storage anomalies (GWSA)...... ",

Thank you for this hint. We carefully checked the manuscript and removed full variable names with their acronyms, except

for sub-chapter titles and for one instance in the conclusions (CDR) to keep clarity.

Line 168 - 170, For the GWSA data set that covers the period 04/2002 to 09/2023, the anomalies are calculated with the same
long-term mean over 04/2002 —12/2020? or the long-term mean has been updated to the period 04/2002 to 09/2023? I will
suggest to the authors to make it clear in the text in this paragraph as done further in the text (Level-2B Processing section)
Yes, GWSA is calculated relative to the long-term mean over 04/2002 —12/2020, similar to the GRACE Level 2B data, even
though the data coverage is 04/2002 to 09/2023. We resorted and rephrased these lines to clarify this point.

Line 180, for consistency and uniformity in text, I will suggest the authors change " The TWS anomaly" to "The TWSA".

Done.

Line 255, T guess this acronym "RMSE" stands for root mean square error, but its extended form is not provided anywhere in
the text. Please, the authors should consider providing this.

Correct, we add the full expression to the revised manuscript.
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Line 302 — 304, in the equation (4), SWI and K stand for what? They are not defined. Please, could the authors consider
defining these variables.

Thanks for pointing to this issue. In fact, SWI was falsely used instead of RZSM in equation 4. In the revised version, we
corrected the equation, inserted an explanation of the gain factor K, and rearranged the paragraph to improve the description

of the method.

Line 310, Considering the different T-values of the EF corresponding to the four depth layers, and given that this depth layers
depend on plant species (Martens et al., 2017), how were the T-values implemented? Did you use the mean value of the
reported range, or did you differentiate the T-values according to plant or vegetation species for example?

We add a sentence to the revised manuscript to explain how the T values for each depth layer were derived: “The optimised
T-value for each depth layer is the one that maximises the Pearson correlation between satellite soil moisture, after applying
the EF to the SSM estimates, and field measurements taken within that depth interval, sourced from the International Soil

Moisture Network (ISMN).”

Line 324, there is a typo error in this sentence " The here developed RZSM data...", please, kindly remove " here" in the
sentence.

Done.

Line 406, typo error " ...geodetic surveys.,", kindly remove the comma from this sentence

Done.

Line 417, Why the mean annual mass change time series uncertainty is multiplied by "1.5" only. How did this number come
in? could the authors insert a bit of explanation on how "1.5" was chosen to get the relative monthly uncertainty.

Due to logistic reasons, there are not enough monthly glaciological in-situ (!) measurements that would allow to assess the
monthly uncertainty from observations at global scale. Hence, we decided to increase the error bar of the annual product, which
is based on annual observations, by a somewhat arbitrary factor of 1.5. This is added to the revised manuscript: “This multi-
plication factor is somewhat arbitrary, but it ensures that the monthly downscaled product has a larger uncertainty than the

annual product.”

Line 636 — 639, For comparison purpose and to check if current results align with existing knowledge, I suggest the authors to
compare their results for the major basins (e.g., Amazon, Congo, Mississippi, Nile, etc) with the results of Figure 2 of Getirana
et al. 2017 (https://doi.org/10.1002/2017GL074684). This could be inserted in the text as an additional table reinforcing the
results of an observed GWSA compared to a modeled GWSA.



As also stated in our responses to comments by reviewer 2, we found that model-based GWSA can vary substantially between
hydrological models (in our case in the ISMIP model ensemble) and that a comparison to one modeled GWSA output may not
be conclusive in evaluating the G3P performance. Nevertheless, we computed the climatology (mean seasonal cycle) of
TWSA, GWSA and the other storage compartments for the major river basins, similar to Figure 2 in Getirana et al. (2017), as
105 suggested in the reviewer’s comment above. The results (see Figure I below) show similarities of the GWSA seasonality of
G3P with the Noah-MP model-based GWSA seasonality of Getirana et al. (2017) for many river basins, but also notable
differences for some basins, in particular Nile, Niger, Yangtze and Tigris-Euphrates. These differences occur in particular in
river basins where the seasonal variations of soil moisture (RZSM) in G3P show strong amplitudes, similar in size or even
larger than the TWS amplitudes. It should be noted, though, that RZSM uncertainties have the largest contribution to the final

110 GWSA uncertainties in the G3P data, see Figure 15 in the original manuscript.
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Figure I: Seasonal basin-average variations of water storage (climatology for the period 2003-2014) in different WSCs and in
TWS for the G3P data set, with propagated uncertainty ranges of GWSA (grey shaded area) (left panel) and for the simulation
115  output of the Noah-MP land surface model + HyMAP routing scheme from Figure 2 of Getirana et al. (2017) (right panel).
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Line 773 — 776, 1 suggest that the authors refer to the recent paper by Getirana et al. 2025
(https://doi.org/10.1029/2025GL119197) in this paragraph. The paper deals with inconsistencies in GRACE-Based Ground-
water Storage Estimation.

Reference to Getirana et al. (2025) added here (and in the introduction).

Line 781 — 793, I will suggest the authors to refer in this discussion paragraph to a recent study on the Congo Basin by Kitambo
et al. 2025 (https://doi.org/10.1016/j.ejrh.2025.102810) where G3P groundwater dataset was compared with another ground-
water dataset. The use of observation-based surface water storage in this study was the game changer which enhances the
temporal dynamics of the derived groundwater. This was assessed indirectly with in situ discharge data.

Thank you for pointing to this recent study that used G3P data for comparison. Referencing Kitambo et al. (2025), we add a
sentence on the difference between the model-based surface water storage data used for G3P and the observation-based SWS
product used in that study for the Congo River basin. In spite of similar amplitudes, the observation-based SWS led to a
different seasonal phase of the resulting groundwater storage variations. We add this sentence to the paragraph where we
discuss the performance of the SWS data in the revised manuscript. (This location in the text is different from the reviewer’s

suggestion to add it to the paragraph where G3P evaluation against in-situ groundwater observations is discussed.)

Line 837 — 839, I will suggest the authors to mention in this paragraph the recent advances in the estimates of SWSA from
satellite observations in different environments worldwide. Many have been done to measure observed-SWS changes over all
types of water bodies in major river basins and there is ongoing effort for the development of such SWSA datasets at the global
scale. Kindly refer to Papa and Frappart, 2021 (https://doi.org/10.3390/rs13204162). There is also this paper, Lin and Song,
2026 (https://doi.org/10.1016/j.jhydrol.2025.134458). For lakes, there is Yao et al. 2023 (DOI: 10.1126/science.abo2812).

We add the suggested references on global-scale SWS monitoring to the revised manuscript.

Line 900, there is a typo error here "... due climate variability and/or climate change...". Please, kindly add "to" between due
and climate.

Corrected.



150

155

160

165

170

175

180

Reviewer 2 — Ehsan Forootan

Dear Authors,

I have read your manuscript with great interest. The study presents a data-driven “residual” approach to estimate groundwater
storage, where time-variable terrestrial water storage (TWS) changes derived from GRACE and GRACE-FO are interpreted
as the vertically integrated signal of total land water storage. Estimates of other land water components are then obtained from
independent satellite observations or models and subtracted from TWS. To enhance consistency among the different datasets,

the manuscript introduces spatial filtering techniques.

While the resulting groundwater estimates are potentially valuable, I believe several important technical issues need to be
addressed to strengthen the robustness and interpretability of the results. These points likely require additional analysis, vali-

dation, and deeper discussion.

Dear reviewer, dear Ehsan,
Many thanks for reviewing our manuscript and for providing feedback to improve the manuscript. Our responses to your four

comments are given below in reddish color.

1. Filtering strategy

The filtering approach adopted from Sharifi et al. (2025) is not entirely convincing from a physical perspective. Defining an
“optimal” filter based on maximizing correlations between individual storage components and TWS lacks a clear physical
justification. If the objective is to ensure spectral consistency, a more transparent approach would be to represent the storage
components in the spherical harmonic domain and apply filters consistent with GRACE(-FO) processing. This would allow

consistency to be enforced directly in the spectral domain rather than through empirical tuning.

The goal of the filtering strategy adopted in this manuscript following Sharifi et al. (2025) is to make global data sets of water
storage variations of different storage compartments compatible for the data combination process in terms of their spatial
resolution and smoothness to the TWS anomaly Level-3 data products derived from GRACE/GRACE-FO satellite gravimetry.
As a proxy for characterizing the spatial smoothness of the GRACE-based data, Sharifi et al. (2025) suggested the spatial
autocorrelation function of water storage anomalies as an empirical, though physically meaningful measure. This measure is
then used to parametrize the strength of a (Gaussian) smoothing function applied to the storage compartment data sets. In line
with the reviewer’s suggestion, Sharifi et al. (2025) also analysed an alternative approach: transformation of the storage com-

partment data sets into the spherical domain in which GRACE Level-2 data are provided, and subsequent GRACE-like filtering
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with the DDK or VDK filter that is used for GRACE data processing to suppress anisotropic correlated noise. However, the
results show that this method is not suitable for non-GRACE-based storage data sets as it introduces spurious longitudinal
stripes at the global scale (see Figure 8 in Sharifi et al. 2025). This approach has thus been discarded for G3P processing. To

point this out, we add a sentence to the revised manuscript in Chapter 2.3.3.

2. Consistency of storage magnitudes

Even if the filtering approach is accepted, there is no guarantee that independently derived storage components (from models
or other satellite products) will match the magnitude of GRACE(-FO) TWS. Such inconsistencies are well documented and
can be substantial. They are more appropriately addressed through data assimilation frameworks that explicitly account for
uncertainties and model—data discrepancies. I encourage the authors to consider and discuss this aspect, for example as high-
lighted in Getirana et al. (2025, GRL, Inconsistencies in GRACE-Based Groundwater Storage Estimation—A Call for a Proper
Use of Land Surface Models - Getirana - 2025 - https://doi.org/10.1029/2025GL119197).

In addition, several offline data-merging approaches have been proposed in the literature that attempt to address such incon-
sistencies more systematically. These include ensemble-based approaches, statistical decomposition methods, and Bayesian
merging frameworks (e.g., https://doi.org/10.5194/hess-18-2955-2014; doi:10.1016/j.rse.2013.09.025;
https://doi.org/10.1016/j.scitotenv.2020.143579). A discussion of how the present method relates to or differs from these es-

tablished techniques would significantly strengthen the manuscript.

We acknowledge the reviewer’s comment of possible inconsistencies between the sum of storage variations of independently
derived water storage compartments (WSC) and GRACE/GRACE-FO-based TWS. In the original manuscript we addressed
this already in the introduction by referring to the comprehensive study of Akl and Thomas (2024) on this topic (lines 113-
115). In the revised manuscript, we add Getirana et al. (2025) as an additional reference that points to this issue, following the
suggestion of both reviewers. In the original manuscript, we took up the topic again in the discussion chapter and devoted a
full paragraph to it (lines 773-781). We see the reviewer’s point that inconsistencies between TWS and the sum of individual
WSCs might be suppressed by using a data assimilation framework in which the model’s water balance is forced to be closed.
Nevertheless, this approach does not necessarily guarantee that the separation of TWS variations into individual storage com-
partments such as groundwater is closer to reality. The separation depends, e.g., on the model structure, including the way if
and how individual WSCs are represented in the model, and on the uncertainties of the individual WSC data that are assimilated
into the model, determining the weight with which they constrain individual WSCs. In a similar way this can apply to offline
data merging approaches that ingest model outputs, as those mentioned by the reviewer, with references partly added by us to

the revised manuscript.
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We stress that for the G3P approach presented here, we take an observation-based and constraint-free approach with consistent
global coverage as far as possible, based on mature and well-documented satellite- and in situ-based data products of Coper-
nicus services. We consider the uncertainties of TWS and of each WSC and propagate them to the residual groundwater data
set. This approach can provide insight into the hydrological system of terrestrial water storage dynamics and indicate to which
extent the balance closure of storage data sets that can be achieved with current observation capabilities. We consider the
approach to be complementary to model-based approaches and offline data merging frameworks that are forced to converge.
We believe that, ultimately, taking a holistic view and comparing the various approaches on an equal footing can advance the
quality of quantifying storage dynamics. A plausibility testing framework such as suggested by Arifin et al. (2025) can then
help sorting out physically plausible WSC combinations that are consistent with hydrological processes, and ultimately con-
tribute to improving observation systems towards better water balance closure. We laid out this reasoning in the mentioned

paragraph already in the original manuscript and slightly expand it in the revised manuscript.

3. Magnitude of groundwater estimates

The magnitude of the derived groundwater storage changes appears questionable, possibly due to over-filtering or the rescaling
procedure. For instance, the spatial patterns and amplitudes shown in Figure 7 over Europe seem unrealistic. A comparison
against independent estimates, such as outputs from global hydrological models (e.g., WGHM) or GRACE-based groundwater
products (e.g., constrained estimates available via Figshare: https://doi.org/10.6084/m9.figshare.31073527), would be helpful

to contextualize and validate the results.

We apologize that in a global map as the one shown in Figure 7, the colour scale needs to cover a wide range of values. Thus,
recognizing spatial patterns at the coarse resolution becomes difficult. This also applies to Europe where seasonal amplitudes
of GWSC in the G3P data set are overall small, as noted by the reviewer. Assessing whether these and other GWSC amplitudes
worldwide are questionable or unrealistic requires a thorough validation by independent observation-based data. However,
such data are not directly available at the large spatial scales represented by the low-resolution GRACE and G3P data because
(1) in-situ observations of groundwater level variations in monitoring wells are often sparse in space or hardly available and
(2) converting these water level variations into basin- or aquifer-average groundwater storage changes at the GRACE/G3P-
scale is a challenging step by its own: it requires poorly available information on the storativity or specific yield of the aquifer
in which the observation well is located, and a regionalization method of these values and of the hydrogeological units to the
large spatial scale of interest. A comprehensive validation of G3P in this way is subject to ongoing work. Similarly, as we
emphasis in the conclusions of our manuscript, we encourage validation feedback from data users who compare the G3P data

for their regions of interest with suitable in-situ observations.
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For Europe, we included one evaluation case in the original manuscript: the Seine basin aquifer system (see Figures 6 and 16).
G3P dynamics fit well to the in-situ data, albeit with higher noise and somewhat smaller seasonal variations, but well capturing
the inter-annual groundwater dynamics. Again, still lacking the conversion of the in-situ groundwater levels to aquifer-average
groundwater storage variations, the real validation of the G3P-based GWSC is subject of future work. Furthermore, given the
limitations of model-based groundwater storage variations as also mentioned above in the response to the reviewer’s second
question, we do not consider the comparison of G3P to a model-based GWSC as a comprehensive validation option. We test
and illustrate this for the evaluation examples used in the manuscript with in-situ groundwater level data: the Paris basin, the
High Plains Aquifer and the Guarani Aquifer system. For these regions, simulated area-average GWSC was subset from the
output of hydrological models that are part of ISIMIP3b (Gosling et al. 2025). ISIMIP models that represent GWSC for the
study period are CWatM, HO8 and WaterGAP. The results show (see Figure II below) that (i) simulated GWSC varies consid-
erably between the individual models (in particular for the High Plains and Guarani aquifers) and (ii) model-based GWSC
dynamics are largely different from the dynamics of in-situ-observation-based aquifer-average groundwater levels (compare

Figure 16 in the original manuscript). A conclusive validation of G3P-based GWSC is thus not possible.
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Figure II: Groundwater storage change (GWSC) of G3P in three aquifer systems, compared to simulated GWSC of three global

hydrological models that are part of ISIMIP (all data are given as area-average anomaly values in mm water equivalent).
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4. Rescaling procedure

The manuscript would also benefit from a clearer description of the rescaling methodology. While filtering is described, it is
not sufficiently clear how the final amplitudes are restored or interpreted. Since end users are typically interested in physically

meaningful magnitudes, a transparent explanation of how near-realistic amplitudes are ensured is essential.

For G3P, no rescaling is carried out, neither at the level of the GRACE/-FO-based TWSC data nor at the level of the final
GWSC data. In the original manuscript, we devote paragraphs in the introduction, in the methods section (lines 550-565) and
in the discussion part (lines 795-804) to the issue of leakage mitigation and rescaling. We point out that while several ap-
proaches for leakage mitigation or rescaling have been proposed in the literature in the past, a consolidated way of proper
leakage treatment of mass change data derived from satellite gravimetry is still a topic of ongoing research and debate in the
geodetic community such as in the International Association of Geodesy (IAG) working group JWG 2.3.1 on leakage mitiga-
tion (https://geodesy.science/com2/structure/jwg/jwg-2-3-1/).

To mention a few issues at this point: The degree of leakage in gravity-based TWSA or GWSC data — and thus the degree to
which leakage mitigation or rescaling eventually needs to be applied - varies in space and in time, depending on the spatial
and temporal patterns and correlations of the actual TWSA and GWSC signal. This signal, however, is poorly known from
independent sources, i.e., in-situ data or hydrological models, in a comprehensive form (see our discussion above in response
to the reviewer’s comment 3 and in the manuscript on the many limitations of in-situ based and model-based TWSA or GWSC
information). Thus, rescaling based on such information would imply a lot of uncertainty and it is not clear whether the result-
ing rescaled data would really come closer to ‘near-realistic amplitudes’ as suggested by the reviewer. Also, it should be noted
that rescaling of amplitudes needs to cover all time scales, i.e., the amplitudes of seasonal, interannual and long-term (trend)
storage variations, which makes a suitable rescaling procedure even more difficult to develop. Given these limitations and
unknowns, we decided to provide the G3P data set without applying any leakage or rescaling procedure. We make this point

clearer in the respective paragraph of the discussion chapter, and expand on the limitations that this may imply.

Overall, I believe the study addresses an important topic, and the proposed dataset could be valuable to the community. Ad-
dressing the points above, particularly with respect to methodological justification, consistency, and validation, would consid-
erably improve the quality and reliability of the manuscript.

I hope these comments are helpful, and wish you all the best.

Ehsan Forootan
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