Dear Editor,

Thank you for the opportunity to revise and resubmit our manuscript titled "Substantial
Root-Zone Water Storage Capacity Observed by GRACE and GRACE/FO." We greatly
appreciate the thoughtful feedback provided by you and the reviewers, which has
helped us significantly improve the manuscript.

In response to the reviewers' comments, we have made significant revisions:
1. Circularity in model validation:

To address concerns regarding the independence of our validation dataset, we
replaced GRACE-based TWS and ET products with the latest GLEAM ET dataset
(v4.1), which is independent of GRACE/FO and resolves the circularity issue raised by
all reviewers. To reduce biases from GLEAM ET, its forcing data, and the uncalibrated
USGS model, we validated standardized ET anomalies (Z-scores), focusing on
seasonal and interannual dynamics rather than absolute ET values. Our results showed
that S,°RACEFO improves ET simulations, particularly during droughts (new Figs. 5 and
6). These updates are detailed in the revised text (Section 2.4: lines 132-176, and
Section 3.3: lines 215-235). We discussed the strengths and limitations of this new
validation approach in the new Section 4.4 (lines 317-335), including the limitations of
streamflow-based validation as suggested by Reviewer #2 (discussed from lines 330-
333).

2. Groundwater in the proposed root zone storage capacity:

We addressed how natural groundwater variability is incorporated into S, by first
refining our Introduction text in lines 35-44 to better highlight the importance of including
groundwater support for ET into S,. Additionally, we provided a comprehensive discussion
on this topic in the new Section 4.3 (lines 276-316). To further clarify the role of
anthropogenic groundwater use, we made a new Fig. A2 and explained the rationale for
removing anthropogenic groundwater trends using AQUASTAT data, as suggested by
Reviewer #1.

3. Removal of S-GPP analysis:

During revision, we discovered an error in interpreting the Miguez-Macho and Fan
(2021) dataset, leading to an incorrect S; estimate from their data. Acknowledging
Reviewer #2's comment that the S~-GPP analysis was not central to our main objectives,
we removed this analysis to maintain the focus on S,6RACEFO and its validation using
independent GLEAM ET data in the revised manuscript.

Overall, our conclusions remain unchanged, but we believe these revisions have
significantly enhanced the clarity, robustness, and scientific merits of this manuscript. A
detailed point-by-point response to all reviewer comments is included in the response
letter. In the following pages, reviewers’ comments are reproduced in their entirety in
black, and our responses are noted in blue.

We hope you will find our revised manuscript acceptable.

Best regards,
Meng Zhao
On behalf of all co-authors



Reviewer 1

Reviewer: Review of "Substantial root-zone water storage capacity observed by
GRACE and GRACE/FQ" by Zhao et al. . This paper describes the use of TWS
estimates from the GRACE satellite project to estimate multi-year water storage
changes. Negative changes are used to estimate a lower-bound on root-zone water
storage (Sr). The estimates are compared to two alternative (Sr) methodologies, and all
three Sr estimates are used to parameterize a hydrologic model. The main result is that
the authors' Sr is significantly larger than the previously described Sr estimates.

Comments
General

| found the authors' use of GRACE data to be novel, and the results interesting. The
paper is well-written and generally clear.
Response: Thanks for the positive feedback.

As with other GRACE studies, the spatial resolution of the data is relatively coarse, so |
suggest adding some discussion of how these results might be applied in the
operational configuration of land models, which would typically have finer spatial
resolution.

Response: Thanks for your comment and suggestion. In our revised manuscript, we
discussed two ways to use our S, estimates and methodology for land models. First,
S/CRACE/FO can be used for evaluating model default S; parameterization at the coarse-
spatial scale of GRACE/FO data in conjunction with other analyses. For instance, if a
model simulates low ET during droughts in a region where the S; value is also low
compared to S,6RACEFO  the default value may be increased based on S,6RACEFO gyen if
the model’s resolution is much higher than that of S,°fACEF0_Second, we discussed
approaches for developing finer-scale GRACE-based S, products, such as using
downscaled TWS products developed through machine learning and data assimilation
techniques (Gou & Soja, 2024; Li et al., 2019). In our revision, we added a new
discussion section from lines 336 to 344, which are reproduced below:

“4.5 Implications for high-resolution land surface models

Despite the coarse resolution of GRACE/FO observations, S,°RACEFO and
our proposed approach remain valuable for improving the operational
configuration of higher-resolution land models. First, S;°RACEFO can be used to
evaluate and refine default S, parameterizations within models once aggregated
to coarse scale of GRACE/FO data, in conjunction with other diagnostic
analyses. For instance, if a model underestimates ET during droughts in a region
where its Sy value is significantly lower than S,°FACEFO_ the default Sr value may
be increased based on S,°RACEFO even if the model’s resolution is much higher
than that of S,°RACEFO. Second, in the future, our methodology can be extended
to downscaled GRACE/FO products, leveraging techniques such as data



assimilation systems or atrtificial intelligence to improve the spatial resolution of
S/CRACEFO (| j et al., 2019; Gou and Soja, 2024). ”

Reviewer: Abstract

The maximum water held would be the difference from saturation to wilting point. But
saturated conditions are unlikely to occur at these spatial scales in many regions.
Response: Our root zone storage capacity includes water uplifted from groundwater,
and thus, it is not limited by the wilting point and saturation. In the revision, we
rephrased it to “the maximum water volume available for vegetation uptake” in line 11.

Reviewer: 1st sentence defines Sr, and the next sentence discusses

simulations. Perhaps add a sentence indicating how Sr is used in a modeling context
after the 1st sentence to provide context.

Response: Thanks. We added a sentence to bridge the gap between the definition of S,
and its importance in simulations in lines 13-14: “In land models, S, serves as a critical
parameter to simulate water availability for vegetation and its impact on processes like
transpiration and soil moisture dynamics.”

Reviewer: Line 15: to be clear, GRACE measures gravity and TWS is inferred from that,
so the use of the word 'direct' can be problematic. There are other geophysical
processes that affect time-varying gravity.

Response: We removed ‘direct.’

Reviewer: Line 20: what does 'correlates realistically' mean? Can you use a more
specific or quantitative description?

Response: We removed this sentence as part of our decision to exclude GPP-related
results in the revision. This change ensures the study remains focused on the
calculation of S,6RACEFO and its comparison with other datasets and validation using the
USGS model.

Reviewer: Introduction

Line 26: 'plants can store during wet periods' should be 'plants can access'? i.e. plants
aren't storing the water, the soil is storing water.

Response: We revised the sentence to “‘the more water root zone can store during wet
periods for use in droughts” in line 28.

Reviewer: Line 37: why would it overlook rock moisture and groundwater? This
sentence implies a different reason besides uncertainties in rooting depths or hydraulic
properties, which are mentioned previously.

Response: Thank you for this comment. The reason water stored in weathered rocks
and groundwater is often overlooked is that most approaches typically set rooting depth
shorter than simulated soil thickness and assume that roots do not extend into deeper
unsaturated zones. However, recent studies have shown that this assumption is not
always accurate (Rempe and Dietrich, 2018; Fan et al., 2017). In fact, in many
ecosystems, plant roots can penetrate beyond the shallow soil layer into weathered



bedrocks to access deep water storage, including groundwater, especially during dry
seasons and droughts (McCormick et al., 2021; Maxwell and Condon, 2016).

We clarified this and highlighted the importance of rock moisture and
groundwater in our definition of root-zone storage capacity from lines 35 to 44 in the
revised manuscript (new text in bold):

“The S, is typically calculated as the integration of plant rooting depth and
soil texture-dependent water-holding capacity (Seneviratne et al., 2010;
Vereecken et al., 2022; Speich et al., 2018; Federer et al., 2003). However, this
approach (hereafter referred to as the rooting depth-based estimation) suffers
from uncertainties associated with plant rooting depth and substrate hydraulic
properties, particularly at depth, both of which undermine the accuracy of the
calculated S, (Vereecken et al., 2022; Novick et al., 2022). Moreover, this
approach assumes a static root zone confined to the near surface
unsaturated soil layer. However, recent studies have shown that this
assumption is not always accurate. In many ecosystems, plant roots can
penetrate beyond the shallow soil layer into weathered bedrock, accessing
rock moisture and tapping into groundwater, especially during prolonged
dry periods (Li et al., 2015; Hahm et al., 2020; McCormick et al., 2021, Rempe
and Dietrich, 2018; Maxwell and Condon, 2016; Fan et al., 2017; Baldocchi et al.,
2021). Thus, the rooting depth-based estimation may significantly
underestimate S,.”

Reviewer: Line 49: again, the word 'direct' | find problematic. If you wish to use this
word, perhaps add a sentence explaining its use.
Response: We removed ‘direct.’

Reviewer: Methods

Line 61: clearly, 'root-zone' implies vegetated areas, but what might one learn from this
method in more arid regions?

Response: Thank you for your question. In all regions, soil evaporation contributes to
our estimate, although we expect its influence to be minor relative to that of transpiration
in more vegetated regions. This contribution is likely to be greater in more arid regions,
but all vegetated regions have some transpiration and root-zone, and we expect these
to be fully depleted in the largest drydown, thereby contributing to our estimate of S;. In
more arid regions such as deserts, our approach may capture moisture storage capacity
for bare soil evaporation. We discussed this point in the revision from line 106 to 109:

“Our method also implicitly includes moisture stored in the topsoil for soil
evaporation (Stoy et al., 2019). However, the contribution of soil evaporation to
ET decreases quickly as TWS draws down (Stocker et al., 2023), and we expect
that the magnitude of the largest drawdown will be determined by root-zone
depletion magnitude reflected at the end of the drawdown. ”



Reviewer: Line 68: typically P, ET, and R refer to fluxes. To be more consistent with
other literature, consider using rate or flux units consistently and include a summation
symbol in equation 1.

Response: We used flux units and added a summation symbol in equation 1 in the
revision.

Reviewer: Line 75: 'consumed' could be changed to 'transpired’ or 'returned to the
atmosphere'
Response: We changed it to ‘transpired’ in line 80 of the revised manuscript.

Reviewer: Line 82: in areas in which widespread groundwater use is absent, how will
this trend removal affect your results? Is it likely to increase or decrease your Sr
estimates for such areas? Could you use maps of irrigated area, such as AQUASTAT,
to confine this operation to areas where widespread irrigation occurs?

Response: You raised a good point here. In some cases, long-term negative trends in
TWS can be associated with precipitation trends in responses to climate change. In
those cases, removing long-term linear trends likely leads to underestimation of S.
However, we found that regions showing significant TWS decreasing trends largely
coincide with known irrigation areas identified in AQUASTAT data, except in some high
Arctic locations (Figs. R1a, b). Thus, our Srestimates may be underestimated in these
high Arctic regions. We added a discussion of this limitation in the revision from lines
252 to 258:

“Additionally, our approach to account for groundwater pumping and surface
water may overestimate these signals' actual magnitudes and thus likely
contribute to underestimating S;. Specifically, we assumed all negative TWS
trends to be caused by groundwater withdrawals and removed them from
S/CRACEFO  However, intense groundwater withdrawals are concentrated in
specific regions such as northwest India, California’s Central Valley, and the
North China Plain (Rodell et al., 2009; Feng et al., 2013; Liu et al., 2022).
Consequently, we may have removed TWS depletion trends caused by natural
variability, as seen in the drought-stricken Southeast Brazil (Rodell et al., 2018).
This likely explains why S,CRACEFO js lower than S/2°°“™ there (Fig. 3b).”

The AQUASTAT dataset has its own uncertainties and limitations. For instance, it
is based on statistics from 2000-2008 and is particularly uncertain in high-latitude
regions (Fig. R1c). Consequently, it may not provide reliable information on
groundwater use in some areas of the globe and we chose not to include it as a part of
our analysis. Nevertheless, we believe that its match to our trend removals (as shown in
Fig. R1) builds confidence in our analysis. We added Fig. R1 to the revised manuscript
as Fig. A2 and added a description in lines 87-89 to provide more context for our
negative TWS trend removal:

“‘Anthropogenic groundwater use often manifests as a negative long-term trend in
the TWS time series (Rodell et al., 2018; Rodell et al., 2009; Feng et al., 2013). For



example, regions showing significant TWS decreasing trends largely coincide with well-
known groundwater irrigation areas identified in AQUASTAT data (Fig. A2).”
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Figure R1. (a) Trends in TWS obtained from GRACE/FO observations from 2002 to 2022. (b)
Percentage of area equipped for irrigation that is actually irrigated. (¢c) Map quality marks
assigned to each country for area equipped for irrigation in (b). (b-c) are from the Global Map of
Irrigation Areas — version 5.0 by AQUASTAT available at
https://firebasestorage.googleapis.com/v0/b/fao-
aquastat.appspot.com/o/PDF%2FMAPS%2Fgmia v5_lowres.pdf?alt=media&token=d098a48f-
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Reviewer: Line 91: how runoff is used here is not clear to me. Is there a budget
equation that could be shown? What does 'surface water' encompass; rivers, lakes,
reservoirs, ...?

Response: Yes, surface water here encompasses water stored in rivers, lakes, and
reservoirs. We added this clarification in lines 99-100 of the revised manuscript.

In GRACE/FO TWS decomposition studies (Bhanja et al., 2016; Getirana et al.,
2017; Shamsudduha & Taylor, 2020; Thomas et al., 2017; S. Wang, J. Li, & H. A.
Russell, 2023), surface runoff (Q) is commonly used as a proxy for surface water
storage change (ASW), expressed as ASW = Q. This approach assumes Q directly
contributes to an increase in surface water levels within the drainage network. This
approach also assumes that it takes approximately one month for Q to exit the drainage
system, aligning with the monthly time step of GRACE/FO data.

In our study, we used total runoff (R), which includes both surface runoff (Q) and
subsurface runoff, as a proxy for ASW (i.e., ASW = R), as subsurface runoff which is
groundwater discharge to rivers also contributes to surface water storage changes.

We clarified the methodology and assumptions further in the revised manuscript
and included the water budget equation (ASW = R) for clarity from lines 97 to 102 (new
text in bold):

“Following Wang et al. (2023a), we used total runoff from Ghiggi et al. (2021),
which includes both surface runoff and subsurface runoff, as a proxy for
surface water storage change (i.e., ASW = R) and removed it from TWS
drawdowns to isolate ASW contributions to the GRACE/FO signal. This
approach assumes that (1) R directly contributes to an increase in surface
water levels within the drainage network, and (2) it takes approximately one
month for R to exit the drainage system, aligning with the monthly time
step of GRACE/FO data.”

Reviewer: Line 109: to what extent is Yang 2016 a model-based dataset versus an
observational dataset?

Response: Yang et al. (2016) is a fully model-based dataset. It relies on Guswa (2008)’s
analytical model that estimates rooting depth, which makes an assumption about root
growth based on the carbon gain and cost of any additional roots. While such model-
based datasets are valuable for providing comprehensive coverage and insights into
complex processes, they do not incorporate direct observational data for validation or
correction. We discussed this caveat in the revision from lines 124 to 126:

“While such model-based datasets are valuable for providing comprehensive
coverage and insights into complex processes, they do not incorporate direct
observational data for validation or correction.”

Reviewer: Line 111: how is water holding capacity defined? Field capacity minus wilting
point?

Response: The reviewer is correct. Field capacity is defined as the difference between
field capacity and permanent wilting point. We added this definition in our revised



manuscript from lines 126 to 128: “Soil water holding capacity, defined as the
difference between field capacity and permanent wilting point, is calculated based

on ...

Reviewer: Line 132: why is this an approximation? Are there other modeled water
storage components in HydroModel that were ignored?

Response: There are no other modeled water storage components in the USGS model.
To address concerns about the potential circular use of GRACE/FO data, we revised
the manuscript to no longer use TWS as the target validation variable. Consequently,
we removed the description of modeled water storage components from the revised
manuscript to align with this adjustment.

Reviewer: Line 141: 'ET anomalies'
Response: Thank you. We corrected this in the revised manuscript.

Reviewer: Line 146: Does Xiong 2023 use GRACE water storage for their ET
estimates? If so, does that reduce its independence from your results?

Response: Yes, Xiong et al. (2023) used GRACE for their ET estimates. In the revised
manuscript, we have replaced the Xiong et al. (2023) ET estimates with the latest
version (v4.1) of the Global Land Evaporation Amsterdam Model (GLEAM) ET dataset
(Diego G Miralles et al., 2024) to validate our model results. The GLEAM ET is a state-
of-the-art dataset, addressing key issues present in other gridded ET products. For
example, it combines hybrid learning from eddy-covariance and sap flow to capture
vegetation responses to drought more accurately (Koppa et al., 2022), and it explicitly
accounts for plant access to groundwater (Hulsman et al., 2023). Importantly, the
GLEAM ET is independent of GRACE/FO and, therefore, allows robust validation that is
free from circularity.

Overall, our new validation effort using GLEAM ET suggests S,°fFACEFO improves
ET simulations over the other two estimates, particularly during droughts (new Figs. 5
and 6). We described our new validation effort from lines 132 to 176 (new Section 2.4)
and presented the new validation results from lines 215 to 235 (new Section 3.3).

Reviewer: Line 169: you say that you compare the two datasets, but you don't explicitly
say what your hypothesized relationship between them is, so the justification here
seems weak. In areas that are not water limited, one could imagine that GPP would be
high, but a deep root zone is not necessary. Perhaps expand further on your reasoning
in this paragraph.

Response: Thank you for your comment. We agree that the hypothesized relationship
between the datasets was insufficiently justified. To maintain the focus of the study on
the calculation of S,6RACEFO and its validation using the USGS model, we have removed
the analysis involving GPP and its associated discussion from the revised manuscript.

Reviewer: Line 194: is this saying that the durations shown in 3c) and 3d) are often
larger than that shown in 2b)?



Response: No. The average duration of the first, second, and third-largest TWS
drawdowns are 2.8, 1.6, and 1.2 years, respectively. This indicates that the durations in
Fig.3 c) and d) are often shorter than those shown in Fig. 2b.

Reviewer: Line 225: Do these patterns correlate with a particular land cover or
vegetation type?

Response: We did not find a clear correlation with a particular land cover or vegetation
type. This may be due to the large spatial resolution of GRACE/FO data, which
represents combined signals from various land cover types within its 3° x 3° footprint. As
a result, it is challenging to isolate patterns specific to individual land cover or vegetation

types.

Reviewer: Line 271: plot d) is unclear to me. You create an Sr estimate from Miguez-
Macho 2021, but then plot it against transpiration instead of GPP; why is this done
differently from a) - ¢)?

Response: Thank you for pointing this out. The reason for this difference is that Miguez-
Macho and Fan (2021) only provided transpiration data, not GPP. Upon further review,
we identified an error in our interpretation of the Miguez-Macho and Fan (2021) dataset,
which led to an inaccurate estimate of S, from their data. To maintain the focus of the
study on the calculation of S,°FACEFO and its validation using the USGS model, we have
removed the analysis involving GPP and its associated discussion from the revised
manuscript.

Reviewer: Figure 8: why are the x- and y-axis ranges different for plots a) - ¢)? ltis
harder to compare the scatterplots because of this.

Response: As discussed in the previous response, we removed this figure from the
revised manuscript.

Reviewer: Discussion

Line 321: does root-accessible water require that the roots physically occupy the entire
storage domain? For example, as soils dry, upward moisture fluxes can occur which
might replenish soil moisture deficits near roots. Might this help explain the mismatch
between observed rooting depths and the Sr estimates here?

Response: Thank you for this insightful comment. You are correct that roots do not
necessarily need to physically occupy the entire storage domain. Processes such as the
capillary force can indeed move deep water storage upward to replenish moisture near
the roots, especially during dry conditions. Such a mechanism could be the reason for
the observed differences between the rooting depth-based estimation and our
GRACE/FO-based estimation. We included this discussion in the revised manuscript
from lines 283 to 285:

“Indeed, root-accessible water does not require roots to physically occupy the
entire storage domain. Processes like capillary rise can move deep water upward
to the traditional “root zone” for vegetation transpiration, especially during dry
seasons and droughts.”



Reviewer: Line 325: one could also interpret your Sr/WHC as simply the effective soll
depth. For land models that do not use an explicit Sr variable, this could indicate that
models with a soil depth < 2m (i.e. some of the GLDAS models) are likely incapable of
simulating these kinds of drawdowns, which would have implications for studies of
groundwater that have used GLDAS to remove the soil moisture component of TWS.
Response: Agreed. We discussed these implications in the revised manuscript from
lines 312 to 316 (new text in bold):

“These results indicate that the potential for plants to tap into deep water stores
is more prevalent than previously understood. For land models that do not
explicitly incorporate S, as a variable, this suggests that models with a soil
depth of less than 2 m (e.g., the Noah model within the Global Land Data
Assimilation System (GLDAS)) may be unable to accurately simulate these
deeper water drawdowns. Consequently, this limitation could impact
studies of groundwater that rely on GLDAS to separate soil moisture from
TWS (e.g., Rodell et al., 2009).”

Reviewer: Line 326: 'tap'
Response: Corrected. Thank you.

Reviewer: Figure A1: how does this result relate to the relationship between magnitude
and duration? Does it imply that during the largest drawdowns, there is also the largest
'net precipitation'? That seems counterintuitive.

Response: Thank you for your observation. In the previous version of the manuscript,
Figure A1 showed the cumulative sum of P — R during the drawdown periods. The
largest drawdown mostly corresponds to the longest duration, which results in a higher
cumulative sum of P — R. We recognize that this might seem counterintuitive, as it
suggests that the largest drawdowns also have the largest ‘net precipitation.” To clarify
this, we revised the figure to present the average P — R instead of the cumulative sum.
This adjustment will remove the influence of duration and reflect the mean P — R during
drawdown periods.
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Revised Figure A1. The average P - R during the largest (a), the second largest (b),
the third largest (c), the fourth largest (d), and the fifth largest (e) TWS drawdowns.



Reviewer 2

Reviewer: In this work, the authors use the Gravity Recovery and Climate Experiment
(GRACE) and GRACE Follow-on (FO) to estimate root-zone storage capacity (Sr). They
find estimates of Sr that are much larger than those using mass-balance approaches
and rooting depth parameterizations. | found the work interesting, and the writing was
succinct and clear. However, | had a difficult time understanding the assumptions and
the implications of these assumptions to evaluate the results. | think the authors need to
be much clearer about the implications of their assumptions.

Response: Thanks for your overall positive comment. We have tried to clarify our
assumptions and their implications throughout the revised manuscript, as discussed in
more detail below.

Main comments:

o Reviewer: The proposed method is quite different from previous work because it
directly uses total water storage (TWS) from GRACE. However, GRACE
measures a combination of surface water, groundwater, soil moisture, snow and
ice. You explain how you remove the streamflow and snow/ice...but how do you
remove the effect of groundwater? Are you assuming that groundwater is part of
Sr? In some cases, as water table becomes more shallow, conditions become
anoxic for plants...wouldn’t this decrease Sr? The role of gw in Sr calculations
must be better explained and the assumptions clearly laid out.

Response: Thank you for this comment. Here we outline how groundwater is
incorporated into our calculations and clarify the underlying assumptions.

Our Srestimate includes groundwater. Specifically, we assume that
groundwater is an integral component of S;. As Reviewer 1 correctly pointed out
that root-accessible water does not require roots to physically occupy the entire
storage domain. Processes like capillary rise can move deep water upward to the
traditional “root zone” for vegetation transpiration, especially during dry seasons
and droughts. This broadens the traditional definition of the “root zone,” which is
only limited to the surface unsaturated soil layer, to recognize that plants can
access deep water stores, including groundwater and rock moisture, during
periods of high water demand. This is consistent with recent studies (e.qg.,
McCormick et al., 2021; Miguez-Macho & Fan, 2021; Stocker et al., 2023) that
have similarly included groundwater as part of S;. Overall, our assumption aligns
with our comparison dataset S,2°°“™ from Stocker et al. (2023) and helps explain
why the traditional rooting depth approach (S/*°*WHC) which does not include
groundwater, yields lower values than S,CRACEFO gnd S,accum,

To address this point more explicitly in the manuscript, we have refined
our Introduction text in lines 35-44 to better highlight the importance of including
groundwater support for ET into S;. We also added a new discussion section
(Section 4.3) to explicitly describe the role of groundwater in our S, calculation,
the assumptions behind this inclusion, and how it aligns with our comparison
datasets from lines 276 — 302 in the revised manuscript.

12



Reviewer: The proposed method is also quite different from previous methods in
the spatial and temporal scale. You are looking at monthly data at 3x3 degrees.
This would include several ecosystems that behave very differently. It also
includes multi-year droughts...whereas other calculations would account for
periods of deficit (calculated at the daily timescale) with a certain return period.
This is a completely different metric...is it really appropriate to compare these?
Response: We appreciate the reviewer's comment. Indeed, our calculation is
fundamentally different from previous approaches. However, we contend that the
comparability of the two metrics rests on their shared definition of the physical
processes involved. Both S2°¢“™from Stocker et al. (2023) and S,CRACEFO define
root zone storage capacity in an identical manner, encompassing groundwater
and rock moisture and averaging across diverse ecosystems at large spatial
scales.

Reviewer: | am having a difficult time understanding physically what it means to
calculate deltaTWS as the difference between TWS anomalies. Are you
assuming that the soil will be at saturation at the beginning of the drawdawn, but
will never reach saturation throughout the drawdawn period? Is this an
appropriate assumption?

Response: No, our method does not assume soil saturation at the beginning of
the drawdown. In fact, saturation is unlikely to occur at the spatial and temporal
scales of S,°RACEFO_During the drawdown period, deltaTWS represents the
water, in equivalent water heights (mm), that an ecosystem has used for ET
consumption beyond what is available from effective precipitation (precipitation
minus total runoff). This calculation does not require saturation.

Reviewer: | don’t think you should use GRACE to evaluate the performance of
HydrModel that includes GRACE information. You state that this is not
circular...but it is. Another metric could be streamflow, it would be independent.
Response: Agreed. In the revised manuscript, we evaluated the model
performance with the latest version (v4.1) of the Global Land Evaporation
Amsterdam Model (GLEAM) ET dataset (Diego G Miralles et al., 2024). The
GLEAM ET is a state-of-the-art dataset, addressing key issues present in other
gridded ET products. For example, it combines hybrid learning from eddy-
covariance and sap flow to capture vegetation response to drought more
accurately (Koppa et al., 2022), and it explicitly accounts for plant access to
groundwater (Hulsman et al., 2023). Importantly, the GLEAM ET is independent
of GRACE/FO and, therefore, allows validation that is free from circularity.

We appreciate your suggestion to use streamflow for model evaluation.
Unfortunately, streamflow is not the most reliable measure for evaluating the
USGS model. First, the USGS model primarily parameterizes streamflow based
on precipitation, with subsurface storage contributing only when the storage
“bucket” is full (McCabe & Markstrom, 2007). This oversimplified scheme does
not adequately represent base flow, which is more directly influenced by water
stored in the subsurface including groundwater (Reager et al., 2014). Second,
the two key parameters governing streamflow generation — the fraction of
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precipitation converted to direct runoff and the fraction of spillover from the
storage bucket converted to runoff — are globally uniform and not calibrated to
local conditions. This lack of calibration limits the model's capability to capture
spatial and temporal variability in streamflow dynamics. Third and more
importantly, compared to precipitation, ET, and TWS anomalies, streamflow is
the smallest component of the Earth’s hydrological cycle. As a result, it is less
sensitive to Syparameterizations. For these reasons, we used ET as an
evaluation metric (following Wang-Erlandsson et al. (2016)) in the revised
manuscript.

Overall, our new validation effort using GLEAM ET suggests S,6RACEFO
improves ET simulations over the other two estimates, particularly during
droughts (new Figs. 5 and 6). We described our new validation effort from lines
132 to 176 (new Section 2.4) and presented the new validation results from lines
215 to 235 (new Section 3.3).

Reviewer: The part about linking Sr to vegetation growth was not very
convincing. | think you are comparing maximum GPP to the point of
saturation...so if | understand correctly what you are showing is that vegetation
activity is enhanced when there is enough water. | don’t think this argument is
necessary for your paper.

Response: Thank you for your comment. We agree that the argument linking S;
to vegetation growth via maximum GPP could be clearer and, as you suggest,
may not be necessary for the core objective of our study. Upon further reflection,
we have decided to remove this analysis and its associated discussion to
maintain our focus on the calculation of S,6RACEFO gnd its validation using
independent GLEAM ET data. This elimination streamlines the manuscript and
ensures a sharper focus on the primary contributions of our work.
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Reviewer 3

Title: Substantial root-zone water storage capacity observed by GRACE and
GRACE/FO

Author(s): Meng Zhao et al.
MS No.: egusphere-2024-1939

Reviewer: The manuscript derives “root water storage capacity” (Sr) from GRACE and
GRACE-FO observations of terrestrial water storage (TWS), along with uncertainty
estimates. The GRACE-based Sr estimates are compared to Sr estimates derived (i)
from soil parameters (soil depth and soil water holding capacity) and (ii) water balance
estimates (using precipitation and evapotranspiration [ET] observations). The authors
find that the GRACE-based Sr estimates are 50% larger than those derived from water
balance estimates and 380% than those derived from soil parameters. The different Sr
estimates are further used to parameterize a USGS “bucket model”, with TWS and ET
output from the model validated against GRACE TWS observations and ET estimates
from a water balance approach. Finally, the authors find that their GRACE-based Sr
estimates correlate “realistically” with vegetation productivity data.

The authors address a clear need for accurate estimates of root zone water storage
capacity, a topic of interest to HESS readers. However, the findings of the manuscript
are not supported with independent observations and are largely circular. It is no
surprise that the GRACE-based Sr estimates have a relatively lower error against
GRACE-based TWS observations. Specifically, the GRACE-based Sr estimates
essentially reflect the range of the GRACE TWS observations, and the NSE metrics
primarily measures skill in terms of the mean-square error (MSE). Additionally, it
remains unclear to me how the authors remove the groundwater signal from the TWS
observations. | recommend that the manuscript be rejected.

Response: We appreciate the reviewer’s feedback. Our detailed responses to your
specific comments, which align with the objections raised in your summary paragraph,
are provided below.

Major comments:

o Reviewer: The validation approach is circular (contrary to the statement in Lines
137-140). The GRACE-based Sr estimates reflect, by construction,
approximately the dynamic range of the validating GRACE TWS observations (as
shown in Figure 1). The surface meteorological forcing inputs to the USGS
model are the same for all three simulations, and the only difference between the
USGS model configurations is in the Sr parameters. The simulated TWS and ET
will therefore have very similar *standardized* anomalies (Z-scores), and the key
determinant of the NSE metric will be whether the dynamic range of the
simulated TWS anomalies matches that of the verifying observations. The latter
were used to determine the GRACE-based Sr, thereby essentially guaranteeing
a lower MSE and higher NSE for the simulation with the GRACE-based Sr

15



relative to the other simulations. (As an aside, Line 226 refers to “performance in
simulating TWS temporal dynamics”. This is a bit of an overstatement given the
fact that the experiment design primarily measures how well the estimated Sr
reflects the dynamic range of the TWS observations. “Temporal dynamics”
suggests skill differences in seasonal and interannual variations, which are not
explicitly examined and which are likely to be small, given the experiment setup.)
Response: You raised a good point here. To minimize the influence of dynamic
range on the NSE metric, we reanalyzed our results using standardized
anomalies (i.e., Z-scores) for both simulated and GRACE/FO-observed TWS time
series. By using Z-scores, we standardized the dynamic range while preserving
temporal dynamics, including seasonal and interannual variations. Contrary to the
reviewer’'s assumption, our analysis shows that, even after standardizing the
anomalies, the TWS simulations with different S, parameterizations exhibit distinct
patterns.

For example, Fig. R2 compares the Z-scores of TWS from GRACE/FO and
three simulations (HydroModel(S,°FACEFO)  HydroModel(S/RP*WHC)  and
HydroModel(S2°c“™)) for the mascon location in Figure 1 of the original
submission. The NSE values for the Z-scores time series indicate that S,6RACEFO
outperforms S/RPWHC and S,2°cum in capturing TWS temporal dynamics (Fig. R2b-
d). This improvement is widespread (Fig. R3) and overlaps with those based on
the original time series (Figure 5 of the original submission). Notably, this
enhancement extends into many subtropical and Southern Hemisphere regions,
where the USGS model struggles to simulate the dynamic range of GRACE/FO
TWS.

To avoid the circularity concern, we no longer use GRACE/FO TWS as a
validation dataset. Instead, we validated the model using GLEAM ET version 4.1
(Diego G Miralles et al., 2024) and evaluated it using standardized ET anomalies
(i.e., Z-scores). GLEAM ET is independent of GRACE/FO and, therefore avoids
the circularity concern. The Z-score approach also allows us to assess the
model’s ability to capture seasonal and interannual variations without undue
influence from potential biases embedded in GLEAM ET, forcing data, and those
caused by the uncalibrated nature of the USGS model. Overall, our new validation
effort using GLEAM ET suggests S,°FACEFOimproves ET simulations over the
other two estimates across much of the globe, particularly during droughts (new
Figs. 5 and 6). We described our new validation effort from lines 132 to 176 (new
Section 2.4) and presented the new validation results from lines 215 to 235 (new
Section 3.3).
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Figure R2. A comparison of model predictive skills for TWS z-scores. (a) Z-score time
series comparison between GRACE/FO TWS and model simulations. (b)-(d) Scatterplots of
GRACE/FO TWS z-scores and simulated TWS z-scores from HydroModel (S,RACEFO),
HydroModel (S,/*P*WHC) HydroModel (S,%<vm), respectively.
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Figure R3. Predictive skill differences for TWS z-scores. (a) The NSE difference between
HydroModel (S,“RACEF0) and HydroModel (S,RP*WHC), (b) The NSE difference between
HydroModel (S,¢RACEF0) and HydroModel(S,%ccum). The gray colors indicate areas where all
models fail to achieve a positive NSE value.
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Reviewer: The ET estimates used to validate the USGS model simulations are
based on water balance estimates derived from precipitation and water storage
change datasets, which is similarly circular when it comes to validating the model
output from the simulations that use Sr estimates based on GRACE observations
or water balance estimates.

Response: As discussed above, in our revised manuscript, we used GLEAM ET
(v.4.1), which is independent of GRACE/FO and addresses key shortcomings in
other gridded ET products.

Reviewer: The definition of Sr as “root zone storage capacity” seems inconsistent
the derivation from GRACE TWS observations. The authors explain how they
remove the snow signal and anthropogenic groundwater signals from the TWS
observations when they derive the GRACE-based Sr estimates. However, it
remains unclear how natural groundwater fluctuations are handled. TWS
observations include natural variations in groundwater levels that are not related
to water storage in what would usually be considered the “root zone” (e.g., in
grasslands). Perhaps it is intentional that such fluctuations are included, but
then the derived parameter is then no longer a “root zone storage capacity” in the
sense that the control volume is no longer what is commonly understood to be
the “root zone”.

Response: Thank you for this comment. Our S,6RACEFO calculation includes
groundwater as an integral component. As Reviewer 1 correctly pointed out that
root-accessible water does not require roots to physically occupy the entire
storage domain. Processes like capillary rise can move deep water upward to the
traditional “root zone” for vegetation transpiration, especially during dry seasons
and droughts. In many ecosystems, water stress can stimulate root growth into
deep subsurface through the capillary rise effect, with roots extending to the
capillary fringe and the water table, as observed in both field and laboratory
studies (Fan et al., 2017; Kuzyakov & Razavi, 2019; Naumburg et al., 2005;
Orellana et al., 2012). The inclusion of groundwater in the definition of S, aligns
with recent studies (e.g., Fan et al., 2017; McCormick et al., 2021; Miguez-Macho
& Fan, 2021; Stocker et al., 2023) that similarly incorporate groundwater into
their S, definitions. Moreover, it is consistent with the comparison dataset S,2¢cvm
from Stocker et al. (2023) and explains why the traditional rooting depth

approach (S/-PXWHC) "which excludes groundwater, yields lower values than both
SrGRACE/FO and Sraccum_

We acknowledge that in some regions, especially where shallow-rooted
vegetation dominates (e.g., grasslands), groundwater may not be directly
accessible to roots. However, the GRACE/FO signal integrates water storage
across diverse vegetation types, many of which can access groundwater
indirectly. For example, deeper-rooted species can redistribute water upward
through hydraulic redistribution, making it available to neighboring shallow-rooted
plants (e.g., Espeleta et al., 2004; Orellana et al., 2012). While this introduces
some uncertainty in our S, estimates, it also reflects real-world water-sharing
processes at ecosystem scales. Satellite observations further confirm
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widespread plant-groundwater interactions at large spatial scales (Koirala et al.,
2017), even in dryland regions dominated by grasslands (Rohde et al., 2024; T.
Wang et al., 2023).

Including groundwater in our definition of S, broadens the traditional concept
of the root zone, which is typically limited to the shallow unsaturated soil layer, to
recognize its dynamic and functional nature (Gao et al., 2024). Many plants
access deep groundwater and even rock moisture during periods of high
transpiration demand or prolonged droughts, effectively expanding the functional
root zone (e.g., Fan et al., 2017; McCormick et al., 2021). While this broader
definition may differ from conventional understandings of the “root zone,” it
reflects a realistic perspective on how vegetation interacts with water resources
at larger spatial scales. This expanded definition is also consistent with emerging
research that incorporates groundwater as part of the water storage accessible to
plants (e.g., Fan et al., 2017; McCormick et al., 2021; Miguez-Macho & Fan,
2021; Singh et al., 2020; Stocker et al., 2023).

In the revised manuscript, we refined our Introduction text in lines 35-44 to
better highlight the importance of including groundwater support for ET into S..
We also added a new discussion section (Section 4.3 from lines 276 - 302) to
clarify how groundwater is incorporated into our S,°RACEFO and the rationale for
our expanded definition of root zone storage capacity.

« Reviewer: It is highly concerning that no model attains positive NSE values for
40% of the global *vegetated* domain (Lines 216-217). This area includes most
of the subtropics and Southern Hemisphere! If the model is so poor that for
nearly half of the domain of interest a time-invariant constant would be a better
estimator, what does it say about the skill of the model in the other half of the
domain? And what does it mean for the Sr estimates in nearly half of the domain
of interest where NSE is negative for all three model simulations?

Response: In our revision, we used the GLEAM ET dataset for model validation
to ensure our validation is independent of GRACE/FO and free from circularity.
At least one USGS model achieved positive NSE values for about 90% of the
global vegetated land (new Figs. 5 and 6), suggesting the USGS is effective in
simulating ET.

Minor comments:
1. Reviewer: The heading of section 3 should probably be “Results”
Response: Thank you. We corrected it to “Results” in the revised manuscript.

2. Reviewer: The caption of Figure 3 does not clearly state the base for the
“percentage changes”. This can only be understood from the text.
Response: We changed the caption to “(a) and (b) are the consumption
percentages of S,6RACEFO quring the second and third-largest TWS drawdowns.”

3. Reviewer: Line 208: Be more specific about the “drier climates and lower-
biomass regions”
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Response: We specified these regions in our revised manuscript:
“The S/.CRACEFO exceeds S/2°°“m over 70% of the study area, with a median value

77 mm (or 53%) higher than that of S/7°°U™ despite exhibiting lower values in
many regions of Africa, India, Mexico, and northeast Brazil (Fig. 4b).”
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