Reviewer 2

Thank you for the opportunity to revise this manuscript. Our responses that appear below will follow the
format described below:

e black = reviewer comments
e blue = our responses to reviewers
e green = new text additions to the manuscript (as part of the revision)

We are sincerely thankful to the reviewers for their insightful comments and constructive suggestions.
We have thoroughly addressed each point raised by the reviewers in the form of detailed explanations in
this response document and modifications throughout the manuscript and the SI.

R2.1. The authors have developed a reservoir model, GLORY, that can be connected to the global
integrated assessment model GCAM. This paper describes GLORY and reports the results of several
preliminary experiments when connected to GCAM.

Water use has both physical and economic aspects. To capture water use from an economic aspect, a
demand curve and a supply curve are necessary. For water without an explicit market, defining and
estimating these is fraught with great difficulty. This study is extremely interesting because it attempts to
break through this problem by focusing on the function of reservoirs.

Although the paper is long, it is basically well organized. However, | think there is a lack of description in
terms of how the water balance and water use of the vast watershed was modeled. | also think there is a
lack of definition of fundamental concepts such as “yield.” Consequently, the results, such as producing a
"yield" that is more than one order of magnitude larger than the water storage capacity, are not
immediately convincing to me, who have studied water use from a physical aspect. | think an additional
explanation and information needs to be added.

Thank you for your positive and helpful feedback. We agree that, while our manuscript is highly detailed,
two areas in particular would benefit from enhanced explanation: (1) how we reconcile water supplies
and usage at basin resolution (for GCAM) while also taking into account finer sub-basin- or reservoir-
scale details (GLORY); and (2) how we define reservoir yield specifically, from the level of individual
reservoirs to aggregate basin scale. To accommodate this excellent suggestion, we modified the Methods
section. Specifically, we have provided detailed explanations regarding these two areas in the response
to reviewer comments R2.3, R2.7, and R2.21. We hope that our responses to reviewer and the
modifications in the manuscript clarify the design and underlying assumptions of our approach.

R2.2. Line 36 “Oki and Kanae, 2006; Vorosmarty et al. 2000; Organization and Fund 2000”: These studies
pioneered the global water resources assessment at an annual time frame, but little was mentioned on a
sub-annual scale. A sub-annual time frame was first introduced by the work of Hanasaki et al. (2008),
followed by Wada et al. (2011) and Hoekstra et al. (2012).
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We appreciate the reviewer's suggestion to include studies addressing sub-annual freshwater scarcity.
We have incorporated these studies into the introduction to provide comprehensive evidence of the
water scarcity issue ranging from annual to sub-annual scales across the world. The modified text now
reads as follows:

Water exists in relative abundance globally, but its spatiotemporal distribution has historically posed
challenges for reliably meeting humanity’s water demands. For this reason, over one-third of the world’s
growing population already faces water shortage for at least one month of each year (Salehi, 2022;
Hoekstra et al., 2012; Wada et al., 2011; Hanasaki et al., 2008; Oki and Kanae, 2006; Vorésmarty et al.,
2000; Organization and Fund, 2000).

R2.3. Line 255: “water users can readily access the mean flow at excess cost. The high cost associated
with accessing this upper limit reflects the likely high cost associated with extensive reservoir
deployment”: This part sounds curious to me. It sounds like water users in the vast basin can access
water resources anywhere, anytime. To achieve this, first, one needs to build a reservoir at the outlet
(the most downstream point) of a basin to control the runoff. Moreover, a pressured aqueduct network
is needed to deliver the outflow to the upstream users (i.e., the reservoir is at the lowest point in the
basin; hence, pumping is needed for delivery). | fully understand simplification is unavoidable in
modeling, but the treatment within the basin should be clearly mentioned.

Thank you for your comment. The portion of the paper you highlighted illustrates the concept of the
existing GCAM water supply curve, which differs from our new GLORY-based approach introduced in
section 2.3. The existing approach (i.e., without GLORY), described in Kim et al. (2016) and Calvin et al.
(2019), assumes that historical annual runoff represents the maximum water available to users in the
basin. However, the imposition of a shadow price of $10/m? (i.e., an extremely high price) for the
maximum available water effectively means that water withdrawals never reach this upper limit in
GCAM (mentioned in Lines 256-257). If water demand within a basin escalates to a level where the price
becomes unaffordable, in GCAM the human system adapts by taking measures such as switching to
rainfed crops or less water-intensive crops, reallocating crop production to other regions (thus shifting
virtual water trade patterns), transitioning to less cooling water-intensive power generation technology,
etc. It is important to note that this upper limit of water availability does not presuppose any
assumptions regarding reservoir locations, water transfer networks, or reservoir regulations in the
existing GCAM water sector. It does effectively assume that water users in each basin cannot re-use
water to the point that usage exceeds mean annual runoff. However, as noted earlier, the model
encourages various human adaptations before surface water usage and prices reach such high levels.

In contrast, the new GLORY approach developed in this study assumes the integration of all distributed
reservoirs into a single unit of virtual reservoir storage capacity. However, we do not assume that the
virtual reservoir will be physically located at the outlet. Instead, each virtual reservoir represents an
aggregation of individual (distributed) reservoirs that can access all the water resources within the basin.
Specifically, each basin’s virtual reservoir has a composite subset of characteristics that represent those
of the existing distributed reservoirs in the basin. For example, each basin’s virtual reservoir has a
fractional sub-annual distribution of inflows and evaporation that reflect the specific characteristics of
existing (distributed) reservoirs in the basin. While GLORY contains a mass balance for each virtual
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reservoir that runs on a monthly “time step”, its annual magnitude of reservoir inflow is equal to the
annual basin runoff; though, again, the distribution of this annual runoff within each month is adjusted
to reflect the sub-annual fractional distribution of inflows to existing reservoir sites.

There are a couple of important caveats to mention regarding this approach. First, each basin’s virtual
reservoir has an upper limit of annual inflow equal to the average total basin runoff during each five-year
window of interest. Establishing a reasonable upper limit is difficult, because in theory all streamflow at
any point on a river within a basin could be stored, distributed, returned, and re-used by downstream
reservoirs, limited only by the rate of consumptive usage and physical space for reservoirs. Making this
assumption would create an enormous upper limit to the water available to be stored and used for
irrigation purposes, many times larger than annual runoff. In reality, we rarely observe river basins with
rates of irrigation water usage exceeding total basin runoff, both due to high rates of consumption,
competition with other sectors for water, and the high prices that would be associated with building
storage at less and less favorable sites. (Indeed, as mentioned above, GCAM will initiate human
adaptation options in the face of such high water prices). For these reasons, we think that annual runoff
represents a reasonable upper limit constraint in our optimization formulation.

A second key limitation of our approach is that we assume each virtual reservoir has characteristics (such
as fractional distribution of sub-annual inflow) reflective of existing reservoirs, whereas our broader
GLORY-GCAM approach is designed to explore future reservoir expansion. A new fleet of reservoirs
would likely create shifts in the composite distribution of reservoir characteristics that are not captured
here. Capturing this would require selecting specific new reservoirs and sites, which is beyond the scope
of the current study but represents an interesting area for future expansion that is already highlighted in
our paper’s limitations section.

We have provided further elaboration on these various assumptions and caveats in section 2.3.2 to
improve clarity.

GLORY executes 235 unique LP-based optimizations to identify a capacity-yield curve for each of the 235
global river basins in each five-year period, building on the implementation from Liu et al., (2018). It
does so by creating a single pool of water storage for each basin that aggregates unifying each basin’s
distributed reservoirs into a single “virtual reservoir” that reflects the total cumulative basin storage
capacity of the basin. Importantly, the spatial assumption underlying the concept of the “virtual
reservoir” does not necessarily position the virtual reservoir at the basin’s outlet. Rather, we assume
that the “virtual reservoir” can access the all the water resources within the basin, enabling collaborative
optimization of water supply to meet demand. Additionally, each basin’s “virtual reservoir” has a
fractional sub-annual distribution of inflows and evaporation that reflects the specific characteristics of
existing distributed reservoirs within that basin.

Citations:

Kim, S. H., Hejazi, M., Liu, L., Calvin, K., Clarke, L., Edmonds, J., Kyle, P., Patel, P., Wise, M., and Davies, E.:
Balancing global water availability and use at basin scale in an integrated assessment model, Climatic
Change, 136, 217-231, https://doi.org/10.1007/s10584-016-1604-6, 2016.

Calvin, K., Patel, P.,, Clarke, L., Asrar, G., Bond-Lamberty, B., Cui, R. Y., Di Vittorio, A., Dorheim, K.,
Edmonds, J., Hartin, C., Hejazi, M., Horowitz, R., lyer, G., Kyle, P., Kim, S., Link, R., McJeon, H., Smith, S. J.,
Snyder, A., Waldhoff, S., and Wise, M.: GCAM v5.1: representing the linkages between energy, water,
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land, climate, and economic systems, Geoscientific Model Development, 12, 677-698,
https://doi.org/10.5194/gmd-12-677-2019, 2019.

R2.4. Line 263, “The second data point”: | guess the authors are discussing the inflection points of the
supply curve here. Better to provide a schematic here. Particularly, the second data point is hard to
understand.

Thank you for your suggestion. We have indeed included Figure 3 as an example to illustrate the "three
key data points used to establish a renewable water supply curve" (mentioned in Line 252). To help
clarify that our descriptions of data points are referring to Figure 3, we have inserted clarifications at key
points, such as “Thus, the second data point (i.e., accessible point in Error! Reference source not found.)
on...”. This should better guide readers in understanding the process of constructing the supply curve
with the visualization in Figure 3.

R2.5. Line 269 Equation 1: Better to add a unit of each term. | think the unit of QA is km3 year-1. What |
am wondering is the unit for RS. It must be in km3, but then the unit becomes different from the other
terms.

Thank you for your suggestion. We have adjusted the description of the equation to include the relevant
units (km?3/year).

R2.6. Line 277 “(Note that... from groundwater depletion observed over a historical calibration period:
withdrawal — depletion/runoff)”: | am puzzled here. Equation 1 does not include withdrawal. Why do the
authors mention water withdrawal here? A further explanation is needed.

Thank you for your comments.

Total basin runoff must be restricted in GCAM to account for the ability of water users to capture, store,
and transfer surface water. We refer to this restricted fraction of total basin runoff as the accessible
renewable water. The accessible fraction is determined as that which causes GCAM
groundwater depletion to match actual, observed groundwater depletion in a historical period. In other
words, if we increase accessible renewable water, groundwater depletion goes down, and vice versa; we
can therefore calibrate the share of demand met by non-renewable water by adjusting the renewable
water accessibility. This analysis assumes negligible desalinated water use currently—a reasonable and
practical assumption given the lack of suitable data with global coverage and the fact that the vast
majority of basins use negligible desalinated water anyway.

The GCAM data system (Bond-Lamberty et al., 2019) uses two different methods to determine the
accessible fraction, depending on the data available for a specific basin. Basins with historical deletion
data (about 20% of basins) use the (withdrawal-depletion)/runoff equation you referenced in your
comment. For basins without historical groundwater depletion data, the GCAM data system will use
Equation 1. We have added more details to explain this method.
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https://www.sciencedirect.com/topics/earth-and-planetary-sciences/groundwater-models
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/groundwater-models

In basins for which estimates of historical groundwater depletion are available, or approximately one-
fifth of basins, the accessible portion of renewable water is estimated with historical annual water
withdrawals (GCAM documentation; Hejazi et al., 2014a) and groundwater depletion data (Scanlon et al.,
2018), described in Eq. (6). This back-calculation defines accessible water as the maximum annual total
water withdrawals from 1990 to 2015 (QW}"**) excluding the supply from groundwater depletion (GD;)
observed over a historical calibration period. Using these three points (i.e., $0.00001/m?3 for no supply,
$0.001/m? for the accessible fraction, and $10/m? for maximum runoff), gcamdata creates a 20-point
curve (shown in Fig. 3), with the accessible fraction being the 10th point.

QA; = QW™ — GD; 1)

Citations:

Bond-Lamberty, B., Dorheim, K., Cui, R., Horowitz, R., Snyder, A., Calvin, K., Feng, L., Hoesly, R., Horing, J.,
Kyle, G. P, Link, R., Patel, P., Roney, C., Staniszewski, A., Turner, S., Chen, M., Feijoo, F., Hartin, C., Hejazi,
M., lyer, G., Kim, S., Liu, Y., Lynch, C., Mcleon, H., Smith, S., Waldhoff, S., Wise, M., and Clarke, L.:
gcamdata: An R Package for Preparation, Synthesis, and Tracking of Input Data for the GCAM Integrated
Human-Earth Systems Model, 7, 6, https://doi.org/10.5334/jors.232, 2019.

GCAM documentation: https://jgcri.github.io/gcam-doc/demand_water.html.

Hejazi, M., Edmonds, J., Clarke, L., Kyle, P., Davies, E., Chaturvedi, V., Wise, M., Patel, P., Eom, J., Calvin, K.,
Moss, R., and Kim, S.: Long-term global water projections using six socioeconomic scenarios in an
integrated assessment modeling framework, Technological Forecasting and Social Change, 81, 205-226,
https://doi.org/10.1016/j.techfore.2013.05.006, 2014a.

Scanlon, B. R., Zhang, Z., Save, H., Sun, A. Y., Miller Schmied, H., Van Beek, L. P. H., Wiese, D. N., Wada, Y.,
Long, D., Reedy, R. C., Longuevergne, L., D6ll, P., and Bierkens, M. F. P.: Global models underestimate
large decadal declining and rising water storage trends relative to GRACE satellite data, Proc. Natl. Acad.
Sci. U.S.A., 115, https://doi.org/10.1073/pnas.1704665115, 2018.

R2.7. Lie 294 “This yield may far exceed the physical storage capacity of the reservoirs in a basin.”:
Additional explanation is needed here because the background of this claim is unclear. As shown in
Figure 4, the world regions typically have one dry and one wet season in a year. Reservoirs can transfer
water from the wet season to the dry season for their storage capacity. First, | am puzzled why the
authors claim that the “yield” (same as seasonal water transfer, if | understood correctly) may far exceed
the storage capacity. There is another concern: water reuse within a basin. Once water is used, the
unconsumed fraction of water is drained, and it can be withdrawn again downstream. Therefore, the
volume of water withdrawal can be greater than that of water transferred by reservoirs. If the authors
mainly refer to this (i.e., the reuse of water within a basin), it should be clearly mentioned. Note that
reuse is constrained by the consumption-to-withdrawal ratio. Hence, | guess it cannot “far exceed” the
physical storage capacity.

Thank you for your comments. We define the term “annual yield” here (first mentioned in Line 297) as
the annual volumetric quantity of water that can be released from a reservoir (of a given level of storage
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capacity) for downstream uses within a year. Our definition conforms to the definition of yield offered in
the seminal Loucks and van Beek (2017) text on water resources planning and management. Importantly,
our annual yield takes another step beyond the traditional definition, in that it is defined as the sum of
monthly releases, and we require those monthly releases to occur in the same pattern as monthly
demands (Eqg. 6). In a sense, we institute a substantial constraint to maximizing annual yield by requiring
that water be distributed exactly in accordance with the pattern of human needs downstream.

In our formulation, as storage capacity increases, so too does yield (hence the capacity-yield curve), with
a new curve being defined in each 5-year time period. The water yield from a particular reservoir can
surpass its storage capacity because the reservoir regulates streamflow with its storage, and the
volumetric quantity of streamflow typically exceeds a reservoir’s storage capacity (except for reservoirs
that serve in a carryover storage role). In most real reservoirs, the capacity:inflow ratio is less than 1,
indicating streamflow exceeds storage capacity. Thus, natural streamflow patterns produce an upper
limit on the maximum yield that is possible at any given site, which can only be reached with high levels
of storage (Loucks and van Beek, 2017). This is especially notable in basins with high intra-annual
streamflow variability, where reservoirs serve to store water during the wet season and release it during
the dry season. Natural streamflow also produces a lower limit on yield. By our definition, even with very
low (or negligible) levels of reservoir storage capacity, each river basin has the capacity to provide some
level of natural annual yield for downstream users in sync with demand patterns. If you refer to Fig. 7,
this is why each river basin has a positive yield value on the y-axis even in the absence of reservoir
storage. As the paper notes, “the maximum natural yield...is the volume of annual water that is naturally
supplied (via streamflow) by the hydrosphere, without the regulation of reservoirs. Meeting demand in
excess of the maximum natural yield requires expanding reservoir storage capacity to secure additional
water supply that is temporally consistent with the timing of demands.”

In summary, central to our definition of yield is the notion that the fundamental value a reservoir
provides is to smooth out variability in streamflow that is out of sync with human usage patterns. Thus,
we measure the added value of reservoir storage not by its volumetric storage capacity but by the
suitability of the reservoir releases (or downstream flows) for human usage.

We have clarified this in the manuscript as follows:

However, the quantity of water that reservoirs effectively supply to meet downstream demand (referred
to as the “reliable yield”) is not limited to the maximum physical volume of water that can be stored in
reservoirs themselves (i.e., their capacity); rather, a key value of storage (in the context of water supply)
is the capability to release a reliable yield for downstream use that can consistently meet sub-annually
varying demand. The reliable yield is strongly affected by the intra-annual variability of inflow and
diverse demands over a year, in addition to the limit from the reservoir’s storage capacity. This yield may
far exceed the physical storage capacity of the reservoirs in a basin.

Regarding water reuse, in the new GLORY approach, we have considered the water reuse due to the
return flow in our assumptions, which is 10% of the monthly release for supply and environmental flow
from the “virtual reservoir”. This is described in Section 2.3.2.

Citations:

Loucks, D. P. and Van Beek, E.: Water resource systems planning and management: An introduction to
methods, models, and applications, Springer, 2017.
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R2.8. Line 295 “the existing approach”: Specify what approach (i.e., studies) the authors refer to. Many
physical models can simulate this (e.g., Masaki et al. 2017). Do you mean the earlier versions of GCAM?

Thank you for your comments. We have clarified it as “the existing GCAM’s approach”.

R2.9. Line 341 “by creating a single pool of water storage for each basin”: Again, it is better to mention
where this aggregated reservoir was located clearly. | guess that the authors assumed that the reservoir
is located at the lowermost point of each basin and that redistribution of water within a basin is costless
and possible even in the large river basins in the world (e.g., the Nile, the Amazon, the Congo in Figure 1).

Thank you for your comments. We have provided a detailed description of our “virtual reservoir”
approach in our response to your question labeled “R2.3”, pertaining to line 255 in the original
manuscript. As a brief summary of our response in R2.3, we note that a “virtual reservoir” does not
necessarily imply that an aggregated reservoir will be placed at the outlet. Instead, the single virtual
reservoir in some ways is a composite reflection of the individual characteristics of distributed reservoirs,
though we do use total basin runoff to provide an upper limit to the virtual reservoir’s inflow. We have
expanded our discussion of this topic in Section 2.3.2. of the manuscript.

R2.10. Line 344 “how much yield could be achieved if the system was operated to maximize yield”: Same
as my comment above. | guess one important assumption of this study is that all runoff generated in a
basin flows into the aggregated reservoir, and the outflow from the reservoir can be delivered to the
entire basin. Because this assumption is not obvious, it is better to clarify. The concepts of “yield” and
“maximization” also require this big assumption.

Thank you for your suggestion. We have provided the detailed explanations in the previous response
R2.3 and R2.7. We have addressed this by clarifying the assumption of “virtual reservoir” in the
manuscript:

Importantly, the spatial assumption underlying the concept of the “virtual reservoir” does not
necessarily position the virtual reservoir at the basin’s outlet. Rather, we assume that the “virtual
reservoir” can access the all the water resources within the basin, enabling collaborative optimization of
water supply to meet demand. Additionally, each basin’s “virtual reservoir” has a fractional sub-annual
distribution of inflows and evaporation that reflects the specific characteristics of existing distributed
reservoirs within that basin.

We have also clarified the definition of “annual yield” in this study: “the quantity of water that reservoirs
effectively supply to meet demand over a year”.

R2.11. Line 377 Equation 8: | guess Et is evaporation from the water surface of the reservoir, but the
equation looks like the basin's total evapotranspiration. | guess this becomes problematic in arid regions
where Ig << Eg. Under this condition, Equation 3 will become negative. Clarify this point.

Thank you for your comments. As noted in the manuscript, E; represents the mean annual reservoir
evaporation over the GCAM 5-year time step from all distributed reservoirs within a basin, that have a
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summed storage capacity K, as in S,,,;, < S, < K. Egis a function of reservoir surface area, which is
correlated to the storage capacity (see example in Figure S7). The reviewer is correct that there a few
rare cases where Ig is smaller than Eg. In such instances, we implemented a maximum allowable
multiplier to constrain the reservoir evaporation, preventing it from depleting all the inflow and
generating negative values in the yield.

R2.12. Line 388: “fp, pt and zt”: As a hydrologist, it is hard to imagine that these parameters can be
objectively determined. The location, consequently, the catchment area and climate of the reservoir
have been changed from reality. Indeed, the authors imply in Line 403 that these parameters were not
calibrated against observations. Further elaboration is required on how the authors determined these
parameters for 235 basins in the world at a monthly interval.

Thank you for your comments. The parameters f;, p;, and z; represent average monthly profiles of
annual water demand, inflow, and evaporation at the basin scale. Indeed, the real monthly profiles
would vary across locations and with changing climate. As we mentioned above, the “virtual reservoir” is
assumed as a collection of distributed reservoirs within the basin, rather than a single virtual reservoir
that is placed at the outlet. Our monthly profile estimation is intended to reflect the sub-annual
characteristics of inflows to and evaporation from these distributed reservoirs, while complementing the
coarser resolution for GCAM in two respects. To clarify this, we added the following text in the
manuscript:

Monthly profile of inflows to, and surface potential evaporation from, the virtual reservoir is derived
from the Xanthos model’s monthly streamflow time series output at grid cells with existing reservoirs for
the five-year GCAM period of interest. We consider this approach as a middle ground to address fine
resolution from hydrologic variables and coarse resolution from GCAM in terms of two key aspects. First,
the monthly profiles evolve with the inter-annual and intra-annual variability of the changing climate.
Second, we initialized the inflow and evaporation profiles, focusing specifically on the grid cells with
reservoirs to capture hydrologic patterns in reservoir-located areas. The monthly profiles for a virtual
reservoir are calculated as the averaged profiles from these gridded inflows and evaporation.

A more advanced but computationally intensive approach, which we leave for a future study, would be
to site new individual storage reservoirs over time in individual grid cells. The purpose of the current
study is to explore the merits of a lumped virtual reservoir approach. As mentioned earlier, we do
propose this more detailed approach as one option for future expansion of our initial study.

R2.13. Line 407: “possible for that same level of storage capacity”: Same to what? What does “possible”
mean?

Thank you for raising this question. When we mention the "same level of storage capacity," we are
referring to keeping the storage capacity from GLORY model consistent with historical reservoir storage
capacity level aggregated within each basin when comparing the releases. Then, GLORY model calculates
the maximum annual water supply (i.e., annual yield) with the historical climate data, estimating the
maximum amount of water that can be reliably provided from this level of reservoir storage capacity.
This makes a fair comparison with the historical water demand data that is observed based on the
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existing historical reservoirs. We have modified the sentence to remove “possible” and clarified that the
storage capacity is the historical existing storage capacity. The modified text reads as:

The first aspect is to check that the level of annual water supply achieved with existing reservoir storage
capacity (i.e., historical water demand data) is less than or equal to the maximum annual release (i.e.,
yield) that GLORY suggests for that same volume of the existing historical storage capacity for a given
basin. We confirm this finding in Fig. S10a with global water demand data (Huang et al., 2018),
demonstrating that our approach provides a reasonable upper bound on the water supply, without
attempting to represent each basin’s unique water management behavior.

R2.14. Line 410: “to check the level of reservoir annual release from existing reservoir storage capacity is
within the range of the annual release (same as yield) that GLORY produces at the same level of storage
capacity.”: This part is particularly hard to understand. Fist, what does “the level” indicate? Second, |
believe storage capacity and release are independent. For instance, the storage capacity of the Big Bend
Dam (2.2 km3) and the Oahe Dam (28.5 km3) in the Missouri River is different, but their annual release
is almost the same because these two dams are cascading. Simply, the mean annual release of a
reservoir is the same as its inflow. A further explanation is needed here. Third, again, what does the
“same level of storage capacity” mean? What does “level” indicate? Same to what?

Thank you for your comments. We intended to use “the level” to represent that in the GLORY model
simulation, the input virtual reservoir storage capacity K (Eq. 6) should be the same as the storage
capacity that the reservoir release data is based on for a given basin. The water demand and reservoir
release are the two aspects we use to validate the water yield simulated by the model. The annual water
yield is the sum of the monthly releases over a year within the GCAM model. Thus, we compared water
yield with reservoir release data (from a separate dataset) and confirmed that the model has an
acceptable performance. In addition, water demand should be less than the total annual water release,
because the total release is an upper boundary for demand. We also validated the model from this
perspective with historical water demand data. We have improved the text for better clarity:

The second aspect is to check that the amount of reservoir annual release from existing reservoir storage
capacity (i.e., historical reservoir outflows) is within the range of the annual release (same as yield) that
GLORY produces at the same volume of the existing storage capacity.

R2.15. Line 433 “A basin’s optimization for a particular GCAM period (e.g. 2050) is executed in the
absence of any carryover of information about reservoir storage levels...”: Then, how was the initial
storage of reservoir determined at the beginning of a given GCAM period?

Thank you for your question. We use Eq. 5 to assume a steady state condition within a 5-year period. The
linear programming model iterates to find solutions until the steady state solution is obtained. Thus,
there is no need to assign an initial reservoir storage.

R2.16. Line 453 “via a monthly water demand fraction profile that shifts close in appearance to the
monthly irrigation demand profile”: Hard to read. Do you mean that the profile of the total water
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demand becomes closer to the new irrigation demand? The expression “shifts close in appearance”
sounds highly subjective and arbitrary.

Thank you for your comments.

Basically, we mean to say that if GCAM projects a larger (increasing, relative to other sectors) share of
irrigation water demands over time, GLORY will perform a weighted shifting of the distribution of
monthly water demands so that they more closely resemble those of the irrigation sector (to reflect the
larger role the sector plays in total demands).

To provide additional details, GCAM only provides annual sectoral water demand, rather than monthly
sectoral demand. When GCAM-GLORY is in the Feedback mode within a future time step, GLORY will first
calculate the monthly sectoral demand based on the historical monthly sectoral demand profile and the
annual sectoral water demand calculated from GCAM. Then, GLORY will aggregate six sectoral demands
by month to get the monthly demand profile for the given time step. This ensures the change in annual
sectoral water demand (or the sector demand weight) in each time step can propagate to the monthly
demand profile. We modified the text to improve the clarity:

For example, if GCAM projects that future annual irrigation water withdrawals will disproportionately
increase over time in a particular GCAM scenario and time period, this information will translate into
corresponding disproportionate increase in monthly irrigation water demand compared to other sectors.
Consequently, the total monthly demand will be predominately influenced by irrigation water demand.
As a result, the profile of monthly water demand fraction will closely resemble that of monthly irrigation
demand profile.

R2.17. Line 490 “we also filter out grid cells that do not contain existing water bodies suitable for siting
of reservoirs (i.e., rivers)”: What do you mean “water bodies”? What kind of information the grid cells
include? What data did you use?

Thank you for your comments. We defined water bodies and referred to the dataset in the later text
within the same paragraph (Line 521-522): “Water bodies are identified using Global Lakes and Wetlands
Database (GLWD) Level 3 (Lehner and Doll, 2004), including land types 1, 2, and 3 (lakes, reservoirs, and
rivers, respectively).”.

R2.18. Line 600 Equations 14-17: It is better to show the units for variables.

Thank you for your suggestion. We have included the units for the variables.

R2.19. Line 633 “a nuanced analysis”: What does this mean?
Thank you for your comments. We have changed the sentence to:

We do not seek here to conduct a detailed analysis of the implications of climate change, which we leave
to a future study.
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R2.20. Figure 7: | expected the unit of Yield is km3 year-1. As mentioned above, | still could not
understand why the yield could exceed the storage capacity. To begin with, add a concrete definition of
reservoir yield at the beginning of this paper.

Thank you for your comments. The reviewer is correct in noting that the unit of water yield is in km?/year.
We have included this unit in the caption of Figure 7. Regarding the question on the reservoir water yield,
please refer to our responses elsewhere, particularly in comment R2.7 and R2.21 below.

R2.21. Line 721: “For example, the Indus basin is relying on 9.2km3 of storage capacity to provide about
135km3 of annual yield in 2050”: Again and again, | still cannot understand this. How one can serve 135
liters of water by 9.2 liters of a tank? Also, | am totally lost in how the authors treat the reuse (cascading
use) of water within a basin. The authors’ model seems theoretically sound from the economic
perspective. | am wondering whether the parameters and output numbers can be supported from the
hydrological (physical) perspective.

Thank you for your comments. As we mentioned in our response to comment R2.7, the storage capacity
is the maximum volume of water that a reservoir can store under normal operating conditions. Most
reservoirs globally have a capacity:inflow ratio less than one, meaning that total volume of inflow
entering a given reservoir on average during a time period of interest exceeds the reservoir’s volumetric
capacity to store water. The larger the capacity:inflow ratio, the more flexibility a reservoir has to carry
over water across seasons or even across years and release it for downstream use. Our previously
provided definition of yield, which is consistent with that provided in Loucks and van Beek (2017), is that
it represents the amount of water that can be expected to be released from a reservoir to meet human
demands. The amount of water released from a reservoir is a function of both inflows and the storage in
the reservoir itself. By our definition, even with very low (or negligible) levels of reservoir storage, each
river basin has the capacity to provide some level of annual yield for downstream users in sync with
demand patterns. If you refer to Fig. 7, this is why each river basin has a positive yield value on the y-axis
even in the absence of reservoir storage. As the paper notes, “the maximum natural yield...is the volume
of annual water that is naturally supplied (via streamflow) by the hydrosphere, without the regulation of
reservoirs. Meeting demand in excess of the maximum natural yield requires expanding reservoir storage
capacity to secure additional water supply that is temporally consistent with the timing of demands.”

R2.22. Line 746 “informally validating the value offered by the new methodology we present here”:
What does “informally” mean? How one can “validate” values?

Thank you for your comments. Here we meant only to say that we think the results confirm the value of
our methods. In other words, that the sub-annual scale of supply (i.e., runoff) and demand, which our
method is built to handle, appears to be quite important. (We did not want to call this a “validation”,
since this word has specific meaning in hydrology, so we called it “informal validation”. Anyway, we have
modified the sentence as follows to improve the clarity:
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The variation over time in the shape of the supply curves produced by the GLORY model confirms that
shifts in sub-annual climate and demand (e.g., for the Feedbacks scenario) strongly shape annual
reservoir supply yield and cost. This confirms the added value of our specific focus on discrepancies
between sub-annual supply and demand relative to previous studies of global reservoir supply potential
(e.g., Liu et al., 2018a).

R2.23. Line 766 “The complex relationships between.. due to difficulties in meeting increased demand
during irrigation seasons”: | guess what the authors report here is that the GCAM-GLORY can tell that
irrigation in California should be decreased because irrigation water is unavailable (too costly) for a
limited number of months. This is a significant advancement in global hydro-economic modeling.

We are thankful for this positive feedback. We do think that that our feedbacks scenario represents a
significant advance, because we are informing future reservoir expansion and operation patterns with
water demand data emerging from an internally consistent model that integrates climate-land-energy-
water-socioeconomics.

R2.24. Line 776 “a single point on each basin’s supply curve”: What is “a single point”?

Thank you for your question. This single point we refer to is the “accessible point” on a supply curve,
when the corresponding water price equals $0.001/m3. See Figure 3 and Section 2.2.3. We have clarified
this issue in the main text as follows:

Low-cost renewable water is a metric that shows the amount of water that can be provided by reservoirs
at an inexpensive price (i.e., assuming $0.001/m3), which corresponds to the “accessible point”
(explained in Section 2.2.3) on each basin’s supply curve.

R2.25. Line 776 “Affordable water prices can indicate a basin has not invested and expanded reservoirs
much, or the basin has well-expanded storage capacity, but the LOSC is relatively low.”: Hard to
understand. What do you mean here?

Thank you for your comments. There are two different scenarios where water provided by reservoir is
more affordable, based on how the supply curve is constructed with Egs. 15 — 18.

CiXr

AY; = Y(K;) — Y(Kiy) 3)
_ EAC;

LCOSC; =55 (4)

v =Zj5aY = v(K)

. Y. <min (1, Y (Kpgy) (5)
p =3~ Lcosc; (1Y Gone))
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In the first scenario, if a basin initially has no reservoirs, or just beginning to construct new reservoirs,
this implies that there is not a significant accumulation of investments affecting the water price. This
concept is illustrated in Eq. 18, where P; could be small due to limited number of reservoirs being built (i
is small).

In the second scenario, the sub-annual variability of inflow in a basin may align well with demand timing.
If a reservoir is constructed, the potential annual yield gain could be substantial. This results in high AY;,
leading to a low LCOSC;, according to Eq. 17. Thus, even with additional reservoir expansion within this

basin, the sum of LCOSC up to the i-th reservoir (P; = ijl LCOSC;) could remain small.

R2.26. Line 792 “firm water yield”: what’s this?

Thank you for your question. The phrase “firm yield” (often interchangeably referred to as “safe yield”) is
the maximum flow that can be made available via reservoir storage given its regulation of the historical
streamflows (Loucks and van Beek, 2017). Each increasingly level of reservoir storage capacity has a
different (higher) reliable yield. Just how “safe” a given storage capacity’s yield is depends on the length
of the historical record and the nature of the hydrologic variability captured in it. In general, the
“reliability” of a yield is used to indicate the percentage of the time it is expected to be true. Given we
are not doing such probabilistic analysis here, we have removed the word “reliable” from our mention of
yield, and have also removed “firm yield” from our manuscript.

In our view, it would be quite interesting to expand our analysis in the future to explore the implications
of differing yield reliability levels, in effect producing new capacity-yield and supply curves reflecting
differing levels of reliability. We have added the following note in the manuscript’s limitations section:

(5) Our study explores a very limited sampling of hydrologic uncertainty (i.e., that which is embedded in
the historical record and in a single future projection of climate impacts on runoff). It would be of value
to develop capacity-yield and supply curve relationships in GLORY corresponding to differing levels of
reliable yield (Loucks and van Beek, 2017), as increasingly reliably yields (e.g., moving from 90% to 99%)
will require much higher levels of storage investment (and thus costs) to meet demands at those
corresponding levels of reliability.

R2.27. Figure 10: Surface water withdrawal in the Indus River exceeds 300 km3 year-1 for the Reference
and Climate Impact scenarios, which is greater than the mean annual runoff (140 km3 year-1). How
could this happen? For the No Feedback and Feedback scenarios, the usage of groundwater will sharply
decrease after 2030. How could this be achieved? All in all, what will be the global total water
withdrawal in 2050 for each scenario? What will be the global total reservoir capacity for each scenario?

Thank you for your feedback. The Reference and Climate Impacts scenarios use the existing GCAM
supply curve approach (i.e., the “old” approach), wherein for Indus River basin, historical groundwater
depletion and historical demand is used to calculate the accessible renewable water based on Eq. 2:

QA; = QW™ - GD; (6)
Calculating accessible water with Eq. 2 sometimes results in an improper amount of accessible water
that exceeds the mean annual runoff. We have identified this inconsistency issue between data and
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GCAM results in the current GCAM model, which needs improvement. With our new GLORY approach
applied in Feedbacks and No Feedbacks scenarios, we have addressed this issue. Consequently, surface
water withdrawals will always remain below the mean annual runoff.

Regarding non-renewable groundwater, GCAM assumes that non-renewable (i.e., fossil) groundwater
will deplete irreversibly. Groundwater availability is categorized into several grades (e.g., grade 1, grade
2, ..., grade 10), with each grade permitting a certain amount of groundwater extraction at a specific
price. As groundwater is depleted, it moves to higher grades where the price increases. Eventually,
groundwater may become fully depleted or the price may become unaffordable. This is documented in
Turner et al. (2019). From Figure 10, there is a significant decline in groundwater extraction after 2025
for the Indus basin in the Feedbacks and No Feedbacks scenarios due to substantial extraction between
2020 and 2025. This depletion results in groundwater moving to higher-priced grades for future
extraction. Ultimately, the Indus basin is one in which we observe the potential for a near-term peak and
eventual decline in groundwater extraction in a recent study by our team (Niazi et al., in press), owing to
groundwater’s decreasing levels and thus economic accessibility in the Indus basin.

We have created Figure 1, illustrating the global total water demand from 2020 to 2050 across four
scenarios. The future global total water demand shows a decrease of over 1000 km3/year from the
previous approach (i.e., used in Reference and Climate Impact scenarios) to the new GCAM-GLORY
approach (i.e., used in No Feedback and Feedback scenarios). Given that the socioeconomic assumptions
remain consistent across all four scenarios in GCAM, the global total water demand remains relatively
stable, with notable changes in the proportion of water supply sources (groundwater vs. surface water)
in the new approach. In summary, the projected global total demand is approximately 5254, 5185, 4373,
and 4356 km3/year by 2050 for the Reference, Climate Impact, No Feedback, and Feedback scenarios,
respectively. The water supply reservoir storage capacity has increased by about 70 km® by 2050 from
historical existing storage capacity under No Feedback and Feedback scenarios, while it was assumed to
remain constant for both Reference and Climate Impact scenarios. Please note that the increased
capacity only pertains to water supply reservoirs, and the projected capacity expansion can vary
significantly under different socio-economic drivers (e.g., population and GDP) in GCAM.

Climate Impact No Feedback Feedback
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Figure 1. global total water demand from 2020 to 2050 across four scenarios.
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