Answer to comments of Gemma Coxon

The original comments of Referee Gemma Coxon are in black color and indicated by “R:”.
Replies by the authors (“A”) are colored in green. Actions are introduced by “Action:”,
changes in the manuscript are in italics.

R: This paper describes the global hydrological model WaterGAPv2.2d and evaluates its
outputs. Overall, the paper is well written and a comprehensive model description that will be
useful to a wide array of environmental scientists. There is a clear description of the model
updates from WaterGAP 2.2 and each of the model components is well described. It is great
to see all the model outputs being made available and there is some interesting model
evaluation. Overall my comments are relatively minor revisions, however, | have a couple of
broader comments on calibration and | do think the paper is too long and that section 7and 8
need to be significantly shortened or removed.

A: Thank you for the overall positive feedback and the comments to which we will answer
below.

General Comments

R: Summary Table. The description of each of the model components is generally very clear
and comprehensive. However, it would be useful to have a summary table of parameters,
stores and fluxes for each of the models. See for example Table 1 in Brauer et al (2014)
(d0i:10.5194/gmd-7-2313-2014). This would be useful for a reader to refer to, provide a
central place where a lot of the acronyms in the paper can be found (there are a lot of
acronyms!) and be very helpful as a summary when comparing models in model
intercomparisons. If it cannot fit in the main paper, this would still be useful in an appendix or
supplementary info.

A: Thank you for the very good suggestion which we are following.

Action: We added a table with describing the symbols used in the equations and one with
explaining the acronyms, both in the Supplement. While compiling the list of equations, we
discovered 3 symbols which have been used twice but with different meaning and minor
inconsistencies in the equations and units which we have corrected.

R: Calibration. There are a lot of correction factors applied to the outputs for each basin
before a suitable result (defined here as+/-10% of the long term mean annual flow) is
obtained. Figure 4 is interesting but the results are not analysed in section 4.9.3 —where do
the authors think the major errors are coming from (input data, model process
representation) and how does this vary spatially? Given the significant correction factors for a
lot of basins, it warrants a discussion on how appropriate the model outputs are for future
conditions when you assume that these correction factors remain stationary over time (when



in reality they could change depending on what errors they are accounting for!) and the fact
that you correct to the mean but do not consider extremes (so how appropriate the model
results may be for floods/droughts). It would also be useful to make these correction factors
available as part of the standard model outputs (if they are not already).

A: Thank you for this suggestion. Indeed, we have not discussed the potential reasons for the
usage of those calibration factors as a thorough assessment would require much more
assessments (e.g. with other precipitation input data, model representations or calibration
setups) which is outside of the scope of the manuscript. We have done such an assessment
in Muller Schmied et al., 2014 with a sensitivity study and do not want to repeat it. We also
do not want to introduce a lengthy discussion in Sect. 4 which is solely a model description.
The dominance of the different error sources is spatially and temporally varying and it is
difficult to make concise and general statements.

The discussion regarding the usage of historically-derived calibration parameters for future
conditions is touched initially in line 624 and referred to the discussion within Krysanova et
al. (2018) which we do not want to repeat in the context of this manuscript. Also, a thorough
discussion of the impact of calibrating to the mean with respect to floods / droughts (esp.
when considering the calibration status) would be an extra study but this suggestion is well
received. The many assessments of WaterGAP in context of the Inter-Sectoral Model
Intercomparison Project (ISIMIP) model evaluation shows that the model is for large spatial
domains the best performing model also for low / high flows (e.g. Zaherpour et al., 2018,
Veldkamp et al, 2018, Krysanova et al., 2020). However, we have not yet analyzed yet
whether the well performing extreme flows are a result of the calibration or simply of the
model structure. We agree that this is a very interesting floor for a separate study but we do
not want to overspeculate in this manuscript.

Besides this, we agree that it is a very good idea to provide the calibration parameters to the
public.

Action: 1. We have added to the repository four netcdf files with a) gamma, b) CFA, c) CFS
and d) the calibration status. 2. We have extended line 626 with the reference Krysanova et
al. (2020) as there an assessment of model performance and credibility of climate change
impact was done.

R: Model Application. Section 7 and 8 do not add to the paper and both need to be
significantly shortened or removed. Currently, the paper is very long and while the material
before this is very relevant, the results presented in Section 7 do not provide any new
information or significant results to the reader. Section 8 could also be significantly shorter. If
these sections were shortened then you could expand a little on the interesting discussion of
the future model developments that you discuss in the conclusion and perhaps link this in
with broader developments in the GHM community. Furthermore, it would make the paper
shorter and more readable for readers.



A: Thank you for the suggestion. We disagree and strongly believe that Section 7 does
provide new and relevant information to readers who want to understand the WaterGAP
model and what is can be applied for. We think that the GMD manuscript type “Model
description paper” should include the presentation of model results beyond those that can
be compared to observations or independent data (we do this in Section 6 Model
Evaluation). A model description paper should also describe the model output for which no
observations are available but which has been the whole purpose of model development as
it provides information about the global water situation that cannot be obtained without the
model. Therefore, we do not want to remove (or shorten) Section 7, which we kept as
concise as possible.

We certainly agree that the paper is very long. To shorten it, we agree with the reviewer to
remove Section 8 from the main text. We think it is best to move it to the supplement and
refer to it in Section 7; it is worth keeping in the supplement as especially for a new model
output user (or code user, see the answer to a later referee comment), it can be beneficial to
know in which fields the model has been used.

Action: We kept Sect. 7 as is. We moved Sect. 8 to the supplement and renamed the heading
to “WaterGAP application fields” .

R: Code and Data Availability. | understand the difficulties with making the code open source.
Do you have a timeline of when it will be made open source and how it will be made open
source (for example on a platform like GitHub?).

A: Thank you for your understanding. WaterGAP is developed since the mid 90es and
therefore a many people have been involved in model development. Since roughly one year
we have collected the written consents of all model developers to grant open access code.
However, the formal process of making it open accessible is still in negotiations between the
Universities where the main parts of code development has been done. We cannot give an
estimate when those issues are being solved but hope this is the case in the next couple of
weeks or months. The code itself is already integrated in GitHub and can be made available
in short time once the license issues are clarified. Nevertheless, this does not necessarily
mean that the model can be executed immediately by an external user. This would need a
number of input data sets, configurations, user manuals and a strategy of how the model
development might be shared within a community. To be able to provide that information
and to setup a community strategy, but also to rewrite the model code to a modern style,
we are currently seeking for funding opportunities which is not trivial especially as the code
is not yet open source.

Action: None required.

R: Appendices and Supplementary Information. It would be worth thinking about whether
some of your appendix materials (particularly Appendix D) may be better placed in
supplementary material rather than the appendix of the paper.

A: Thank you for the suggestion to reduce the paper length.



Action: We moved Appendix D with its seven figures to the supplementary material.

Minor Comments

R: Abstract L9. | would replace ‘can be done’ with ‘can be achieved’

A: Thanks.

Action: replaced as suggested

R: Introduction L11. This opening sentence is too long —it needs rewriting.
A: Thanks, also pointed out by Referee #1.

Action: We modified the first sentence to “A globalized world is characterized by large flows
of virtual water among river basins (Hoff et al., 2014) and by international responsibilities for
the sustainable development of the Earth System and its inhabitants. The foundation of a
sustainable management of water, and more broadly the Earth system, are quantitative
estimates of water flows and storages as well as of water demand by humans and
freshwater biota on all continents of the Earth (Vérésmarty et al., 2015).”

R: Introduction L28. What do you mean by ‘proper simulation’?
A: Proper in the sense of “sufficient” or “reasonable” in terms of high simulation quality.
Action: We modified “proper” to “high performing”.

R: Introduction L43. It would be good to have some specific references here of where this
variant of the model has been used.

A: Thanks, we intended to distinguish the model version family 2 (operating at 0.5 deg
resolution) and 3 (operating at 5 arc min) but this can be misunderstood.

Action: We revised the beginning of the section to “Water — Global Assessment and
Prognosis (WaterGAP), which has been developed since 1996, is one of the pioneers in this
field. WaterGAP as described here operates with a spatial resolution of 0.5°x 0.5° and is
called the model family WaterGAP 2. Key model versions are WaterGAP 2.1d (Alcamo et al.
(2003), Déll et al. (2003), Kaspar (2004)), 2.1e (Schulze & Déll 2004), 2.1f (Hunger & D6l
(2008), Déll & Fiedler (2008)), 2.1g (Déll et al., 2008), 2.1h (Déll et al., 2012), 2.2 (Miiller
Schmied et al. (2014)), 2.2a (D6l et al., 2014)), 2.2(I1SIMIP2a) (Miiller Schmied et al., 2016),
2.2b (Miiller Schmied (2017), Déll et al. (2020)), 2.2c (description submitted to this journal)
and 2.2d (this manuscript). In addition, a model family with 5°x 5’ is named WaterGAP 3
(Eisner 2015). While the model family 3 has similar algorithms than the model family 2, this
paper only refers to the recent model version WaterGAP 2.2d.”

R: Section 3.2.2 L180. Can you provide a reference or website for the Environmental Data
Explorer?



A: Thank you. Actually this was a reference to a website which is listed in the references but
due to missing entries in the bib.tex file, the year disappeared in the text. We apologize for
any inconvenience this might have raised.

Action: We modified this and any other references to websites where appropriate. The
sentence reads now as follows: “Additionally, population numbers beyond 2005 as well as
information on the ratio of rural to urban population of each grid cell come from UNEP
(2015).”

R: Section 4.6 L415. Can you add the specific version of the GRanD database you are using?

A: This is sadly not possible as it was a preliminary and unpublished version of the one
published in Lehner et al. (2011).

Action: none

R: Section 4.6 L416. | think ‘Sect. E’ should be ‘Appendix E’?
A: Thank you, good observation!

Action: modified as suggested.

R: Section 4.9.1 L621. “to avoid that average water resources are misrepresented” —this isn’t
clear as written, can you be more specific?

A: Good point, the sentence is indeed not very specific.

Action: We modified the beginning of this section to “The main purpose of WaterGAP is to
quantify water resources and water stress for both historical time periods and scenarios of
the future. Not only due to very uncertain global climate input data, uncalibrated global
hydrological models may compute very biased runoff and streamflow values (e.g. Haddeland
etal. 2011). To reduce the bias and simulate at least mean streamflow and thus renewable
water resources with a reasonable reliability, WGHM has been calibrated to match observed
long-term average annual streamflow at gauging stations on all continents (Déll et al., 2003,
Kaspar, 2004). Calibration is required...”

R: Section 4.9.1 L634. One of the key outcomes from Coxon et al (2015) was that the
discharge uncertainty varied significantly between gauging stations and over the flow range. It
may be worth adding a sentence somewhere in the paper stating that you recognise that the
discharge uncertainty is unlikely to be stationary in space and time but there are no further
data to better constrain the uncertainties at these gauging stations so a representative value
of +/-10% is used.

A: Thank you for this very good advice.

Action: We added the following sentence to line 635: “It is noteworthy that the discharge
uncertainty (approximated here with +/- 10%) is unlikely to be stationary in space and time
(Coxon et al, 2015) but there are no further data available to better constrain the specific
uncertainty of each gauging station.”



R: Section 6.4.1. Missing ‘h’ from ‘withdrawals’ in title
A: Thank you!
Action: typo solved

R: Figure 5. | wasn’t sure whether the NSE and logNSE values presented in Figure 5 were
calculated based on all the monthly country data or were a median value for each country? It
is notclear how it was calculated for these variables.

A: Thank you for pointing out this potential source of misunderstanding. NSE (and log NSE) in
Figure 5 was calculated using each single data point (yearly) of FAO AQUASTAT and the
corresponding simulated value.

Action: We added the sentence “The evaluation metrics (Sect. 6.3.1) are calculated using
each single data point of AQUASTAT, without any temporal aggregation by country.” at the
end of Sect. 6.2.1.

R: Section 6.4.2 L785. “is rather satisfying” — | would remove this and just present the results
A: Good point.

Action: We modified the sentence to: “The performance of WaterGAP 2.2d in terms of
monthly streamflow time series at 1319 gauging station (Fig. 8) reaches a median NSE(KGE)
of 0.52 (0.61).”

R: Section 6.5. Can you attribute some of these improvements in model performance to
specific changes made to the model?

A: Without an extensive experiment setup which would include simulations (and
calibrations) of each modification in a stepwise manner, a scientifically based answer is not
possible, and we decided not to speculate.

Action: none

R: Conclusions. An additional development here could be improving the lakes/wetlands and
reservoir regulation as you noted this being a limiting factor to good model performance in
North America/Canada?

A: Thank you for the suggestion. Indeed, there are many areas for future development such
as the improvements mentioned. However, all of these potential improvements require
funding to do research and implementation, hence we have listed only those lines that are
currently under development (see also Line 1018).

Action: none
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