Author response

We thank the editor and referees for their careful reading and helpful comments. Our reply is given
below. The line numbers correspond to the modifications done on the revised manuscript.

Referee 1

-A clarification of the methods is needed, especially regarding the lead times and the decision-making
time steps. For example, how can a decision be made every two months (i.e., bimonthly) for a forecast
with two months lead time? Including a graphic illustrating the timeline between the forecast
generation and the last decision made for a single water year would be really helpful, | think.

-> To clarify the methods used in this study, we have revised the text and added the Figure S2 in the
supplementary material.

-More reflection is needed on the plausible physical explanations for some of the results to add some
depth. For example, see my comment on L427-429.

- We agree with you and are aware that this is very important point. However, it was challenging to
derive physical explanations from our results confined to 2 reservoir systems and three drought events.
This limitation is discussed in 5.2 ‘limitations and directions for future research’. For further details,
please refer to the answer for L427-429 on page 6.

-Please discuss the shortcomings associated with evaluating only two attributes of the forecast
performance (i.e., accuracy and skill). Calculating more attributes, like correlation, variance and
reliability, would give a fuller picture, which could impact the conclusion you draw on L448-450
regarding the link between forecast performance and value.

—> We have added a sentence in the Discussion to raise this point (L.555-560).

-Are the codes you developed for the evaluation shared anywhere for others to follow your approach
more easily? If not, please consider making them available.

- We have organized the code developed in this study for evaluation purposes. It is now publicly
available as part of the iRONS python package (https://ironstoolbox.github.io/). We have added the
link to access our code in the revised manuscript (L.652-653).

-L23: In the abstract, please specify what key choices you’re looking at.

- We have specified the types of key choices in the abstract (L.22-23).

-L113-114: | would move this last sentence to the conclusions instead as it seems a bit out of place in
the introduction.

- We have removed the last sentence from the Introduction and improved the Conclusions.

-L122-130: Could you give a brief description of the hydrological regime of both regions? E.g., When
are the peak flows? What drives runoff generation?

- We have included a brief description of the hydrological regime of reservoir systems (L.138-141).


https://ironstoolbox.github.io/

-L140: On L39 the dates for this event are 2013-2016. Please clarify.

- To avoid confusion, we have standardised the drought period as 2014-2016 in the manuscript,
aligning it with our simulation period (L.40 and L.145).

-L159-162: What is the initialization frequency of the forecasts and what time period is covered by the
forecasts you generated for this study?

- We have added details of the initialization frequency in the manuscript (L.169-172).

-L162-163: The time period based on which the correction factors are calculated overlaps with the
drought events in 2001-2002 and 2008-2009. This could be an unfair advantage for these events.
Please clarify. Same comment for the ESP generation explained on L186.

- We used the time period 1993-2010 for generating the bias correction factors because of concerns
about data sufficiency. For example, when analysing drought events from 2001 to 2002, only 7 years
of data from 1993 to 2000 would be available if we tried to avoid overlap with the event period. We
agree that incorporating overlapped years could potentially provide unfair advantages, but using an
insufficient amount of data for generating bias correction factors can also lead to significant issues.
Johnson and Sharma (2012) and Maraun et al. (2010) suggest that larger datasets help ensure more
accurate bias corrections by capturing the variability of the data better and reducing the influence of
outliers. By fixing the time period from 1993 to 2010, we ensure a more reliable and robust calculation.
We have applied the same time period constraint to the ESP calculation until 2010 to maintain
consistency of our study. We have clarified this in the manuscript (L.213-217).

-L167: Can you briefly list the four different forecasts/scenarios here as well?

- We have added brief list of the forecasts and scenarios (L.177-178).

-L172-173: What is the temporal aggregation of the forecasts/scenarios, based on which the decisions
are made? E.g., Weekly, monthly, etc.

- We have clarified the temporal aggregation details in the manuscript (L.196-200).

-L173: Please specify how much time there is in between each decision.

- Please, see our response to L174 for Referee 1 shown below.

-L174: Is the process iteratively conducted at the start of each month? The frequency is unclear.

-> This reservoir optimisation and simulation process is iteratively conducted at the start of every
month (for monthly decision-making) or every two months (for bimonthly decision-making)
throughout the simulation period (e.g. Jun. 2014 to Sep. 2016). This is clarified this in Figure S2 in the
supplementary material and revised manuscript (L.198-200).

-Figure 2: Very nice graphic! You could refer the readers to each figure compartment being described
at the start of each sub-section below.

- We have added this information in the manuscript (L.176).

-> Could you specify whether bimonthly refers to twice a month or every two months please?

- We have modified the Figure 3, and this is clarified in Figure S2.



->|t would be useful to add a short section (3.1.4) for the reservoir simulation step, both to have
coherence between the numbering of the sections and the boxes in the figure (i.e., step 1 is explained
in 3.1.1, step 2 in 3.1.2, etc.) and to provide some information on how this is done (e.g., | don't quite
understand how decisions are made at different time steps with forecasts that cover different lead
times and how often a new forecast is produced).

- We have added section 3.1.4 for the reservoir simulation step (L.321-331).

-L178-193: Please provide more information about the forecasts’ generation, with regards to the:
simulation periods, forecast time steps, initialization dates, lead time (please also explain how you
define lead time with a concrete example as different research groups define them differently, e.g.,
lead month 0 vs. 1), ensemble size for the SFF.

- We have clarified the details in the manuscript (L.196-200, 211).

-L181-182: Operationally, with what lead times and at what time steps are the decisions made
currently by K-water? This would help contextualize your methodological decisions.

- We have included this information in the manuscript (L.141-143).

-L185-189: Could you comment on the difference in ensemble sizes between the ESP and the SFF and
the potential impacts on the performance evaluation?

- Followed by your comment (L178-193), the ensemble sizes of ESP (45) and SFFs (25 until 2016, 51
since 2017) have been included in the manuscript (L.207, L.211). However, evaluating the impact of
the ensemble size is out of the scope of this study given the limited number of drought events. A
previous study conducted by Pefuela et al. (2020) showed that when the number of ensembles
decreases below 10, the forecast value can be affected.

-L186-187: Could you give a bit more information about the Tank hydrological model, such as its spatial
resolution, how it was calibrated, how the initial conditions were obtained, and what its performance
in simulation is for the basins considered here.

- We have briefly added information about the model to this manuscript (L.207-209). Further details
on the Tank model are documented in our previous paper as mentioned in the manuscript (L.217-219).

-L190: | would call the bias correction method a post-processing method rather than a downscaling
method, to avoid confusions with downscaling methods used to refine the information granularity.

- We have modified the sentence (L.212-213).

-L210: Please provide the range of CRPS values. Additionally, at zero, the performance of the SFF would
be considered the same as that of the ESP, so there would be no skill associated. Please clarify.

- We have included additional information in the manuscript about the CRPS (L.235-239).

-L233-234: Are these objectives the ones used to generate the pareto front? Please clarify.

- Yes, they are used to generate the Pareto front. We have clarified this in the manuscript (L.279).



-L233-239: How are the ensembles considered in equations 5 and 67 Is the ensemble median used?

- We used the mean value of SSD and SVD across ensemble members. See also our reply below to
the comment about L282-283.

-L244: Would it make more sense to calculate and present the forecast accuracy and skill for weekly
aggregations rather than monthly, to match the aggregation periods of the SSD and SVD calculations?

- We think that a monthly comparison, as shown in Figure 4, provides a more intuitive illustration of
how mean error varies with different lead times.

-L251-252: It’s unclear to me how various pareto fronts can be averaged. Are the individual solutions
comparable across pareto fronts or is this an assumption? Please clarify.

- We have clarified this sentence in the manuscript (L.279-283).

-L254: | thought there were one million solutions, as per L249-250?

- The number of solutions on a Pareto front is 100. We have reformulated this sentence (L.279-281).

-Figure 3: | would suggest writing out the acronyms (e.g., MCDM, WCD, etc.) in a table footer or in the
caption so that the table could be understood as a standalone item.

- We have improved Figure 4.

-L337-338: Could you give us an indication of, for example, the spread of values and the mean per lead
time? Here, interestingly the overall skill increases with increasing lead time. Could you infer some
reasons for the skill increasing or decreasing with lead time for the various events and reservoirs in the
results?

- In general, the overall skill decreases with increasing lead time. This specific case of Soyanggang-
Chungju for 2014-2016 was unique, and we were unable to identify clear reasons for its exceptional
performance. We added the explanation of the general trend shown in other reservoir systems and
drought events in the revised manuscript (L.379-380).

-Figure 5: ->It might be more coherent with section 3.1.2 to show the storage volume deficit instead
of the storage volume.

- The primary reason for displaying the storage volume instead of the storage volume difference
(SVD) is its greater physical interpretability within the context of reservoir operation. We also believe
that the SVD can be readily found from the current figure. To enhance clarity, we have incorporated a
visual representation of the SVD into Figure 6.

-> Could you label the dotted red-ish line at the top of each storage volume plot?

- It represents the storage capacity (Smax.), and we have added a label in Figure 6.

-L355: Was the wet event captured by the SFF? Knowing this could help explain some of the behaviours
we can see in Fig. 5.

- We have clarified this point in the manuscript and included a figure in the supplementary material
(Figure S7), demonstrating that the SFFs successfully captured the wet event in June 2016 (L.410-413).



-L355-357: Please expand on how we can see that the deterministic scenarios offer slightly superior
results for securing storage volume compared to the ensemble forecasts on the figure. E.g., is the
reservoir replenished faster? However, if the SFF knew that there was a rainfall event coming up,
couldn't we expect that it recommends filling up the reservoir later to avoid losses linked with an
overestimation of the storage by the end of the water year? Then, it wouldn't be fair to say that the
deterministic scenarios offer superior results to secure storage volume over the SFF if the reservoir is
fuller faster. Please expand on this in your results.

- We have added the mean storage volume at the end of simulation period across all 48 simulations
in Figure 6 and discussed this in the manuscript (L.404-413).

-L371: Could the circles count be included somewhere in the text, figure or in a table?

- We have added the circles count in Figure 7.

-L380-388: “as the impact of forecast-informed operations accumulates” hints that the value of model-
based “dynamic” forecasts has the potential to be even greater for longer drought events. This is a
really interesting finding that | think would be nice to include in the discussion.

- We agree and have included this in the manuscript (L.435-436).

-L389: Could the sensitivity results also be impacted by the different sample sizes of the experimental
choices? Bootstrapping could help characterize some of the results’ uncertainty.

- We applied bootstrapping technique for each experimental choice. Specifically, we created 3000
bootstrap resamples, each with a size of 20. The results show that the impact of sample sizes to
sensitivity is relatively small. We have included this result in the supplementary material as Figure S9
and discussed in the manuscript (L.470-472).

-L396-397: | think that the forecast value here refers to gains both in terms of the SSD and the SVD,
but please remind readers here. Please also remind us here what the benchmark is.

- We have included additional explanations in this sentence (L.446-447).

-Figure 8: Should the dates in the legend be September 30th instead of October 1st, to match the
legend of Fig. 7?

- We have modified the legend in Figure 9 and Figure 10.

-L423: Can you make any educated guess with regards to why there is a lot of variability in the MCDM
method results with events and reservoir systems?

— We have modified the Figure 8 (b) bottom row and Figure 9 (b) as an order of increasing importance

to storage (see Figure S9). We then discussed the further relationship between the value and MCDM
method in the manuscript (L.460-469, 486-494).



-L427-429: Why are we seeing those differences in the forecast value between the two regions? Does
that somehow correlate with the skill of the seasonal meteorological forecasts in those regions or with
how decisions were made historically? And what could explain the higher value of the SFF for the
earlier event in the Soyanggang-Chungju reservoir system?

- This is an important point. However, since we analysed only two reservoir systems and three
drought events, it is also difficult to clearly explain why there are performance gaps between the two
reservoir systems. We believe that further studies are required to clarify this issue. This limitation is
discussed in section 5.2 Limitations and directions for future research (L.595-603).

-L429-430: Why does increasing lead time lead to higher value?

- We infer that this is due to the longer horizon of reliable future flow, which can provide operational
benefits. However, the relationship between lead time and value is not strong, and one of our results
(Soyanggang-Chungju, 2016) shows an opposite trend (Figure 9(a)). Therefore, we first need to clarify
their relationship through further studies and then investigate the underlying reasons. We have
clarified this point in the manuscript (L.567-568).

-L434-435: Please clarify in the text (and in the caption) that the y axis shows the value tallied over the
8 MCDM methods.

- We have clarified this in the manuscript and caption of Figure 10 (L.502, 510-511).

-Figure 9: | think that the lines are a bit distracting in this figure. Could they be removed, with four
different symbols used instead to represent the different events and reservoir systems?

- We have modified Figure 10.

-L444: Please explain what the “perfect forecast” is in the caption and/or early on in the text.

- We have included explanations of the perfect forecast both at the beginning of the text and in the
caption (L.506-508, 513-514).

-L475: Except for the Soyanggang-Chungju earlier event.

-> The results from Soyanggang-Chungju reservoir system also show no significant difference in value
between ensemble forecasts (ESP and SFFs) (L.550-551).

-L497: | don't understand why the method that prioritizes storage (over supply?) is more suitable for
high risks linked with supply deficit. Could you please elaborate a bit for readers not as familiar with
reservoir management?

-> The storage-prioritized method typically results in smaller supply deficits over longer periods, which
helps prevent extreme storage shortage. Conversely, the supply-prioritized method tends to supply
more than the storage-prioritized method. As a result, it carries a higher risk of extreme supply deficits
over shorter periods when storage levels fall significantly, potentially leading to operational failure. We
have included additional explanations on this (L.577-579).

-L503-508: This is a repetition of the first discussion paragraph. Please consider combining both.

- We have relocated this paragraph and modified it (L.543-549).



Technical corrections:

-L181: “analyzing” instead of “comparing”? > We have modified this (L.201).
-L249: Pareto. - We have modified this sentence (L.280-281).

-L335: “outperforms” instead of “outperforming”. - We have modified this (L.377).

-L406: “forecast” instead of “forecasts”. > We have modified this (L.463).



Referee 2

1. The authors tackle an important topic such as optimizing reservoir operations considering ever-
increasing pressure on water resources and a less predictable hydrological regime due to climate
change. The manuscript is well crafted, with attractive figures and an agile style which makes it
enjoyable to read.

- We sincerely appreciate your efforts in providing valuable feedback.

2. However, | am unconvinced that the material presented supports many of the claims and
generalizations the manuscript makes. A fundamental concern is that of experimental design.
The paper studies two reservoirs and three drought events, in what can hardly be considered a
sample large enough to support claims about robustness.

- We agree that our findings are limited to few reservoirs and drought events and thus we cannot
draw robust general conclusions based on these limited cases. However, this is a limitation somehow
‘intrinsic’ to this type of simulation studies due to the rare occurrence of extreme drought events and
the limited temporal cover of seasonal forecast data, which only became available since 1993. Since
our results have shown the dependency of forecast value on reservoir systems and events, it is crucial
to continue further testing to establish more general patterns in the skill-value relationship (if they
exist), as well as to compare the performance between different forecast products. We hope that
sharing our workflow and open-source code will stimulate and facilitate such further research.

In response to your comment, we have included these considerations as the very first point of sub-
section 5.2 (Limitations and directions for future research) in the Discussion (L.595-603). We also
modified the title of the paper to ‘Exploring the value of seasonal flow forecasts for drought
management in South Korea’ (L.1-2) and clarified throughout the manuscript that such exploration is
still based on a limited number of events and does not give a comprehensive answer yet to our “value”
question.

3. It appears that the events included are in all cases hydrological droughts with return periods of
less than 20 years, because the 20-year drought always underestimates monthly flows. If this is
actually the case, the experimental setup is predetermined to favor the ensemble over the
deterministic methods, as the latter will underestimate flows and generate a poorer reservoir
performance (evaluated ex-post).

- We realise that Figure 4 may be causing a misunderstanding regarding the magnitude of the 2014-
2016 drought event. Therefore, we have compared the inflow observation and flow
scenarios/forecasts and found that the magnitude of this event is between the 20-year return period
and the worst-case drought for nearly two years, from June 2014 to May 2016. Given that the
reservoirs in South Korea are designed to supply water for a year under a drought with a 20-year return
period, this event is significant for practical reservoir operations. Since our simulation began in June
2014 and ran continuously until the end of 2016, it captures the impact of this severe drought event.
To enhance the clarity regarding the magnitude of this drought event, we have added Figure S5 in the
supplementary material and included additional explanations in the manuscript (L.380-384).

4. Concerning the historical operation of the system, from the example shown in figure 5 it appears
that reservoir operators did not realize they were facing a drought event until Jun-Jul 2015. After
that date they accumulate large supply deficits, which can be more moderate when some
forecast information allows hedging at the beginning of the simulation period (late 2014).

- We fully agree with your point. As you mentioned, reservoir operators did not recognise the
impending drought until Jun-July 2015, which exacerbated the damage caused by the drought. This



operational failure highlights the limitations of the current reservoir operations in South Korea and
further motivate our study to enhance our reservoir operation methodology utilising seasonal
forecasts. Therefore, we have included more detailed explanation of what happened historically in the
manuscript (L.398-401).

5. The discussion section mostly indicates that the results presented here confirm or align well
previous research by some of the coauthors or by other groups. It is not easy to determine what
is the main, novel, contribution of this paper to the wider body of literature, aside from the
methodology for evaluating forecast value based on the count of outperforming scenarios.

- We agree that some of our key findings well align with (few) previous studies that explore the
topic with a similar approach to ours (i.e. quantifying the value of seasonal forecasts by simulating
their use in historical events). We think reporting these ‘confirmatory’ results is still important given
the very limited number of studies of this type so far. Moreover, we believe our manuscript provides
some key novel contributions:

A. a workflow to assess the sensitivity of simulation results to key set-up choice (something that was
never done before, to our knowledge, and is both a methodological contribution for others to use,
and provide interesting insights on which of those choices are very important and which are not - at
least in our study region);

B. a methodology to measure value in a way that acknowledges uncertainty in the simulation results
due to experimental set-up choices while capturing trade-offs between the conflicting objectives in a
simple, synthetic way;

C. an attempt at beginning to systematise the skill-value assessment by analysing multiple reservoirs
in the same region and multiple drought events - an incomplete attempt, admittedly, but a start to
overcome the "single case study" approach of previous papers.

We think these contributions are important as they can help the research community to move
forward towards the search for “general principles” to understanding when and how SFFs bring value
to reservoir operations optimisation. To this end, we need to ensure that simulation results are not
(too much) dependent on set-up choices in our simulation experiments, and that we repeat
experiments for different reservoirs/events within sufficiently homogeneous regions (to begin with).

This said, we agree with the Referee 2 that these contributions were not well articulated in our
original manuscript, so we have introduced a clear statement of our contributions in 6. Conclusions
(L.640-651).

6. | would suggest that the authors take advantage of the fact that they have a limited sample of
cases and analysed them in more detail: what are the hydrological characteristics of the drought
events under study? How is the interplay between the temporality of monthly flows and demand?
Are these reservoirs operated under multi-year criteria? Can operating rules (hedging) be
introduced in combination with streamflow forecasts? In this way, they could glean further
insights from their experiments. In the current version, many of the claims made in the discussion
seem speculative.

- We have incorporated more details about the drought event and reservoir operations in the
revised manuscript. Firstly, we have divided current Figure 1 into two figures (as Figure 1 and 2), so
that we can show better the time series of the three drought events and give more details of their
hydrological characteristics (L.115-122, 138-141, 380-384). Secondly, we have added more
explanations and analysis results of the mechanisms that explain the differences in simulated
operations shown in Figure 6 (L.410-413).



L91. How is the material presented here relevant to the wider community outside of South Korea?
All insights that are scalable to other systems should be highlighted.

- We have clarified the main contributions of this study, including the relevance to the wider
community, in 6. Conclusions (L.641-645).

L112. This contribution does not seem substantial enough to justify the publication of this paper in
its current form.

- We have removed this sentence from the Introduction. As discussed in response to General Point
5 above, we have improved our major contributions in 6. Conclusions (L.640-651).

L132. It is said that both reservoirs operate as one, but later in the results section there are shown
separately. Why?

- We recognise that this sentence is confusing and have improved it to clarify the reservoir
operations in the manuscript (L.132-138).

L150: Here it is said that PET was computed, but the Penman-Monteith (FAO) metod computes real
ET. This was confusing. Also, it is mentioned that evaporation from the reservoirs was neglected. This
was surprising, because once you are running a simulation model, adding an empirical evaporation
estimate shouldn’t be too challenging. What was the reason to neglect this evaporation term?

- As we understand, the Penman-Monteith method has been widely used to compute PET (e.g. Cai
et al., 2007; Cérdova et al., 2015). Additionally, we have neglected the evaporation from a reservoir
due to the lack of relevant empirical equations in South Korea. This is discussed in 5.2 ‘Limitations and
directions for future research’ (L.614-621).

L304: replace “simply” with “simple”.

- We have replaced this (L.346).

L315: It is difficult in the present manuscript to identify such insights.

- As addressed in our response to General Point 2 (page 8), we have modified the title of the paper
to ‘Exploring the value of seasonal flow forecasts for drought management in South Korea’, and also
included these considerations as the very first point of sub-section 5.2 Limitations and directions for
future research (L.1-2, 595-603).

L361: I don’t think it is possible to say that “generally” something is true in this context, because the
number of scenarios analyzed is very limited.

- We have removed this sentence from the manuscript and included additional experiment results
on the possibility of SFFs in predicting wet event (L.410-413).
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L406. One problem of using the scenario count as forecast value is that it does not take into account
the magnitude of the deficits generated in either of the scenarios tested.

- We also acknowledge that our methodology cannot measure the quality of the value. We think
that incorporating the ‘hypervolume’ concept, which defined as the space enclosed by a set of points
in a multi-dimensional space (While et al., 2006; Sanchez-Gomez et al., 2019) could enhance our
method for measuring the magnitude (or quality) of the value. We have discussed this in Section 5.2
‘Limitations and directions for future research’ (L.608-612).

L422-431. Here we see various results, but little analysis goes into gleaning the reasons why the
MCDM method impacts differently the forecast value for either reservoir and drought. Before it was
said that both reservoirs are operated jointly, but the results presented here suggest otherwise. Please
clarify.

- As Referee 1 also raised a similar point (see our respond to L423 for Referee 1), we have addressed
this in detail in revised manuscript (L.460-469, 486-494).

Figure 9: please clarify how is the “general expectation” curve obtained.

- This curve is conceptual illustration of the common understanding that higher forecast accuracy
may lead to improved operational value. To clarify this, we have improved the caption of Figure 10.

L461-462: please provide examples of the release scheduling policies derived by the different
methods, in order to substantiate the idea of cautious operation. Also, please clarify the idea behind
the concept “adverse events not seen during the optimization”.

- We have added examples of release schedules and expand the text to better explains the reasons
for the differences in behaviours across methods (L.410-413, Figure S7 in the supplementary material).
For more details, please refer to the response to Referee 1 (L423) on page 5.

L490. The logic behind this sentence is not evident.

- While Figure 9(b) shows no clear relationship between the MCDM method and forecast value,
Figure 9(d) indicates that the use of ensemble forecasts (i.e. considering the uncertainty in flow
forecast) consistently provides higher value. We have revised this sentence to ensure a stronger
connection to Figure 9, enhancing readers understanding (L.567-571).

L496-502. This is mostly speculation, which | suggest avoiding.

- We believe that these sentences are grounded in practical considerations rather than speculation.
For example, using the supply-prioritized method must be a good choice for a reservoir operation with
ample storage capacity but lower demand. These sentences are significant as they offer
recommendations for potential users in selecting an appropriate MCDM method, taking into account
the primary purpose and operational characteristics of the reservoir. To clarify this, we have improved
this paragraph (L.575-583).

L504-505. Why is this?

-> To help the reader’s understanding, we have added Figure S10 in the supplementary material to
explain this more clearly (L.544-547).
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L527. | dispute the idea that the results presented here have demonstrated anything, because the
number of experiments is limited, and because no actual explanation has been provided for the
mechanics of the obtained results.

- We hope our responses above and revisions of the manuscript may convince the Referee of the
usefulness of our results.
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