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General comments:

In this paper a transient variable threshold approach is proposed to adapt analysis of dry spells to
longer-term changes in projected low flow regimes. The approach is aimed to analyse drought
duration and deficit characteristic in future climate with respect to a changed regime, defined by
monthly flow quantiles Q80 (80% exceedance probability). Current studies of the research group (e.g.
Van Huijgenvoort et al. 2014) used the conventional (intransient) variable threshold approach where
the results reflect change of drought characteristics with respect to current regime (using monthly
Q80 values calculated from 30 years of observations. The paper at hand is aimed to provide a
different view, by analysing anomalies with respect to a possible future low flow regime, derived
from GCM projections.

While the paper is generally well written, it has a somewhat limited scope: It pursues a similar aim as
previous studies (e.g. Van Huijgenvoort et al. 2014, Prudhomme et al. 2013), namely to assess the
change of low flow and drought characteristics from global hydrological models (GHMs) forced with a
set of GCMs and emission scenarios. While Van Huijgenvoort et al. 2014 used several GHMs, here
only one GHM is used. This appears at a first sight as a weakness, unless the advantages of the
applied GHM would be discussed more prominently in the paper, what | would certainly recommend.

There are two innovative aspects in this paper (which are in the current manuscript confounded and
should be analysed and discussed more clearly). The first innovative aspect is that a rather novel PCR-
GLOBWB model is used. Global models in general are afflicted with vast uncertainties and it would
therefore interesting to compare the projections obtained here with other studies. However, this
would require assessing the differences with respect to the same drought definition concept as in
previous studies, i.e. the classical (intransient) threshold approach. This should yield into a discussion
of similarity and differences, and the relative credibility of different models.

Thank you for your positive evaluation and thorough review. Your comments have really improved
the quality of the manuscript. With regard to the use of PCR-GLOBWB model, we have added
further explanations about the advantages of using this model in Section 2.1 (Model simulation of
streamflow). In brief, the model has been applied for calculating drought events (e.g., Wada et al.,
2013) and has been extensively validated for simulating drought deficit volumes and frequency
compared to those derived from observed streamflow (at GRDC stations). Simulated minimum,
average, and maximum streamflow has also been validated at the global scale and the model
performance is good for simulating low flow conditions across regions with different climates. In
Section 4 (Discussion) we already described an intercomparison with existing recent studies
(Forzieri et al., 2014; Prudhomm et al., 2014), as well as uncertainties that are inherent to the
model. The reviewer might have missed this in the context. The intercomparison shows that our
outcome when using the classical (none-transient) threshold approach (VTM) agrees with the
above-mentioned studies.

The second innovative aspect is the variable threshold approach. Here | am a bit in doubt about the
interpretability of the dry spells characteristics with respect to a changed regime. While the classical



approach is intended to assess future dry spells with respect to the current regime, the transient
approach is intended to assess changes of anomalies with respect to a changed regime. So the future
low flow regime may become more wet, but the anomalies could last longer ore have a larger
volume under an increased threshold. But | am not sure for what application this may be useful (e.g.
fish will be happy to be in a wetter environment (higher low flows!), but the statistics will tell them to
be unlucky because they are at same time in a longer dry spell because the threshold was set higher
for its evaluation. Not sure if this makes sense...). There should be a careful interpretation of the
physical scope of this intransient threshold approach that makes clear what water resources
management tasks can be served by this statistics. And if the new statistics are useful, a direct
comparison on the results with the classical varying threshold method results is clearly indicated, so
that one can learn about the differences of the two approaches.

The authors have included an extra section in the discussion of the paper describing the
advantages and disadvantages of the transient threshold approach. For example, in what way fish
is affected by the changes in hydrological regime. We make a distinction between water scarcity
and drought and acknowledge that for some application the conventional threshold method (VTM)
is more suited compared to our proposed transient approach(VTM,). However, we argue that for
most situations where the conventional threshold is better applicable we are looking more at
water scarcity (imbalance between demand and supply) than drought. We hope the reviewer
agrees with our vision on the applicability of the transient threshold as describe in Section 4.1.

To conclude, | think the paper has a greater potential as what it actually delivers in its present state. |
would recommend that the scope of the paper is shaped according the two innovative aspects
indicated above, to make it an interesting contribution to literature on projecting hydrological
drought in future climate.

Minor comments:

P654, line 20: Give more specific information to what the R2 value belongs to (I assume total
discharges, daily flows, and whole regime?). What is the performance for low flows then?

R2 value (0.9) belongs to respectively each of simulated mean, minimum, maximum, and seasonal
flow evaluation (all at monthly time step), compared to those derived from GRDC observations.
Each flow quantity was evaluated separately but the model performance was consistent with the
different flow quantities. We have clarified this in the revised manuscript.

657, line 4: “AID(t) is the total area in drought at a given time t,”...is redundant; "at a given time (t)"
may move to the sentence above.

We followed the suggestion by the reviewer.

Section 3.1: Seems to me that you are mixing low flows and threshold. Decide if you wish to address
change in low flows Q90, or just thresholds for the drought analysis, and be then consistent
throughout the paper.

We have adjusted Section 3.1 to only refer to low flows instead of a combination of low flows, and
Q90 or thresholds. We would like to state that the low flow regime is derived from the threshold,
so sometime the use of this term was still required.



References: Check reference style: Year of publication should appear at the end of each entry...

The references have been processed by ESD editorial office, apparently placing the page number
where the reference occurs at the end of each entry. The reference style of the revised manuscript

will be consistent with the reference style of ESD.
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General comments

This paper is well written, well-structured and easy to follow. It addresses a relevant scientific
question and falls within the scope of the journal. The objective of the paper is to globally address
the impact of climate change on future hydrological drought by using a transient derived threshold
for drought. This objective divides the paper into two parts: (1) a global hydrological model is used
and future hydrological droughts are simulated by applying a combination of five GCMs and four
emission scenarios (RCPs). The results show an increased drought duration and drought deficit
volume in discharge. The uncertainty ranges are shown and the results are compared to other
studies. Although this is not necessarily innovative in itself, the value lies in the rather high amount of
up-to-date GCM-RCP combinations that have been used. Thereafter, (2) a transient method for
defining the threshold for droughts is introduced and applied globally. By applying the new method
where the threshold of drought changes over time, it is shown that simulated future droughts have a
much shorter duration in comparison to when the non-transient conventional variable threshold
(Van Loon and Van Lanen, 2012; Van Lanen et al., 2013) is applied. The authors discuss the
differences in results, but the potential benefits of the proposed method remains somehow unclear.
The authors suggest a dynamic definition of drought. Although this might be considered novel, it also
raises an issue which is not discussed. With a definition of drought that changes over time, it will
probably be more complicated to compare the magnitude of past, current and future drought
events. To improve the paper | would therefore suggest discussing potential pitfalls when having a
dynamic definition of drought. | would also like to see that the benefits of a dynamic drought
definition are further elaborated upon.

Specific comments

- The manuscript shows how the drought duration and drought deficit volume is simulated to be
greater for the non-transient approach in comparison to the dynamic, transient approach. This is
valuable information since it shows how changes in the hydrological regime might influence the
simulation of future drought duration. Nonetheless, | am not completely convinced by the transient
approach and would suggest a clearer discussion in which way the transient approach is superior the
non-transient. In my opinion the transient approach might also be slightly misleading. For example,
decision makers might be interested in investing in hydropower. In order to understand how the
runoff is about to change, they would probably want to compare the future situation in a direct
relation to the current situation (non-transient analysis). In this example the transient approach
would not allow a direct comparison between the time periods; instead it would underestimate the
future drought duration. Hence, it would risk that the decision would be based on “false”
information. With this in mind | would recommend elaborating on the potential weaknesses of the
transient method.

The authors have included an extra section in the discussion of the paper describing the
advantages and disadvantages of the transient threshold approach. We make a distinction



between water scarcity and drought and acknowledge that for some applications the conventional
threshold is more suited compared to transient approach proposed in this study. However, we
argue that for most situations where the conventional threshold is better applicable we are looking
more at water scarcity (imbalance between demand and supply) than drought. We hope the
reviewer agrees with our vision on the applicability of the transient threshold as describe in
Section 4.1

- It is shown that different results are obtained with the transient and non-transient method. Still, |
would like to see a clearer motivation why the transient method should be used. Furthermore, is the
transient method suggested as “complete” or just applied in order to show that it is necessary to
consider changes in the hydrological regime when addressing future droughts?

We do not claim the transient threshold approach to be superior over all other dought
identification methods. However, the authors believe that we should adopt a more flexible
approach when we identify drought conditions, i.e. the selected approach like the fixed threshold,
the conventional variable threshold (VTM), transient variable threshold (VTM,) or SPI, PDSI should
depend on which impacted sector we study. Changes in future hydrological regime should
definitely be included in the assessment of the potential impact of future hydrological drought,
irrespective which drought identification is selected. The consideration of a gradually changing
hydrological regime has not been quantified at a global scale before and we believe that our study
provides an unique and comprehensive overview of the use of different threshold approaches.
More details on the benefits and limitation of the proposed transient approach are given in Section
4.1

- Would it be advisable to apply the transient method also on other drought indices like the SPI, or
when comparing current drought events with past ones?

We argue that it would also be good to apply the transient method to drought indices like the SPI
or PDSLI. For these drought indicators the climatology also changes (hence the probability
distribution) due to climate changes. An effect that should be taken into account when considering
changes in future climate. In this study we also have incorporated the trends in the threshold

(e.g. Figure 2), which could also be applied to the SPI, where the changes in the precipitation
distribution could be considered as well. We have added some thoughts on this issue in the
Discussion Section 4.1.

- Page 658, line 14-18. How was it decided upon these thresholds for the robust decrease/increase
etc.? Were they chosen arbitrary?

The chosen thresholds for robust decrease/increase are arbitrary. The motivation to select a
minimum of 16 ensemble members was inspired by the fact that it would require that for all RCP
on average 4 GCMs show the same directionality of change. When one GCM shows a different
pattern one can assume that the majority could be seen as a robust and the one GCM as the
outlier.

- Page 662, line 8-14. The VTMt results are presented before the VTM results. To facilitate the
reading | would recommend presenting the methods the other way around throughout the paper.



That means; first the more traditional non-transient method, thereafter what changed when you
applied the new one.

Since the focus of the paper is on the transient threshold approach and its novel aspects, the
authors think that the order preferably should not be changed. Additionally, the differences
between the thresholds have been highlighted in Figure 2. The impact of this Figure is first
discussed in Section 3.1 and here clearly the difference between the two thresholds is described.
Since the transient threshold is novel the authors prefer to first discuss the outcome of the new
method and then compare with the more traditional method. This prevents that the reader will
focus too much on the traditional non-transient approach. We hope the reviewer can agree with
this vision on the structure of the manuscript.

- Page 664, line 3-4. “...which seems to be in line with their study.” Here a high drought frequency is
compared with high deficit volumes (extreme low-flows) and it is concluded that the result seem to
agree. This seems to disagree with page 663, line 13-15 where a study by Wanders and Van Lanen
(2013) shows lower drought frequency and increase deficit volume. Please clarify.

On Page 663 line 15-19 we state that there is some disagreement between the previous study of
Wanders and Van Lanen (2013), i.e. in drought frequency, as a result of the use of different GCMs
(Wanders and Van Lanen (2013): the CMIP3 simulation), and the current study (the CMIP5
simulation). Moreover, the results in the study of Wanders and Van Lanen (2013) are averaged
over climate types and not for specific particular geographic regions. Forzieri et al. (2014) focus on
Europe, while Wanders and Van Lanen (2013), focus on the global scale.

- Figure 1. Why is there such a fast drop in the transient threshold for the year 20757 | would expect
it to be smoother if a running mean is used.

The fast drop in 2075 is caused by the fact that there is a series of drought events in a row which is
not counteracted by extremely wet years. When a multi-year drought occurs the climatological
average low flow regime could be significantly affected. On the contrary, a series of extreme wet
years, would results in increase of the thresholds. Additionally, one can see that the threshold
increases when the drought event of 2052 and 2061 are not anymore in the 30-year average. The
normal low flow regime appears, i.e. the threshold increased again.

- Figure 4. The figure shows the area in drought for five major Koeppen-Geigner climatic regions. The
manuscript suggests that the threshold for drought should be transient. To allow a more transparent
comparison between the lines in figure 4 it would therefore be valuable to add a figure-line showing
the changes in area of the Képpen-Geigner climate types under future climate. Alternatively, figure
A1l could be extended. The changes could be derived based on a running mean of temperature and
precipitation.

We agree with the reviewer that if we introduce a transient approach we should also dynamically
adjust the location of the climate types across the globe and accordingly consider it in the Area in
Drought (Figure 5, we trust that the reviewer means this figure with the area in drought). We have
calculated the climate types for each location and made a simulation of the changes in climate
types for the 21* century. An animation of the changes is included in the supplementary material.
Also Figure 4 has been adjusted to give the AID that considers the changing climate types at a



location. Furthermore Figure A2 has been added to show the major climate types in 2099 based on
all RCP scenarios. Furthermore, two extra sections have been added to explain the methodology
(Sections 2.5 and 3.4).

Technical corrections/suggestions
Page 651, line 6: “The 2011 drought in the Horn of Africa caused large famine across the region...”
We followed the reviewer’s suggestion.

Page 651, line 8: “Drought, heat waves and forest fires caused almost 80.000 deaths in Europe”,
under which period, 1998-2009°

These 80.00 deaths are only for the year 2003.

Page 651, line 11: some -> certain

We followed the reviewer’s suggestion.

Page 651, line 18: “precipitation and/or temperature, which also propagate to reduced soil moisture”

We followed the reviewer’s suggestion.

Page 652, line 1: “Furthermore, Forzieri et al. (2014a) only assesses future drought for one continent
(i.e. Europe)”. It should be mentioned that the resolution is higher (ca.25km).

We followed the reviewer’s suggestion.

Page 653, line 1: erase “used in this study”

We followed the reviewer’s suggestion.

Page 658, line 7: “130 years of observed and simulated discharge”

We modified the manuscript to “130 years of simulated river discharge”, since we don’t have 130
year records of observed future discharge.

Page 658, line 13: “significant (p < 0.05) trends were taken...”
We followed the reviewer’s suggestion.
Page 661, line 7-8: do you mean Fig 3-4?

We use Figure 2 to show the trends in low flow regime and Figure 3 to show the trends in transient
threshold drought characteristic. By accident Figure 3 and 4 were swapped, now it should be
correct.

Page 661, line 10: “Precipitation totals for these regions show an increase of 30—100mm-1 year for
the period 1971-2000 compared to 2070-2099...” Unclear, isn’t that a decrease in precipitation?



The periods have been interchanges. We have corrected the manuscript to “Precipitation totals for
these regions show an increase of 30-100mm-1 year for the period 2070-2099 compared to 1971-
2000...".

Page 661, line 10 and 24: use “annual precipitation” rather than mm year-1
We followed the reviewer’s suggestion.

Page 662, line 2: occurs

We followed the reviewer’s suggestion.

Page 662, line 17: remove “slightly”

We followed the reviewer’s suggestion.
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