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"Analyzing the informative value of alternative hazard indicators for monitoring drought risk for human water
supply and river ecosystems at the global scale" by Claudia Herbert and Petra Doll

Response to Anonymous Referee #3

We thank you very much for your thorough review and constructive suggestions for improving the manuscript. Below,
each comment (in italics, indicated by “RC”) is followed by our answer (normal font, indicated by “AC”). Changes in
the manuscript are written in bold. We first respond to the comments in the main document and second to the com-
ments in the supplement.

1) Response to comments in the main document

RC: This study proposes a new classification of streamflow drought hazard indicators (SDHI) to guide researchers or
practitioners in selecting an appropriate indicator(s) for their objective(s). In order to demonstrate the importance of
the proper selection of SDHIs in a drought assessment, the authors compared eleven SDHIs, including three new indi-
cators, and quantified their similarities and discrepancies. Because human society and ecosystems adapt to a local
streamflow regime, this study underscores their habituation implicitly assumed in each SDHI. This includes how one
can define a normal condition and a condition under a lack of water. In this context, the results show that drought
severity, i.e., accumulated drought magnitude, rather than mere magnitude at a time step, may need to be evaluated
to investigate prolonged drought events. The dry season in the arid region, which is not suitable for a conventional
threshold method, and the water deficit in comparison to water demand are also paid particular attention in this
study. Classifying SDHIs and organizing their features, as a result, the authors stress that one needs to select an ap-
propriate SDHI(s) in view of their assumption(s) and operational drought early warning systems need to cover a wide
range of DHlIs to support a widespread users’

demand.

The paper provides several important insights regarding SDHIs. Because a better understanding of the application and
interpretation of DHIs is a crucial challenge, the results are valuable for the drought research community and practi-
tioners. However, | have some major concerns that the authors need to address during this discussion phase.

AC: Thank you very much for the positive feedback.

Structure of the manuscript

RC: | assume the authors have a certain intention, but | would say that the current structure of the manuscript is not so
reasonable to me. Due to the structure, it was difficult for me to read the manuscript and grasp this study's point and
novelty. Therefore, the author needs to reconsider the design of the storyline. The followings are my suggestions:

| recommend the authors move Section 3.1 to Method (or partly, Introduction) because this section describes (i) de-
batable points, difficulties, or caveats in selecting/applying SDHIs, (ii) characteristics of each SDHI that serve as prem-
ises for subsequent analysis/discussion, and (iii) the definitions of key terms (e.g., magnitude/severity,
conceptual/operational, etc.). Moreover, this section includes relatively general contents, some of which were men-
tioned in the Introduction, and refers to many preceding studies. Probably, the authors aim to present the classifica-
tion as a new result, but | would say that it should be reasonable to present the classification as a new classification
“method” in Chapter2 and demonstrate the needs and validity of the classification in the Result Chapter.

AC: We think that the proposed systematic approach for selecting SDHIs is a novel methodological approach
and can stand alone as a result. While it is build on existing knowledge (indicator definitions, advantages, dis-
advantages), it incorporates new perspectives on hazard indicators with respect to habituation and allows for
a consistent definition and classification of indicators that it currently missing in the literature. We agree,
however, that the structure can be improved and changed the structure of the results and discussion section
(see answer to the next referee comment). In order to clarify the study’s point and novelty, we added several



sentences and paragraphs in different chapters (see below) highlighting research gaps as well as the study’s
objectives.

AC: In the introduction, we deleted paragraphs and sentences that anticipated aspects of the proposed new
classification system (e.g., lines 92-118) as well as repetitive and too detailed sentences (e.g., lines 141-147).
Overall, we shortened the introduction by one page.

AC: In the introduction, we added to following sentence (in bold) to highlight the research gap with respect
to drought hazard concepts:

[Clearly, the conception or selection of hazard indicators needs to take into account the habituation and thus
vulnerability of the system at risk.] However, investigations and guidance on how to select the optimal
SDHI, considering both the targeted risk and the habituation of the system at risk to the streamflow re-
gime, are missing.

AC: In the introduction, we added to following sentence to highlight the research gap with respect to a haz-
ard indicator classification:

Certainly, an improved classification of drought hazard indicators would facilitate a better understanding
of drought characteristics and provide guidance in selecting appropriate drought hazard indicators.

RC: In conjunction with the previous comment, | would recommend the authors modify the structure of Chapter4 and
rename Chapters 3 and 4 as Results and Discussion. This is because the paragraphs in P. 37 and 38 in Chapter4 give a
good summary of the results. Although the authors describe the essence of a comparison at the end of each compari-
son in Chapter 3, these key lines are fragmented in the Chapter. Thus, the summary and interpretation of the results fit
the best right after Chapter3 (= at the beginning of Chapterd4) with Table 3. | would title the summary section “system-
atic approach for selecting streamflow drought hazard indicators”, and the Recommendation could be section 4.2.

AC: The “Results and Discussion” (old Sect. 3) are now divided into Sect. 3 and 4, with Sect. 3 focused on the
proposed systematic approach for selecting streamflow drought hazard indicators (SDHIs) and Sect. 4 com-
prising the global-scale assessment (see structure below). Some of the titles were renamed to better reflect
the objectives of the sections. We think that it is not possible to strictly separate results and discussion in this
manuscript as it is primarily a methodological study where the discussion of methods is part of the result.
However, with the new structure and the new introductory paragraphs in each section (see below), we think
that the storyline is improved and the objectives are clarified. We would like to leave the recommendations
(new Sect. 5) as a summary of the systematic approach and the global-scale assessment after the new Sect.
4, followed by the conclusions in the new Sect. 6.

3 Proposed systematic approach for selecting and computing SDHIs (old Sect. 3.1)
3.1 Assumptions about habituation inherent in drought hazard indicators (old Sect. 3.1.1)
3.2 Levels of drought characterization (old Sect. 3.1.2)
3.3 lllustration of habituation-based classification approach (old Sect. 3.2, new title)

4 Quantification of global streamflow drought hazard by a global hydrological model (old Sect. 3.3, new ti-
tle)

4.1 Model validation (old Sect. 3.4)
4.2 Discrepancies in drought hazard as quantified by different SDHIs (old Sect. 3.3, new title)

4.2.1 Drought magnitude (level 1) (old Sect. 3.3.1)



4.2.2 Drought severity (level 2) (old Sect. 3.3.2)
4.2.3 Drought severity expressed as frequency of non-exceedance (level 2) (old Sect. 3.3.3)
4.2.4 Relation between the various SDHIs (old Sect. 3.3.4)

4.2.5 Suitability of SPIn to quantifiy streamflow drought hazard (old Sect. 3.5, new title)

AC: We added the following paragraph at the beginning of the new Sect. 3 to clarify the objectives and the
structure:

Wilhite und Glantz (1985) suggested distinguishing between a conceptual and an operational drought defi-
nition, with the former referring to the general qualitative concept of drought and the latter allowing for a
quantitative drought characterization including onset, severity, termination, and spatial extent. In the fol-
lowing Sect. 3.1, aspects that relate to the conceptual drought definition are discussed comprising the de-
scription of the targeted drought risk and the system at risk. In particular, assumptions about the habitua-
tion of the system at risk to the streamflow regime are discussed, an aspect that is currently not taken into
account or not made explicit in drought hazard studies. In order to translate these conceptual definitions
into operational drought hazard indicators, a new classification system for hazard indicators is proposed in
Sect. 3.2. The new systematic approach is illustrated in Sect. 3.3 for selected SDHIs using streamflow ob-
servations at two gauging stations with different streamflow regimes.

AC: We added the following paragraph at the beginning of the new Sect. 4 to clarify the objectives and the
structure:

The objective of this chapter is to identify which of the SDHIs presented in Table 1 can be meaningfully
quantified at the global scale using WaterGAP 2.2d and which SDHIs are appropriate for monitoring differ-
ent drought risks in large-scale DEWS. After a limited validation of modeled streamflow (Sect. 4.1), SDHIs
of drought magnitude and severity are compared separately (Sect. 4.2.1-4.2.3) following the classification
system presented in Fig. 1. The SDHIs are shown in global maps for a selected month (March 2002), as it is
important to understand the relation between indicators at a certain point in time, especially for the appli-
cation in DEWS, which are focussed on the current situation or the near future. As patterns of indicators
depend on characteristic of the streamflow regime and water use that are temporally constant over the
reference period, the reasons for similarities and differences between indicators can be deducted in any
month of the reference period. March 2002 was selected as it was among the months with the highest dif-
ference between CQDI-Q80 and CQDI-Q80-HS. In addition to the analysis for the selected time step, the
latter two indicators are compared at the global scale with respect to drought occurrence during the whole
reference period. Discrepancies and similarities of the indicators are discussed in more detail for two illus-
trative grid cells with the same CQDI-Q80 value in March 2002 (Sect. 4.2.4). Finally, the suitability of SPI
with different averaging periods to estimate streamflow drought hazard is assessed using streamflow ob-
servations from 218 GRDC gauging stations (Sect. 4.2.5). Based on this global-scale analysis and the pro-
posed habituation-based classification approach, selected SDHIs are recommended for implementation in
large-scale DEWS (Sect. 5).

RC: The position of the description in Model validation is not reasonable (section 3.4) #1; the 1st paragraph of the
section has to be in section 2.1 because these are not results of this study and are justifications for the use of Wa-
terGAP.

AC: We moved the first paragraph to the end of section 2.1. Furthermore, we inserted an introductory sen-
tence to this paragraph followed by an additional, recently published study:

In several model intercomparison studies, WaterGAP was often among the best performing global hydro-
logical models (GHMs). Kumar et al. (2022) assessed the ability of nine catchment-scale models and eight
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GHMs to simulate hydrological droughts in eight large catchments around the world. Comparing simulated
and observed streamflow deficits and SSI1 (SRI) (their Tables 2 and 3), WaterGAP is among the two to
three best performing GHMs with performance indicators (R? and Nash-Sutcliffe efficiency) comparable to
those of the catchment-scale models.

RC: The position of the description in Model validation is not reasonable (section 3.4) #2; the validation results (the
2nd paragraph of section 3.4) have to be presented before the model-based analyses (i.e., section 3.3).

AC: We moved this paragraph before the model-based analyses (new Sect. 4.1, see above).

Model validation

RC: | require the authors to present a more description on the model validation concerning stream drought reproduci-
bility. Currently, no figure has been presented for section 3.4. Also, | expect an additional analysis to evaluate how well
the simulated stream flow data reproduce hydrological drought events detected by the observation data. | would say
that, at least, the comparison of observation- and simulation-based drought detections at the selected two gauge
stations should be presented similarly to Figure 2.

AC: In the model validation (new Sect. 4.1), we added the new Fig. 3 below for a more detailed analysis of
Q80. Furthermore, we added the paragraph below Fig. 3 describing the results of another recent WaterGAP
2.2d model validation performed by us comprising 183 gauging stations. Hence, the model validation is now
focused on Q80 and a SDHI (SSI3), which are both relevant for the subsequent global-scale analysis of SDHIs.
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Figure 3: Percent deviations of simulated Q80 per calendar month from Q80 based on GRDC observations using

the reference period 1986-2015.

In a recent study, WaterGAP 2.2d model output was validated against GRDC data by comparing SSI3 based
on simulated and observed monthly streamflow (SS13(sim) and SSI3(obs)) during 1971-2000 at 183 globally
distributed GRDC stations (Wan et al. 2021). Applying drought hazard classes for SSI according to Agnew
(2000), the agreement between simulated and observed hazard classes in each month was analyzed.
Among all stations, the agreement ranged between 29 to 88% of all 360 months (their Fig. S4 and Table
S3). At 68% of all stations (covering 83% of the assessed basin area), SSI13(sim) and SSI3(obs) resulted in the
same drought hazard class in 70 to 88% of the time. Moreover, the goodness-of-fit was evaluated based on
the Nash-Sutcliffe efficiency (NSE) for monthly streamflow and SSI3 (their Fig. S3). With a median NSE of
0.5 and an interquartile range of 0.2-0.7 for SSI3 and 0.14-0.7 for streamflow, WaterGAP 2.2d model out-
put showed a moderate agreement with the observations. Both NSEs exceeded 0.7 at 25 out of the 183
stations, which are located in Central and Eastern Europe (twelve stations), the United States (ten sta-
tions), and South Africa (one station).



The selected two gauge stations

RC: The basin names and their characteristics (lines 507-510, lines 516-517) should be described right after the first
sentence of section 3.2 in order to explain the phrase “at two GRDC gauge stations with different streamflow re-
gimes”.

AC: We implemented the suggestion.

March 2002

RC: | am curious about why March 2002 was selected as an example in this manuscript. An additional short line is
expected in this regard. The authors need to discuss the generality of the results in Section3.3 for March 2002, alt-
hough I assume that similarities and discrepancies among SDHIs are similar for other months and years too.

AC: With respect to the selected month March 2002, we added the following sentences at the beginning of
the new Sect. 4:

The SDHIs are shown in global maps for a selected month (March 2002), as it is important to understand
the relation between indicators at a certain point in time, especially for the application in DEWS, which are
focused on the current situation or the near future. As patterns of indicators depend on characteristic of
the streamflow regime and water use that are temporally constant over the reference period, the reasons
for similarities and differences between indicators can be deducted in any month of the reference period.
March 2002 was selected as it was among the months with the highest difference between CQDI-Q80 and
CQDI-Q80-HS.

Other

RC: The writing often lacks sharpness. It includes many restated phrases (for example, 21 “i.e.” in total) and repetition
(e.g., the authors repeatedly stress that severity is accumulated value.). This manuscript can be more concise to deliver
the authors’ messages to readers.

AC: We deleted and shortened repetitive or too detailed paragraphs throughout the text and used more con-
cise language. We shortened the introduction by one page and the conclusion section by almost one page.
Severity is now explained in the beginning and in figure captions only. “i.e.” is left six times in the text.

2) Response to comments in the supplement

AC: All minor comments and suggestions in the supplement were implemented to the letter. These include
the comments in lines 17, 78, 141, 158, 280, 368, 370, 434, 440, 441, 460, 461, 463, 494, 501, and 654. All
other comments and suggestions are addressed in the following.

RC (line 15): The authors intentionally distinguish deficit and anomaly throughout the text. Is anomaly not included
here? There seems to be some similar inconsistency regarding deficit/anomaly in the manuscript.

AC: We admit that it is difficult to strictly distinguish anomaly and deficit. Like in other studies, we also use
the term “deficit” for the volume-based anomaly below a certain threshold (CQDI indicators). Setting a
threshold implies that the volume below this threshold is perceived as a deficit by the risk bearer, although
this event can occur in a month without any human water demand. Regarding the comment in the abstract,
we replaced “water deficit” by “e.g., water anomaly” [during a pre-defined period].

RC (line 128): If van Huijgevoort et al. 2012 is important, CDPM needs to be explained more.

AC: The CDPM method in van Huijgevoort et al. (2012) is certainly valuable and sophisticated. However, for
large-scale DEWS requiring transparent indicators, we concluded that the method is too complex and partly
5



not intuitive (see lines 131-133). As we do not use the concept and given the length of the manuscript, we
feel that our description of the method is sufficient.

RC (line 202): It should be good to briefly explain why this test is necessary in this fitting.

AC: We changed the text as follows:

The goodness-of-fit between simulated streamflow values and the probability distribution was assessed
based on the one-sample Kolmogorov—Smirnov test (KS test) at the 0.05 significance level.

RC (line 206): CQDI seems to be correct if its full name is cumulative streamflow deficit indicator.

AC: We implemented the suggestion. To be consistent, we also change RDQI to RQDI.

RC (line 221): A reference is required.

AC: Spinoni et al. (2019) who also used the 2 months criterion that we applied wrote “With the two months
criterion we excluded the very short droughts (one month only), which are rarely impacting (differently than
flash floods) and could outstandingly increase the number of events of low importance in the database.”.
Therefore, we added as reference to the sentence:

This approach avoids that short-term streamflow deficits that hardly pose a drought hazard to humans and
other biota are defined as drought events (Spinoni et al., 2019).

RC (line 232): It this the right position for this sentence?

AC: We deleted the sentence.

RC (line 341-347): It is unclear why the authors mention the first and the third sentences here, while the second sen-
tence seems to be relevant to Q50 indicators.

AC: We agree with the reviewer that the third sentence (starting with “To quantify risk, ...”) is superfluous
and rather distracting as the whole section is about drought hazard indicators that take into account habitua-
tion of people and ecosystems, and not about drought risk. Therefore, we deleted the third sentence. Re-
garding the discussion of indicating drought hazard with relative deviations from mean conditions as com-
pared to the rarity of a drought condition (as people in particular in the dry regions of the globe might not be
adapted to the high interannual variability there but rather to mean conditions), we decided to shorten and
rewrite the text starting in line 335 to make it more easily understood, more general and more concise:

Old: Kumar et al. (2009) compared percent precipitation deviations and SPI in two districts in India with high
and low precipitation. Based on a 39-year record of observed monthly precipitation they showed that during
the monsoon months where precipitation is decisive for crop production, much higher percent precipitation
deviations occurred in the low precipitation district than in the high precipitation district, e.g-70% and -30%,
respectively, in case of SPI = -1. They found that due to the need to fit a function to the actual precipitation
data to determine SPI and thus probability of occurrence, a year with a lower precipitation might be indicat-
ed by the SPI as being less dry than a year with a relatively higher precipitation. Consequently, severe
drought may be underestimated with SPI in particular in the low precipitation district due to non-normality
of the distribution for extremely low precipitation values. More importantly, considering the risk for rainfed
crop production, yield loss is more closely related to percent of normal precipitation than to the rarity of the

low precipitation event, as crop yield depends on actual evapotranspiration in percent of PET, which de-
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creases with precipitation (Siebert and Déll, 2010). Yield loss due to 30% less precipitation than normal can
be expected to be much smaller than yield loss due to 70% less, such that percent deviation from the mean
can be a good hazard indicator for assessing drought risk for rainfed crop production in these two districts.

New: Kumar et al. (2009) compared percent precipitation deviations and SPI in two districts in India, one in
a humid region with high mean precipitation and low interannual variability and the other in a semi-arid
region with low mean precipitation and higher interannual variability. Based on a 39-year record of ob-
served monthly precipitation they showed that much higher percent deviations occurred, in the case of SPI
=-1, in the low precipitation district than in the high precipitation district, e.g., -70% and -30%, respective-
ly. Consequently, drought hazard may be underestimated with SPI in the low precipitation district. For ex-
ample, yield loss is more closely related to percent of normal precipitation than to the rarity of the low
precipitation event, as crop yield depends on actual evapotranspiration in percent of PET, which decreases
with precipitation (Siebert and Déll, 2010).

RC (line 351): longer

AC: The whole sentence was rephrased:

Similar to the example above from Kumar et al. (2009), the 20th streamflow percentile (or SSI1 = -0.84)
would correspond to a low relative streamflow deviation (e.g. -20%) in a humid region (low interannual
variability) compared to a higher deviation (e.g. -50%) in a semi-arid region (high interannual variability).

RC (line 359): A reference is required.

AC: We think that the statement “Contrastingly, river ecosystems are, in the ideal case, perfectly adjusted to
interannual variability of streamflow” is of general nature and does not require a reference.

RC (line 390): / am afraid | could not understand this sentence. Would you explain more with any references?

AC: We changed the sequence of the sentences and added one sentence (underlined below). A reference
does not exist, since this statement is a result from our methodological analysis. The paragraph now reads:

Obviously, if SPI12 and SPEI12 are used to assess meteorological drought hazard, people and ecosystems
are assumed to be habituated to the interannual variability, but not the seasonality, of P and P-PET. How-
ever, when they are used as proxies to identify streamflow drought hazard, they should ideally correspond
to the temporal development of SSI1. Their performance would be assessed by comparing the goodness-

of-fit between time series of SPI112 or SPEI12 with SSI1. In this case, assumptions about the habituation in-

herent in SPI12 and SPEI12 refer to the streamflow regime and not to time series of P and P-PET. Accord-
ingly, SP112 and SPEI12 fall into the same category as SSI1 in Table 1 (interannual variability and seasonali-
ty). The suitability of different averaging periods for SPI for describing streamflow drought hazard is dis-
cussed in Sect. 4.2.5.

RC (line 440): What is QDAI?

AC: We added “the streamflow deficit anomaly indicator” as explanation.

RC (line 448): Because of the section title, a schematic that includes systematic selection processes may be expected
by readers in this section.

AC: We replaced “schematic” by “classification system”.



RC (line 468): The similar is already explained in section 2.2.3 so that this seems to be redundant

AC: Most of the paragraph was deleted (lines 463-473).

RC (line 478): (end of the sentence is marked by the referee)

AC: The sentence was shortened and now reads: “Furthermore, the classification system clarifies that each
indicator type requires a threshold setting either at level 1 or 2.”

RC (line 512): what is w/o?

AC: “w/0” was replaced by “without” in the text and in Fig. 2.

RC (line 514): Is this sentence necessary? If so, this should be explained in the previous sentence.

AC: The marked sentence was deleted.

RC (line 551): Would you elaborate the process behind?

AC: To keep the description concise, we only inserted one sentence regarding drought propagation and re-
phrased the end of the paragraph. The text section now reads:

The correspondence between the meteorological indicators SP112 and SPEI12 (Fig. 2c) and the hydrological
indicators (SSI1 or EP1 and CQDI1-Q80 variants) is low at both stations. For most streamflow drought events,
the averaging period of 12 months for the meteorological variables leads to excessive delays in the signal.
Many short drought signals are not detected at all. Performance of SPI12 and SPEI12 is equally low at both
stations. Hence, drought propagation through the hydrological cycle is faster than estimated by SPI12 and
SPEI12. This is also supported by the sensitivity analysis of SPI averaging periods in Sect. 4.2.5. At both sta-
tions in Fig. 2, an averaging period of 3 months resulted in the highest correlation between SPI and ob-
served SSI1.

RC (line 580-584): This section is about the case study about the two gauge stations. | would say that this sentence
does not fit this section.

AC: With the new title of this section (lllustration of habituation-based classification approach), we clar-
ify that the two examples are also used to gain general knowledge about the suitability of indicators. There-
fore, we feel that this section can remain in the text in order to put the results in a wider context.

RC (line 597): This restatement seems redundant.

AC: The statement was deleted.

RC (line 632): This sentence seems inconsistent with L.551.

AC: The sentence was changed to: “SP112 and SPEI12 (Figs. 3c and e) are sometimes used as proxies [...]"”.



RC (line 707): The authors mention to QDAI several times within this manuscript. Why this indicator is not included in
this analysis?

AC: QDAI was computed with the same WaterGAP model version 2.2d in a recent study from 2021, and it has
been analyzed at the global scale. In contrast, the drought hazard indicators in the present study have not
been computed with WaterGAP at the global scale. Hence, QDAI was not included to avoid redundancy with
the study of Popat and Doll (2021).

RC (line 731): This is not explained in the text.

AC: After the first sentence of this section, we added “The indicators are denoted with the suffix “f” for fre-
quency.”

RC (line 1019-1022): These two sentences look inconsistent.

AC: We deleted the whole paragraph and added a summary of the model validation:

A limited validation exercise revealed a tendency of WaterGAP 2.2d to overestimate observed Q80 be-
tween October and April, while Q80 during the low-flow period in the Northern Hemisphere (May to Sep-
tember) is better captured. In a recent study comparing simulated and observed monthly streamflow and
SSI3 at 183 stations worldwide, WaterGAP 2.2d model output showed a moderate agreement with obser-
vations. However, high agreement was identified at 25 stations in Central and Eastern Europe, the United
States, and South Africa. Moreover, the current study showed that SSI1 based on modeled streamflow of-
ten outperformed SPI with different averaging periods. However, this strongly depends on the goodness-
of-fit after streamflow calibration. In uncalibrated basins, meteorological drought indicators should be
used complementarily as proxies for hydrological drought hazard due to the uncertainty of modeled
streamflow.
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