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Projected increases in magnitude and socioeconomic exposure of
global droughts in 1.5 °C and 2 °C warmer climates
Lei Gu, Jie Chen, Jiabo Yin, Sylvia C. Sullivan, Hui-Min Wang, Shenglian Guo, Liping
Zhang, and Jong-Suk Kim

We thank the anonymous referee for the constructive comments and queries. We have
provided detailed responses to each comment below and will revise the manuscript
accordingly. For clarity, comments are given in italics, and our responses are given in
plain text.
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Legend
Reviewer’s comments
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In this manuscript, the authors used the SPEI and run theory to define drought events,
analyzed the variations of drought severity and duration by joint return period based
on copula function and highlighted changes in exposures of population and GDP to
global drought under three RCP scenarios (corresponding to three SSPs) at 1.5oC and
2oC warming targets. The idea of studying the socioeconomic exposures to global
drought is meaningful for countries concerned to understand and mitigate potential
drought risks in the future. Generally, the manuscript is well organized with clear logic,
before I recommend it for publication, major improvements are still needed.
We appreciate the reviewer’s positive evaluation and professional comments on our
manuscript. Please find our point-by-point responses below.

1. When discussing the increase in the magnitude of global drought, the severity and
duration of drought are both considered using a copula function and the drought is
defined using SPEI< -0.5 and run theory, the methods are all good. As in table 2
indicates, SPEI <-0.5 incorporates three different levels of drought from mild, moderate

to extreme drought. The authors used copula function to consider both the severity and
duration, however, the severity of drought retrieved from the run theory may not reveal
the distribution of different levels of drought? Although authors discussed the threshold
of 0.8 to confirm relevant results, whether the selection of this threshold may further
influence the results of socioeconomic exposures to droughts is worth thinking.
Reply: Thanks for this comment. We agree with the reviewer that the selection of
threshold needs to be further clarified. Please find it as follows:
In the run theory, once the threshold (e.g., -0.5) is determined, drought events with
different severity magnitudes are identified and constitute a sample for the selected time
period. This sample contains different magnitudes in severity and different lengths in
the duration, therefore, characterizes the distribution of different levels of drought
(ranging from the mild, moderate to extreme conditions). In addition, the gamma
distribution is applied to fit the distribution of different magnitudes of drought severity.
To further confirm our results regarding drought risks under different levels of global
warming, the threshold of -0.8 is also utilized, and the results derived from this
threshold are similar to those from -0.5. Since the calculation of socioeconomic
exposures to droughts is based on the variations of 50-year drought risk, similar changes
in the drought risk will lead to analogical socioeconomic exposures. In other words,
under a certain RCP scenario and for a certain warming level, drought risk changes
determine the socio-economic exposures when employing the same dynamic
population (and GDP) pathways. As a reference, we also analyze the socioeconomic
exposures in the case when -0.8 is used as the threshold (Figs. R1-2). Compared with
the results of the -0.5 threshold (Figs. 9-10), the overall characteristics of the drought
exposures are mostly the same.
Furthermore, we also derive changes in drought risks for the 20-year or 100-year
drought events to explore risk variations caused by different extents of drought (Figs.
R3-4). Results shows that although the magnitudes of changes are different, they
present quite similar spatial patterns.
All these points will be added to the Discussion section of the revised manuscript, and
Figs. R3-4 will be added in the supplementary.

Figure R1 National population and GDP fraction exposing to more frequent severe droughts under
the 1.5°C warming level (based on the -0.8 threshold)

Figure R2 National population and GDP fraction exposing to more frequent severe droughts under
the 2.0°C warming level (based on the -0.8 threshold)

Figure R3 Projected changes of 20-, 50-, and 100-year joint return period of droughts under the
1.5°C warming level.

Figure R4 Projected changes of 20-, 50-, and 100-year joint return period of droughts between the
1.5°C and 2.0°C warming level.

2. When calculating SPEI with Penman-Monteith-based PET, the term (0.34u2) in the
equation is finally obtained through the ratio rs/ra and represents the suggested
reference crop surface (assuming a standard plant height of 0.12 m, affixed surface

resistance of 70 sm-1 and an albedo of 0.23). However, considering a distinct vegetation
response to elevated CO2 as simulated in the fully coupled climate models, it is
important to point out that some of the assumptions that underlie the computation of
PET (and thus SPEI) are incorrect (or at least the projected drought is not so severe)
under conditions of changing CO2 concentrations (Greve et al., 2019, ERL; Yang et al.,
2018, NCC; Roderick et al., 2015, WRR).The authors should at least discuss the
potential impacts of the elevated CO2 on their drought risk assessment in Section 4.
Reply: Thanks for this suggestion. Sorry we did not consider the impacts of increasing
CO2 concentrations on PET (and thus SPEI) in our study. This will be discussed as
follows:
When calculating potential evapotranspiration based on the reference crop PenmanMonteith model, surface resistance (rs) is fixed to 70 s/m. However, according to recent
studies (e.g., Roderick et al., 2015; Yang et al., 2018), an elevated [CO2] environment
can drive stomatal closure, increasing stomatal resistance and further increasing rs.
Subsequently, this increasing rs causes the decline in the potential evapotranspiration,
especially across vegetated lands where the photo-synthetic rate is high. From this
perspective, the neglect of increasing rs may overestimate future drying condition and
corresponding drought risk changes to some extent. However, on the other hand, the
increase in total leaf area with [CO2] and growing-season length can cause
countervailing decreases in rs (Greve et al., 2019). Overall, accurate and robust
quantification of rs scaling with [CO2] still needs additionally explicit work and
substantial observed data. Though the impact of rs on the drought assessments deserves
further studies, it is beyond the scope of this study. Therefore, the traditional method is
used in this study to calculate PET.
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3. Given the relative coarseness of the CMIP5 models, I think interpolation of the results
(especially bilinearly interpolated P and PET to a common resolution before
calculating SPEI with them) to 1 degree spatial resolution is not appropriate. A 2 degree
common grid would be better, and would avoid effectively making up data at the much
finer resolution. The authors should at least discuss the impact of interpolation on their

results in the main-text.
Reply: We agree with the reviewer it may be more appropriate to re-grid the GCM
outputs to 2° common grid. However, the spatial resolution of population and GDP used
in this study is 0.5°×0.5°, which have to be upscaled to the same resolution of GCM
outputs. But the 2° grid may be larger than the largest city in the world, thus, it is
inappropriate to reflect the regional population and GDP exposures. Besides, some
national territory areas are small, a finer resolution (e.g., 1°×1°) may be more
appropriate to obtain reliable population and GDP exposure results at the national scale.
The same spatial resolution has been used in other studies (e.g., Schneider et al., 2016;
Li et al., 2018; Yang et al., 2019).
Nevertheless, in order to validate the rationality of interpolation to 1° spatial resolution,
we also re-gridded the data to 2° grid and further re-conducted our studies (Figs. R5-6).
Overall, there are only slight differences between the results of 1° and 2° resolution,
confirming the robustness of our results.
All these clarifications will be presented in the revised manuscript.
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Figure R5 Projected changes in the mean and standard deviation of SPEI under the 1.5°C (a) and
between the 1.5°C and 2.0°C (b) warming target at 2° spatial resolution

Figure R6 Projected changes in drought duration and severity under the 1.5°C (a) and between the
1.5°C and 2.0°C (b) warming target at 2° spatial resolution

Some specific parts need further clarification.
1. During the investigation regarding the exposures of population and GDP to droughts
under three RCP scenarios at two warming levels, for example, under the RCP8.5
scenario (SSP5), the specific time when future warming reaches 1.5oC or 2oC under
RCP 8.5 can be different (from Fig 1), population and GDP can also possibly differ in
two climates. From Line 17-Line 25 (Page 11), did the author suggest that the dynamic
of population and GDP under RCP 8.5 at two warming climates was also considered
using the multi-year average? If so, in section 3.4 about population and GDP exposure
from increasing drought risks, it was concluded that a large percentage of population
and GDP will be exposed to increasing drought risk. The drought risk has been
increasing with warming climate, let’s say if population and GDP have been increasing
with time, then which one contributes to the increasing exposures, the increasing
population or the increasing drought risks, I think this is a key question that authors
should clarify when assessing the socioeconomic exposure.
Reply: Thanks for this comment and sorry for the confusion of methodology of
exposure analysis. We think the use of population and GDP corresponding to warming
level periods instead of a single year (i.e. 2005 or 2100) which have been used by some
earlier studies (e.g., Peters, 2016; Park et al., 2018; Liu et al. 2018a) may be more
appropriate. The dynamic characteristics are considered as differences in population
(and GDP) between the fixed 30-year 1.5°C and 2.0°C warming periods, and can be
reflected by the multi-year average during warming climates to some extent (Table R1).
In this way, variations in population (and GDP) and variations in drought risks can both
lead to drought exposures changes. To further analyze their respective contributions,
we rephrase the details as follows:
At the 1.5℃ warming climate, there are around 88% of global landmasses being
exposed to increasing drought risks, which correspond to 1386.9 million population
(and 33311.1 billion USD) according to the average of the three RCPs from a global
perspective. At the 2.0℃ warming level, though there are still 88% of the global land
areas being exposed to increasing drought risks, the affected population (and GDP) will
soar to 1538.2 million (and 72852.2 billion USD). In this light, the increase in
population (and GDP) contributes to the increasing exposures. Therefore, it is more
appropriate to incorporate the dynamic population (and GDP) into exposure calculating
processes.
When further investigating the affected population (and GDP) between the two
warming climates, the role of drought risk changes should also pay attention.
Specifically, though the percentage of landmasses with increasing drought risks stay
unchanged for both the 1.5℃ and 2.0℃ warming climates (both approximately 88%),

the magnitudes of risk changes are different. For instance, drought risks will double
across around 58% of the global landmasses at the 1.5℃ warming level, while the same
drought risks will occur over 67% of the global landmasses at the 2.0℃ warming level.
Those differences in the magnitudes of drought risk changes can definitely bring about
divergent impacts to local population and economy.
All related information will be clarified in the revised manuscript.
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Table R1 Global population and GDP at the 1.5℃ and 2.0℃ warming climates
RCP2.6

RCP4.5

RCP8.5

1.5°C-population (million)

1516.9

1553.5

1510.8

2.0°C-population (million)

1666.7

1731.2

1603.1

1.5°C-GDP (billion USD)

35875.0

34244.0

35668.5

2.0°C-GDP (billion USD)

116991.1

56271.6

58916.2

2. Page 11, Line 13-16, how is the ratio of the recalculated recurrence frequency
calculated and why a less than 1.0 ratio suggests worrisome drought condition. Need
further clarification.
Reply: Sorry for the confusion. The ratio of the re-calculated recurrence frequency is
based on the joint probability distribution functions. Taking the 50-year drought events
as an example, we first determine the magnitudes (duration and severity) of the 50-year
drought events in the historical period. Then we input the determined magnitudes of the
50-year drought events into the future joint distribution functions, recalculate the joint
recurrence frequencies and convert them into new return period at the 1.5℃ and 2.0℃
warming climates. The ratio is then calculated by dividing the new return period in the
2.0℃ warming future by the new return period in the 1.5℃ warming. A ratio less than
1.0 suggests that the new return period in 2.0℃ warming climates further reduces
compared to that in 1.5℃ warming level, which means that reference drought events
are more common under the 0.5℃ warming impacts.
In detail, if the recurrence frequency of the 50-year event increases at the 1.5℃
warming climate, the joint return period will decrease (e.g., become 30-year event); if
the recurrence frequency of the 50-year event increases at even larger magnitudes at the

2.0℃ warming climate, the joint return period will further decrease (e.g., become 20year event). The ratio is then calculated by dividing the re-calculated joint return period
in the 2.0℃ warming level by that in the 1.5℃ warming level (i.e., 20/30). Since
drought events will become more frequent with additional 0.5℃ warming, it implies
worrisome conditions.
All the information above will be clarified in the revised manuscript (Section 2.5).
3. Page 12 section 3.1 projected changes in dryness, the author used SPEI and the run
theory to define drought event, and the title of the manuscript is about the global
drought, why would authors use SPEI to explain the dryness instead of using the defined
event to study the changes in global drought for consistency.
Reply: Thanks for this comment.
It should be noted that drought variations are different from the dryness condition under
climate warming. Specifically, drought events are defined as abnormally dry conditions
but cannot be used directly to explain the dryness. In other words, the projected dryness
can lead to deteriorated drought conditions characterized by more frequent, longer, and
more severe events, but not the other way around. Therefore, before performing drought
evaluation under the rising temperature, there is a need to assess the projected climate
dryness by using the drought index (i.e., SPEI). Consequently, we designed the
projected changes in dryness in section 3.1 using SPEI and analyzed subsequent
drought events changes in section 3.2. This framework is also consistent with previous
studies (Ayantobo et al., 2017; Lehner et al., 2017). Following this procedure, the
projected climatic water budget as well as the subsequent drought changes can be
considered as a consequence of global warming.
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4. Page 15 Line 28-29, whether the fraction of drought-affected population (or GDP)
divided by total population (or GDP) can be a fairer and more impartial assessment is
really hard to say given the fact that this method seems to cover up some most droughtaffected countries, like the United States and China.
Reply: Sorry for the confusion of the presentation. Instead of using the absolute value
of population (and GDP) to assess the nation-wide drought exposures, we apply the

nation-wide population (and GDP) fraction. That is, for a country (e.g., the United
States), the fraction of drought-affected population (and GDP) divided by the total
population (and GDP) of this country is employed as the indicator. Therefore, the most
drought-affected countries are presented by high fractions. Moreover, the utilization of
the fraction rather than the absolute value of nation-wide population (and GDP) can
avoid covering up badly drought-affected countries where the national population (or
GDP) are small (or low) regarding the world level.

5. Generally, in the discussion of either the magnitude of drought or the socioeconomic
exposures of droughts, the differences between two warming targets are highlighted,
however, the differences among three RCP scenarios are barely discussed in the
manuscript. It makes me doubt the reason and necessity of using three RCP scenarios
since they present almost similar variations under two warming targets. This issue
might be even obvious in Fig 9 and 10, for example, in Fig 9, under RCP 4.5, population
and GDP suggest 100% exposure to drought in Australia, which drops to 90% under
RCP 8.5. Possible reasons and texts are needed here.
Reply: Thanks for this suggestion. We give a rough discussion regarding the RCP
uncertainty in Section 4 (Page 21, Lines 1-10). Though the three RCP scenarios present
to some extent similar variations in terms of projected dryness patterns, there are still
discernable differences in the projected drought risks and drought-affected exposures,
especially when the warming increasing from the 1.5℃ to the 2.0℃ warming level (Fig.
8). Moreover, these differences will become more evident at the national scale (e.g.,
Figs S3-4). This will be explained as follows:
It is well-known that the warming trajectories are dependent on RCP scenarios. In other
words, different RCP scenarios correspond to various temperature levels for the fixed
time period. However, this study fixed the warming level. It can be expected that the
differences among RCP scenarios are largely reduced. Nevertheless, the complex
circulation system can still result in some differences in hydro-meteorological variables
(e.g., precipitation, wind speed and relative humidity) among RCP scenarios, even at
the same warming level, because they are not linearly related to the warming
temperature. Since drought conditions are evaluated by using multiple hydrometeorological variables, those differences at the same warming level can lead to
variations in drought evolutions. Comparing to the middle and low emission pathway
scenarios (RCP2.6 and RCP4.5), the high emission pathway scenario (RCP8.5) usually
reaches the warming level at earlier time periods during which the greenhouse gas
concentrations are relatively low. In this light, the projected drought conditions and
drought-affected population (and GDP) can even be slightly less severe under RCP8.5,

in contrast to situations under RCP 4.5 or RCP2.6. Therefore, it is not a surprise that
under RCP 4.5, population (and GDP) suggest 100% exposure to drought in Australia,
while it is smaller (99.8%) under RCP 8.5. This issue will be discussed in the revised
manuscript.

6. Not sure whether section 3.5 is necessary since similar conclusions have been
achieved in Fig 7 and 8, and these typical countries can just be used for further
explanations in section 3.3. Besides, additional explanations for Fig 7g and Fig 8g are
very necessary.
Reply: Thanks for the comment. Section 3.3 presented the global drought risk changes
at grid scales; while we find for assessment at the national scale, spatially aggregating
mean changes are more helpful than per-grid cell changes to indicate the risk of a
particular land fraction being impacted by climate change (Fischer et al., 2013).
Therefore, we investigated more thoroughly the drought-affected land fractions (Figs.
11-12) by using a binning method (Page 16, Lines 26-29) to present spatiallyaggregated mean changes for eight drought-prone countries in Section 3.5. Besides,
section 3.5 calculated population (and GDP) exposing to increasing drought risks at
different levels (e.g., <5, 5-10, 10-20, etc.) (Figs. S3-4), which can provide more
systematic exposure information than those in section 3.4 which only counts population
(and GDP) exposing to increasing drought risks as a whole.
In addition, with regards to Figs 7g-8g, they actually present the world land fraction
subject to drought risk changes of different magnitudes under three RCPs. Specifically,
for an individual climate model output, we calculate the land fraction using the ratio of
grid counts located at certain extent (e.g., <5) divided by the world land grid counts
(excluding Antarctic). Each box in Figs 7g-8g is stemmed from the 13 climate models
results and the circle in each box represents the multi-model ensemble median results.
According to Fig. 7g, around 88% of global landmasses (presented by smaller than 50year return period) will be subject to more frequent reference droughts. In terms of Fig.
8g, more frequent droughts (indicated by less than 1 ratio) will occur over 71% of
continental areas in 2.0℃ warming level compared to 1.5℃ warming. This point will
be added in Section 3.3 of the revised manuscript.

Minor suggestions.
1. Citation of Fig. 3 somewhere between lines 21 and 22 in Page 12.
Reply: Thanks. This will be added in the revised manuscript.

2. Writing in the manuscript should be more concise in the data and method section,
e.g. Page 6 line 7, use surface maximum, mean, minimum air temperature to avoid
repeat.
Reply: Thanks and this will be revised in the revised manuscript.

3. Table 2, extreme drought instead of extremely drought
Reply: Thanks. This will be revised.

