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Abstract
Future flood and drought risks have been predicted to transition from moderate to high levels at
global warmings of 1.5 ◦C and 2.0 ◦C above pre-industrial levels, respectively. However, these
results were obtained by approximating the equilibrium climate using transient simulations with
steadily warming. This approach was recently criticised due to the warmer global land temperature
and higher mean precipitation intensities of the transient climate in comparison with the
equilibrium climate. Therefore, it is unclear whether floods and droughts projected under a
transient climate can be systematically substituted for those occurring in an equilibrated climate.
Here, by employing a large ensemble of global hydrological models (HMs) forced by global climate
models, we assess the validity of estimating flood and drought characteristics under equilibrium
climates from transient simulations. Differences in flood characteristics under transient and
equilibrium climates could be largely ascribed to natural variability, indicating that the floods
derived from a transient climate reasonably approximate the floods expected in an equally warm,
equilibrated climate. By contrast, significant differences in drought intensity between transient and
equilibrium climates were detected over a larger global land area than expected from natural
variability. Despite the large differences among HMs in representing the low streamflow regime, we
found that the drought intensities occurring under a transient climate may not validly represent the
intensities in an equally warm equilibrated climate for approximately 6.7% of the global land area.

1. Introduction

Human activities and the associated greenhouse gas
emissions have already caused an increase in global
mean temperature (GMT) of ∼1.0 ◦C (0.8 ◦C–
1.2 ◦C) relative to the pre-industrial era. Further-
more, the GMT is projected to increase by 1.5 ◦C rel-
ative to pre-industrial levels between 2030 and 2052

(Masson-Delmotte et al 2018). The special report
Global Warming of 1.5 ◦C (Masson-Delmotte et al
2018) produced by the Intergovernmental Panel on
Climate Change (IPCC) suggests that higher levels of
GMT are associated with higher impacts on organ-
isms, ecosystems, and human societies (Seneviratne
et al 2018, Shindell et al 2018). Likewise, future risks
from floods and droughts are anticipated to transition
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Figure 1. GMT for the future and pre-industrial climates. Shown is the evolution of the GMT of three GCMs through the
transient and quasi-equilibrium climates for RCP2.6. The thin lines represent annual values, and the thick lines indicate the
30 year average value.

from moderate to high at a level between +1.5 ◦C
and+2.0 ◦C above pre-industrial levels (Roudier et al
2016, Gosling et al 2017, King et al 2017, Mohammed
et al 2017, Thober et al 2018, Lange et al 2020).

The climate scenarios used in the previous stud-
ies, investigating the potential impacts of climate
change for relatively low levels of global warming
either stabilise greenhouse gas concentrations over
the 21st century or limit end-of-century radiative
forcing to a specific level (Rogelj et al 2019). By
relying only on steadily warming climate (transient;
2015–2100 in figure 1), the condition of the cli-
mate system being in equilibrium (see 2100–2200 in
figure 1), was ignored despite the IPCC’s suggestion
to distinguish between the two climate response types
(Masson-Delmotte et al 2018).

The intensities of precipitation (including
extreme events) obtained under transient and equi-
librium climates at the same GMT have been
investigated. Early studies investigating the equilib-
rium climate focused on the interactions between
atmospheric carbon dioxide concentration and the
response of the climate model (Manabe et al 1991,
1992) and reported that, as a result of to the thermal
inertia of the oceans, the transient climate was char-
acterised by a reduction (or delay) in moisture supply
from oceans resulting in reductions in soil moisture
and runoff over continents in middle and high lat-
itudes. Recent publications have directly compared
transient and equilibrium (also called stabilised) cli-
mates, although the existing literature is limited in
size and has focuses mostly on temperature and pre-
cipitation patterns (Nangombe et al 2018, Wei et al
2019, King et al 2020). A common key finding of
these studies is that mean precipitation intensities
are higher in the transient climate than a stabilised
climate. In particular, land monsoon precipitation
in the Northern Hemisphere was stated to be 30%
larger in a transient climate than a stabilised climate
for a GMT increase of 2 ◦C (Cao and Zhao 2020).
Great differences between transient and equilibrium

climates have been reported using mean and extreme
temperatures. Recently, King et al (2020) revealed
that 90% of the world’s population is experiencing a
warmer local climate under transient global warm-
ing than it would under equilibrium global warm-
ing. Such differences in temperature are particularly
relevant for assessing dryland areas, which expand
significantly more under a transient climate than an
equilibrium climate (Wei et al 2019).

The literature examining the potential difference
in streamflow between the transient and equilib-
rium climate is extremely limited (Boulange et al
2018). To date, most streamflow analyses have used
transient climate projections (Roudier et al 2016,
Asadieh and Krakauer 2017, Donnelly et al 2017,
Gosling et al 2017), and to our knowledge, only a
single study has employed an equilibrated climate
(Nangombe et al 2018). For other variables, non-
significant or marginal differences in climate change
impacts between a transient and equilibrium climate
have been reported (Manabe et al 1992, Blackport
and Kushner 2016, Boulange et al 2018). Therefore,
it remains unclear whether the floods and droughts
anticipated at low levels of global warming under
a transient climate can systematically be substituted
with those occurring in an equilibrated climate at the
same GMT.

In this study, we analysed the characteristics of
future floods and droughts derived from streamflow
globally simulated (0.5◦ × 0.5◦ spatial resolution)
by seven hydrological models (HMs) forced by bias-
adjusted climate projections from three global climate
models (GCMs) under transient and equilibrium cli-
mates (figure 1). Altogether, simulations from 19
combinations of HMs and GCMs (hereafter the large
ensemble; available simulations listed in supplement-
ary table 1 available online at stacks.iop.org/ERL/16/
104028/mmedia), operated using a commonprotocol
under the Inter-Sectoral Impact Model Intercompar-
ison Project Phase 2b (ISIMIP2b), were used to assess
whether significant differences in global floods and
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droughts obtained under transient and equilibrium
climates at the sameGMT are detectable, and determ-
ine the locations where floods and droughts predicted
under a transient climate may not be interchangeable
with those under an equilibrium climate.

2. Methods

2.1. Global climate models (GCMS)
The ISIMIP (Warszawski et al 2014) is an effort to
increase the reliability and comprehensiveness of cli-
mate change studies through the incorporation of
multiple global impact models such as global hydro-
logical models (GHMs). The protocol of ISIMIP2b
was designed to support the IPCC Special Report on
the 1.5 ◦C target (Frieler et al 2017), and it provides
bias-corrected (Lange 2019) climate projections at a
spatial resolution of 0.5◦ × 0.5◦ for four GCMs that
contributed to the Fifth Assessment Report of the
IPCC.

In this analysis, three radiative forcing scenarios
were employed for each of the three selected GCMs
(HadGEM2-ES, IPSL-CM5A-LR, and MIROC5): a
pre-industrial climate with constant CO2 concen-
tration (286 ppm, spanning 1661–2005), a histor-
ical climate that includes the effects of human
emissions (1970–2005), and a future low-emissions
climate (2006–2299). The future climate is com-
posed of the representative concentration pathway
2.6 (RCP 2.6, spanning 2006–2099) and its associ-
ated extended concentration pathway (ECP 2.6, span-
ning 2100–2299). Another GCM, GFDL-ESM2M, is
included within the ISIMIP2b framework, but the
bias-corrected forcing data provided do not cover
the period until 2100–2299; therefore, this GCM was
excluded from our analytical framework.

Given the absence of global warming and fixed
anthropologic activities (fixed at the 1860 level) of the
pre-industrial climate, this scenario can be used to
reveal the effect of natural variability on our statist-
ical analyses. Specifically, any significant differences
in flood or drought characteristics detected between
two randomly chosen 30 year periods belonging to the
pre-industrial experiment can be attributed to nat-
ural variability (hereafter control simulations). Next,
the historical climate was used to identify two stream-
flow thresholds that trigger flood and drought events
(supplementary figure 1). Finally, the future scenario
provided both transient and equilibrium climates.
The transient climate is represented by the RCP while
the equilibrium climate is approximated from the
ECP (hereafter referred to as a quasi-equilibrium cli-
mate as the climate system will never be in equilib-
rium (Meehl et al 2020)).

2.2. Hydrological models (HMs)
The HMs (listed in supplementary table 1) con-
sidered in this study include four GHMs: CWatM

(Burek et al 2020), H08 (Hanasaki et al 2018), PCR-
GLOBWB (Wada et al 2014) andWaterGAP2 (Müller
Schmied et al 2014, 2016); two global land surface
models: MATSIRO (Pokhrel et al 2015, Yokohata et al
2020) and CLM4.5 (Oleson and Lawrence 2013); and
one dynamic global vegetation model: LPJmL (Rost
et al 2008). Ensemble simulations with these HMs
have been reported in several recent studies (Gädeke
et al 2020, Vanderkelen et al 2020, Gudmundsson
et al 2021, Pokhrel et al 2021, Reinecke et al 2021).
The number of meteorological variables required to
operate the models varies, depending on the repres-
entation, implementation, and interactions between
hydrological and anthropological processes, but they
generally include precipitation, temperature, solar
radiation (shortwave and longwave downward), wind
speed, specific humidity, and surface pressure (Telteu
et al 2021). The HMs included in this study were the
HMs that provided simulations for all three radiative
forcing scenarios described above.

2.3. Time series analysis andmetrics used
The transient and quasi-equilibrium climates are rep-
resented by 30 year periods from the RCP and ECP
simulations, respectively (Boulange et al 2018, Wei
et al 2019, King et al 2020). To comprehensively com-
pare the characteristics of future floods and droughts
obtained under the two climates, the GMT of the two
30 year periods must be identical. We consequently
selected the transient and quasi-equilibrium periods
so that their average 30 year rolling GMT were within
±0.1 ◦C of each other. More specifically, we ini-
tially computed, separately for all GCMs, the 30 year
rolling GMT for the entire future period (figure 1).
Next, restricting the search within the RCP simula-
tions (2006–2099), we identified the transient period
as the first 30 year periodwhich average 30 year rolling
GMT was within ±0.01 ◦C of a target temperature.
The quasi-equilibrium climate was determined next
by retrieving the first 30 year period in the ECP sim-
ulation (2100–2299) in which average 30 year rolling
GMT was within±0.1 ◦C of the corresponding tran-
sient temperature. Consistent with the Paris agree-
ment, the target temperature used for MIROC5 and
HadGEM2-ES was 1.5 ◦C above the pre-industrial
level. For IPSL-CM5A-LR, because a GMTof+1.5 ◦C
could occur as early as 2008, the target temperature
was set higher, to 2.0 ◦Cabove the pre-industrial level.
The 30 year periods representing transient and quasi-
equilibrium climates for the threeGCMs are provided
in supplementary table 2. We confirmed that the
derivation of the 30 year periods associated with the
quasi-equilibrium climates are not overly sensitive to
the±0.1 ◦C criteria (supplementary table 3).

For each year of the 30 year periods represent-
ing transient and quasi-equilibrium climates (sup-
plementary table 2), we identified a flood (drought)
event when daily streamflow (Q) was higher (lower)
than a given threshold (supplementary figure 1). The
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streamflow thresholds were determined prior to the
analysis, separately for all HMs and GCMs, as the
5th and 95th percentiles of historical daily streamflow
(period: 1970–2004) for flood and drought, respect-
ively (Fleig et al 2006, Rahimi et al 2021). For as long
as a flood or drought event persisted, we recorded its
duration (in days), volume (in km3), and intensity
(in m3 s−1). When the interval separating two events
was less than 6 d, we assumed that the events formed
a single event and consequently merged the initially
distinct volumes and durations. The final intensity
consisted of the highest intensity of the two initial
events (supplementary figure 1).

In this analytical framework, extreme stream-
flow simulations initiate flood and drought events
(supplementary figure 1), comparisons of the
characteristics of flood and drought under transi-
ent and quasi-equilibrium climates may therefore be
compromised by the following conditions. First, if
the daily streamflow never exceeds (falls below) the
threshold, flood (drought) events would be systemat-
ically absent (Q < threshold for flood; Q > threshold
for drought). Separately, for all combinations of
GCMs and HMs, we evaluated the percentage of
global land area where no flood (drought) occurred
during the transient and quasi-equilibrium periods.
The second condition, only relevant for drought ana-
lysis, involves an excessive number of days featuring
zero streamflow, which directly impacts the computa-
tion of drought characteristics. Independently for all
HMs, we flagged grid cells where the 95th percentile
of daily streamflow was equal to zero (Q95 = 0), pool-
ing data from both transient and quasi-equilibrium
climates and all GCMs.

In this analysis, we systematically masked grid
cells belonging to Köppen–Geiger regions EF (ice cap
climate), BWh (hot desert climate), and BWk (cold
desert climate). In such locations, simulated stream-
flows are low and most HMs have difficulties repres-
enting the hydrological processes realistically (Zhang
et al 2016, Gädeke et al 2020).

2.4. Statistical analysis
2.4.1. Transient climate vs quasi-equilibrium climate
The three characteristics of flood and drought
obtained under transient and quasi-equilibrium cli-
mates were compared, individually for each land
grid cell and separately for each member of the
ensemble (n = 19), using the Kolmogorov–Smirnov
test (α0 = 0.05). As multiple hypothesis tests are eval-
uated over a large network of grid-cells, the effects of
multiple testing on the overall results were controlled
through the false discovery rate (FDR) procedure
described by Wilks (2006, 2017) and by setting the
control level for the FDR (αFDR) to 0.10. Employing
this procedure, all grid cells were classified as exper-
iencing significant or non-significant differences in
flood and drought characteristics under transient and
quasi-equilibrium climates. All steps involved in the

statistical analysis are summarised in supplementary
figure 2.

We report the percentage of global land area
where a significant difference in the characteristics of
flood and drought was obtained using various levels
of aggregation (all 19 members, individual GCMs,
and individual HMs; see figure 2).

2.4.2. Natural variability
Importantly, for some grid cells, significant differ-
ences in flood or drought characteristics under transi-
ent and quasi-equilibrium climates could be a result
of natural variability. We revealed the effects of nat-
ural variability on the previously obtained statistical
results using control simulations (figure 1). Specific-
ally, a field significance test procedure was employed
(Livezey and Chen 1983, Wilks 2006). Through a
Monte Carlo (MC) procedure, we randomly selected
two non-overlapping 30 year periods from the con-
trol simulation and identified areas where flood and
drought characteristics differed significantly using
the Kolmogorov–Smirnov test (α0 = 0.05) and con-
trolling the FDR, as described above. Analogous to
the procedure employed for the transient and quasi-
equilibrium climates, after masking the grid cells
belonging to Köppen–Geiger regions EF, BWh, and
BWk, we assessed the percentage of land area where
a significant difference in the characteristics of floods
and droughts occurred between the two control sim-
ulations and reported the locations of the grid cells
involved. Repeating this procedure 1000 times for all
combinations of HMs and GCMs, we report the 5th–
95th percentile range of the global land area where
significant differences in flood and drought are expec-
ted as a result of climate variability.

2.4.3. Inter-model agreement on significant difference
(IMAoSD)
Next, we investigated the spatial distribution of the
grid cells where the characteristics of flood and
drought were significantly different under the two cli-
mates. For that purpose, we evaluated the IMAoSD
for flood and drought characteristics. This indic-
ator is computed independently at the grid cell level
for every flood and drought characteristic. For vari-
ous aggregation levels (large ensemble, GCMs, HMs),
we first evaluated the number of models in the
ensemble indicating a significant difference in each
flood (drought) characteristic in every grid cell (mdif).
This number was then divided by the total number
of models (mmodels) in the ensemble so that IMAoSD
could range from 0% to 100%. When all models in
the ensemble indicate that the characteristics of flood
or drought are significantly different between the two
climates (mdif = mmodels), IMAoSD attains its max-
imum value of 100%. By contrast, when none of the
models of the ensemble indicate a significant differ-
ence in flood or drought characteristics under the two
climates (mdif = 0), IMAoSD is equal to 0%.
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Figure 2. The percentage of global land area where the characteristics of floods (top) and droughts (bottom) are significantly
different under transient and quasi-equilibrium climates. The red marker indicates the percentage of global land area where the
durations (a), (d), intensities (b), (e), and volumes (c), (f) of floods and droughts are significantly different under transient and
quasi-equilibrium climates for various aggregations (large ensemble, GCMs, and HMs). The percentage of land area where
significant difference in flood and drought characteristics are indicated under transient and quasi-equilibrium climates must be
higher than that expected by natural variability (grey band, 95th confidence interval) to be significant (indicated by a blue
asterisk). The error bar indicates±1 standard deviation across the ensemble.

The IMAoSD indicator was additionally com-
puted for the control simulations to reaffirm the
influence of climate variability using the procedure
outlined above. For a given combination of HM and
GCM, there are 1000 control simulations available
(from the MC procedure) to evaluate the IMAoSD.

3. Results

3.1. Field significance of flood and drought
characteristics
In the large ensemble, significant differences in the
duration, intensity, and volume of floods under tran-
sient and quasi-equilibrium climates were found, on
average (95th confidence interval across the ensemble
indicated in bracket), over 0.9% (0%–3.4%), 1.1%
(0%–4.9%), and 0.9% (0%–3.5%) of the global land
area, respectively (figures 2(a)–(c)). Likewise, sig-
nificant differences in the duration, intensity, and
volume of droughts under the two climates were
obtained over 6.4% (0.5%–16.7%), 8.9% (0.8%–
8.7%), and 1.3% (0%–3.4%) of the global land
area, respectively (figures 2(d)–(f)). These results
are comparable to those of a previous analysis that

reported significant difference in mean streamflow
between transient and quasi-equilibrium climates
over 5.8 ± 1.2% of the global land area based on a
single GHM (Boulange et al 2018). Employing con-
trol simulations (see section 2.4.2), we revealed the
contribution of natural variability to the detection
of significant differences in flood and drought char-
acteristics (figure 2). Significant differences in flood
characteristics under transient and quasi-equilibrium
climates occur over a small fraction of the global
land area and may generally be caused by natural
variability rather than the state of the two climates
(Eisner et al 2017; see supplementary section 1).
However, significant differences in drought charac-
teristics under the two climates occur over a larger
global land area. The significant differences between
the transient and quasi-equilibrium climate exceed
the difference expected from natural variability for
only drought intensity (figure 2(e)). We confirmed
that these results were not sensitive to the choice of the
thresholds used to identify flood and drought events
(supplementary figures 3 and 4).

Disaggregating the large ensemble, we assessed
the percentage of global land area where significant
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Figure 3. Locations where drought intensities are significantly different under transient and quasi-equilibrium climates.
(a) IMAoSD for drought intensities obtained under a transient and quasi-equilibrium climates using the full ensemble and
streamflow threshold condition. (b) Behaviour of individual HMs for producing daily streamflow consistently higher than the
drought threshold (Q > threshold; green) and simulating low streamflow invariably equal to zero (Q95 = 0; blue). (c) IMAoSD for
drought intensities obtained under transient and quasi-equilibrium climates using the full ensemble after adjusting for zero
streamflow condition.

differences in flood and drought characteristics
between the two climates were identified for indi-
vidual GCMs and HMs (figure 2). Across the three
GCMs, the results were mostly consistent for all
flood and drought characteristics. The results varied
greatly among HMs (up to two orders of magnitude),
particularly for drought characteristics, emphas-
ising that the main cause of uncertainty in flood
and drought analysis comes from the use of mul-
tiple HMs. Employing a single HM, we found that
the differences in flood and drought characterist-
ics obtained under transient and quasi-equilibrium
climates are generally globally significant (figure 2),
which is consistent with previous analyses (Boulange
et al 2018, King et al 2020). We note that the percent-
age of global land area where the characteristics of
floods and droughts are significantly different under
the two climates (transient and quasi-equilibrium or
control periods) was commonly higher when using
MATSIRO than when using other HMs (figure 2).
This difference may have been caused by the base
groundwater recharge of MATSIRO, which is higher
than the recharge of other HMs (Reinecke et al
2021).

3.2. Spatial patterns of the IMAoSD
Themagnitude of the IMAoSD calculated for all flood
characteristics under the two climates was low. As
an example, the IMAoSD exceeded 26.3% (i.e. at
least 5 of the 19 ensemble members reported signi-
ficantly different flood characteristics under the two
climates) over less than 0.01% of the global land area.

Using control simulations, we obtained similar res-
ults, indicating that the spatial distribution of the
IMAoSD calculated for flood characteristics under
transient and quasi-equilibrium climates was driven
by natural variability. This suggests that by employing
an ensemble of GCMs and HMs, and for a relatively
low level of global warming, the floods derived under
a transient climate can be used to infer those under
an equilibrated climate.

For drought characteristics, the maximum
IMAoSD values were 52.6% (drought duration) and
63.1% (drought intensity and drought volume). That
is 10 and 11 out of 19 ensemble members, respect-
ively, reported that the characteristics of droughts
are significantly different under transient and quasi-
equilibrium climates. Although these high IMAoSD
values occurred over a small global land area (approx-
imately 1%), this behaviour was noticeably absent
from our control simulations. Consequently, for
identically low GMT, the drought intensity acquired
in a transient climate is not systematically represent-
ative of the intensity accruing in a quasi-equilibrium
climate (figure 3(a)).

3.3. Uncertainty in the IMAoSD
Climate change impact analysis is often performed
by using different combinations of GCMs and HMs.
It may therefore be difficult to infer the implica-
tions of the above results with respect to previous
research. Therefore, wet repeated the above analysis
for individual GCMs and HMs, assessing whether
the observations and conclusions reached using the
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large ensemble hold when using different aggregation
levels.

When aggregating at the GCM andHM levels, the
spatial patterns and magnitudes in flood character-
istics of the IMAoSD (supplementary figures 4 and
5) and those obtained using the large ensemble were
mostly alike. The only exception was MATSIRO, with
which the annual variations in flood characteristics
simulated in eastern Europe, Brazil, and central Rus-
sia (supplementary figure 5) were substantial. Over-
all, this analysis confirmed that the floods derived
under a transient climate can reliably (regardless of
the combinations of GCMs and HMs employed) be
used to infer the floods occurring under an equilib-
rated climate.

By contrast, the magnitude of the IMAoSD in
drought intensity and drought duration varied, par-
ticularly across HMs (supplementary figures 6 and
7). For example, the IMAoSD was higher than 50%
over 0.1%–10.1% and 1.4%–11.1% (minimum and
maximum ranges) of the global land area for drought
duration and drought intensity, respectively. We con-
firmed, using control simulations, that the above pat-
terns in IMAoSD are not the result of climate vari-
ability (IMAoSD exceeds 50% for less than 0.1% of
the global land area for all characteristics of floods
and droughts.). Consistent across HMs, the IMAoSD
in drought intensity was highest for some part of
Brazil, central USA, East Africa, and northern Rus-
sia. For such locations, the drought intensities ana-
lysed in a transient climate may not be representative
of the drought intensities experienced in a quasi-
equilibrium climate, at the same GMT (supplement-
ary figure 8). The substantial variations among the
HMs in the amplitude of the IMAoSD in drought
intensity are investigated further in the next section.

3.4. Adjustment of the multi-model framework
The characteristics of flood under transient and
quasi-equilibrium climates were generally signific-
antly different for a small fraction of the global
land area (figures 2(a)–(c)), as observed consistently
across the large ensemble, GCM ensemble, and HM
ensembles. By contrast, the percentage of global land
area where drought intensity was significantly differ-
ent under transient and quasi-equilibrium climates
varied considerably (figure 2(e)). In addition, the spa-
tial distribution of the IMAoSD in drought intensity
obtained under the two climates also showed remark-
able differences depending on the selected HMs (sup-
plementary figure 8). Here, we carefully inspect the
behaviours of the HMs and accordingly adjust the
multi-model framework.

The absence of drought events from either the
transient and quasi-equilibrium periods was consist-
ent across all HMs and occurred, on average, over
2.2± 1.3% of the global land area (figure 3(b)). Con-
sequently, it does not explain the large differences
of the IMAoSD in drought intensity across GHMs.

By contrast, the percentage of global land area where
the 95th percentile of daily streamflow was equal to
zero (see section 2.3; grid cells where Q95 = 0) vary
greatly across HMs (figure 2(b)). At most, grid cells
exhibiting Q95 = 0 were detected over 33.3% of the
global land area with LPJmL (figure 3(b)). This beha-
viour may be associated with LPJmL producing zero
groundwater recharge in a large number of grid cells
(Döll et al 2018). Excluding this specific HM, the 95th
percentile of daily streamflow was equal to zero, on
average, over 5.0± 2.9% of the global land area.

The use of a largemulti-model ensemble is largely
encouraged in climate change impact studies because
ensemble mean or median projections are typically
more reliable and accurate than individual model
projections (Gosling et al 2017, King et al 2017, 2020,
Thober et al 2018). However, due to fundamental dif-
ferences in the representation of low streamflow by
the HMs, the mean or median of the multi-model
ensemble is not the most reliable method for assess-
ing the differences in drought characteristics between
transient and quasi-equilibrium climates. By system-
atically simulating annual low streamflow equal to
zero, some HMs make the comparison of drought
characteristics under transient and quasi-equilibrium
climates impractical. Hence, we re-evaluated the
IMAoSD in drought intensity by first excluding, at
the grid cell level, the combinations of GCM and HM
that systematically produce zero streamflow (Q95 = 0
for a given combinations of HM and GCM; see
figure 3(c)). After this simple adjustment, signific-
ant differences in drought intensity under transi-
ent and quasi-equilibrium climates highlighted by
at least half of the HMs in the ensemble occurred
over 6.7% of the global land area (figure 3(c)), high-
lighting major river systems. Again, such behaviour
was absent from the control simulations, confirm-
ing that for a relatively low level of global warming,
the drought intensity derived from a transient climate
does not necessarily represent the intensity occurring
under an equilibrated climate. The regions where the
future drought intensity obtained under a transient
climate is not interchangeable with the intensity of a
quasi-equilibrium climate depend on the selection of
HMs, because of their representations of low stream-
flow. After adjusting our multi-model framework to
lessen the effects of low streamflow representation,
we found that for a relatively low increase in GMT,
the IMAoSD in drought intensity was highest in east
Brazil, East Africa, and northern Russia.

4. Summary and discussions

In this research, we determined the interchangeability
of flood and drought characteristics obtained under
transient and quasi-equilibrium climates using a large
ensemble consisting of multiple GCMs and HMs.

The global land area where we identified sig-
nificant differences in flood characteristics between
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the transient and quasi-equilibrium climates was not
distinguishable from the area resulting from natural
climate variability. In addition, the spatial patterns of
IMAoSD in flood characteristics obtained using the
transient and quasi-equilibrium climates and control
simulations were indistinguishable. As a result, the
characteristics of floods derived froma steadilywarm-
ing climate reasonably approximate the characterist-
ics expected in an equally warm, equilibrated climate
not expected for dozens of decades into the future.

By contrast, the significant differences in
drought intensity between the transient and quasi-
equilibrium climates occurred over a larger surface
area of the globe than expected by natural variab-
ility. However, the heterogeneity of HMs for pre-
dicting drought characteristics was high, because of
drastic differences in low streamflow simulation. Low
streamflow regimes are dictated by natural processes,
including infiltration characteristics of soils (further
influenced by the number and depth of soil layers),
aquifer properties, evapotranspiration rates, veget-
ation types, and anthropogenic activities, such as
water abstraction (industrial, agricultural and muni-
cipal purposes), return flows from agricultural fields,
inter-basin water transfer, and streamflow regulation
by dams (Smakhtin 2001), all of which are simu-
lated differently in the HMs. Recently, the inclusion
of vegetation processes in HMs was proven to have a
substantial effect on simulated groundwater recharge
and hence low streamflow (Reinecke et al 2021). As
a result, using the mean or median of a multi-model
ensemble is not the best and most reliable method
for assessing the differences in drought characterist-
ics between transient and quasi-equilibrium climates
(Krysanova et al 2018).

After adjusting our multi-model methodology to
alleviate the effects of low streamflow representa-
tion, for approximately 6.7% of the global land area,
the future drought intensity derived from a stead-
ily warming climate may not represent the intensity
expected in an equally warm, equilibrated climate.

According to our findings, previous studies quan-
tifying the evolution of floods for a low level of global
warming using a transient simulation should provide
a reasonably accurate representation of the equilib-
rium climate. By contrast, the drought intensity char-
acterised under transient simulation may not neces-
sarily be indicative of the intensity expected in an
equilibrated climate. In particular, drought analyses
targeting specific regions such as Brazil, Central USA,
East Africa, and northern Russia should pay atten-
tion to the validity of the findings in an equilibrated
climate.

Data availability statement

The ISIMIP2b simulations used in this study are
publicly available and from the ISIMIP website
(www.isimip.org).

The data that support the findings of this study are
openly available at the following URL/DOI: 10.5281/
zenodo.4171626.

Acknowledgments

This research was supported by the Ministry of
Education, Culture, Sports and Technology/Japan
Society for the Promotion of Science (KAKENHI
Grant No. 16H06291) and the Environment Research
and Technology Development Fund (Grant No.
JPMEERF20182R02). We thank the Coupled Model
Intercomparison Project modelling groups for mak-
ing their model outputs available. Y P received sup-
port from theNational Science Foundation (CAREER
Award; Grant No. 1752729).

ORCID iDs

Julien Boulange https://orcid.org/0000-0003-
2167-8761
Naota Hanasaki https://orcid.org/0000-0002-
5092-7563
Yusuke Satoh https://orcid.org/0000-0001-6419-
7330
Hideo Shiogama https://orcid.org/0000-0001-
5476-2148
Peter Burek https://orcid.org/0000-0001-6390-
8487
Wim Thiery https://orcid.org/0000-0002-5183-
6145
Dieter Gerten https://orcid.org/0000-0002-6214-
6991
Hannes Müller Schmied https://orcid.org/0000-
0001-5330-9923
Yoshihide Wada https://orcid.org/0000-0003-
4770-2539
Simon N Gosling https://orcid.org/0000-0001-
5973-6862
Yadu Pokhrel https://orcid.org/0000-0002-1367-
216x

References

Asadieh B and Krakauer N Y 2017 Global change in streamflow
extremes under climate change over the 21st century Hydrol.
Earth Syst. Sci. 21 5863–74

Blackport R and Kushner P J 2016 The transient and equilibrium
climate response to rapid summertime sea ice loss in
CCSM4 J. Clim. 29 401–17

Boulange J, Hanasaki N, Ted V, Jacob S and Hideo S 2018
Magnitude and robustness associated with the climate
change impacts on global hydrological variables for transient
and stabilized climate states Environ. Res. Lett. 13 064017

Burek P, Satoh Y, Kahil T, Tang T, Greve P, Smilovic M,
Guillaumot L, Zhao F and Wada Y 2020 Development of the
community water model (CWatM v1.04)—a
high-resolution hydrological model for global and regional
assessment of integrated water resources management
Geosci. Model Dev. 13 3267–98

Cao J and Zhao H-K 2020 Distinct response of Northern
Hemisphere land monsoon precipitation to transient and

8

https://www.isimip.org
https://10.5281/zenodo.4171626
https://10.5281/zenodo.4171626
https://orcid.org/0000-0003-2167-8761
https://orcid.org/0000-0003-2167-8761
https://orcid.org/0000-0003-2167-8761
https://orcid.org/0000-0002-5092-7563
https://orcid.org/0000-0002-5092-7563
https://orcid.org/0000-0002-5092-7563
https://orcid.org/0000-0001-6419-7330
https://orcid.org/0000-0001-6419-7330
https://orcid.org/0000-0001-6419-7330
https://orcid.org/0000-0001-5476-2148
https://orcid.org/0000-0001-5476-2148
https://orcid.org/0000-0001-5476-2148
https://orcid.org/0000-0001-6390-8487
https://orcid.org/0000-0001-6390-8487
https://orcid.org/0000-0001-6390-8487
https://orcid.org/0000-0002-5183-6145
https://orcid.org/0000-0002-5183-6145
https://orcid.org/0000-0002-5183-6145
https://orcid.org/0000-0002-6214-6991
https://orcid.org/0000-0002-6214-6991
https://orcid.org/0000-0002-6214-6991
https://orcid.org/0000-0001-5330-9923
https://orcid.org/0000-0001-5330-9923
https://orcid.org/0000-0001-5330-9923
https://orcid.org/0000-0003-4770-2539
https://orcid.org/0000-0003-4770-2539
https://orcid.org/0000-0003-4770-2539
https://orcid.org/0000-0001-5973-6862
https://orcid.org/0000-0001-5973-6862
https://orcid.org/0000-0001-5973-6862
https://orcid.org/0000-0002-1367-216x
https://orcid.org/0000-0002-1367-216x
https://orcid.org/0000-0002-1367-216x
https://doi.org/10.5194/hess-21-5863-2017
https://doi.org/10.5194/hess-21-5863-2017
https://doi.org/10.1175/JCLI-D-15-0284.1
https://doi.org/10.1175/JCLI-D-15-0284.1
https://doi.org/10.1088/1748-9326/aac179
https://doi.org/10.1088/1748-9326/aac179
https://doi.org/10.5194/gmd-13-3267-2020
https://doi.org/10.5194/gmd-13-3267-2020


Environ. Res. Lett. 16 (2021) 104028 J Boulange et al

stablized warming scenarios Adv. Clim. Change Res.
11 161–71

Döll P, Trautmann T, Gerten D, Schmied H M, Ostberg S, Saaed F
and Schleussner C-F 2018 Risks for the global freshwater
system at 1.5 ◦C and 2 ◦C global warming Environ. Res. Lett.
13 044038

Donnelly C, Greuell W, Andersson J, Gerten D, Pisacane G,
Roudier P and Ludwig F 2017 Impacts of climate change on
European hydrology at 1.5, 2 and 3 degrees mean global
warming above preindustrial level Clim. Change 143 13–26

Eisner S et al 2017 An ensemble analysis of climate change
impacts on streamflow seasonality across 11 large river
basins Clim. Change 141 401–17

Fleig A K, Tallaksen L M, Hisdal H and Demuth S 2006 A global
evaluation of streamflow drought characteristics Hydrol.
Earth Syst. Sci. 10 535–52

Frieler K et al 2017 Assessing the impacts of 1.5 ◦C global
warming—simulation protocol of the inter-sectoral impact
model intercomparison project (ISIMIP2b) Geosci. Model
Dev. 10 4321–45

Gädeke A et al 2020 Performance evaluation of global
hydrological models in six large Pan-Arctic watersheds Clim.
Change 163 1329–51

Gosling S N et al 2017 A comparison of changes in river runoff
from multiple global and catchment-scale hydrological
models under global warming scenarios of 1 ◦C, 2 ◦C and
3 ◦C Clim. Change 141 577–95

Gudmundsson L et al 2021 Globally observed trends in mean and
extreme river flow attributed to climate change Science
371 1159

Hanasaki N, Yoshikawa S, Pokhrel Y and Kanae S 2018 A global
hydrological simulation to specify the sources of water used
by humans Hydrol. Earth Syst. Sci. 22 789–817

King A D, Karoly D J and Henley B J 2017 Australian climate
extremes at 1.5 ◦C and 2 ◦C of global warming Nat. Clim.
Change 7 412–6

King A D, Lane T P, Henley B J and Brown J R 2020 Global and
regional impacts differ between transient and equilibrium
warmer worlds Nat. Clim. Change 10 42–47

Krysanova V, Donnelly C, Gelfan A, Gerten D, Arheimer B,
Hattermann F and Kundzewicz Z W 2018 How the
performance of hydrological models relates to credibility of
projections under climate change Hydrol. Sci. J.
63 696–720

Lange S 2019 Trend-preserving bias adjustment and statistical
downscaling with ISIMIP3BASD (v1.0) Geosci. Model Dev.
12 3055–70

Lange S et al 2020 Projecting exposure to extreme climate impact
events across six event categories and three spatial scales
Earth’s Future 8 e2020EF001616

Livezey R E and Chen W Y 1983 Statistical field significance and
its determination by Monte Carlo techniquesMon. Weather
Rev. 111 46–59

Manabe S, Spelman M J and Stouffer R J 1992 Transient responses
of a coupled ocean-atmosphere model to gradual changes of
atmospheric CO2. Part II: seasonal response J. Clim.
5 105–26

Manabe S, Stouffer R J, Spelman M J and Bryan K 1991 Transient
responses of a coupled ocean–atmosphere model to gradual
changes of atmospheric CO2. Part I. annual mean response
J. Clim. 4 785–818

Masson-Delmotte V et al 2018 IPCC, 2018: Summary for
Policymakers, Global Warming of 1.5 ◦C. An IPCC Special
Report on the impacts of global warming of 1.5 ◦C above
pre-industrial levels and related global greenhouse gas
emission pathways, in the context of strengthening the
global response to the threat of climate change, sustainable
development, and efforts to eradicate povertyWorld
Meteorological Organization (Geneva, Switzerland)

Meehl G A, Senior C A, Eyring V, Flato G, Lamarque J-F,
Stouffer R J, Taylor K E and Schlund M 2020 Context for
interpreting equilibrium climate sensitivity and transient

climate response from the CMIP6 Earth system models Sci.
Adv. 6 eaba1981

Mohammed K et al 2017 Extreme flows and water availability of
the Brahmaputra River under 1.5 and 2 ◦C global warming
scenarios Clim. Change 145 159–75

Müller Schmied H et al 2016 Variations of global and continental
water balance components as impacted by climate forcing
uncertainty and human water use Hydrol. Earth Syst. Sci.
20 2877–98

Müller Schmied H, Eisner S, Franz D, Wattenbach M,
Portmann F T, Flörke M and Döll P 2014 Sensitivity of
simulated global-scale freshwater fluxes and storages to
input data, hydrological model structure, human water use
and calibration Hydrol. Earth Syst. Sci. 18 3511–38

Nangombe S, Zhou T, Zhang W, Wu B, Hu S, Zou L and Li D 2018
Record-breaking climate extremes in Africa under stabilized
1.5 ◦C and 2 ◦C global warming scenarios Nat. Clim.
Change 8 375–80

Oleson K and Lawrence D M 2013 Technical Description of Version
4.5 of the Community Land Model (CLM) (Boulder, CO:
University Corporation for Atmospheric Research (UCAR))
(https://doi.org/10.5065/D6RR1W7M)

Pokhrel Y N, Koirala S, Yeh P J-F, Hanasaki N, Longuevergne L,
Kanae S and Oki T 2015 Incorporation of groundwater
pumping in a global land surface model with the
representation of human impactsWater Resour. Res.
51 78–96

Pokhrel Y et al 2021 Global terrestrial water storage and drought
severity under climate change Nat. Clim. Change 11 226–33

Rahimi L, Deidda C and de Michele C 2021 Origin and variability
of statistical dependencies between peak, volume, and
duration of rainfall-driven flood events Sci. Rep. 11 5182

Reinecke R et al 2021 Uncertainty of simulated groundwater
recharge at different global warming levels: a global-scale
multi-model ensemble study Hydrol. Earth Syst. Sci.
25 787–810

Rogelj J, Huppmann D, Krey V, Riahi K, Clarke L, Gidden M,
Nicholls Z and Meinshausen M 2019 A new scenario logic
for the Paris Agreement long-term temperature goal Nature
573 357–63

Rost S, Gerten D, Bondeau A, Lucht W, Rohwer J and Schaphoff S
2008 Agricultural green and blue water consumption and its
influence on the global water systemWater Resour. Res. 44

Roudier P, Andersson J C M, Donnelly C, Feyen L, Greuell W and
Ludwig F 2016 Projections of future floods and hydrological
droughts in Europe under a+2◦C global warming Clim.
Change 135 341–55

Seneviratne S I et al 2018 The many possible climates from the
Paris Agreement’s aim of 1.5 ◦C warming Nature 558 41–49

Shindell D, Faluvegi G, Seltzer K and Shindell C 2018 Quantified,
localized health benefits of accelerated carbon dioxide
emissions reductions Nat. Clim. Change 8 291–5

Smakhtin V U 2001 Low flow hydrology: a review J. Hydrol.
240 147–86

Telteu C-E et al 2021 Understanding each other’s models: a
standard representation of global water models to support
improvement, intercomparison, and communication Geosci.
Model Dev. 14 3843–78

Thober S, Kumar R, Wanders N, Marx A, Pan M, Rakovec O,
Samaniego L, Sheffield J, Wood E F and Zink M 2018
Multi-model ensemble projections of European river floods
and high flows at 1.5, 2, and 3 degrees global warming
Environ. Res. Lett. 13 014003

Vanderkelen I et al 2020 Global heat uptake by inland waters
Geophys. Res. Lett. 47 e2020GL087867

Wada Y, Wisser D and Bierkens M F P 2014 Global modeling of
withdrawal, allocation and consumptive use of surface water
and groundwater resources Earth Syst. Dyn. 5 15–40

Warszawski L, Frieler K, Huber V, Piontek F, Serdeczny O and
Schewe J 2014 The inter-sectoral impact model
intercomparison project (ISI–MIP): project framework Proc.
Natl Acad. Sci. USA 111 3228

9

https://doi.org/10.1016/j.accre.2020.09.007
https://doi.org/10.1016/j.accre.2020.09.007
https://doi.org/10.1088/1748-9326/aab792
https://doi.org/10.1088/1748-9326/aab792
https://doi.org/10.1007/s10584-017-1971-7
https://doi.org/10.1007/s10584-017-1971-7
https://doi.org/10.1007/s10584-016-1844-5
https://doi.org/10.1007/s10584-016-1844-5
https://doi.org/10.5194/hess-10-535-2006
https://doi.org/10.5194/hess-10-535-2006
https://doi.org/10.5194/gmd-10-4321-2017
https://doi.org/10.5194/gmd-10-4321-2017
https://doi.org/10.1007/s10584-020-02892-2
https://doi.org/10.1007/s10584-020-02892-2
https://doi.org/10.1007/s10584-016-1773-3
https://doi.org/10.1007/s10584-016-1773-3
https://doi.org/10.1126/science.aba3996
https://doi.org/10.1126/science.aba3996
https://doi.org/10.5194/hess-22-789-2018
https://doi.org/10.5194/hess-22-789-2018
https://doi.org/10.1038/nclimate3296
https://doi.org/10.1038/nclimate3296
https://doi.org/10.1038/s41558-019-0658-7
https://doi.org/10.1038/s41558-019-0658-7
https://doi.org/10.1080/02626667.2018.1446214
https://doi.org/10.1080/02626667.2018.1446214
https://doi.org/10.5194/gmd-12-3055-2019
https://doi.org/10.5194/gmd-12-3055-2019
https://doi.org/10.1029/2020EF001616
https://doi.org/10.1029/2020EF001616
https://doi.org/10.1175/1520-0493(1983)111<0046:SFSAID>2.0.CO;2
https://doi.org/10.1175/1520-0493(1983)111<0046:SFSAID>2.0.CO;2
https://doi.org/10.1175/1520-0442(1992)005<0105:TROACO>2.0.CO;2
https://doi.org/10.1175/1520-0442(1992)005<0105:TROACO>2.0.CO;2
https://doi.org/10.1175/1520-0442(1991)004<0785:TROACO>2.0.CO;2
https://doi.org/10.1175/1520-0442(1991)004<0785:TROACO>2.0.CO;2
https://doi.org/10.1126/sciadv.aba1981
https://doi.org/10.1126/sciadv.aba1981
https://doi.org/10.1007/s10584-017-2073-2
https://doi.org/10.1007/s10584-017-2073-2
https://doi.org/10.5194/hess-20-2877-2016
https://doi.org/10.5194/hess-20-2877-2016
https://doi.org/10.5194/hess-18-3511-2014
https://doi.org/10.5194/hess-18-3511-2014
https://doi.org/10.1038/s41558-018-0145-6
https://doi.org/10.1038/s41558-018-0145-6
https://doi.org/10.5065/D6RR1W7M
https://doi.org/10.1002/2014WR015602
https://doi.org/10.1002/2014WR015602
https://doi.org/10.1038/s41558-020-00972-w
https://doi.org/10.1038/s41558-020-00972-w
https://doi.org/10.1038/s41598-021-84664-1
https://doi.org/10.1038/s41598-021-84664-1
https://doi.org/10.5194/hess-25-787-2021
https://doi.org/10.5194/hess-25-787-2021
https://doi.org/10.1038/s41586-019-1541-4
https://doi.org/10.1038/s41586-019-1541-4
https://doi.org/10.1029/2007WR006331
https://doi.org/10.1007/s10584-015-1570-4
https://doi.org/10.1007/s10584-015-1570-4
https://doi.org/10.1038/s41586-018-0181-4
https://doi.org/10.1038/s41586-018-0181-4
https://doi.org/10.1038/s41558-018-0108-y
https://doi.org/10.1038/s41558-018-0108-y
https://doi.org/10.1016/S0022-1694(00)00340-1
https://doi.org/10.1016/S0022-1694(00)00340-1
https://doi.org/10.5194/gmd-14-3843-2021
https://doi.org/10.5194/gmd-14-3843-2021
https://doi.org/10.1088/1748-9326/aa9e35
https://doi.org/10.1088/1748-9326/aa9e35
https://doi.org/10.1029/2020GL087867
https://doi.org/10.1029/2020GL087867
https://doi.org/10.5194/esd-5-15-2014
https://doi.org/10.5194/esd-5-15-2014
https://doi.org/10.1073/pnas.1312330110
https://doi.org/10.1073/pnas.1312330110


Environ. Res. Lett. 16 (2021) 104028 J Boulange et al

Wei Y, Yu H, Huang J, Zhou T, Zhang M and Ren Y 2019 Drylands
climate response to transient and stabilized 2 ◦C and 1.5 ◦C
global warming targets Clim. Dyn. 53 2375–89

Wilks D S 2006 On ‘field significance’ and the false discovery rate
J. Appl. Meteorol. Climatol. 45 1181–9

Wilks D S 2017 ‘The stippling shows statistically significant grid
points’: how research results are routinely overstated and
overinterpreted, and what to do about it Bull. Am. Meteorol.
Soc. 97 2263–73

Yokohata T et al 2020 MIROC-INTEG-LAND version 1: a global
biogeochemical land surface model with human water
management, crop growth, and land-use change Geosci.
Model Dev. 13 4713–47

Zhang Y, Zheng H, Chiew F H S, Arancibia J P and
Zhou X 2016 Evaluating regional and global
hydrological models against streamflow and
evapotranspiration measurements J. Hydrometeorol.
17 995–1010

10

https://doi.org/10.1007/s00382-019-04860-8
https://doi.org/10.1007/s00382-019-04860-8
https://doi.org/10.1175/JAM2404.1
https://doi.org/10.1175/JAM2404.1
https://doi.org/10.1175/BAMS-D-15-00267.1
https://doi.org/10.1175/BAMS-D-15-00267.1
https://doi.org/10.5194/gmd-13-4713-2020
https://doi.org/10.5194/gmd-13-4713-2020
https://doi.org/10.1175/JHM-D-15-0107.1
https://doi.org/10.1175/JHM-D-15-0107.1

	Validity of estimating flood and drought characteristics under equilibrium climates from transient simulations
	1. Introduction
	2. Methods
	2.1. Global climate models (GCMS)
	2.2. Hydrological models (HMs)
	2.3. Time series analysis and metrics used
	2.4. Statistical analysis
	2.4.1. Transient climate vs quasi-equilibrium climate
	2.4.2. Natural variability
	2.4.3. Inter-model agreement on significant difference (IMAoSD)


	3. Results
	3.1. Field significance of flood and drought characteristics
	3.2. Spatial patterns of the IMAoSD
	3.3. Uncertainty in the IMAoSD
	3.4. Adjustment of the multi-model framework

	4. Summary and discussions
	Acknowledgments
	References


