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1 Supplementary Methods

1.1 Precipitation gauges in Madagascar

Precipitation gauges used as input to the CHIRPS dataset [4] are mapped
across Madagascar with the completeness of the record indicated for each gauge
as the fraction of months available from 1982 to 2022 (Supplementary Fig. 1).
There are three precipitation gauges in Southern Madagascar: Fort Dauphin,
Tulear, and Morombe. Note that we define Southern Madagascar as the three
most southern political regions: Atsimo-Andrefana, Androy, and Anosy. Fort
Dauphine has 60% of the months from 1982 to 2022, Tulear has 65%, and
Morombe, 26%. All three gauges are in close proximity to the coast, with
Fort Dauphin in the south east of the Anosy Region, Tulear in the central-
west of the Atsimo-Andrefana Region, and Morombre in the north-west of the

Atsimo-Andrefana Region.

1.2 Climate model simulations

We utilize two variables from CMIPG6, vertical velocity and soil moisture, each

of which is discussed below.

1.2.1 Vertical velocity

Changes in atmospheric circulation over Madagascar are explored using zonally
averaged (39.5-59.5°E) monthly vertical velocity at 500 hPa from 46 climate
models (267 total ensembles; Supplementary Table 1) from 2015 to 2099 (future
projections; SSP5-8.5).

Fig. 3a shows the latitude of maximum vertical velocity in the Southern

Hemisphere (<-15°S) and Northern Hemisphere (>15°N), and an estimate of
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the trend in the latitude of maximum vertical velocity using a linear least-
squares regression. Fig. 3b shows the trend in the maximum vertical velocity,
again, from linear least-squares regression.

The trend in the maximum vertical velocity position and intensity is similar
when using only the nine model runs we focus on (Supplementary Table 1)
relative to using all 267 ensembles (Supplementary Fig. 3 includes nine models;

Fig. 3 includes all 267 ensembles).

1.2.2 Soil moisture

We qualitatively assess climate model output from the CMIP6 by examining
seasonality (Supplementary Fig. 4) and spatial patterns (Supplementary
Fig. 5). Our criteria for inclusion includes: (1) realistic seasonality of soil
moisture that peaks in the Austral summer and (2) spatial patterns of soil
moisture that exhibit drier conditions, on average, in Southern Madagascar

relative to the central and northern regions.

1.3 Climate change fingerprint

We repeat the analysis for Fig. 2a using data from 1982 to 2022 (Supplementary
Fig. 7) and Fig. 2a-b using seasonal data (Supplementary Fig. 8). We also
repeat climate change fingerprint analysis using precipitation observations

from CHIRPS [4] and CMIP6 simulations.

1.4 Attribution of long-term trends and drought

We represent the distribution of long-term trends across seasons using a
multivariate normal (MVN) distribution. Our approach is based on foregoing
studies that use model simulations with and without anthropogenic forcing to
establish if observed conditions are due to anthropogenic forcing (e.g. [47]). We

extend upon this model-comparison approach by jointly analyzing the pattern
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of all seasonal trends, rather than focusing on one season. Our approach is
similar to other recent studies that use multivariate techniques to attribute
climate change in the context of compound extremes, for example, driven by
temperature and precipitation [48].

An MVN distribution is specified in terms of the mean trends for each

season (u) and the covariance among seasonal trends (X),

L(z) = ¢|21<T>dexp (-3t —m=e ). (A1)
where z and p are 1-by-d vectors, ¥ is a d-by-d symmetric, positive definite
matrix, and |X| represents the determinant. There are d = 4 seasons (SON,
DJF, MAM, and JJA). ¥ is estimated as a robust covariance, which is less
sensitive to outliers than an empirical covariance, using the FAST-minimum
covariance determinant algorithm with an outlier fraction set to 0.25 of the
data [49], and p is estimated as the robust minimum covariance determinant
mean.

An MVN distribution is fit using robust methods to 819 realizations of
seasonal trends from the control simulations (L, in Supplementary Table 2).
Another MVN distribution is fit to nine realizations of seasonal trends from
the forced simulations using an empirical covariance and empirical mean (L
“Alt 1”7 in Supplementary Table 2). The control simulations characterize the
null distribution of internal variability in soil moisture trends, whereas the
forced simulations characterize an alternate distribution of forced trends in
soil moisture. Note that the number of trend realizations from the control
simulations is more than the forced simulations because the control simulations
are run for 500 years, while we only use the nine trends from 1982 to 2022 in

the forced simulations. Slices of the four dimensional MVN distributions show
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that trends covary across seasons in the simulations. For example, the forced
simulations show a clear positive covariance between trends in JJA and SON,
as demonstrated by the long axis of the covariance ellipsoid (Supplementary
Fig. 16¢).

The observed proxy seasonal trends, x, are assessed conditional on
the forced alternate distributions relative to the control null distribution,
giving a likelihood ratio A = Ly (x)/Ly1(®). For purposes of uncertainty
quantification, MVN distributions are repeatedly fit using a bootstrapping
approach. For each of 1000 iterations, we evaluate A at a sample of x, analogous
to those obtained from the distribution of bootstrapped trends used to estimate
the confidence intervals in Fig. 8b. A 90% confidence interval is indicated
for the likelihood ratios as the 5% and 95% percentiles that reflect both the
uncertainties in the fit distributions (u, ¥) and proxy soil moisture trends (z),
which are re-estimated from a sample of years with replacement for each fit of
the MVN distributions.

We find that the observed seasonal trend pattern in proxy soil moisture is
100 times more likely to occur in the forced simulations relative to the control
simulations, or A = 100, with a 90% confidence interval of 5-2683. Slices of the
MVN distributions illustrate this result, with = falling within the MVN from
forced simulations (p<0.1) and outside the MVN from the control simulations
(p>0.1) (Supplementary Fig. 16).

The MVN distribution representing the forced conditions is fit to only a
small sample size of 9 realizations. To evaluate if our results are sensitive to this
small sample size we generate two other sets of samples, both of which allow for
the estimation of the covariance and mean using robust methods. First, we fit a
MVN distribution to a set of 18 realizations from the forced simulations, with

9 spanning 1982 to 2022 and 9 spanning 1987 to 2027 (“Alt 2” Supplementary
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Table 2). This fit gives A = 164 (90% CI: 19-2754 times). Secondly, we fit the
alternative MVN distribution to a set of 144 trends over the epoch 19822099,
or 118 years, from the forced simulations (“Alt 3” Supplementary Table 2).
Here, we assume that 41-year trends estimated over the 1982-2099 period are
sufficiently similar to the subset of earlier trends, which is supported by a
relatively linear soil moisture trend in the forced simulations over this period
(Supplementary Fig. 6). Using this alternative distribution, we obtain A = 126
(90% CT: 21-1387 times), such that both alternate methods of estimating A
are consistent with our main result.

We next turn to assessing whether the observed trends in soil moisture
made the droughts observed between 2017-2022 more likely. To determine
if these droughts are attributable to anthropogenic forcing, we use MVN
distributions to represent seasonal soil moisture anomalies.

Approach 1: In our main approach, the MVN distribution is specified
in terms of seasonal soil moisture anomalies (1) and the covariance among
seasonal anomalies () using two different intervals from forced simulations.
We use time separation, as opposed to control-model simulations, for
purposes of attribution of anthropogenic forcing because this better allows for
comparison against historical observations.

An MVN is fit to 270 realizations of seasonal anomalies from a historical
period in the forced simulations, L,,;;, and a second time to 270 realizations of
seasonal anomalies from a current period in the forced simulations, L,;;. Note
that we use soil moisture anomalies, as opposed to magnitudes, because mean
soil moisture levels vary greatly between CMIP6 models [45]. A baseline period
is specified as the 30-year period from 1970-1999, and a current period is taken
as 2005-2034, or a 30-year interval centered on the recent droughts. Anomalies

are estimated for each period and model by subtracting the seasonal average
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conditions during the baseline period. We then evaluate the likelihood of the
observed anomalies during the drought, x, for the baseline and current MVIN
distribution. Observational anomalies x are computed by removing the value
predicted for 1982 from a least-squares linear fit to pre-drought soil moisture
over 1982-2017.

Likelihood ratios are obtained for each year of the drought as A\, =
Loy (zy)/Lpun(zy). An overall likelihood ratio for the observed droughts is
obtained by multiplying the individual ratios, A\, = Hy Ay. Slices of the
four dimensional MVN distributions and associated z, values for all drought
years are shown in Supplementary Fig. 17. Values for )\, are also obtained
evaluating L,y for different 30-year intervals over the period 2000-2099 at
5-year increments (Fig. 5)

Approach 2: In approach 2, we modify the input data such that the
MVN distributions for the baseline period (1970-1999; x,,.,; in Supplementary
Table 2) and recent period (e.g. centered on the drought years from 2005-
2034; 'y, in Supplementary Table 2) are fit based on the observed trend in
proxy soil moisture. Specifically, we use the covariance from approach 1 but
update mean values using the baseline and drought conditions predicted from
a linear regression in proxy soil moisture from 1982 to 2017. Of most relevance,
whereas the forced climate simulations only indicate drying of 0.0022 cm? cm 3
decade™! (median across climate models) between 1982 and 2017 during the
onset of the rainy season, the observations indicate that the drying is over twice
this magnitude (0.0055 cm?® cm ™3 decade™!). The baseline mean is set to the
predicted 1982 conditions and the future mean is set to the extrapolation of the
trend for each drought year. Note that we do not fit MVN distributions over
a long range of future periods, as in approach 1, since the mean of the MVN

distributions are derived from the observed trend in proxy soil moisture, and
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extrapolation of these trends may not well represent the future. Likelihoods
ratios are evaluated at the seasonal proxy soil moisture values observed for
each year of the drought as Ay = Lai(zy)/Lnuwui(xy).

For both drought attribution approaches, uncertainty in the MVN
distributions are quantified using a bootstrapping approach. For each of 1000
iterations, the linear trend in proxy soil moisture from 1982 to 2017 (used in
the estimating anomalies x in approach 1 and p in approach 2) is estimated
from a sample of the years from 1982-2017 with replacement. A 90% confidence
interval is indicated for the likelihood ratios as the 5% and 95% percentiles,
and reflect both the uncertainties in the fit distributions and the estimation of
the linear trend in proxy soil moisture from 1982-2017.

Using either approach, we find that the drought conditions are significantly
more likely in current than the baseline periods (Supplementary Table 3).
Using approach 1, we find that the drought conditions observed from 2017
to 2022 are 15 times (90% CI: 8-27 times) more likely to occur in 2005-
2034 than in 1970-1999. Furthermore, future climate change is expected to
further increases the probability of the observed drought conditions with the
observed drought conditions >1000 times (90% CI: >1000 times) more likely
to occur in 2070-2099 relative to 1970-1999. This results is visually apparent
in the slices of the MVN distributions, as the observed conditions are more
consistent with the MVN in the 2070-2090 conditions relative to the 1970-1999
conditions (Supplementary Fig. 17a). Approach 2 indicates a higher likelihood
ratio than approach 1 giving further support to anthropogenic forcing making
the droughts more likely. This follows from the trends in the observed proxy

soil moisture generally being larger than simulated trends.
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2 Supplementary Figures

Stations used in CHIRPS data
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Supplementary Figure 1 Precipitation gauges used in the CHIRPS dataset
Gauges are colored by the data availability of monthly reports from 1982 to 2022. Note that
the three stations in Southern Madagascar, i.e. the three most Southern Regions, have the
following data available: Tulear (0.65), Fort Dauphin (0.60), and Morombe (0.26).
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Supplementary Figure 2 Monthly precipitation Average monthly precipitation over
Southern Madagascar from 1981 to 2022 from CHIRPS.
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Supplementary Figure 3 Projected changes in atmospheric circulation Same as

Fig. 3, but using only the nine model runs from the main analyses (see Supplementary
Table 1).
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Supplementary Figure 4 Simulated soil moisture seasonality Monthly average soil
moisture in the (a) piControl (years 1-500) and (b) forced (1990-2020) simulations from
twelve CMIP6 models. EC-Earth3-Veg, EC-Earth3, and MIROC-ES2L are excluded from the
attribution analyses on the basis of showing unrealistic seasonal cycles in the pre-industrial
control simulations. Observations from 2003 to 2015 (same as shown in Fig. 1d) are included
for reference.
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Supplementary Figure 5 Simulated soil moisture spatial patterns Annual average
soil moisture (cm® ¢cm™3) from 1990-2020 for twelve CMIP6 models. Three of the runs,
which are indicated with a plus sign (+) in the titles, are excluded from the analysis because
of biases in the seasonal cycle of the piControl simulations. Observations from 2003 to 2015
(same as shown in Fig. 1b) are included in the left plot for reference.
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Supplementary Figure 6 Time series of simulated soil moisture anomalies
Monthly soil moisture anomalies from the piControl simulations (top 12 panels) and forced
simulations (bottom 12 panels) from the nine selected model ensembles (colored lines). The
median across models is shown in black. Anomalies are estimate for each model, with the
piControl simulations relative to the first 100 years and the forced simulations relative to

the 1970-1999 period.
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Supplementary Figure 7 Climate change fingerprint Same as Fig. 2a, but trends in
the forced simulations are from 1982 to 2022.
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Supplementary Figure 8 Climate change fingerprint Same as Fig. 2, but by season.
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Supplementary Figure 9 Climate change fingerprint Same as Fig. 2, but using
precipitation instead of soil moisture. The observed precipitation is from CHIRPS. There
are 38 model ensembles with simulations of monthly precipitation available for PiControl,
historical, and SSP-8.5 experiments. Precipitation simulations are from the following
models and ensembles: ACCESS-CM2 (rlilplfl), ACCESS-ESM1-5 (rlilplfl), AWI-CM-
1-1-MR (rlilplfl), BCC-CSM2-MR (rlilplfl), CAMS-CSM1-0 (rlilplfl), CanESM5-
CanOE (rlilp2fl), CanESM5 (rlilplfl, rlilp2fl), CAS-ESM2-0 (rlilplfl), CESM2-
WACCM (rlilplfl), CMCC-CM2-SR5 (rlilplfl), CMCC-ESM2 (rlilp1fl), CNRM-CM6-1-
HR (rlilp1f2), CNRM-CM6-1 (rlilp1f2), CNRM-ESM2-1 (rlilplf2), E3SM-1-1 (rlilplfl),
EC-Earth3 (rlilplfl), EC-Earth3-Veg-LR (rlilplfl), FGOALS-f3-L (rlilp1fl), FGOALS-
g3 (rlilplfl), GFDL-CM4 (rlilplfl), GFDL-ESM4 (rlilplfl), GISS-E2-1-G (rlilp3fl,
rlilp5fl), IITM-ESM (rlilplfl), INM-CM4-8 (rlilplfl), KACE-1-0-G (rlilp1fl), KIOST-
ESM (rlilplfl), MIROCS (rlilplfl), MIROC-ES2L (r1lilp1f2), MPI-ESM1-2-HR (r1ilplf1),
MPI-ESM1-2-LR (rlilplfl, r2ilplfl), MRI-ESM2-0 (rlilplfl, r1i2p1fl), NESM3 (rlilplfl),
NorESM2-MM (rlilplfl), TaiESM1 (rlilplfl).
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Supplementary Figure 10 Assessment of NDVI as a predictor of soil moisture
from 2003 to 2022 (a) One-to-one plot of monthly soil moisture predictions and
observations across all months and grid boxes in Southern Madagascar. Each point represents
data from one month at one grid-box. (b) One-to-one plot of seasonal anomalies (Sep-
Nov) of average soil moisture across Southern Madagascar. Anomalies are estimated as the
differences between the yearly seasonal value and the average seasonal value from 2003 to
2022. Each point represents anomalies for one year. (¢) Average soil moisture across Southern
Madagascar from observations (solid line) and predictions (dotted line).
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Supplementary Figure 11 Forest cover loss from 1973 to 2017 Forest cover fractions
for each 0.25-degree grid box in (a) 1973 and (b) 2017. We estimate the (c) difference in
forest cover fractions from 1973 to 2017, defining (d) regions with minimal deforestation as
grid boxes with changes in fractions less than 0.15, which are mapped in cyan.
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Supplementary Figure 12 Trend in proxy soil moisture Linear trends in proxy
average soil moisture over the onset period (Sep-Nov) from 1982 to 2022. Trends are
estimated for every 0.25-degree grid box, regardless of land use changes (Supplementary
Fig. 11).
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Supplementary Figure 13 Histogram of errors associated with proxy soil
moisture estimates Mean squared error in Eq. 1 estimated from the training and testing
subsets (see Methods). Each count in the histogram is the average mean squared error
across training or testing subsets for one grid box in the undisturbed region of Southern
Madagascar.
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Supplementary Figure 14 Monthly lags between NDVI and soil moisture
Optimal lag (monthly) between soil moisture and NDVI (with NDVTI lagging soil moisture)
estimating using data from (a) 2003 to 2022, (b) 2003 to 2011, and (c) 2012 to 2022.
(d) A histogram of lags (months) estimated from these three time periods. Each count in
the histogram is the optimal lag for one gridbox in the undisturbed region of Southern
Madagascar.
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Supplementary Figure 15 Covariance between seasonal trends. Covariance matrix
for seasonal trends in soil moisture in (a) control simulations and (b,c,d) forced simulations
from nine CMIP6 model runs. The covariance matrices in the forced simulations are based
on (b) trends from 1982 to 2022 (“Alt 1”7 in Supplementary Table 2), (c) trends from 1982
to 2022 and 1987 to 2027 (“Alt 2”), and (d) trends of 41-year length estimated every 5 years
from 1982 to 2099 (“Alt 3”). Covariance is estimated by aggregating trends across all model
runs and samples for each season. Note that the diagonal represents the variance of trends
for the specified season.



Springer Nature 2021 B TEX template

48 Climate and water availability in Southern Madagascar

x10°
(a)

1982-2022

B [) 1
SON trend [cm® cm® year ] x 102
o
%10
(d)

p
SON trend [em® cm™ year '] x 10
3
%10
@)

B [) 1
SON trend [em® cm™® year'] x103
3
10
(U]

1982-2022
&
1987-2027

B [) 1
SON trend [cm® cm® year ] x 103
x10°
(9)

B o 1
SON trend [em® cm ™ year '] x 10
«10°
()

B [) 1
SON trend [em® cm™® year'] x10
x10°
(0]

DJF trend [em® em™ year]  DUF trend [em® cm™® year]  DUF trend [em® cm @ year™']
" e "
JUAtrend [cm® cm® year']  JUA trend [em® cm® year']  JUA trend [em® em™ year ]

1 0 1

- 1 0 1
SON trend [cm® cm® year '] x 103

- 1 o 1
SON trend [em® cm ™ year '] x 10

SON trend [em® cm ™ year '] x10

MAM trend [cm® cm™® year] MAM trend [cm® cm 3 year'] MAM trend [em 3 cm ™3 year™']

Every 5 years
from 1982 to 2099

Supplementary Figure 16 Visualization of trend attribution. Slice of multivariate
normal distributions (MVNs) fit to null (L,1;; black) and alternative (L,}¢; red) simulated
trends. L,)¢ is estimated using trends from 1982 to 2022 (“Alt 1” in Supplementary Table 2)
in the top row (a,b,c), trends from 1982 to 2022 and 1987 to 2027 (“Alt 2”) in the middle
row (d,e,f), and 41 year trends every 5-years from 1982 to 2099 (“Alt 3”) in the bottom
row (g,h,i). Each subplot show a slice of the four-dimensional distribution and associated
probabilities of trends for two of the four season: (a,d,g) SON and DJF, (b,e,h) SON and
MAM, and (c,f,i) SON and JJA. Trends in seasonal proxy soil moisture are shown in blue
dots.
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Supplementary Figure 17 Main approach for drought attribution. Slice of MVN
fit to null (Ly1; black) and alternative (L,j;; red) data in the drought attribution for
drought years during 2017-2022 using approach 1. The top row (a,b,c) is associated with
an alternative period from 2005-2034 that is centered on the drought years and the bottom
row (d,e,f) an alternative period from 2070-2090. Each column shows a slice of the four-
dimensional MVN of soil moisture anomalies for two of the four season: (a,d) SON and
DJF, (b,e) SON and MAM, and (c,f) SON and JJA. Observed soil moisture anomalies for
different drought years are indicated by dots, as indicated in the legend in subplot (a).
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3 Supplementary Tables

Supplementary Table 1: CMIP6 climate model and ensemble
members. Fig. 3 includes vertical velocity data from all listed climate
model and ensemble members. The remaining analysis of soil moisture
uses models and ensembles in which simulations of monthly soil moisture
are available for PiControl, historical, and SSP-8.5 experiments, which
are indicated with an asterisk (*). Three of the runs, which are indicated
with a plus sign (+), are excluded from the analysis because of biases in
the seasonal cycle of the piControl simulations (Supplementary Fig. 4).

Model

Ensemble

ACCESS-CM2
ACCESS-ESM1-5

AWI-CM-1-1-MR
BCC-CSM2-MR
CAMS-CSM1-0
CAS-ESM2-0
CESM2
CESM2-WACCM
CIESM
CMCC-CM2-SR5
CMCC-ESM2
CNRM-CM6-1
CNRM-CM6-1-HR
CNRM-ESM2-1
CanESM5

CanESM5-CanOE
E3SM-1-1
EC-Earth3

EC-Earth3-CC
EC-Earth3-Veg

rlilplfl*, r2i1plfl, r3ilplfl, r4ilplfl, r5ilplfl
r1lilplfl, r12ilplfl, r13ilplfl, rl14ilplfl, r15ilplfl,
r16ilplfl, r17ilplfl, r18ilplfl, r19ilplfl, r20ilplfl,
r21ilplfl, r22ilplfl, r23ilplfl, r24ilplfl, r25ilplfl,
r26ilplfl, r27ilplfl, r28ilplfl, r29ilplfl, r30ilplfl,
r3lilplfl, r32ilplfl, r33ilplfl, r34ilplfl, r35ilplfl,
r36i1plfl, r39i1plfl, r40ilplfl

rlilplfl

rlilplfl*

rlilplfl, r2ilplfl

rlilplfl, r3ilplfl

r10ilp1fl, r11ilplfl, r4ilp1fl

rlilplfl*, r2ilplfl, r3ilplfl, r4ilplfl, r5ilp1fl

rlilplfl

rlilplfl

rlilplfl

rlilplf2; r2i1plf2, r3ilplf2, rdilplf2, r5ilplf2, r6ilplf2
rlilplf2

rlilplf2, r2i1p1f2, r3ilplf2, rdilplf2, r5ilplf2
rlilplfl*, rlilp2fl*, r3ilplfl, r3ilp2fl, r4ilplfl,
rdilp2fl, r5ilplfl, r5ilp2fl, r6ilplfl, r6ilp2fl, r7ilplfl,
r7ilp2fl, r8ilplfl, r8ilp2fl, r9i1p1fl, r9ilp2fl, r10ilp1fl,
r10ilp2fl, r1lilplfl, rllilp2fl, r12ilplfl, r12ilp2fl,
r13ilplfl, r13ilp2fl, rl4ilplfl, r14ilp2fl, rl15ilplfl,
r15ilp2fl, r16ilplfl, r16ilp2fl, r17ilplfl, r17ilp2fl,
r18ilplfl, rl18ilp2fl, r19ilplfl, r19ilp2fl, r20ilplfl,
r20ilp2fl, r21ilplfl, r21ilp2fl, r22ilplfl, r22ilp2fl,
r23ilplfl, r23ilp2fl, r24ilplfl, r24ilp2fl, r25ilplfl,
r25il1p2fl, r2ilplfl, r2ilp2fl

rlilp2fl, r2i1p2f1, r3ilp2fl

rlilplfl

r11ilplf1*T, ri13ilplfl, r15ilplfl, rlilplfl, r3ilplfl,
rdilplfl, r6i1p1fl, r9ilplfl
rlilplfl

rlilplf1**,  r2ilplfl, r3ilplfl,
r10ilplfl, r12i1plfl, r14ilplfl

rdilplfl, r6ilplfl,
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EC-Earth3-Veg-LR

FGOALS-f3-L
FGOALS-g3
FIO-ESM-2-0
GFDL-CM4
GFDL-ESM4
GISS-E2-1-G

GISS-E2-1-H

HadGEM3-GC31-LL

HadGEM3-GC31-
MM

IITM-ESM
INM-CM4-8
INM-CM5-0
IPSL-CM6A-LR

KACE-1-0-G
KIOST-ESM
MIROC-ES2L

MIROC6

MPI-ESM1-2-HR
MPI-ESM1-2-LR

MRI-ESM2-0
NESM3
NorESM2-LM
NorESM2-MM
TaiESM1
UKESM1-0-LL
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Climate and water availability in Southern Madagascar

rlilplfl, r2i1p1fl, r3ilplfl

rlilplfl

rlilplfl, r2i1plfl, r3ilplfl, rdilplfl
rlilplfl, r2i1p1fl, r3ilplfl
rlilplfl*

rlilplfl

rlilp3fl, rlilp5fl, r2ilplf2, r2i1p3fl, r3ilplf2, r3ilp3fl,
rdilplf2, r4ilp3fl, rbilplf2, r5ilp3fl
rlilplf2, r2i1p1f2, rdilplf2, r5ilplf2
rlilplf3, r2ilp1f3, r3ilplf3
rlilplf3, r2i1p1f3, r3ilplf3, rdilplf3

rlilplfl

rlilplfl

rlilplfl

rlilplfl*, r2ilplfl,
r14ilplfl

rlilplfl, r2i1p1fl, r3ilplfl

rlilplfl

rlilplf2*t,  r2ilplf2, r3ilplf2, rdilplf2, r5ilplf2,
r6ilplf2, r7ilplf2, r8ilplf2; r9ilplf2, r10ilplf2
rlilplfl*, r2i1plfl, r3ilplfl, r4ilplfl, r5ilplfl, r6ilplfl,
r7ilplfl, r8ilplfl, r9ilplfl, rl10ilplfl, rl11lilplfl,
r12ilplfl, r13ilplfl, rl4ilplfl, r15ilplfl, rl6ilplfl,
r17ilplfl, r18ilplfl, r19ilplfl, r20ilplfl, r21ilplfl,
r22ilplfl, r23ilplfl, r24ilplfl, r25ilplfl, r26ilplfl,
r27ilplfl, r28ilplfl, r29ilplfl, r30ilplfl, r31ilplfl,
r32ilplfl, r33ilplfl, r34ilplfl, r35ilplfl, r36ilplfl,
r37ilplfl, r38ilplfl, r39ilplfl, r40ilplfl, r4lilplfl,
r42ilplfl, r43ilplfl, rd4ilplfl, rd5ilplfl, r46ilplfl,
rd7ilplfl, r48i1plfl, r49i1plfl, r50ilplfl

rlilplfl, r2ilplfl

rlilplfl, r2ilp1fl, r3ilplfl, rdilplfl, r5ilplfl, r6ilplfl,
r7ilplfl, r8ilplfl, r9ilplfl, r10ilp1fl

rli2plfl, r2i1plfl, r3ilplfl, rdilplfl, rbilplfl

rlilplfl, r2ilplfl

rlilplfl

rlilp1fl

rlilp1fl

rlilplf2*, r2i1p1f2, r3ilplf2, r4ilp1f2, r&8ilplf2

r3ilplfl, rdilplfl, r6ilplfl,
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Supplementary Table 2 Input data used to fit and evaluate the multivariate normal
distributions in the attribution, including the null (x;,4,;), alternative (4;:), and
observations data (z). The input data used to estimate to covariance (3) and mean (u) are
specified for the null and alternative data. For the climate model simulations, data are

aggregated across all nine clime model runs (Supplementary Table 1).

(approach 1)

mean: Seasonal
anomalies® in soil
moisture during
the period from
1970 to 2099

Seasonal anomalies® in soil
moisture during the period
from 2005 to 2034¢

Attribution ZThull Talt x
Long-term Covariance Covariance and mean: Seasonal trends in
trends and mean: Alt 1: Seasonal trends proxy soil moisture
Seasonal trends in the forced simulations from 1982 to 2022
in the control from 1982 to 2022;
simulations, with Alt 2: Seasonal trends
trends of 41-year in the forced simulations
length estimated from 1982 to 2022
every 5 years from and 1987 to 2027;
year 10 to 500 Alt 3: Seasonal trends in
the forced simulations,
with trends of 41-year
length estimated every 5
years from 1982 to 2099
Drought Covariance and Covariance and mean: Seasonal

anomalies® in
proxy soil moisture
during the drought
year, including
2018, 2019, 2020,
2021, and 2022

Drought
(approach 2)

Covariance:
Seasonal anomalies
in soil moisture
during the period
from 1970 to 2099

Mean: Seasonal
soil moisture
estimate in 1982
via a linear trend
in proxy soil
moisture from 1982
to 2017

Covariance: Seasonal
anomalies in soil moisture
during the period from
2005 to 2034

Mean: Seasonal soil
moisture estimate for
the drought year via

an extrapolation of the
linear trend in proxy soil
moisture from 1982 to
2017

Seasonal mean
proxy soil moisture
during the drought
year, including
2018, 2019, 2020,
2021, and 2022

2anomalies are relative the seasonal average during the baseline, 1970-1999; Yanomalies are
relative the seasonal soil moisture estimate in 1982 via a linear trend in proxy soil moisture
from 1982 to 2017; “this alternative period can be defined over a range of 30-year periods

(Fig. 5).
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Supplementary Table 3 Drought attribution. The likelihood ratio, A, for how many
times more likely x is to occur in current and future conditions relative to a climatology
defined between 1970-1999 using the CMIP6 models (approach 1; “app. 1”7) and the
CMIP6 models combined with observed trends (approach 2; “app. 2”). All evaluation are
for years running from September to August. 90% confidence intervals are indicated in
parentheses and reflect both the uncertainty in « and in the estimation of multivariate
normal distributions. Asterisks indicate that the likelihood ratio is significant at p < 0.01.

2005-2034 2020-2049 2070-2099

Drought App. 1 App. 2 App. 1 App. 2 App. 1

year

2017- 15.5 (8.5- 141.1 (0.2- 63.4 (32.2- 145 (0.5- 28382 (4978-

2022 27)* 75310) 122.7)* 103223 218210)*

2017- 15.1 (9.7- 171.7 (4.7- 23.4 (12.6- 145 (5.2- 615.2 (122.2-

2021 24.2)" 5314) 45.4)* 4061) 3892)*

2017- 1.7 (1.5-1.9)* 2.2 (1.1-4.2) 1.9 (1.6-2.2)" 2.2 (1.1-4.1) 2.7 (1.7-4.4)"

2018

2018- 1.9 (1.7-2.3)* 2.8 (1.5-4.9) 1.9 (1.6-2.4)" 2.6 (1.5-4.6) 2.3 (1.5-3.8)"

2019

2019- 1.9 (1.6-2.2)* 4.8 (2.3-10)* 2.1 (1.7-2.5)* 4.5 (2.2-9.3)* 4.5 (2.9-7.4)"

2020

2020- 2.4 (2.1-2.8)" 5.8 (1-29.5) 3.2 (2.8-3.5)" 5.9 (1.1-29.2) 22.6 (16.6-

2021 31.6)

2021- 1 (0.7-1.5) 0.9 (0-15.8) 2.7 (2.2-3.3) 1.8 (0.1-25.8) 45.4 (35.1-

2022 59.2)*
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