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S1 Statistical methods
The extreme event attribution methodology applied is based on Philip et al. (2020), and summarized hereafter.
S1.1 Step 1: Analysis trigger

The first step in probabilistic extreme event attribution study is to select the event that will be studied, and to justify its choice
based on scientific and societal interest, and the capacity to carry out the study (Philip et al., 2020; van Oldenborgh et al.,
2021).

S1.2  Step 2: Event definition

The second step in EEA is to create a class-based univariate definition of the observed extreme event (Philip et al., 2020).
Different possible event definitions were compared based on the observed lake levels. Namely, rates of change in lake levels,
calculated over time-periods of different sizes are compared. The possible event definitions were assessed for their ability
to reflect the hydro-meteorological rarity of the event, while not excessively violating the assumptions behind extreme value
theory, in particular those related to the number, independence and identical (or linearly non-stationary, according to the shift
fit method) distribution of observations in a sample. Based on the chosen event definition and the optimal time-window (At)

selected, the climate variable of interest (X)) is defined as:
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The observed 2020 flood event is defined in a class-based way as the rate of change in lake levels leading up to the period of

peak lake levels:
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The probability of observing an event as extreme as that observed in 2020 can therefore be indicated as a probability of
exceedance of a threshold:

P (X > x2020) (S3)

S1.3 Step 3: Observed probability and trend

The third step in a probabilistic EEA study is to estimate the return period of the observed event in the current climate and
to test whether a trend in the likelihood of the observed event is detectable in observations. Here, observational lake levels
are used to estimate the probability of the flood in the current climate. First, based on the event definition, the variable of
interest (X = AL/At) is extracted from the lake level time series for the years 1949-2020. This is done with a rolling window
methodology, so that the extracted time series has a daily temporal resolution, like the original lake level time series. This time
series can be represented as the series of a random variable X; with a cumulative distribution function F'(x). :

Xl,XQ,Xg,...Xn XLNF(JZ)
P(X <z)=F(z) (S4)

In order to be fitted to extreme value distributions, the variable (X) must be assumed to be independently and identically
distributed (¢:d). If there is a known deviation from identical distribution, for example due to non-stationarity, this must be



accounted for and modelled statistically (Slater et al., 2021). For example, non-stationarity is present nearly everywhere in
variables related to temperatures, due to thermodynamic changes induced by climate change. In general, therefore, the prob-
ability distribution of temperatures has been changing and shifting, with higher temperatures becoming more likely through
time. The parameters of the distributions that are fitted to the data can be modelled in such a way as they vary through time,
for example by using a covariate, in order to account for changes in the location or variability of the distributions.

In a second step, a block maxima approach is applied to the time series. For each calendar year the maximum observation is

extracted, creating an annual block maxima time series with one observation per year:

M, = max{X;y,Xs,X3,..X,} forn =365 days (S5)
My 1, My o.My, for m years (S6)

The maxima M,, can be represented as a random variable, and given the iid assumption on its parent variable X, the
cumulative distribution function of the maxima can be represented as:

PM,<z)=P(X;<zNnX3<z.NX, <)
=P(X;<z)-P(Xy<1z)..-P(X, <1)
= F(x)- F(x)...- F(r)
= F"(x) (57)

In extreme value theory, it is assumed that the cumulative distribution function of a block maxima time series, such as F"(x),
is described by a Generalized Extreme Value (GEV) distribution. This is based on the Fisher-Tippett—-Gnedenko Extremal
Types Theorem, which states that if a random variable X is independent and identically distributed and there is convergence at
its tail (i.e. the distribution of maxima M,, converges to one shape as the number of observations n becomes very large), then
the limit distribution (i.e. for n tending to infinity) of the maxima M,, must be in the GEV family, independently of the parent
distribution F'(x) (Coles, 2001). This can be represented as:

b (xzan> TG(;U) (S8)

Eq. S8 states that if a series of numbers a,, and b,, can be found such that as n increases to infinity the cumulative distribution
function, F (), can be shifted and rescaled to always result in the same distribution G(z), then there is a convergence of the
distribution, and the limit distribution of the maxima time series is G(z). The Extremal Types Theorem states that G(x) must
be one of the three distributions in the GEV family, because these are the only max-stable functions, which can therefore meet
the requirement in Eq. S8. The GEV family contains the Weibull, Fréchet and Gumbel distributions, which can be represented
collectively by the following cumulative distribution function (Coles, 2001):

(e(52))

GEV distributions are described by the location (1), scale (o) and shape (£) parameters. These respectively represent the

G(w;p,0,8) = P(My < x) = exp

(S9)

central location of the maxima, the spread of the maxima, and the shape of the distribution. The Gumbel distribution has & =
0 and has a non-zero probability density for all values of the variable z (unbounded), the Fréchet distribution has £ > 0 and
is heavy tailed (has a lower bound) and finally, the Weibull distribution has £ < 0 and is thin tailed (has an upper bound).



In a stationary fit, the distribution parameters are assumed to remain constant, whereas in non-stationarity conditions, the
distribution parameters can vary over time.

The GEV in Eq. S9 gives the probability that a maximum will not exceed a certain threshold (z). The probability of threshold
exceedance can therefore be calculated as:

P(M, >xz)=1-G(z) (S10)

If My, 1 is an annual block maxima time series, the probability of threshold exceedance (P(M,, > x) represents the prob-
ability of observing a maximum in any given year that will exceed the threshold value z. The return period 7 of a threshold
value z indicates the average number of years that is expected to elapse between two observations that exceed the threshold
value, and can be calculated as the inverse of the probability of exceedance:
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The annual block maxima time series of the defined climate variable (M), 1) is fitted to a GEV distribution to estimate the
distribution parameters with a maximum likelihood method. Based on the fit, the best estimate of the return period in the
current climate of the flooding event observed in 2020 is calculated, and the 95% confidence interval is estimated using a
1000-member non-parametric bootstrap, with all years assumed to be independent. The observed 2020 event is included in the
fit. The probability of observing the 2020 event is calculated as:

Pobs = P (M, > x2020) = 1 — G(z2020; 1t,7,) (S12)

To account for possible non-stationarity due to climate change, and to test whether a trend in the likelihood of observing the
event is detectable in observations, distribution parameters are allowed to vary through time. A non-stationary GEV model is
fitted to the block maxima time series, using a global mean surface temperature (GMST) anomaly time series smoothed with
a 4-year rolling window (T") as a covariate. Following an EEA methodology commonly applied to temperature variables and
known as a shift fit (Philip et al., 2020), it is assumed that the distribution shape and spread (£ and o) remain unchanged, and
that only the central position of the distribution shifts with GMST. The location parameter  is modelled as a linear function

of GMST, the parameters of which (ug and p1) are estimated simultaneously with the time-constant parameters:
p=po +mT’ (813)

Two GEV distributions can then be modelled: the first one representing a counterfactual climate, where the location param-
eter is determined as a function of a pre-industrial GMST (fi,.s), and the second one representing the current climate, with the
location parameter determined as a function of present-day GMST (fiy,eq)- Pre-industrial GMST is defined as the temperature

in 1900 and present-day GMST as that in 2020, and the location parameters are calculated as follows:
Hnew = Mo + MITQ/OQO
Href = Ho + N1T11900 (S14)

If a positive or negative linear trend is identified between the location parameter and smoothed GMST based on Eq. S13,
there will by definition be a shift between the two GEV distributions. Whether this is statistically significant or not depends
on the magnitude of the linear relationship and the shape and confidence intervals of the GEV distributions. The probability of



exceeding the observed threshold (x2020) is then estimated in a 1900-like climate and in 2020-like climate based on the two
shifted GEV fits. These GEV models have the same scale and shape parameters, and only differ in their location parameters.
The probabilities of threshold exceedance in 2020 and 1900 are then compared, and the change in likelihood of observing
the event is expressed as a probability ratio (P R), which indicates how many times more or less likely the event has become

through time. Confidence intervals are estimated using bootstrapping. This can be summarized as follows:

Prew = P22 (M,, > w2020) = 1 — G (220205 fnew, 0, €)

DPref = PlQOO (Mn Z x2020) =1- G(‘(L.2020;/“’Lref7o—’£) (SlS)
PR,y = Prew,obs (S16)
Pref,obs

The change in magnitude or, equivalently, intensity (A7) of the event is also estimated by comparing the magnitude of the
observed event (z2920) with the magnitude of an event that would have the same probability of occurrence in a 1900-like
climate (x1990)- If the event has been made more intense by a trend in the observational data, the change in intensity will be

positive:
AT = 23020 — ¥1900 for P (M,, > z9090) = P (M,, > 21900) (S17)

When a shift fit is carried out the change in intensity does not depend on the return level (that is, the magnitude of the observed
2020 event), but only on the modelled linear regression of the location parameter expressed in Eq. S13, and can be calculated
as follows (Philip et al., 2020):

AT = 1y (Thow = Tley) (S18)

new

S1.4 Step 4: Model evaluation

The fourth step in EEA is to determine whether models are fit for purpose to study the extreme event in question. To this
end, first, biases in lake levels simulated with the WBM when forced with PERSTANN-CDR observational precipitation data
are investigated, to assess the skill of the WBM. Second, the precipitation output from factual GCM simulations is evaluated
using the PERSIANN-CDR observational product to assess spatial and seasonal biases in precipitation amounts. Third, the
WBM is forced with precipitation from factual and counterfactual GCM simulations. The modelled lake levels are evaluated to
determine whether the water balance closes or whether a further bias correction of the water balance terms is required. Fourth,
the climate variable of interest (X) is extracted from each modelled lake level time series. Annual block maxima of each
time series are then fitted to GEV distributions to estimate the three model parameters u, o and £. The resulting distribution
parameters are compared with those derived when fitting observational data to a GEV to assess the similarity of the parameters
and the skill of the GCMs to model the observed tail behaviour of the variable. If the confidence intervals of the distribution
parameters overlap the modelled distributions can be assumed to be sufficiently similar to the observations (Philip et al., 2020).

S1.5 Step 5: Multi-model extreme event attribution

The fifth step in EEA is to use GCM simulations to estimate the return period of the observed event under factual (present-day)

and counterfactual (pre-industrial) climates. Results are expressed as probability ratios, which indicate how much more or less



likely the event has become due to climate change. Since the anthropogenic forcing in historical GCM simulations changes
through time, we apply non-stationary methods used for transient forcing simulations as described in Philip et al. (2020).

First, GEV distributions are fitted on the annual block maxima time series of the climate variable X modelled by the WBM
using GCM precipitation simulations with all historical emissions (hist). For each GCM, a non-stationary GEV model is fitted
to the time series, using the shift-fit methodology. The smoothed yearly time series of GMST as simulated by each model is
used as a covariate. As for the observations, the modelled fit is used to estimate the probability of exceeding the observed
threshold in a present-day climate (py,euw,hist) and in a pre-industrial climate (py r.nist), respectively represented by the years
2020 and 1900. The result is summarized by calculating a probability ratio for each GCM:

Prew,hist (S19)

PRgoMm, hist =
Pref, hist

To estimate uncertainty due to internal variability, two-sided 95% confidence intervals are calculated using bootstrapping.
If the confidence interval of the probability ratio is above 1, a statistically significant increase in the likelihood of the event is
detected.

Second, for each GCM, the same process is repeated using the time series obtained by running the WBM with precipitation
from GCMs with natural-only forcings (hist-nat simulations). Since hist-nat simulations represent a hypothetical climate where
anthropogenic greenhouse gas emissions have not occurred, this is equivalent to testing whether a trend in the likelihood of
threshold exceedance is detectable due to natural forcings alone (Philip et al., 2020). Smoothed yearly GMST modelled by the

hist-nat GCM simulations is used as a covariate. Probability ratios are calculated between 2020 and 1900:

Pnew,hist-nat (520)

PRGCM,hist»nat =
Pref,hist-nat

Two-sided 95% confidence intervals for the hist-nat estimates are then calculated. If the confidence interval of the probability
ratio includes 1, a trend due to natural forcings is not detected. According to Philip et al. (2020) a trend detected based
on historical simulations of the same GCM can then be attributed to climate change, following the methodology used, for
example, in Philip et al. (2018).

Third, results from the historical and hist-nat fits for each GCM are combined as in Philip et al. (2018), computing two-sided

95% confidence intervals for the resulting probability ratio:

Prnew,hist
PRGCM,combined = (S21)
Prew,hist-nat

Since GCMs have biases regarding precipitation amounts, which are specific to each GCM, a simple bias correction is
applied following one of the methods proposed in Philip et al. (2020). Namely, for each GCM, an adapted threshold is used
to represent the observed extreme event (xgc ) instead of directly using the magnitude derived from observatons (z2920).
The threshold is chosen by holding fixed the probability of exceedance in the present-day climate that was calculated based on
observational data (ppew,obs in Step 3). For each hist GCM fit, we then determine what magnitude of the climate variable has
the same return period in the present-day climate as simulated by the GCM (zgcoar):

2020, 0b:¢
Pnew,obs = P 008 (Mn > 372020)

_ p2020,hist (

Prew,hist Mn > xGCM) for raom St Prew,hist = Pnew,obs



For the natural forcings only simulations, the same GCM-specific threshold calculated based on the historical simulations is
used (xgoar), assuming model biases are the same in the historical and natural forcing only simulations.

GEV fits and the calculation of probabilities and probability ratios are carried out in R using the extRemes package (Gilleland
and Katz, 2016).

S1.6 Step 6: Attribution synthesis

The sixth step in EEA is to synthesise the probability ratios calculated from observations and each GCM and to derive a single
probability ratio. Here, probability ratios calculated between present-day and pre-industrial climates from observations and
from combined historical and hist-nat GCM simulations, are synthesised:

PRgynthesis = [(PRobs, PRccm,1, PRaom,2--PRacm n) (522)

First, the model PR estimates are synthesised. If inter-model spread is greater than intra-model spread, this suggests uncer-
tainty due to model differences is greater than uncertainty due to natural or internal variability. In this case, the Philip et al.
(2020) protocol suggests using an unweighted synthesis methodology, which keeps the uncertainty on the final PR larger. If
inter-model spread is small compared to inter-model spread, then Philip et al. (2020) suggests to use a weighted synthesis
methodology, which makes the resulting uncertainty on the final PR smaller. The weight applied is the inverse square of the
variability, so that more uncertain estimates are penalised (Harrington et al., 2021; Philip et al., 2021). Which source of uncer-
tainty dominates is estimated by calculating a x? statistic, which is the sum of the number of standard deviations squared that
the synthesised mean is away from the various best estimates, and dividing this by the degrees of freedom (dof), which is one
minus the number of estimates being compared. If x2/dof is lessgilleland than or close to unity, natural variability dominates,
whereas if it is much larger than unity model disagreement dominates and uncertainty is larger than natural variability alone
would suggest (Philip et al., 2020). The synthesis methodology assumes the logarithm of the PRs is normally distributed, and
that each PR result is independent. Possible PR values from each modelled fit are then weighed by the probability density of
that value. The unweighted synthesis methodology inflates the uncertainty of each model estimate by \/W (when x2/dof
is greater than 1) to keep the confidence intervals larger.

Second, the model PR is averaged with the PR from observations, either using a weighted synthesis methodology, where
the weight is the inverse square of the variability, or using an unweighted synthesis methodology, which keeps the uncertainty
interval larger and usually gives more importance to observations, to account for model errors as a source of uncertainty.

Although uncertainty due to intra-model spread is greater than uncertainty due to inter-model spread in our results, we
present results only from an unweighted synthesis methodology to avoid artificially reducing uncertainties. The synthesis is
carried out using the KNMI-WMO Climate Explorer.


https://climexp.knmi.nl/start.cgi
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