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S1 Friedman test

Non-parametric methods such as the Friedman test (Friedman, 1937) were used in this study, as they do not require the

assumption normality. The main purpose of this test is to assess whether there are significant differences in drought response

(DSrate) among different timings of hypothetical precipitation increases (tforcing). The test was applied separately for each

precipitation perturbations level. The null hypothesis (H0) assumes that no significant differences exist among the four tforcing.5
A p-value less than 0.05 indicates a statistically significant difference.

S2 Wilcoxon signed-rank test

Since the Friedman test only indicates whether differences exist among multiple groups, it does not provide pairwise

comparisons between specific groups. Therefore, the Wilcoxon signed-rank test was applied as a post-hoc non-parametric

method to evaluate pairwise differences among the tforcing. The statistical significance of differences was assessed using p-10
values.

S3 Cohen’s d

The effect size between two groups was evaluated using Cohen’s d (Cohen, 1988). The outcome of the metric is thus the

difference in group means relative to the standard deviation of the groups. In this study, the absolute value of Cohen’s d was

used to quantify the magnitude of separation. A result of 1 indicates that the group means differ by one standard deviation.15
Previous studies tend to use fixed thresholds to interpret small (0.2), medium (0.5), and large (0.8) effect sizes (Gevaert et al.,

2018; Kratzert et al., 2019).
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Figure S1: Conceptual illustration of the experimental design. Panel (a) shows a fixed baseline derived from a constant calibration30
period, while panel (b) illustrates a shifting baseline that arises when the calibration is affected by hypothetical precipitation
increases imposed in the numerical experiment.
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Figure S2: Conceptual models illustrating MYD alleviation driven by hypothetical increased precipitation forcing: (a) Baseline
pattern without increased forcing. DS is represented by the area of the red region. (b) Conceptual model 1: The same hypothetical35
precipitation increase applied at different tforcing within an MYD event. An earlier tforcing leads to greater alleviation benefits (∆DS+,
red area) and avoids additional losses from cumulative precipitation deficits. (c) Conceptual model 2: The same hypothetical
precipitation increase applied at the same tforcing, but with different drought index values. Because standardized drought indices
exhibit tail sensitivity, deeper drought conditions tend to produce large DS reductions under identical forcing (∆DS1>∆DS2 ). (d)
Optimal solution model: By weighing the mismatch influences of hypothetical precipitation forcing described in Conceptual40
models 1 and 2, toptimal (marked by the red point) can be identified.
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Figure S3: Relationship between mean and standard deviation of monthly precipitation across 199 grids. The red dashed line is the
1:1 line. The black solid line is the fitted line based on values from 199 grids. Blue crosses are the values for individual grids.45

Figure S4: Basin-scale Cohen’s d values for pairwise comparisons among early MYD forcing timings (t1~t3) across 10 major basins
in China.
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Figure. S5: Spatial distribution of the mode-based toptimal for each grid. For each hypothetical precipitation perturbation scenario
(prrate= 0.05, 0.10, ..., 1.00), the corresponding optimal timing was first identified according to the maximum DSrate among different
tforcing. Scenario without additional precipitation input (prrate= 0) was not included because identical DSrate across all tforcing prevent a
unique toptimal from being identified. The mode of the resulting 20 optimal timing was then used to represent the toptimal across55
different precipitation perturbation magnitudes (mode-based approach). The inset shows the frequency histogram of toptimal for
these grids.

Figure. S6: Spatial distribution of the toptimal for grids where the mode-based and DAQM-derived toptimal are identical. The inset60
shows the frequency histogram of toptimal for these grids.
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Figure. S7: Spatial distribution of the toptimal derived from small perturbation experiments (prrate = 0.05) for each grid. The inset
shows the frequency histogram of toptimal for these grids.65

Figure. S8: Spatial distribution of the changes in k (∆�) derived from the small perturbation experiments (prrate = 0.05). (a) Change
in k between t2 and t1 (∆���). (b) Change in k between t3 and t1 (∆���).
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Figure. S9: Spatial distribution of the median drought duration from 1991 to 2020 across the 10 river basins in China.
Surrounding panels show the probability distribution of ∆� derived from the small perturbation experiments (prrate = 0.05) for all
of China and each basin, based on grid-level MYD samples. Specifically, the orange lines represent ∆��� , and the green lines
represent ∆��� . The x-axis in each panel denotes ∆�, while the y-axis denotes probability. The number in the upper-right corner of75
each panel indicates the basin code.
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Table S1: A list of principal symbols and acronyms

Symbols and

Acronyms
Description

MYD MultiYear Drought

PDSI

Palmer Drought Severity Index, a monthly drought index where each value represents the PDSI-defined

“drought severity” for that month (the terminology is distinguished from the event-level drought severity,

DS, used in this study)

DS
Drought Severity of a drought event, the cumulative deficiency of a drought index below the critical

threshold throughout the event

DD
Drought Duration of a drought event, the period during which a drought index is continuously below the

critical threshold during the event

DI
Drought Intensity of a drought event, the maximum deviation of the drought index below the critical

threshold during the event

DDP Drought Development Period of a drought event

DIP DI Point of a drought event, the PDSI value corresponding to the DI

DAQM Drought Attenuation Quantitative Model

CAFEC Climatically Appropriate For Existing Conditions

prbaseline
the actual precipitation in the targeted month under the baseline (no hypothetical additional precipitation

is applied) scenario

pr� the long-term mean monthly precipitation

prforcing the precipitation in the targeted month after applying hypothetical additional precipitation

prrate the relative change in pr, ��rate=
���������−����������

��� ��

DSbaseline the actual DS under the baseline (no hypothetical additional precipitation is applied) scenario

DSforcing the DS after the hypothetical additional precipitation is applied

DSrate the relative change in DS, DSrate=
DSbaseline−DSforcing

DSbaseline

k
MYD attenuation efficiency, k characterizes how rapidly additional precipitation is converted into

reductions in DS

ktheoretical
the theoretical k value, ktheoretical is obtained by fitting the DAQM analytical solution

DSrate=1−exp −k∙prrate to the DSrate-prrate curve derived from the numerical experiments

kactual
the actual k value, represent the empirical sensitivity of DS to small precipitation perturbations,

kactual=
DSrate prrate=0.05

0.05
, prrate=0.05 is the step size in the numerical experiments
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ε relative error, ε=
ktheoretical−kactual

kactual
×100%

k1 ktheoretical value at the first month of a MYD event

k2 ktheoretical value at the second month of a MYD event

k3 ktheoretical value at the third month of a MYD event

kmax
maximum ktheoretical within a MYD event, obtained as the largest monthly k among all months of this

event

∆k21 the changes in ktheoretical between the second and the first month of a MYD event

∆k31 the changes in ktheoretical between the third and the first month of a MYD event

tforcing the month of hypothetical additional precipitation is applied

t1 the first month of a MYD event

t2 the second month of a MYD event

t3 the third month of a MYD event

tDIP the month corresponding to DIP within a MYD event

toptimal the optimal timing for drought alleviation

Note: To avoid ambiguity, the monthly values of the Palmer Drought Severity Index (PDSI) are referred to simply as “PDSI” in

this study, whereas DS is used exclusively to denote event-level drought severity.

Table S2: Comparison of R2 values for different functional models90

Model order Differential form Integral form t1 t2 t3

Zero-order
�������

�������
= � DSrate=k∙prrate 0.992 0.984 0.989

First-order
�������

�������
= � ∙ 1 − ������ DSrate=1−exp −k∙prrate 0.985 0.996 0.993

Second-order
�������

�������
= � ∙ 1 − ������

2 DSrate=1− 1 k∙prrate+1 0.982 0.976 0.961

N-order
�������

�������
= � ∙ 1 − ������

� DSrate=1− 1−k∙ 1−n ∙prrate 1 1−n 0.989 0.996 0.998

Note: t1, t2, and t3 represent the first to the third month of the MultiYear Drought event.
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Table S3: Pairwise statistical comparisons of DS responses among t1-t4 using the Friedman test, Wilcoxon signed-rank test and95
effect size (Cohen’s d).

Comparison p value Effect size (Cohen's d)

t1 vs t2 <0.001 0.003

t1 vs t3 <0.001 0.003

t2 vs t3 <0.001 0.002

t1 vs t4 <0.001 0.231

t2 vs t4 <0.001 0.244

t3 vs t4 <0.001 0.342
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