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S1 Annual to monthly background and heat-stress mortality5

To enable drought-induced mortality to be calculated at a monthly timescale, the existing annual background and heat stress

mortality were first converted to a monthly timescale. This step ensures that all mortality processes operate on the same monthly

timescale without changing total annual mortality for each PFT.

In the baseline model, mortality is applied once per year as a single annual event. For the monthly version, annual mortality

is redistributed over the twelve months of the following year using:10

mortmonthly = 1.0− (1.0−mortannual)
1/12. (S1)

This relationship preserves the total annual mortality while providing a monthly resolution. This redistribution introduces

a one-year shift in timing, but allows the number of individuals to be updated monthly, which is needed to capture seasonal

drought effects.

Figure S1 shows this redistribution for eight calibration locations with different dominant PFTs. The left column compares15

mortality in the baseline model and the new monthly mortality implementation (MM), where the baseline shows a sharp

annual peak and the MM version is smoother across months. The right column shows that the yearly sum of monthly mortality

matches the baseline annual totals for each PFT (with a one-year shift), so the overall magnitude stays the same despite the

redistribution.

Figures S2 and S3 further show that FPC and GPP are largely unchanged in the MM model. The main difference is a20

smoother tree FPC over the year, since mortality is applied monthly rather than as a single event. Small differences in FPC and

GPP arise from the one-year shift in mortality timing, but these are minor and do not affect overall vegetation dynamics.

In summary, converting background and heat stress mortality to a monthly timescale is an intermediate but necessary step. It

preserves total annual mortality while allowing the new drought-induced mortality to operate at a monthly time scale, capturing

seasonal differences in drought stress.25
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Figure S1. Monthly redistribution of background mortality in the MM model for eight calibration locations. The left column compares

monthly mortality in the baseline and the MM model. The right column shows yearly totals, indicating that overall mortality is conserved

apart from a one-year shift.
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Figure S2. FPC at eight calibration locations for the baseline and MM models. Dashed lines indicate the baseline model, while solid lines

indicate the MM model.
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Figure S3. GPP at eight calibration locations for the baseline and MM models. Dashed lines indicate the baseline model, while solid lines

indicate the MM model.
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S2 Optuna multi-objective optimisation

S2.1 Pareto fronts

Figure S4 shows the Pareto fronts from the Optuna multi-objective optimisation for each tree PFT. Each point represents one

parameter combination (α, β), with GPP loss on the x-axis and mortality loss on the y-axis. Red points show the Pareto-optimal

solutions, while grey points show all other trials. The blue star marks the parameter set used in the final DM simulations.30

For most PFTs, mortality loss varies much more than GPP loss. This means mortality can often be improved substantially

with only small changes in the GPP loss. As a result, the optimisation is mainly driven by mortality, while GPP is relatively

insensitive to changes in α and β.

In most cases, the final parameter set was chosen as the Pareto-optimal solution with the shortest distance to the origin.

For temperate needleleaved evergreen trees, however, trial 35 was selected instead of trial 36. Although trial 36 had a slightly35

smaller distance to the origin (0.259 vs 0.264), looking at the time series showed that trial 35 behaved more realistically.

Because the difference was very small, trial 35 was used in the final simulations.
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Figure S4. Pareto fronts for the 100 Optuna trials of each tree PFT. Each point represents one parameter combination (α, β). Grey points

show all evaluated trials, red points indicate Pareto-optimal solutions, and the blue star marks the selected parameter set used in the final DM

simulations.
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S2.2 SPEI–GPP and SPEI–mortality relationships

Figure S5 shows the SPEI–GPP and SPEI–mortality relationships for the baseline, MM, and selected DM simulations, together

with the corresponding objective functions for each tree PFT. The DM simulation uses the α and β values from the selected40

Pareto-optimal point on the Pareto front. Points show the data, while the lines show the fitted relationships. The dashed black

lines indicate the mortality and GPP objective functions. The losses shown in Figure 5 of the manuscript was calculated as the

RMSE between the fitted model relationships and the corresponding objective functions.

The biggest changes are in the mortality relationships. For most tropical and temperate PFTs, the DM simulation produces

slopes that are much closer to the mortality objective than either the baseline or MM simulations. The boreal PFTs show smaller45

changes.

Differences in the GPP relationships are generally small. For most PFTs, the DM simulation stays close to the baseline and

MM results, suggesting that the optimisation mainly affects mortality. For tropical broadleaved evergreen trees, there is a small

drop in GPP performance, but this comes with a much larger improvement in the mortality relationship. Overall, the reduction

in mortality loss outweighs the increase in GPP loss, leading to a better overall fit to the objective functions.50
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Figure S5. SPEI–GPP and SPEI–mortality relationships for each tree PFT. Blue, green, and orange points and lines show the baseline, MM,

and selected DM simulations, respectively. Dashed black lines indicate the mortality and GPP objective functions used during calibration.

The DM simulation generally produces mortality responses that are closer to the objective functions, particularly for tropical and temperate

PFTs, while changes in GPP responses are relatively small.
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S2.2.1 Parameter sensitivity across PFTs

Figures S6 and S7 show how mortality and GPP losses vary for the Optuna trials for each tree PFT as a function of α and β.

Each figure contains three panels per PFT: loss versus α, loss versus β, and α vs β. Each point represents one trial, with darker

colours indicating lower loss.

For mortality, most PFTs show a clear dependence on α. In general, low to intermediate values of α tend to give the lowest55

loss, while higher values lead to a strong increase in mortality loss. The relationship with β is more scattered, with no consistent

optimum across PFTs. This suggests that α has a stronger influence on the mortality response than β in the calibration.

For GPP, loss values are generally lower and less variable than for mortality. The dependence on α is weaker, and most PFTs

do not show a clear minimum. The relationship with β also shows no clear pattern, indicating that GPP loss is only weakly

sensitive to α and β.60
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Figure S6. Mortality loss across Optuna trials for each tree PFT. Each panel shows loss versus α, loss versus β, and α vs β. Points represent

individual trials, with darker colours indicating lower loss.
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Figure S7. GPP loss across Optuna trials for each tree PFT. Panel structure is identical to Figure S6. Colours indicate GPP loss, with darker

values showing lower loss. Note the different colorbar range.
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S3 Sensitivity of drought mortality to VPD and phenology

To test how the drought mortality changes with VPD and phenology, we repeated the curves from Figure 6 in the manuscript

while varying both variables (Figures S8 and S9). Increasing VPD generally leads to higher mortality rates for all PFTs. When65

VPD is low, mortality can stay limited even under strong water stress, whereas higher VPD leads to a much steeper increase

in mortality once the threshold is crossed. Phenology acts as a limiting factor for when drought mortality can occur. Lower

phenology values reduce overall mortality because the response is scaled down when leaf activity is low. When phenology is

zero, drought mortality is also zero, since no active vegetation is present.

Figure S8. Drought mortality as a function of water stress (wscal) and vapour pressure deficit (VPD). Mortality increases with increasing

VPD due to higher atmospheric demand. Values where mortality is zero are masked out.
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Figure S9. Drought mortality as a function of water stress (wscal) and phenology. Lower phenology reduces drought mortality, and when

phenology is zero, drought mortality is zero. Values where mortality is zero are masked out.
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