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Table S1. List of the five CMIP6 Global Climate Model (GCM) datasets used for future projections under 

SSP5-8.5. Bias correction was performed using Quantile Delta Mapping (QDM, explained in methodology†). 

Raw trend (TR), Corrected trend (TC) and Relative difference (computed as Relative Difference (%) = 

((Corrected Trend - Raw Trend) / Raw Trend) * 100) are listed for each variable: precipitation (pr), relative 

humidity (rh), shortwave solar radiation (ssrd), minimum, maximum and mean temperatures (Tmin, Tmax, 

Tmean), and wind speed (wind). For temperature variables, which were bias-corrected on a month-by-

month basis to preserve the diurnal temperature range, the TR and TC values represent the annualized 

aggregate trend.  

Model Name Resolution 

(km) 

Variant 

Label 

Variable TR TC Relative 

Difference 

EC-Earth 3p-HR ** 

(Haarsma et al. 2020) 
50 r3i1p2f1 pr 0.9154 0.9686 5.82 

   rh 0.9532 0.9382 -1.57 

   ssrd 1.0107 1.0101 -0.06 

   Tmean 1.0194 1.021 0.16 

   Tmax 1.0193 1.021 0.17 

   Tmin 1.0198 1.0213 0.15 

   wind 0.9838 0.992 0.83 

CMCC-ESM2 (Lovato 

et al. 2022) 
100 r1i1p1f1 pr 0.9235 0.982 6.33 

   rh 0.9488 0.9402 -0.91 

   ssrd 1.0331 1.0289 -0.41 

   Tmean 1.0198 1.0209 0.11 
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   Tmax 1.0207 1.0209 0.02 

   Tmin 1.0194 1.0213 0.19 

   wind 0.9742 0.9875 1.37 

INM-CM5 (Volodin and 

Gritsun 2018) 
100 r1i1p1f1 pr 0.9589 0.9945 3.71 

   rh 0.9431 0.9452 0.22 

   ssrd 1.0167 1.0165 -0.02 

   Tmean 1.0133 1.0141 0.08 

   Tmax 1.0138 1.0152 0.14 

   Tmin 1.0126 1.0134 0.08 

   wind 0.9695 0.9718 0.24 

MPI-ESM1-2-HR 

(Gutjahr et al. 2019) 
100 r1i1p1f1 pr 0.8869 1.0303 16.17 

   rh 0.9373 0.9428 0.59 

   ssrd 1.0003 1.0073 0.70 

   Tmean 1.0142 1.0142 0.00 

   Tmax 1.0142 1.014 -0.02 
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   Tmin 1.0147 1.0147 0.00 

   wind 0.9599 0.9741 1.48 

NorESM2-MM 

(Seland et al. 2020) 
100 r1i1p1f1 pr 0.86 0.9684 12.60 

   rh 0.9491 0.9372 -1.25 

   ssrd 1.0262 1.0241 -0.20 

   Tmean 1.0159 1.0169 0.10 

   Tmax 1.0168 1.0178 0.10 

   Tmin 1.0151 1.0161 0.10 

   wind 0.975 0.9803 0.54 

† As shown in Table S1, the QDM bias correction successfully preserves the raw GCM trends for the majority of meteorological 

variables, with relative differences largely remaining below 2%. However, precipitation exhibits higher relative differences, particularly 
for the MPI-ESM1-2-HR (16.17%) and NorESM2-MM (12.60%) models. These larger deviations are a recognized characteristic of 
bias-correcting episodic, zero-bounded variables. Unlike temperature, which relies on additive (absolute) shift corrections, precipitation 
requires multiplicative (relative) scaling to prevent the generation of physically impossible negative values. Because precipitation 
distributions often contain many dry days and non-normal extremes, correcting the frequency of wet days and the intensity of heavy 
rainfall events can slightly alter the aggregate trend. Furthermore, when the raw absolute trend is a very small number, even minor 
adjustments made during the quantile mapping process translate into larger percentage-based relative differences. Therefore, these 
deviations reflect the mathematical constraints of preserving multiplicative trends in highly variable precipitation data, rather than a 
failure of the QDM algorithm. 
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** Sample plots for EC-Earth 3p-HR showing the result of QDM bias correction for each variable: 
To visually confirm the preservation of the historical climatology and distributions, sample plots of the 
QDM bias correction results are provided below (Figures S1-S7).  

 

Figure S1. Results for QDM bias correction on EC-Earth precipitation. Maps show mean for reference 
period (1995-2014) which was used in bias correction. Red dot on the maps marks the sample grid cell 
for which daily precipitation distribution was plotted (below).  

 

Figure S2. Results for QDM bias correction on EC-Earth relative humidity. Maps show mean for 
reference period (1995-2014) which was used in bias correction. Red dot on the maps marks the sample 
grid cell for which daily relative humidity distribution was plotted (below).  
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Figure S3. Results for QDM bias correction on EC-Earth shortwave solar radiation downwards. Maps 

show mean for reference period (1995-2014) which was used in bias correction. Red dot on the maps 

marks the sample grid cell for which daily shortwave solar radiation distribution was plotted (below). 

 

Figure S4. Results for QDM bias correction on EC-Earth mean temperature. Maps show mean for 

reference period (1995-2014) which was used in bias correction. Blue dot on the maps marks the sample 

grid cell for which daily mean temperature distribution was plotted (below). 
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Figure S5. Results for QDM bias correction on EC-Earth maximum temperature. Maps show mean for 

reference period (1995-2014) which was used in bias correction. Blue dot on the maps marks the sample 

grid cell for which daily maximum temperature distribution was plotted (below). 

 

Figure S6. Results for QDM bias correction on EC-Earth minimum temperature. Maps show mean for 

reference period (1995-2014) which was used in bias correction. Blue dot on the maps marks the sample 

grid cell for which daily minimum temperature distribution was plotted (below). 
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Figure S7. Results for QDM bias correction on EC-Earth wind speed. Maps show mean for reference 

period (1995-2014) which was used in bias correction. Red dot on the maps marks the sample grid cell 

for which daily wind speed distribution was plotted (below). 
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Figure S8: Assessment of drought memory decay across short- and long-term accumulation 

periods. Maps and histograms display the Pearson correlations between differing Standardized 

Precipitation Evapotranspiration Index (SPEI) timescales. The top row (SPEI-06 vs SPEI-12) illustrates a 

significant decay in correlation strength at a 12-month lag (mean r = 0.15), indicating limited persistence. 

In contrast, the bottom row (SPEI-24 vs. SPEI-48) demonstrates robust long-term memory, retaining high 

correlation values (mean r ~0.75) even after a 12-month lag.  
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Figure S9: The Standardized Precipitation Evapotranspiration Index (SPEI01-06). Spatial distribution 
of drought at different monthly intervals (1, 3, 6) using Sen’s slope estimator. Hatched areas in maps (left) 
indicate statistically significant trends (p < 0.05), while Hovmöller diagrams (right; Time vs Latitude) 
illustrate the decisive shift from wetter (blue) to dryer (red) conditions.  
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Figure S10. The Standardized Precipitation Evapotranspiration Index (SPEI09-24). Spatial 

distribution of drought at different monthly intervals (9, 12, 24) using Sen’s slope estimator. Hatched 

areas in maps (left) indicate statistically significant trends (p < 0.05), while Hovmöller diagrams (right; 

Time vs Latitude) illustrate the decisive shift from wetter (blue) to dryer (red) conditions. Note the 

latitudinal spread of dry conditions, indicating the drought signal becoming persistent across the study 

domain after 2020.  

 


