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Table S1. Performance metrics for the SOS climatology maps. RMSE and bias are expressed by DOY, while R? is unitless.

phenology model CWM WM GSIM CWM WM GSIM CWM WM GSIM
driving meteorology CarpatClim FORESEE ERA5

overall RMSE 7.3 7.6 9.2 7.4 7.4 10.0 7.5 7.7 12.1
0-100m RMSE 7.2 7.4 7.8 7.3 7.2 8.3 7.2 7.2 10.4
100-200m RMSE 8.2 8.3 10.4 8.3 8.3 11.8 8.4 8.8 13.6
200-700m RMSE 4.7 6.0 7.7 4.8 4.5 7.3 4.6 4.6 10.3
overall bias -0.5 0.1 -4.4 -1.0 -0.9 -6.0 -0.5 -0.5 -9.4
0-100m bias 1.8 1.5 -3.3 1.6 0.9 -3.3 1.5 0.6 -7.7
100-200m bias -1.8 -1.6 -5.8 -2.4 -2.7 -8.0 -1.6 -1.8 -10.7
200-700m bias -1.1 1.9 -2.6 -1.9 0.5 -5.4 -1.4 1.0 -8.8
overall R? 0.07 0.07 0.05 0.07 0.09 0.01 0.05 0.05 0.05
0-100m R2 0.01 0 0.01 0 0.01 0 0 0 0.02
100-200m R? 0 0 0 0 0.02 0.01 0.05 0.02 0.01
200-700m R? 0.14 0.17 0.08 0.18 0.23 0.18 0.19 0.23 0.14

Interannual variability

Table S2 presents performance metrics for the annual median SOS dates relative to
the observation-based dataset.

Table S2. Performance metrics for the calculated annual median SOS dates relative to the observation-based results. RMSE
and bias are expressed by DOY, while R? is unitless.

phenology model CWM WM GSIM CWM WM GSIM CWM WM GSIM
driving meteorology CarpatClim FORESEE ERA5

overall RMSE 6.4 6.7 8.9 6.0 6.5 8.6 6.3 6.7 11.0
0-100m RMSE 8.2 7.3 9.2 8.1 7.3 9.0 8.1 7.6 10.0
100-200m RMSE 6.3 6.7 9.0 6.0 7.0 9.0 6.2 6.9 11.1
200-700m RMSE 5.7 7.5 8.3 5.9 7.8 8.7 5.7 7.3 10.2
overall bias 0.6 0 24 0.1 -0.9 -3.3 0.3 -0.6 -7.8
0-100m bias 3.5 21 0.1 3.6 2.3 0.9 3.2 1.7 -5.1
100-200m bias 0.4 -0.2 2.4 -0.4 -1.8 -4.7 0.2 -0.4 -7.5
200-700m bias -0.7 2.0 -0.5 -1.2 0.7 -4.1 -0.5 1.9 -7.1
overall R? 0.10 0.41 0.03 0.14 0.45 0.06 0.12 0.45 0.21
0-100m R? 0.17 0.42 0.08 0.18 0.41 0.08 0.19 0.41 0.23
100-200m R2 0.11 0.40 0.04 0.17 0.46 0.12 0.14 0.41 0.17
200-700m R? 0.03 0.16 0.01 0.04 0.17 0.05 0.04 0.17 0.06

All performance metrics were calculated at the pixel level as well. Statistical indica-
tors are presented in Table S3 focusing on the 5th and 95th percentile of the error metrics
that were calculated from the individual, pixel based time series.

Here we discuss the error metrics in more details that supplements Section 3.3 of the

paper.
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Table S3. Additional statistical information about the interannual variability of SOS calculated at the individual pixel level.
The 5th and 95th percentiles of the pixel level statistics are presented. RMSE and bias are expressed by DOY, while R? is unit-

less.
phenology model CWM WM GSIM CWM WM GSIM CWM WM GSIM
driving meteorology CarpatClim FORESEE ERA5

RMSE 5th perc 6.54 7.87 8.86 6.48 7.80 8.65 6.59 7.64 9.60
RMSE 95th perc 18.72 18.74 20.44 18.55 18.84 20.95 18.74 19.02 23.20
bias 5th perc -1095  -1143  -1490  -11.02 -1254 -1657  -11.58  -1245  -20.04

bias 95th perc 10.95 11.49 9.02 10.46 9.92 8.09 10.64 10.44 2.89

R? 5th perc 0 0 0 0 0 0 0 0.01 0
R2 95th perc 0.24 0.39 0.19 0.25 0.39 0.23 0.24 0.40 0.27
RMSE

Concerning elevation classes, RMSE is the lowest above 200 m with CWM and GSIM
(except ERA5-GSIM) and in the case of WM between 100 and 200 m. According to Table
S3, RMSE is similar for the CWM and WM (6.5-18.7 and 7.6-19 days, respectively), while
it is higher for the GSIM (8.6-23.2 days) which is consistent with the overall results pre-
sented in Table S2. However, we can conclude that the pixel based RMSE performance
needs to be improved.

Bias

If the driving meteorological dataset is FORESEE then the bias is negative (early sim-
ulated SOS) at 100-200 m for all models, and even above 200 m in the case of CWM and
GSIM. Below 100 m overestimation occurs, except in case of the ERA5-driven GSIM,
though it still has negative bias for every elevation classes. Pixel based bias ranges be-
tween -11.6 and +10.9 days, -12.5 and +11.5 days and -20 and +9 days for the CWM, WM
and GSIM, respectively.

R2

Overall R? is higher for the 0-100 m elevation class than above (the exception is the
FORESEE-driven GSIM and WM, and ERA5-driven WM, here the highest value belongs
to 100-200 m). The R? values of the WM are the largest regardless of the meteorological
database used. The FORSEE-WM combination has the highest R? (45.4%) explained vari-
ance (ERA5-WM is the second with 44.8%). At the pixel level, R? values are small for the
CWM and GSIM (ranging both between 0 and 0.24 or 0.27, respectively). For the WM R?
is between 0 and 0.40 at the pixel level.

As the WM looks most suitable to quantify the IAV of the country-median and the
pixel based SOS dates in terms of explained variance, further investigation is recom-
mended. Figure S1 shows the relationship between the observed and the FORESEE-driven
WM based annual SOS medians for the 1982-2010 time period. Error bars representing
uncertainty are also plotted for the NDVI3g based estimates. The figure suggests the
model performs better for later SOS dates (symbols are closer to the 1:1 line). There is one
outlier in the plot that represents 1988. In that year the observed SOS was DOY 94, while
the model predicted SOS in DOY 108. Without this data point R? increases to 0.58. It means
that though NDVI3g has a unique length, longer datasets might be more suitable for the
analysis.
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Figure S1. Relationship between the observation-based and the WM based annual median SOS dates for the 1982-2010 time period.
Error bars represent +/- one standard deviation of the NDVI3g based SOS estimations. The equation of the fitted line is also presented
(R?is significant with a p-value <0.0001).

Figure 52 shows the R map for the WM driven by the FORESEE database (again, for
1982-2010). The map is in accordance with Table S2 in the sense that the model performs
better below 200 m elevations (e.g. in the Great Plain of Hungary). The result is poor on
the western border and in the north-east part of the country, and in some other locations
as well. Land cover dependence was evaluated for the R? values. The analysis did not
provide further insight into the behavior of the model, which means that spatially R? was
not related e.g. to forest cover within the individual pixels.

Figure S2. R? map based on the FORESEE-driven WM and the observations for the 1982-2010 time period.
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Trend analysis

In order to provide more details about trend characteristics, pixel-based analysis was
also performed. The results are presented in Figure S3 in the form of histograms. The fig-
ure shows that none of the model-database combinations is consistent with the observa-
tion-based estimates. It is clear that the frequency distributions are always narrower than
the observation-based distribution. It means that the spatial variability of the decadal
trend is not captured by the models. To illustrate the differences, if we select the FORESEE
and CarpatClim database, the range of the trend values between the 5th and 95th percen-
tiles are 2.4-2.9, 7.1-7.3, and 5.4-5.5 for the CWM, WM and GSIM, respectively, while it is
6.4 for the observations.

Figure S3 suggests that the CWM and the WM is relatively insensitive to the selection
of the driving meteorological dataset, while GSIM results depend more on the driving
meteorology. The distributions are typically shifted to the right (lower advancement) for
the CWM, while they are shifted to the left with the WM. GSIM driven by ERA5 provides
estimates that capture the middle of the histogram of the observations. This is the reason
why the GSIM provided trend (for the entire target area) is consistent with the observa-
tion-based estimates.
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Figure S3. Frequency distribution of the pixel-based decadal trend values for the different models and the different driving
datasets per model. The NDVI3g-based trend is presented in all plots to provide reference. The plot was constructed with data
from all elevation classes together.



