



[bookmark: _Toc144479308][bookmark: _Hlk142571712][bookmark: _CTVB001dd94e0d4a6bd4049a92a4bc416365a1a]Appendix: Supplementary materials
Table of Contents
1	Methodological specifications	2
1.1	Calculation of the standardized precipitation evapotranspiration indices	2
1.2	Studied street tree species	3
1.3	Rationale for the selection of the time series processing tool	3
1.4	Visual explanation of the developed drought response metrics	4
2	Remarks on results and discussion	6
2.1	Correlation coefficients of vegetation indices by tree species	6
2.2	Time-lag analysis	7
2.3	Percentage of significant positive correlations	9
2.4	Changes in land cover and land use as an uncertainty factor	10
2.5	Spatial patterns of drought response exemplified by T. cordata trees	11
References Appendix	12

[bookmark: _GoBack]

[bookmark: _Hlk142571714][bookmark: _Toc168323841]Methodological specifications
[bookmark: _Toc168323842]Calculation of the standardized precipitation evapotranspiration indices
[image: ]
Figure S1: Precipitation, temperature, and standardized precipitation evapotranspiration index (SPEI) time series from 2017 to 2022.
SPEI-1, SPEI-3, SPEI-6, SPEI-9, SPEI-12, and SPEI-24 represent the SPEI based on accumulation periods of 1, 3, 6, 9, 12, and 24 months, respectively.
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Figure S2: Exemplary photos of the studied tree species. A) Acer platanoides, B) Acer pseudoplatanus, C) Aesculus hippocastanum, D) Fraxinus excelsior, E) Platanus x acerifolia, F) Quercus robur, G) Tilia cordata. Photos: Leonie Leisenheimer
[bookmark: _Toc168323844]Rationale for the selection of the time series processing tool 
We use the processing software FORCE because it improves the cloud detection by the Fmask algorithm through the implementation of the cloud displacement index which uses the different viewing angles of the near infrared bands to distinguish elevated clouds from bright ground objects (Frantz, 2019; Frantz et al., 2018). In this way, FORCE compensates for the missing thermal band which usually hampers cloud detection, especially in urban areas where bright built-up surfaces are often misclassified as clouds (Frantz et al., 2018; Skakun et al., 2022). Frantz et al. (2018) successfully test the algorithm in metropolitan areas around the globe with an improvement of overall accuracy in cloud detection of 29-39 %. FORCE strives for aggressive cloud masking that increases producer’s accuracy making the dataset very suitable for time series analysis (Skakun et al., 2022).
A second essential feature of FORCE is the geometric co-registration of Sentinel-2 imagery based on Landsat imagery. Before March 2021, Sentinel-2 imagery had a multi-temporal accuracy of 12 m, i.e., exceeding one pixel, which impedes time series analysis in heterogeneous landscapes such as urban areas. The co-registration technique reduced the noise in time series by 43 % on average (Rufin et al., 2020).
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The following figures show the determination of the drought response metrics using an exemplary tree. The tree of species A. platanoides was planted in 1980. It is located in front of the school “Robert-Blum-Schule” and has a crown diameter of around 10 metres.
Notably, there is a lower data availability in the years 2017 and 2021 due to higher cloud cover (Figure S3). This also leads to missing values in the monthly aggregated time series (Figure S4) so that only 16 – instead of potentially 18 – median values can be used for the correlation between NBR-20 and SPEI-6 (Figure S5). In this example, the correlation coefficient of 0.85 is very high at a significance level of 0.01. 
In contrast, the interpolated and smoothed time series fills the data gaps (Figure S6). The growing season integrals for the years 2017, 2018, 2019, 2020, 2021, and 2022 amount 65.1, 58.2, 60.4, 58.6, 68.5, and 60.3, respectively. Thus, the deviation integral between the years 2017 and 2018 is 6.9 with a maximum daily deviation of 0.1 on the 225th day of the year (Figure S7). 
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[bookmark: _Ref142385103]Figure S3: Example of a time series of the normalized burn ratio using the 20-metre resolution band (NBR-20) derived from bottom-of-atmosphere reflectance imagery.
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[bookmark: _Ref142385231]Figure S4: Example of a monthly median time series of the normalized burn ratio using the 20-metre resolution band (NBR-20), with median values used for correlation (i.e., June, July, and August) in red.
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[bookmark: _Ref142385236]Figure S5: Example of a Pearson’s correlation between the standardized precipitation evapotranspiration index with an accumulation period of six months (SPEI-6) and the monthly median of the normalized burn ratio using the 20-metre resolution band (NBR‑20) in the months June, July, and August.
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[bookmark: _Ref142385555][bookmark: _Ref142385544]Figure S6: Example of a time series of the normalized burn ratio using the 20-metre resolution band (NBR-20) processed by FORCE with an interpolation time step of 16 days in red and a linear daily interpolation in black. The grey dashed lines mark the start and end of the season. The grey areas represent the annual growing season integrals.
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[bookmark: _Ref142385562]Figure S7: Example of a deviation between the growing season integrals of the years 2017 (turquoise line) and 2018 (orange line) derived from the time series of the normalized burn ratio using the 20-metre resolution band (NBR-20). The yellow area represents the negative deviations and the light-blue area the positive deviations. The grey dashed lines mark the start and end of the season. The red dashed line marks the maximum deviation date.
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Figure S8 differentiates the correlation coefficients of the correlation between six SPEI periods and eight vegetation indices by vegetation index and tree species. It reveals that P. x acerifolia exhibits the smallest correlation coefficients using all vegetation indices, whereas Q. robur exhibits the highest. Thus, the vegetation indices consistently determine differences in tree species. For most tree species, correlation coefficients based on NBR-20 are highest, except for T. cordata, where NDVI-20 achieves higher correlation coefficients, and P. x acerifolia, where RENDVI achieves slightly higher correlation coefficients than NBR-20. 
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[bookmark: _Ref144452048]Figure S8: Correlation between eight monthly median vegetation indices (for abbreviations see Table 2) and standardized precipitation evapotranspiration indices by tree species and vegetation index. 
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The correlation between the SPEIs and vegetation indices can reveal not only cumulative but also time-lagged drought effects. We repeat the correlation analysis for time lags of one month and two months by correlating the vegetation indices of June, July, and August with SPEIs of May, June, and July and April, May, and June, respectively. Overall, the results indicate slightly higher correlation coefficients with a time lag of one month and slightly lower correlation coefficients with a time lag of two months than without a time lag (Figure S9 and Figure S10). The species-specific patterns are similar in that P. x acerifolia shows lower correlation coefficients than the other species and T. cordata a high dispersion of correlation coefficients. The difference is that the correlation coefficients with SPEI-1 increase, whereas the correlation coefficients with SPEI-12 decrease for all species except P. x acerifolia when applying time lags. Thus, the response of street trees to drought is not time-lagged per se but the time-lag depends on the duration of the drought and the tree species. Similarly,   do not find clear time-lagged drought response patterns in deciduous trees. Most other studies refer to grasslands and reveal time lags of one to three months . As such, correlation coefficients are valuable in enhancing the understanding of responses of different street tree species to the various temporal scales of droughts.
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[bookmark: _Ref162197836]Figure S9: Correlation between the monthly median normalized burn ratio using the 20-metre resolution band and the standardized precipitation evapotranspiration index (SPEI) with a time lag of one month by tree species and SPEI period.
SPEI-1, SPEI-3, SPEI-6, SPEI-9, SPEI-12, and SPEI-24 are based on accumulation periods of 1, 3, 6, 9, 12, and 24 months, respectively.
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[bookmark: _Ref162197846]Figure S10: Correlation between the monthly median normalized burn ratio using the 20-metre resolution band and the standardized precipitation evapotranspiration index (SPEI) with a time lag of two months by tree species and SPEI period.
SPEI-1, SPEI-3, SPEI-6, SPEI-9, SPEI-12, and SPEI-24 are based on accumulation periods of 1, 3, 6, 9, 12, and 24 months, respectively.
[bookmark: _Toc168323849]Percentage of significant positive correlations
Table S1 summarizes the percentage of significant positive correlations between the SPEIs and vegetation indices. The percentages confirm the observations from the boxplots (Figure 4). Q. robur has the highest percentage of significant positive correlations with 69% for the correlation between NBR-20 and SPEI-9, while P. x acerifolia has the lowest percentage of significant positive correlations with 17% for the correlation between SPEI-24 and RENDVI. This underlines the delayed response of P. x acerifolia to drought. For all species except T. cordata and P. x acerifolia NBR is the vegetation index with the highest percentage of positive correlations. For T. cordata, RGVI, and for P. x acerifolia RENDVI seem to be more suited. 
[bookmark: _Ref143072300]Table S1: Percentage of significant positive correlations per tree species.
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SPEI-1, SPEI-3, SPEI-6, SPEI-9, SPEI-12, and SPEI-24 represent the standardized precipitation evapotranspiration indices (SPEI) based on accumulation periods of 1, 3, 6, 9, 12, and 24 months, respectively. 
For abbreviations of vegetation indices NBR-20, NBR-10, NDVI-20, RENDVI, and RGVI, see Table 2.
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In Section 4.2.1, we discuss how land use and land cover in the surroundings of street trees affect the drought response metrics. The following figures (Figure S11 and Figure S12) show a new construction site associated with tree felling next to a P. x acerifolia tree in the sample. This land cover change causes the sudden decline in the NBR-20 time series of this tree (Figure 7). Consequently, the drought response metrics incorrectly indicate strong drought response in this case for P. x acerifolia since the change in NBR-20 is unrelated to drought. 
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[bookmark: _Ref162180922][bookmark: _Ref162180915]Figure S11: Aerial photo of the surroundings of P. x acerifolia (yellow pin) in 08/2017 .
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[bookmark: _Ref149482142]Figure S12: Aerial photo of the surroundings of P. x acerifolia (yellow pin) in 09/2021 .
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The discussion on the drought response variability within tree species implies a high influence of site characteristics on street tree response to drought. Figure S13 exemplifies the spatial distribution of drought responses of T. cordata trees. Both drought response metrics consistently indicate that the tree alignment in the northwest of Leipzig responds strongly to drought, while there are several individual trees and tree alignments in the centre that are not strongly affected.
These site-specific characteristics suggest a closer look at tree conditions in the city of Leipzig. The strongly drought-affected tree alignment of T. cordata in the northwest of Leipzig is located in the floodplain landscape between the rivers “Weiße Elster” and “Neue Luppe”. This is surprising because in this area one might suspect good access of trees to groundwater sources. However, due to land use changes, groundwater levels are sinking which is why the sensitivity of trees to drought is rising and tipping points of these ecosystems might be reached .   find trees in floodplain areas to be particularly affected by prolonged droughts. While trees in their study are more responsive to the drought in 2019 than in 2018, it is reversed in this study. Possibly, drought effects in floodplain forests, as in the study by  , are buffered more by groundwater reserves than in street trees, as in this study, where anthropogenic soils have replaced natural floodplain soils . 
However, it might also be that the tree alignment is incorrectly indicated as highly drought responsive due to a methodological limitation. The trees are surrounded by agricultural land which might undergo different management practices and responds to drought in a different manner than trees . Consequently, the implied strong drought response might actually be caused by the surrounding agricultural land rather than solely by the street trees.
The example demonstrates, first, the potential for further spatial analysis of various street tree responses to drought, and second, the need to validate the drought response metrics through field observations.
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[bookmark: _Ref143008092]Figure S13: Spatial distribution of Tilia cordata responses to drought based on correlation analysis (A) and land surface phenology analysis (B).
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