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ABSTRACT

During the past decade, Europe has experienced an exceptional number of compounding hot and dry summers,
with substantial consequences for agriculture, economy, human health, and natural ecosystems. Especially in
highly fragmented urban environments, healthy vegetation plays a key role in mitigating the impacts of heat,
yet large-scale studies on the ecological effects of drought often overlook fine-scale patterns needed for local
adaptation planning. In this study, we analyze the short-term responses of semi-natural and urban vegetation
types in Hamburg, Germany, to the compounding hot and dry summers of 2018, 2020, and 2022 using high-
resolution Sentinel-2 NDVI (Normalized Difference Vegetation Index) time series. We find that herbaceous
vegetation, such as grasslands, exhibited reductions in greenness during the drought summers, with stronger
deviations in locations characterized by drier site conditions. Woody vegetation and wetlands showed no
consistent decline, indicating limited short-term responsiveness. Although these patterns align with studies from
larger spatial scales, our results reveal considerable variability of responses within vegetation cover types as
well as pronounced small-scale spatial heterogeneity of responses. These findings suggest a complex interaction
of local site characteristics, plant species composition, and the specific timing of droughts. The observed
fine-scale variability of responses emphasizes the importance of high-resolution assessments for identifying
locally vulnerable vegetation types and informing targeted adaptation measures in urban landscapes. By
integrating two widely used and globally applicable metrics — the NDVI and the Standardized Precipitation
Evapotranspiration Index (SPEI) — our approach ensures high transferability across sensor platforms and
climatic regions. At the same time, the use of high-resolution Sentinel-2 imagery demonstrates its effectiveness
for capturing drought responses in fine-scale urban vegetation patches.

1. Introduction

agriculture (Brés et al., 2021) and natural ecosystems (e.g. Ciais et al.,
2005; Bastos et al., 2020; Gampe et al., 2021).

Climate change has increasingly manifested in the form of more
frequent and intense heatwaves and droughts across Europe during the
past decades (King et al., 2016; Rousi et al., 2022). After the record-
breaking European heat wave in 2003 (Garcia-Herrera et al., 2010),
Central and Northern Europe experienced a series of exceptionally hot
summers (Christidis et al., 2015; Russo et al., 2015), with 2018 marking
an unprecedented heat record in Germany (Zscheischler and Fischer,
2020). These extreme heat and drought events not only impacted
human health, from reductions in working capacity with economic im-
plications (Garcia-Ledn et al., 2021) to a rise in heat-related deaths (e.g.
Robine et al., 2008; Vicedo-Cabrera et al., 2021), but also affected
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While drought poses a threat to basic physiological processes in
plants, it is the combination of reduced precipitation with high temper-
atures that may particularly damage vegetation. The increased evap-
orative demand due to higher temperatures compromises vegetation
growth (Fu et al., 2022) and increases evapotranspiration, which addi-
tionally contributes to soil moisture depletion (Bohnisch et al., 2025).
With global warming, evapotranspiration is therefore becoming an
increasingly important factor in the formation of droughts (Markonis
et al., 2021). Furthermore, earlier vegetation greening due to warmer
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spring temperatures increases vegetation water demand earlier in the
year and may reduce water resources for the peak season (Wolf et al.,
2016).

Events in which multiple hazards, such as high temperatures and
meteorological droughts, occur concurrently and in combination ex-
acerbate their individual risk, are referred to as compound events
(Zscheischler et al., 2018). When analyzing the frequency or risk of
such events, potential dependencies between the hazards must be con-
sidered. In much of Europe, including central and northern regions, a
strengthening negative correlation between air temperature and precip-
itation has been observed that substantially increases the probability of
co-occurring heat and drought (Zscheischler and Seneviratne, 2017). As
a result, climate projections indicate a future increase in the frequency
of compounding hot and dry summers that are predominantly driven
by high temperatures, where future events in Northern Germany are
projected to resemble current compounding hot and dry summers in
Eastern Europe (Felsche et al., 2024). Hence, the occurrence proba-
bility of compounding hot and dry summers in Northern Germany is
projected to drastically increase, leading to more frequent and intense
soil moisture droughts (Bohnisch et al., 2025).

Quantifying drought remains a challenge, as droughts are not de-
finable by a single physical parameter, but are characterized by their
impacts across various systems and time scales (Wilhite and Glantz,
1985). Whether vegetation is affected by drought depends on a com-
plex interplay between meteorological conditions, hydrological site
factors, and species-specific traits (Lawler et al., 2011). Moreover,
these interactions vary significantly across temporal and spatial scales,
especially in urban spaces where vegetation is highly fragmented, and
site conditions and hydrological processes are artificially altered and
heterogeneous (Crausbay et al., 2017). It is urban areas, however,
where small-scale vegetation patches fulfill many important ecosystem
services, such as recreation, thermal regulation, pollution reduction, or
ecological functions, many of which can be compromised when, for
example, evapotranspiration or leaf area of the vegetation is reduced
due to drought stress (Guidolotti et al., 2025; Zhang et al., 2021;
Kabisch et al., 2021).

As Germany’s second-largest city, Hamburg presents a highly di-
verse and dynamic mosaic of urban and semi-natural vegetation types,
ranging from intensively managed parks and cemeteries to semi-natural
grasslands and even forests (Brandt et al., 2025; Liittgert et al., 2022).
The complex urban topography and variation in groundwater depth
and soil characteristics result in a high degree of heterogeneity in local
hydrological conditions (Schickhoff and Eschenbach, 2018). Moreover,
Hamburg’s geographic location along the Elbe River and its close
proximity to the North Sea exposes the city not only to drought risks
but also to various types of flooding. This complex relationship to water
poses challenges for urban climate adaptation, as not all feedbacks
and relations are fully understood on a detailed spatial scale (Hanf
et al., 2025). At the same time, Hamburg’s climate is projected to
resemble that of Toulouse in South-West France by the end of the
century, depending on future climate change (Rohat et al., 2017),
which emphasizes the need for adapting the urban green to heat and
drought to preserve its important functions.

Plant responses to drought can be investigated using a wide range
of approaches, including direct sap flow measurements (Siiel and
Briiggemann, 2021; Thomsen et al., 2020), dendrochronological ana-
lyses (Vicente-Serrano et al., 2014), ecosystem modeling (e.g. Ciais
et al., 2005), and satellite-based measurements. Over the past decades,
remote sensing has become a key method for detecting drought condi-
tions and assessing their severity across meteorological, hydrological,
and agricultural scales (West et al., 2019). Remote sensing enables
the quantification of drought impacts on broad spatial extents (Bas-
tos et al., 2020, 2021; Buras et al., 2020; Vicente-Serrano et al.,
2013) and can, combined with e.g. meteorological drought indicators,
provide multi-source information that is highly relevant for govern-
mental and administrative decision-making regarding drought mitiga-
tion (Dabrowska-Zielinska et al., 2020).

Urban Forestry & Urban Greening 122 (2026) 129489

While these large-scale studies have revealed distinct regional pat-
terns in vegetation drought sensitivity and are valuable for broad
climate risk projections, they often employ coarse-resolution satel-
lite data, such as MODIS, and therefore lack the spatial resolution
to capture vegetation—-water-interactions on a detailed spatial scale,
neglecting heterogeneous site factors and species composition. How-
ever, understanding the responses of fine-scale vegetation types to
droughts is crucial to implement targeted adaptation measures for
climate adaptation, nature conservation, or to preserve their ecosystem
services (Roshani et al.,, 2022). For this purpose, higher-resolution
satellite platforms like Landsat and Sentinel-2 are increasingly used
for drought detection and monitoring (Varghese et al., 2021; West
et al., 2019). However, these datasets still consist of relatively short
time series and pose challenges due to data gaps caused by cloud
contamination (Granero-Belinchon et al., 2021), although recent gap-
filling and time series reconstruction approaches have proven effective
in mitigating these limitations and enabling dense observations (e.g.
Zhu and Woodcock, 2014; McMahon et al., 2024). The high spatial
and temporal resolution supports a detailed analysis of phenological
patterns at local scales, which is promising for urban areas (Shahtah-
massebi et al., 2021). Despite this potential, only a limited number of
remote sensing studies have investigated drought responses of urban
vegetation (e.g. Miller et al., 2022; Leisenheimer et al., 2024; Le Saint
et al., 2026), and evidence from Northern European cities is especially
limited.

Focusing on the city of Hamburg with its diverse mosaic of vege-
tation types, we investigate short-term vegetation responses to recent
compounding hot and dry summers by using Sentinel-2 NDVI time se-
ries, Hamburg’s habitat survey data, and the Standardized Precipitation
Evapotranspiration Index (SPEI). We aim to analyze (1) how Hamburg’s
vegetation is affected by heat and drought compound events, and (2)
which vegetation types are especially responsive to them in the short
term.

2. Data & methods
2.1. Study area & habitat survey data

The city of Hamburg (53.55°N/10.0°E, Fig. 1) is home to more than
1.85 million inhabitants (in 2023) and covers an area of 755 km?2 (in
2022; Statistisches Bundesamt, 2025a,b). Its climate is temperate and
humid with a mean annual temperature of 9.6 °C and a mean annual
precipitation sum of 771 mm (reference period 1991-2020; Deutscher
Wetterdienst, 2023/2024). The soils, formed by glacial and fluvial sed-
iments, are very heterogeneous due to small-scale differences in relief
and water conditions in Hamburg and have been strongly modified by
anthropogenic influences (Schickhoff and Eschenbach, 2018).

Following this heterogeneity in site conditions, Hamburg features a
fine-scale mosaic of diverse vegetation types, which are regularly sur-
veyed and documented by the City’s habitat mapping program (Brandt
et al.,, 2025). The data of the habitat survey are publicly available
through the Ministry for Environment, Climate, Energy and Agriculture
(BUKEA, 2024). Our analyses are based on an updated version provided
directly by the authority.

A habitat is defined as a relatively homogeneous and clearly delin-
eable vegetation or structural unit in the field, which can be mapped
and digitized using a geographic information system (GIS). For habi-
tats of ecological or conservation relevance, species lists of vascular
plants are also recorded. Habitats of similar ecological, structural and
floristic characteristics are aggregated using a three-letter code system:
the first letter denotes the main habitat category (e.g. W for forest,
German “Wald”), the second indicates a subgroup (e.g. WM for beech
forest), and the third specifies the precise habitat type (e.g. WMM
for beech forest on base-rich soils). Very small habitats that are too
small to be mapped individually are often included as secondary types
within larger habitats. This study includes only habitats that have been
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Fig. 1. Spatial distribution of the vegetation cover categories in Hamburg (53.55°N, 10.0°E) included in this study, derived from the city’s official habitat mapping
survey (Brandt et al., 2025). The included vegetation types encompass semi-natural vegetation as well as urban green spaces such as parks. Water bodies (blue)
and elevation (gray shade) highlight the Elbe river floodplains and marshlands. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

recorded as areal units, excluding linear and point features such as
hedges or singular trees.

Because only a portion of the city is surveyed each year, the dataset
is composed of habitat records from different years. For the current
analysis, the most recent available entry for each habitat was selected,
resulting in a dataset spanning the years 2012 to 2021. To ensure
the focus remained on vegetation-driven responses, only habitat types
fully composed of vegetation were included, while urban infrastructure
(e.g. roads, built-up areas), open water bodies, ruderal patches (typ-
ically small and heterogeneous), and agricultural land (often subject
to artificial phenological patterns) were excluded. Some non-vegetated
or intensively managed types within the main categories were also
omitted, such as clear-cut forest areas or playgrounds. The final dataset
comprises 13,327 habitats, including semi-natural as well as urban
habitats such as vegetated parks and park-like cemeteries. To avoid
conceptual ambiguity regarding the biological understanding of “habi-
tats”, we instead use the term “vegetation (cover) types” throughout
the manuscript.

The spatial distribution of the included main vegetation cover cat-
egories is shown in Fig. 1.

To further investigate which vegetation types reacted especially re-
sponsive to hot and dry summers, and whether vegetation on wet or dry
sites reacted differently, all included vegetation units were additionally
assigned to wet, medium, or dry site conditions if the habitat definition
in the mapping instructions (Brandt et al., 2025) included information
about it. This was the case for most grassland, heathland, shrubland and
forest types. Bog, fen and swamp vegetation inherently occurs on wet
sites, and could therefore not be further differentiated. For parks, no
information about site factors was available in the habitat definitions

either. An overview of the spatial distribution of vegetation on wet,
medium and dry sites is shown in Supplementary Material, Figure S1.

2.2. Sentinel-2 satellite imagery

To account for the highly heterogeneous and small-scale vegeta-
tion structure within Hamburg, our study is based on high-resolution
Sentinel-2 data provided by the European Space Agency (ESA). To
the time of data acquisition, the Sentinel-2 mission comprised two
twin satellites that launched in 2015 and 2017, respectively, and carry
multispectral instruments (MSI) that measure the surface reflectance
in 13 spectral bands. Among these, the visible and one near-infrared
(NIR) bands are available at a spatial resolution of 10 m, making them
particularly suited for small-scale vegetation monitoring.

Hamburg is imaged on relative orbit 108 every five days. Due to a
swath overlap in higher latitudes, its western part is imaged in between
by the adjacent relative orbit 008, enabling a higher revisit time for
these areas (see Fig. 2 and Supplementary Material, Figure S2). How-
ever, persistent cloud cover remains a major challenge, leaving only
about 8% of all Sentinel-2 images completely cloud-free. To address
this, we pre-selected images via the Copernicus Browser (Copernicus
Data Space Ecosystem, 2025), focusing on images where at least parts
of Hamburg’s vegetated surfaces were visible. Images with full or dom-
inant coverage of clouds, fog, or snow were excluded; the remaining
about 30% of the available Sentinel-2 images from 2015 to 2024 were
downloaded as Level-1C Top-of-Atmosphere reflectance products.

Atmospheric correction was performed using the Sen2Cor processor
(v2.11) with the recommended default settings (ACRI-ST, 2022), the
ESA Climate Change Initiative Land Cover (CCI LC) data package for
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Fig. 2. Sentinel-2 images from 2015 to 2024 included in the study. Images from relative orbit 108 cover the full extent of Hamburg, whereas images from relative
orbit 008 include only the western part of the city and therefore cannot exceed roughly 50% of the maximum number of vegetated pixels. The green shading
indicates the proportion of vegetated pixels retained after cloud and shadow masking, with darker tones representing clearer scenes and lighter tones indicating
increased cloud contamination. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Sen2Cor (Defourny et al., 2017), and the 30 m Copernicus Digital
Elevation Model GLO-30 (Copernicus, 2023). Cirrus clouds of each im-
age were removed using the cirrus class of the corresponding Sen2Cor
Scene Classification Layer. For cloud and cloud shadow correction,
Fmask version 4.6 (Qiu et al., 2019; Zhu and Woodcock, 2012) was
used due to frequent misclassification of deciduous forests as shadows
by the Sen2Cor Scene Classification in winter images.

To exploit the high resolution of the Sentinel-2 platform, the Nor-
malized Difference Vegetation Index (NDVI; Rouse et al., 1974) was
calculated for each pixel in each image using the visible red (RED) and
near-infrared (NIR) bands (band 4 and 8, respectively) in 10 m resolu-
tion (see Eq. (1)). The NDVI, ranging from -1 (indicating non-vegetated
surfaces) to 1 (dense green vegetation), is an established index strongly
correlated with leaf area and chlorophyll content (Huete, 2012) and as
such widely used in ecological remote sensing and drought monitor-
ing (Le et al., 2023).

Npvi=NIR=RED )
NIR+ RED

To exclude non-vegetated pixels from the Sentinel-2 images and to
focus the analysis only on the selected vegetation cover types from
the habitat survey, a vegetation mask was created. Since the single
vegetation units still contain non-vegetated pixels such as roads, bare
soil patches, or buildings, we selected two cloud-free images from
spring and summer 2023 (19-04-2023 and 08-07-2023, respectively)
and clipped them with the selected vegetated areas. We performed K-
Means clustering with three and four clusters, respectively, in SAGA
GIS (Conrad et al., 2015) on each of the images, using only the visible
bands (band 2-4). Clusters were manually classified as either vegeta-
tion or non-vegetation. Due to seasonal variability, April images often
excluded deciduous forests from vegetation classes, while July images
tended to exclude senesced grasslands. Therefore, all pixels that were
contained in a vegetation cluster in one of both images were considered
to be vegetation and used as a mask to remove non-vegetated pixels
from all NDVI images.

After removing clouds, cloud shadows, cirrus clouds and non-
vegetated pixels from the NDVI images, all images with less than 10%
of potentially vegetated pixels left were deleted, because the leftover
pixels can be assumed to still be contaminated by clouds or cloud
shadows. The remaining 369 NDVI images contained strongly differing
numbers of available pixels (see Fig. 2), which means that the time
series for each pixel consisted of a different number of dates (see
Supplementary Material, Figure S2).

2.3. Filtering

Despite these masking procedures, individual pixel-based NDVI time
series still contained implausible outliers, particularly values close to
or below 0, as well as intra-seasonal spikes that likely reflect residual
clouds, cloud shadows, or atmospheric noise. To remove these, firstly,
all values below 0 were deleted, as they are implausible NDVI values
for vegetation. Secondly, all values in a pixel-level NDVI time series
were removed if followed by an NDVI increase of more than 0.4 within
a 20-day period, as such rapid vegetation greening is ecologically
implausible under natural conditions (Chen et al., 2004).

After this outlier filtering, aggregated time series were constructed
for each vegetation unit. We therefore calculated medians from all
pixels contained in a vegetation polygon per image, if at least half of
the pixels were available at that date, and only for units that consisted
of at least 10 pixels (7287 units). Dates falling below this availability
threshold were considered missing.

Remaining noise and outliers were finally eliminated by a third
filtering approach to further smooth the data and improve the re-
liability of subsequent phenological analyses. For this, we followed
the NDVI time series reconstruction methodology proposed by Chen
et al. (2004) and adapted to non-uniformly sampled time series like
Sentinel-2 by Granero-Belinchon et al. (2020). The methodology uses
the Savitzky-Golay-Filter (Savitzky and Golay, 1964) in an iterative
procedure that emphasizes high NDVI values and creates a time series
that approaches the upper NDVI envelope (Chen et al., 2004). We used
the “sgolayfilt” function of the package “gsignal” (Van Boxtel et al.,
2021) in R with the parameters proposed as in Granero-Belinchon et al.
(2020). Supplementary Material, Figure S3 shows the results of the
different filtering steps for all forest-like parks (EPW) as an example.

The iterative filtering approach was originally developed for uni-
formly sampled time series and thus treats Sentinel-2 time series as if
observations were equidistant in time, even though the temporal gaps
between cloud-free images vary considerably. As a result, periods with
sparse observational coverage tend to be overly smoothed compared to
those with higher image availability (Granero-Belinchon et al., 2021).
This uneven smoothing effect becomes evident in periods with very
few available images, such as 2015 and 2016 when only the Sentinel-
2A satellite was in orbit, and is particularly severe in the winter
periods of 2015/2016 and 2016/2017, as well as 2023/2024, when
cloud cover and snow additionally limited the number of usable images
(Supplementary Material, Figure S3 (c)). But it can also be seen in the
growing season of 2017, which, despite both Sentinel-2 satellites being
operational, yielded very few usable images due to persistent cloud
cover (see Fig. 2).
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Fig. 3. Three-month SPEI for Hamburg for the years 2015-2024, calculated using the R package “SPEI” (Begueria and Vicente-Serrano, 2023) based on
precipitation and evapotranspiration data from the Hamburg-Fuhlsbiittel station of the German Weather Service (DWD Climate Data Center, 2025a,b). The
index was computed using a reference period of 1995-2024. Yellow shading indicates summers with compounding hot and dry conditions, blue shading indicates
included reference years. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

To mitigate these biases and to ensure a more consistent data
foundation for phenological and drought impact analyses, we limited
the subsequent analysis to the years 2018 onward with more stable data
availability and improved spatio-temporal data coverage (see Fig. 2).

2.4. Meteorological data & SPEI

To identify and compare vegetation phenology in drought years
with non-drought years, we employed the SPEI (Vicente-Serrano et al.,
2010). In contrast to the Standardized Precipitation Index (SPI; McKee
et al.,, 1993), which relies solely on precipitation data, the SPEI is
based on the climatic water balance and therefore captures the effect
of precipitation deficits and increased atmospheric demand due to
higher temperatures, which makes it especially suitable to identify
compounding hot and dry summers. In addition, in contrast to other
indices that are based on a precipitation-temperature ratio and iden-
tify drought in absolute terms (Dabrowska-Zielinska et al., 2021), the
SPEI is standardized relative to the local historical distribution of the
climatic water balance. It thus identifies summers that are anomalously
dry relative to what is normal. Since vegetation is adapted to its
baseline climate, drought stress can already be triggered by deviations
from that norm, even if the absolute water balance was still positive.
Furthermore, the different aggregation periods of the SPEI enable a
multiscalar view of drought impacts on meteorological, agricultural,
ecological, and hydrological systems (Vicente-Serrano et al., 2012).

Data for monthly precipitation were obtained from records at the
weather station Hamburg Fuhlsbiittel (53.6332 N, 9.9881 E) of the
German Weather Service (DWD; DWD Climate Data Center, 2025a).
Potential evapotranspiration data were provided by DWD based on the
Penman-Monteith equation calculated from observations of the same
station (Monteith, 1965; DWD Climate Data Center, 2025b). The SPEI
was computed for different time scales with the R package “SPEI” with
1995-2024 as 30-year reference period (Begueria and Vicente-Serrano,
2023).

Since the focus of this study was on immediate responses to com-
pounding hot and dry summers, we used the three-month aggregated
SPEI to evaluate summer drought conditions (see Fig. 3). We consid-
ered years with an average three-month SPEI below —1 in the core
vegetation period (May to September) as compounding hot and dry
summers. The summer of 2018 emerged as a particularly severe hot
and dry one. Additionally, pronounced negative SPEI values occurred
in 2020 and 2022. The remaining years were considered non-drought
years, but only 2024 showed continuously positive SPEI values and
could be considered wet.

2.5. Calculation of reference curve and mean difference

Each hot and dry year (2018, 2020, 2022) was analyzed individually
as a phenological NDVI time series. Given the short data record of the
Sentinel-2 time series, we established a reference curve for non-drought
conditions based on the years 2019, 2021, 2023, and 2024 to facilitate
comparability. Therefore, we compiled all NDVI time series from the
identified non-drought years and calculated a median value for each
day of the year, using linear interpolation between actual observation
dates. This produced a continuous phenological reference curve. The
phenological impact of each drought year was then quantified by
calculating the mean difference between each drought-year curve and
the reference curve for each vegetation unit, restricted to the core
vegetation period from May 1st to September 30th. Fig. 4 gives an
example of the reference and drought curves for species-rich grasslands
on fresh to moderately dry sites (GM). For comparative reasons, we
additionally calculated the mean NDVI differences based on the period
June 1st to September 30th (doy 152-273), excluding May. As a result,
three mean difference values were obtained per vegetation unit, one
for each drought year. Positive deviations indicate a relative greening
compared to the reference curve, while negative deviations represent a
reduction in the expected vegetation greenness.

2.6. Statistical evaluation

To identify which vegetation types exhibited responses to com-
pounding hot and dry summers, NDVI mean differences were visualized
using boxplots that illustrate the distribution of deviations for vegeta-
tion cover types across different aggregation levels. To further assess
whether mean NDVI values in drought years differed significantly
from the reference curve, we applied the non-parametric Wilcoxon
signed-rank test for paired samples (Wilcoxon, 1945) using the func-
tion “wilcox.test” from the R package ‘“stats” (R Core Team, 2025).
Effect sizes were calculated using the function “wilcoxonPairedR” from
the “rcompanion” package (Mangiafico, 2026). The exact results are
reported in Supplementary Material, Table S1.

A roadmap outlining all data processing steps is presented in Fig. 5.

3. Results

3.1. Contrasting responses of herbaceous and woody vegetation to hot and
dry summers

The NDVI-based analysis of phenological responses to hot and dry
summers reveals clear differences between the main vegetation cover



N. Kaul et al.

2018

1 1
(a) \ | (b)
1 1
1 1
1 1
0.8- , ,
1 I
i |
1 ]
1 )
s 0.7+ ! :
% 1 1
1 ]
1 1
] ]
0.6- 1 1
1 1
1 1
1 1
1 1
0.5- : :
1 1 ! 1 |} = 1 1 1
N < © o] o N N =R
o o L | o A L ol o Lo

median drought curve

median reference curve

Urban Forestry & Urban Greening 122 (2026) 129489

2020 2022

1 1 1

I (c) | i1 GM

1 1 1

I 1 I

1 1 1

I ! }

L} i I

| i 1

I 1 |

I I |

1 1 1

I | I

I 1 1

1 1 1

1 1 1

] 1 |

1 I 1

1 1 1

I 1 1

1 1 1

1 1 1

1 1 1

I 1 |
1 1 I 1 1 1 . 1 1 I 1
© © o N N < (o] o] o N
o o - - o o o o - -~
month

drought 25% - 75% quantiles

reference 25% - 75% quantiles

Fig. 4. Median reference curve and drought curves for the compounding hot and dry summers of 2018 (a), 2020 (b), and 2022 (c), calculated from the individual
reference and drought curves of all “species-rich grasslands on fresh to moderately dry sites” (GM). Shaded areas represent the 25% and 75% quantiles. Green
dashed lines indicate the vegetation green period from May 1 to September 30 used to compute mean NDVI differences between drought and reference curves.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Habitat mapping
survey data

NDVI timeseries
pre-processing

Atmospheric correction
(L1C to L2A)

Cloud, cloud shadow,
and cirrus correction

Vegetation masking

Calculation of NDVI in
10 m resolution

Median timeseries
for vegetation units

+ Calculation of median

time series for each
vegetation polygon

+ Filtering and outlier

correction

DWD weather
data

3-month SPEI

Drought and
reference curves

Selection of drought
and non-drought years
based on the 3-month
SPEI

Calculation of median
reference curves for
non-drought years for
each vegetation unit

Calculation of mean
differences between
drought years and

Mean NDVI
differences

reference curve for the

vegetation season
(doy 121 — 273) for
each vegetation unit

Responses of
vegetation types

Classification of wet
and dry site conditions
based on habitat
survey data

Analysis of response
patterns for vegetation
types using boxplots
and the Wilcoxon

signed-rank test

Fig. 5. Workflow illustrating the main data processing and analytical steps of the study and the associated datasets.

categories. Herbaceous vegetation in particular shows pronounced
short-term responses to summer droughts, whereas woody vegeta-
tion appears unaffected in their NDVI. Among all vegetation types,
grasslands display the most marked NDVI reductions during drought
summers when compared to the reference curve (see Fig. 6). The
deviation is particularly severe in the extreme summer of 2018, but
significant for all years. Similarly, heathlands and dry grasslands, which
are grouped together in one main vegetation cover category, show
predominantly negative and significant deviations from the reference
curves. Urban parks exhibit clear negative NDVI anomalies during the
drought summer of 2018, too, while they appear less or even positively
affected in 2020 and 2022, respectively.

By contrast, wetland vegetation types like swamps, fens and bogs
do not show uniform NDVI deviations. While their NDVI deviations
are statistically significant in all years, indicating drying in 2018 and

2020 and greening in 2022, their mean differences fluctuate around
zero, indicating no systematic reduction in greenness during drought
summers. Similarly, forests and shrublands do not show negative NDVI
responses to summer droughts in the short-term. Instead, mean devia-
tions are slightly positive and significant, implying greener canopies
in drought years compared to the reference period. However, this
apparent greening effect disappears when the vegetation period for
computing the mean NDVI differences is adjusted to start on June
1st instead of May 1st (see Supplementary Material, Figure S4). When
excluding May, most forests exhibit mean differences close to zero
and shrubs even show negative deviations for 2018. In contrast to the
general pattern, young afforestations are the only forest types that show
pronounced reductions in NDVI in the drought summers of 2018 and
2020.

When looking into the NDVI deviations of the more detailed vege-
tation subgroups, the herbaceous and woody response patterns become
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more apparent (see Fig. 7 for 2018 and Supplementary Material, Fig-
ure S5 for 2020 and 2022). In vegetation cover categories that include
herbaceous and woody vegetation types, like the heathland category
that contains dry grasslands, the dry grasslands show responses like
grasslands, with negative NDVI deviations in the drought summers,
while dwarf-shrub heaths rather resemble the woody vegetation types
with only very small deviations. Within the category of parks and
cemeteries, tree-dominated types such as forest-like parks or forest
cemeteries show only small deviations, whereas more herbaceous types
respond with reductions in greenness during summer (see Supple-
mentary Material, Figure S6). In correspondence with the negative
deviations of young afforestations, the strongest negative responses
are shown by new parks. Apart from these mixed herbaceous-woody
vegetation categories, there are mostly no or rather weak differences
in the responses of the subgroups within a category. Additionally,
while woody vegetation types show only small variations in their NDVI
deviations, herbaceous types differ much stronger in their reactions.
As opposed to rather uniformly responding woody vegetation, herba-
ceous vegetation within a certain type reacts less consistent to summer
droughts.

3.2. Responses of vegetation on wet and dry sites

By differentiating vegetation by site moisture conditions based on
the habitat definitions, we find that for grasslands and heathlands,
vegetation on dry sites exhibits stronger NDVI reductions than those
classified as moist sites (see Fig. 8). This pattern can be further observed
when looking at the NDVI differences of grasslands spatially (see Fig.
9). For 2018, we find that grassland vegetation in the higher-elevated
north-western parts of Hamburg show stronger NDVI reductions than
grasslands in the low-lying south-eastern marshlands (see Fig. 9(a)).
This pattern is much less pronounced in 2020 and 2022 and not visible
at all for forests and parks (see Supplementary Material, Figures S7,
S8, S9), corresponding to the general lack of short-term responses in
NDVI for these vegetation types. Nevertheless, we highlight a high
spatial heterogeneity of responses for herbaceous vegetation, even in
neighboring areas.

3.3. Strongest responses in the extreme summer of 2018

For the herbaceous vegetation types, the NDVI deviations are found
to be higher in 2018 compared to 2020 and 2022, indicating that 2018

was the drought with the most severe ecological effects (see Figs. 6,
8). For most of the vegetation types, 2022 was least pronounced, with
parks and bogs even exhibiting no or positive signals, respectively.
Grasslands, however, show stronger negative deviations in 2022 than
in 2020.

In summary, herbaceous vegetation types such as grasslands, heath-
lands, and parks exhibit notable phenological responsiveness to hot
and dry summers, as indicated by negative NDVI anomalies. The re-
sponse is especially pronounced on already dry sites. In contrast, woody
and wetland vegetation types show either neutral or even positive
NDVI deviations, suggesting limited short-term drought responsiveness
detectable via the NDVI during the growing season.

4. Discussion
4.1. General response patterns correspond with large-scale studies

As demonstrated in the results, the vegetation in Hamburg does
indeed respond to compounding hot and dry summers, and these
responses vary considerably between vegetation types and at small
spatial scales. The stronger responses of open, herbaceous vegetation
to droughts on shorter time scales in contrast to forests correspond
to findings in other larger-scale studies investigating the effects of hot
droughts in recent years.

During the drought summer of 2018, pastures, arable land, and
forests in regions with a negative climatic water balance were found
to show lower than usual NDVI values, with a stronger relationship
between climatic water balance and NDVI observed for pastures and
arable land than for forests (Buras et al., 2020). Analyses of vegetation
responses to the 2018 and 2019 droughts in Europe revealed stronger
reactions for grassland and cropland compared to forests, which in
contrast even exhibited greening effects (Bastos et al., 2021). Similarly,
negative EVI (Enhanced Vegetation Index) anomalies were recorded for
cropland and grasslands in 2018, while forests mainly showed positive
anomalies and a pronounced greening in spring (Reinermann et al.,
2019). These findings indicate that herbaceous vegetation often shows
immediate responses to drought, whereas forests tend to react on longer
timescales or with a temporal lag between the drought event and
observable effects (Shyrokaya et al., 2024).

Similar drought response patterns have been reported across other
climatic regions and drought events. Studies from Mediterranean and
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semi-arid urban environments consistently show that herbaceous veg-
etation responds more rapidly and more strongly to drought than
woody vegetation. Analyses from California, based on both changes in
green vegetation fractional cover (Allen et al., 2021) and NDVI-SPEI
relationships (Miller et al., 2022), indicate that grasses are primarily

sensitive to short-term drought conditions, whereas trees tend to exhibit

delayed responses associated with longer-term moisture deficits. Simi-
lar contrasts between grasslands and forests have also been documented
outside urban contexts, including the central United States (Gu et al.,
2007), Southern China (Wu et al., 2024), and Spain (Vicente-Serrano
et al.,, 2019). Across these regions, grasslands consistently exhibited
stronger or earlier responses to short-term drought conditions, whereas
forests tended to respond to longer SPEI time scales and showed
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delayed but sustained reductions in greenness. The seasonal timing of
drought responses can differ between regions. For example, in Mediter-
ranean climates, NDVI declines during the typically dry summers are
part of the normal seasonal cycle of annual grasslands, whereas un-
usual drought impacts are reflected in significant positive correlations
between NDVI and SPEI during winter, when vegetation is typically ac-
tive (Miller et al., 2022). Nevertheless, the underlying pattern remains
consistent across continents and climate zones: herbaceous vegetation
responds rapidly to water limitation, whereas woody vegetation shows
more delayed and temporally buffered responses.

Although the general ecological response patterns observed in our
study are consistent with these large-scale investigations, proving the
robustness of our approach, our results reveal substantial fine-scale
heterogeneity in vegetation responses, which can only be captured us-
ing high-resolution methods. Importantly, while vegetation types tend
to follow characteristic response patterns, individual patches within
the same type do not respond uniformly. Even in vegetation types
that predominantly show reductions in NDVI, a substantial number
of vegetation patches can show greening effects, and the magnitude

of these responses vary markedly at small spatial scales. Moreover,
spatially adjacent vegetation units may display contrasting reactions,
and opposing responses between herbaceous and woody vegetation can
compensate each other’s signal if not assessed separately, potentially
concealing important trends. Overall, our findings reveal a fine-scale
mosaic of drought responses rather than homogeneous type-specific
patterns, emphasizing the need for detailed, high-resolution monitoring
and analysis of drought impact on vegetation to capture this variability.

4.2. Magnitude of drought response largely corresponds with drought inten-
sity

Vegetation showing negative NDVI deviations during drought years
mostly exhibited the strongest responses in 2018. The summer of 2018
stands out as the most extreme compounding hot and dry event in
recent years, with negative SPEI values throughout the entire growing
season (see Fig. 3). On a European scale, its impact on the vegeta-
tion even surpassed the extent of drought in the record summer of
2003 (Buras et al., 2020). In addition, the earlier spring greening due to
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high spring temperatures (see Supplementary Material, Figure S10), as
found by Reinermann et al. (2019) for vegetation in Germany in 2018,
can lead to earlier soil water consumption and thus depletion, further
intensifying the soil moisture drought in summer that occurred due to
low precipitation and high temperatures (Wolf et al., 2016).

For most vegetation types, 2020 exhibited the second-strongest
negative NDVI deviations, with the exception of grasslands, which
showed stronger responses in 2022 (see Fig. 6). This indicates that the
timing of the drought throughout the growing season may influence the
response of the vegetation (Jin et al., 2023). In 2020 the meteorological
drought reached its peak in May and June already with SPEI values
below -1, and became less severe during summer with below average
mean temperatures in July (Supplementary Material, Figure S10). In
2022, in contrast, the drought was comparably less severe in May and
June, but stronger during July, August and September.

Additionally, the number of summer days with temperatures above
25°C was much higher for July in 2022 than in 2020 (Supplemen-
tary Material, Figure S11, DWD Climate Data Center, 2025c), which
might have posed additional drought stress to grasslands, not only
due to a raised evaporative demand due to higher temperatures, but
due to the cooling strategy of herbaceous vegetation. In contrast to
forests, herbaceous vegetation initially counters heat through increased
evapotranspiration, providing evaporative cooling in the short term,
but accelerating soil moisture depletion. Once reserves are exhausted,
evapotranspiration cannot be maintained and the resulting shift in the
Bowen ratio towards more sensible heat flux drives surface warming,
further intensifying vegetation drying (Teuling et al., 2010). Heat can
thus contribute to even faster soil moisture depletion due to enhanced
evapotranspiration.

This enhanced drying of soil moisture due to vegetation activity
is an effect that is not captured by meteorological drought indices
like the SPEI. The magnitude of a soil moisture drought can thus be
underestimated by such indices. A much higher number of hot days in
July 2022 could be a factor explaining the stronger responses observed
for grasslands during that summer than in 2020.

4.3. Herbaceous plants as indicators for small-scale differences in soil water
availability and implications for urban climate

The three-month aggregated SPEI represents short-term meteoro-
logical droughts that primarily affect the uppermost soil layers, with-
out necessarily extending into deeper soil layers or groundwater re-
serves (Ebeling et al., 2025). This explains why vegetation types com-
posed of herbaceous plants with shallow root systems exhibit clear
responses to the short-term hot and dry conditions, while trees with
their deeper roots appear largely unaffected. The response patterns
of herbaceous vegetation can therefore be used as indicator display-
ing in which areas soil moisture dropped below a tolerable level for
herbaceous plants during the compounding hot and dry summers. This
interpretation is supported by findings from West et al. (2018), who
reported significant correlations between Sentinel-2-derived NDVI and
soil moisture measured at 5-30 cm depth for grasslands in generally dry
regions of the southwestern United States, demonstrating that NDVI of
herbaceous vegetation can reliably reflect variations in near-surface soil
moisture.

On sites where soil water is further limited by insufficient provision
from the groundwater reserves, for instance, due to a low groundwater
table or no hydraulic connectivity (Vogelbacher et al., 2024), soil mois-
ture can be assumed to reach critical levels earlier, reducing the NDVI
earlier during the drought and resulting in a higher mean deviance in
NDVL This is evident in the more pronounced responses observed in
vegetation located on dry sites compared to those on wetter sites. On
the contrary, vegetation that does not show a reduction in greenness
during meteorological drought can be assumed to be supplied with
sufficient water from groundwater reserves (Eamus et al., 2015; Graf
et al., 2020), as indicated by the inconsistent responses of wetlands.

10

Urban Forestry & Urban Greening 122 (2026) 129489

But this does not necessarily imply that wetlands are less sensitive
to drought. Instead, Northern European wetlands have shown to be
highly sensitive (Jin et al., 2023), and the recurrence of droughts may
pose a particular risk, as wet soils undergo biogeochemical changes
due to drought that affect their ability to recover into the pre-drought
state (Stirling et al., 2020). It may instead indicate that the short-
term meteorological droughts investigated did not yet sufficiently alter
the soil moisture regime in these systems in the investigated drought
summers.

These spatial differences in soil moisture availability across the
urban area are not only ecologically relevant but also have direct
implications for urban climate regulation. Because the cooling capacity
of herbaceous vegetation is directly linked to water availability, under-
standing spatial soil moisture regimes becomes essential for assessing
where vegetation can effectively mitigate heat. While herbaceous veg-
etation accelerates evapotranspiration and thus the latent heat flux
in the beginning of a heatwave, this function may collapse once soil
moisture is depleted, contributing to local warming instead (Graf et al.,
2020). In contrast, trees have been shown to maintain a measurable
cooling effect even under severe drought conditions (e.g. Zandler and
Samimi, 2024), particularly through shading beneath the canopy (Krae-
mer and Kabisch, 2022). Grasslands, however, exhibited markedly
stronger reductions in cooling intensity, which was attributed to the
higher drought sensitivity and more rapid desiccation of herbaceous
vegetation (Allen et al., 2021). Together, these findings underline that
the climatic function of urban green spaces during extreme events is
strongly dependent on vegetation structure, rooting depth, and the
ability to sustain evapotranspiration and shading under limited soil
moisture availability during drought. In this context, the integration
of optical satellite data with radar observations from Sentinel-1 offers
considerable potential, as SAR-based information can support spatially
explicit assessments of surface soil moisture and vegetation conditions
independent of cloud cover (Dabrowska-Zielinska et al., 2017; Abdel-
Hamid et al., 2020). Such combined approaches would enable a more
comprehensive evaluation of hydrological constraints on urban vege-
tation and improve the identification of areas where cooling functions
are most vulnerable during prolonged dry periods.

4.4. No immediate reductions in greenness for forests

In contrast to the herbaceous vegetation types, woody types like
shrublands, dwarf shrub heaths, forests, and forest-like parks did not
show negative NDVI deviations in the compounding hot and dry sum-
mers investigated, but instead exhibited positive deviations. Matching
our findings, Reinermann et al. (2019) found positive EVI deviations
for forests during 2018, with especially pronounced greening in April
and May due to high spring temperatures. This early greening may help
explain why positive NDVI deviations disappear when May is excluded
from calculating the mean deviations (see Supplementary Material,
Figure S4).

These results suggest that woody vegetation did not experience
drought stress during the compounding hot and dry summers inves-
tigated, at least not to an extent causing reduced greenness. Unlike
shallow-rooted herbaceous plants, trees can access, and even redis-
tribute, water from deeper, wetter soil layers that are less affected by
short-term meteorological droughts (Burgess et al., 1998). Furthermore,
forests were found to not accelerate their evapotranspiration during
hot days as much as grasslands, which inevitably leads to stronger
heating in the crown region (Teuling et al., 2010). Due to this more
conservative water-use strategy, forests do not additionally accelerate
soil water depletion during hot days, but use water resources more
sustainably (Teuling et al., 2010), which makes them less susceptible
to short-term droughts that only affect the uppermost soil layers.

Shyrokaya et al. (2024) found that the number of drought impact
reports for the forestry sector raised in 2019 compared to 2018, and
found correlations only with longer SPI and SPEI time scales (12
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and 24 months), indicating that longer SPEI time scales would be
more suitable to represent drought for forests. In accordance, Vicente-
Serrano et al. (2013) found that cool temperate moist forests show the
highest correlations of the NDVI with intermediate SPEI time scales,
whereas dry forests react to shorter time scales. However, even for a
12-month SPEI (see Supplementary Material, Figure S12), we did not
find significant negative NDVI deviations in forests (see Supplementary
Material, Figure S13).

Nevertheless, the lack of NDVI responses does not mean that forests
have not been affected by drought during the compounding hot and
dry summers. Instead, it implies that the water deficit was not causing
hydraulic failure to an extent that would induce leaf abscission, crown
defoliation or immediate mortality, which would result in a detectable
reduction in their greenness (McDowell et al., 2022; Bréda et al.,
2006; Carnicer et al., 2011). Nevertheless, Brun et al. (2020) found
early-wilting for 11% of Central European forests in the hot and dry
summer of 2018, and a tendency for reduced spring greening in 2019 in
affected forests. This implies a reduction in foliage, and thus greening,
during post-drought recovery after suffering xylem damage (Trugman
et al., 2018). Accordingly, the only month Reinermann et al. (2019)
found weak negative EVI anomalies (mean for Germany) for forests
in 2018 was September, which might indicate an early-wilting effect,
too. To investigate whether Hamburg’s forests showed such a response,
a more detailed phenological analysis would be necessary, since the
pronounced greening in 2018 would have compensated an early-wilting
signal in our analysis.

Furthermore, trees respond to moderate drought in physiological
ways that are not immediately visible as a reduction in greenness.
Isohydric species, for example, close their stomata when soil moisture
becomes limited. This helps to avoid hydraulic failure, which can occur
if evapotranspiration exceeds the critical water potential needed to
maintain hydraulic conductance within the plant. While closing the
stomata reduces water loss, it leads to reduced CO, uptake and thus
reduced photosynthesis at the same time. Since the metabolic processes
continue to demand carbohydrates, the plant will eventually starve if
photosynthesis is limited to an amount that prevents replenishment of
carbohydrate reserves (McDowell et al., 2008). Droughts can initiate
this process of carbon starvation in different ways. Damages to the
xylem structure of a tree due to severe drought can cause a tree to
allocate more carbon into tree ring growth while neglecting the foliage,
decreasing net plant productivity (Trugman et al., 2018). In addition or
independently, moderate, but recurrent droughts as well as suboptimal
growing conditions can continuously compromise the carbohydrate
reserves of a tree until a critical threshold for inevitable mortality is
reached (McDowell et al., 2022).

Moreover, while tree species differ in their water management
strategies and adaptation to drought stress (Johnson et al.,, 2018;
Bréda et al., 2006), even individuals within a species or population
can show very different reactions to a drought, depending on, for
example, individual traits like tree age, height, or individual differences
in site factors that may cause chronic stresses, or competition between
individuals (Trugman et al., 2021; Cailleret et al., 2017). Liu et al.
(2022) demonstrated that drought reduced the annual shoot growth of
younger trees, highlighting their higher sensitivity to water stress. This
finding aligns with our observations of reduced greenness occurring
primarily in young afforestations and recently planted parks. Moreover,
trees growing within stands were found to exhibit weaker growth
reductions than those growing individually along roads, underscoring
the importance of microhabitat conditions in buffering drought ef-
fects (Liu et al., 2022). This may explain why smaller shrub and coppice
vegetation units showed weak reductions in greenness (when excluding
the spring greening effect, see Supplementary Material, Figure S4),
while forests did not. Furthermore, trees growing on soils subject to the
natural water cycle may be less susceptible to compounding hot and
dry summers than, for example, street trees growing in artificial soil
pits (Schiitt et al., 2022; Leisenheimer et al., 2024), which were not part
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of this analysis. Therefore, by looking at whole vegetation units and
by summarizing forest responses through median phenological curves,
our analysis may have overlooked negative impacts on individual trees,
especially such on unfavorable sites.

4.5. Methodological considerations and limitations

The agreement of our results with larger-scale and longer-term
research proves the robustness of our overall results, despite the chal-
lenges and limitations posed by the much shorter available time series
of Sentinel-2. Most notably, our analysis is restricted to short-term
responses of vegetation and cannot assess long-term ecological trends
or vegetation adaptations. Additionally, from the ten available years of
data, we could only use seven due to the insufficient coverage of images
in the first three years (see Fig. 2). The reference curves consist of four
years and may therefore suffer from a low sample size.

Moreover, periods with higher precipitation are more likely to
have clouds covering the area, reducing the number of usable im-
ages in comparison to dry years. The filtering procedure applied to
remove outliers and smoothen the NDVI curves treats a time series
as if the time steps were homogeneous (Granero-Belinchon et al.,
2020). Therefore, it requires a sufficient number of available images
per season to adequately reconstruct a phenological curve (Granero-
Belinchon et al., 2021), which is not always the case. Large gaps or
completely missing seasons therefore lead to a too strong smoothing of
the time series, which can further underestimate the curves for wetter
years (Granero-Belinchon et al., 2021).

Despite the challenges caused by the limited length of the time
series, the high spatial resolution of Sentinel-2 data enables the inves-
tigation of drought patterns in small and fragmented urban vegetation,
although varying sizes of vegetation units and their structural het-
erogeneity as well as differences in the available dates for each unit
cause uncertainties in the reliability of the single time series. Firstly,
vegetation units vary in size and are not fully homogeneous, meaning
they mostly consist of mixed herbaceous and woody vegetation, each
with different phenological behavior. By calculating the median for
each unit and time step, we captured what a unit mostly consists of and
reduced the influence of outliers. Nevertheless, when parts of a unit are
missing in an image due to cloud cover, the proportion of herbaceous
to woody vegetation can be distorted and influence the median of that
date. However, this effect is partially accounted for by the smoothing
procedure.

Secondly, the number of available dates and their distribution
throughout the investigation period vary between vegetation units.
Therefore, units that are closely located to each other can show dif-
ferent smoothing effects due to differing missing periods in their time
series, and may therefore not be perfectly comparable. Additionally,
and thirdly, there is the possibility of changes in land-use through-
out the observation period. We used the newest habitat survey data
available to attribute the vegetation types, but even over the short ob-
servation period, changes in land-use as well as in species composition
of habitats (Liittgert et al., 2022) may have occurred. Outlier patterns or
stronger deviations in individual units could, therefore, stem from land-
use changes or insufficient temporal representation rather than actual
ecological responses. Nevertheless, the good correspondence of drought
responses within vegetation cover categories supports the robustness of
our results and highlights the suitability of the approach to investigate
fine-scale drought responses in urban areas.

We employed the NDVI because it can be derived from Sentinel-2
bands at 10 m resolution and represents the most widely used vegeta-
tion index in remote sensing studies on drought monitoring (West et al.,
2019), ensuring comparability across studies. Moreover, the spectral
bands required for NDVI calculation are available on most satellite plat-
forms and are commonly included in aerial imagery systems (Zhu et al.,
2017; Olson and Anderson, 2021), further enhancing the transferability
and operational applicability of the approach.
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Nevertheless, there are many other indices that have been applied
and tested for monitoring drought responses of vegetation, and espe-
cially to identify drought reactions of forests, it might be promising
to employ vegetation indices that better represent multiple canopy
layers (Huete, 2012) or the vegetation’s water content, and to use
an even finer spatial scale to capture individual tree responses. For
example, indices employing short-wave infrared (SWIR) bands, such
as the widely used NDWI (Normalized Difference Water Index, Gao,
1996), or the NDII (Kimes et al.,, 1981; Hardisky et al., 1983) and
NBR (Lépez Garcia and Caselles, 1991; Key and Benson, 1999) that
are more in correspondence to the Sentinel-2 SWIR bands (Ji et al.,
2011), show a higher correlation with the plant water content of
trees than the NDVI since the SWIR channel is especially sensitive to
water (Marusig et al., 2020). A combination of the NDVI and NDWI
(NDDI) was developed by Gu et al. (2007) and proved to be valuable for
detecting drought in grasslands and cropland (Bartold et al., 2024; Do-
bri et al., 2021). Recent work has shown that several Sentinel-2-derived
spectral indices, including NDII, correlate with chlorophyll fluorescence
measurements in crop systems, even though chlorophyll fluorescence
itself cannot be directly retrieved from Sentinel-2 data (Gurdak and
Bartold, 2021). Because chlorophyll fluorescence is considered a highly
sensitive indicator of physiological water stress (e.g. Banks, 2018),
these findings further support the suitability of such indices for drought
assessment and monitoring. Additionally, thermal indices have shown
to be promising since they are able to detect changes in surface temper-
ature of tree crowns due to reduced evapotranspiration (Le et al., 2023).
Ultimately, investigating forest responses on pixel-scale might help to
better identify responses of individual trees or tree groups without
healthy trees compensating the signal of drought-stressed trees.

5. Conclusion

Our study demonstrates that short-term drought responses of vege-
tation cover types within the urban area of Hamburg vary both between
vegetation types and at fine spatial scales. Herbaceous vegetation pri-
marily exhibited declines in greenness during recent compounding hot
and dry summers, whereas woody vegetation and wetlands remained
rather unaffected.

Despite this overall pattern, we found that even within the same
vegetation type, response magnitudes varied considerably across space,
with some patches showing pronounced reductions while others re-
mained relatively stable or even showed greening effects. This het-
erogeneity indicates that local drought responses are not uniform but
are shaped by a complex interplay of species composition and site-
specific factors, for example groundwater depth, elevation, soil type
and structure, and the spatial distribution of precipitation.

Importantly, such fine-scale variation would remain undetected in
coarser-resolution analyses, underscoring the value of high-resolution
data for identifying localized vulnerabilities within seemingly homo-
geneous vegetation classes. By combining 10 m Sentinel-2 data with
detailed in-situ vegetation type information from the habitat map-
ping survey, we were able to attribute drought responses to specific
vegetation categories and uncover substantial heterogeneity within
them.

At the same time, we highlight the potential of using herbaceous
vegetation greenness, derived from NDVI, as indicator for remotely
assessing near-surface soil moisture availability. The NDVI is one of
the most widely applied indices in drought monitoring studies and can
be consistently calculated from most other satellite platforms and even
aerial imagery, which enhances the transferability of our methodologi-
cal approach. Continuous monitoring or longer-term assessments based
on this approach, or in combination with SAR-derived soil moisture
data (Dabrowska-Zielinska et al., 2017; Abdel-Hamid et al., 2020), may
therefore help identify climate change-related changes in hydrological
conditions throughout the urban area of Hamburg and beyond.
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Because NDVI-based approaches do not fully capture physiological
stress responses in trees, forests in particular should be reassessed with
complementary methods, such as thermal or physiological indicators
and on finer spatial scale, to more accurately evaluate their drought
sensitivity.

By providing one of the first systematic assessments of drought
responses of urban vegetation in Northern Europe, our study begins
to fill an important research gap. The spatially explicit response infor-
mation could serve as a foundation for studies assessing the impact of
drought on the vegetation’s cooling capacity (Allen et al., 2021) or for
multi-criteria decision analysis (MCDA, fLagiewska and Bartold, 2025)
to support the prioritization of mitigation and adaptation measures in
urban greening strategies.

Ultimately, fine-scale analyses are essential to identify areas within
the urban landscape that are most at risk from drought or other
environmental threats, which are projected to intensify under climate
change. In the short term, assessing and monitoring the current vege-
tation state allows for immediate interventions on city scale, such as
irrigation of parks or of ecologically valuable vegetation types. Over
the long term, detailed analyses inform the development of adaptation
strategies that account for the spatial heterogeneity of hydrological
changes. In this way, targeted measures can be implemented to effec-
tively preserve the ecosystem services provided by urban vegetation.
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