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c Centre for Climate Resilience - CCR, University of Augsburg, Universitätsstraße 12, Augsburg D - 86159, Germany

A B S T R A C T

Urban green spaces (UGS), including peri-urban forests, are recognised as effective climate adaptation measures. However, research into the microclimate char
acteristics of different UGS structures under varying diurnal, seasonal and synoptic conditions is scarce. Over two annual cycles, this study collected climate data from 
five structurally diverse UGS and one vegetated residential district across Augsburg, Germany. The UGS covered mixed forests, pine forest, heathland, and an urban 
park. Results show that diurnal air temperature contrasts exceeded seasonal and synoptic variability across all sites. Mixed forests exhibited the largest daytime 
cooling capacity and the least diurnal temperature variability. Although the urban park exhibited higher cooling capacity than the pine forest and heathland at noon, 
its nighttime cooling effect relative to the peri-urban forests was modest. Air temperature differences between the UGS structures increased with warmer weather and 
vice versa. Large-scale weather conditions either dampened temperature contrasts under cool, windy and overcast situations or amplified them during calm, clear-sky 
conditions. Mixed-effects modelling indicated that tree density had the strongest overall association with lower air temperatures, particularly at night. In contrast, 
tree height was linked to moderate daytime cooling but consistent nighttime warming, presumably due to reduced longwave radiative losses. During a heatwave 
event, mixed forests reduced maximum Modified Physiologically Equivalent Temperature by around 6 ◦C. These findings inform heat action planning by showing 
that the UGS cooling efficiency depends on weather conditions and time of day, and that structurally diverse mixed peri-urban forests reduce heat stress most 
effectively.

1. Introduction

Cities are the economic and social hubs of the modern world, 
providing opportunities for innovation, education, health services, se
curity, and social life (Ulgiati and Zucaro, 2019). However, urbanisation 
also amplifies exposure to climate and environmental hazards (Dodman 
et al., 2022), including flooding (Cea and Costabile, 2022), air pollution 
(Sicard et al., 2023), and biodiversity loss (Elmqvist et al., 2013). The 
urban heat island (UHI) effect refers to the phenomenon in which urban 
areas exhibit higher air temperatures (Ta) than surrounding rural areas 
due to the predominance of impervious surfaces, reduced vegetation, 
and anthropogenic heat emissions (Oke et al., 2017). Heatwaves amplify 
the UHI effect (Li and Bou-Zeid, 2013) and are expected to become more 
intense, more frequent, and longer-lasting in the future 
(Perkins-Kirkpatrick and Lewis, 2020). Extreme heat contributes to 

higher morbidity and mortality rates, particularly among vulnerable 
urban populations (Founda and Santamouris, 2017).

One of the most effective urban climate adaptation strategies is the 
implementation of green and blue infrastructures (Bowler et al., 2010; 
Gunawardena et al., 2017). While also vulnerable to climate change 
(Brandt et al., 2016), urban green spaces (UGS) provide valuable 
ecosystem services, including Ta, stormwater and air quality regulation, 
waste treatment, pollination, and recreation and aesthetic appreciation 
(Veerkamp et al., 2021). Urban parks, peri-urban forests, street trees, 
and vegetation on private land contribute to Ta reductions through 
evapotranspiration, shading, and increased surface roughness 
(Gunawardena et al., 2017). The cooling efficiency of UGS is influenced 
by multiple factors, including size and shape, vegetation type and di
versity, canopy density, leaf area index, tree height, the presence of 
water bodies, and meteorological factors such as seasonality, sunlight 
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exposure, and wind speed (Aram et al., 2019). While the positive effects 
of UGS are well studied, less attention has been given to how ecosystem 
services vary across different UGS structures – here defined by their 
structural tree compositions and usage properties. Focusing on Ta con
ditions, Arzberger et al. (2025) quantified the cooling effect of 36 urban 
parks in Munich, Germany, differing in size and vegetation complexity 
(encompassing vegetation structure, volume, density, and canopy 
cover). They found positive relationships between the UGS cooling ef
fect and UGS size, as well as between the cooling effect and vegetation 
complexity. While their study focused on park-scale vegetation 
complexity quantified by mobile laser scanning, the present study 
compares structurally and functionally different UGS types under 
varying seasonal and synoptic conditions, thereby extending the anal
ysis beyond park morphology alone.

Urban Ta varies with local site characteristics, local climate zones 
(LCZs), and prevailing synoptic conditions (Beck et al., 2018; Verdonck 

et al., 2018). While Beck et al. (2018) defined 16 synoptic categories 
based on local meteorological observations, large-scale weather types 
(Huth et al., 2008) are derived from gridded atmospheric datasets, such 
as pressure fields, and represent the combined effects of weather. Thus, 
associations between atmospheric circulation patterns and the regional 
surface environment can be examined (Yarnal, 1993). Previous research 
has primarily focused on links between large-scale atmospheric circu
lation and environmental hazards, including drought (Beck et al., 2015), 
heat (Adams et al., 2021), and extreme precipitation (Jacobeit et al., 
2017), as well as to assess impacts on human health (Hondula et al., 
2014; Simon et al., 2024). However, large-scale weather types are also 
particularly relevant in the context of UGS since they govern key at
mospheric boundary conditions that control UGS cooling processes, 
including radiative forcing, wind-driven mixing and nocturnal atmo
spheric stability. To the best of our knowledge, however, no study to 
date has explicitly linked large-scale weather types to the microclimate 

Fig. 1. UGS measurement network. The HOBO MX2301A logger locations (blue dots) for the five UGS and the residential site. The orange lines illustrate the routes 
on which mobile climate measurements were conducted during the summer of 2023. These measurements were used to establish the location of the logger sites (a–c; 
details are given in S1.1). Overview of the city of Augsburg, the UGS measurement network logger locations (blue dots), and the locations of five HOBO U23-001A 
loggers from the urban measurement network near the city centre (magenta dots). UP and R are the two sites near the city centre (blue dots). The peri-urban forest 
sites are located in the UFA southeast of the core city. The MF site is the northern site, while BF, H, and PF are situated in the southern district, in close proximity to 
each other. The nearest DWD station is indicated by a red sign (d). Overview map of Germany and the location of the measurement networks (e). The site UP 3. The 
logger is placed inside a self-constructed, 3D-printed radiation shield mounted on a tree (f). Visual impressions of the PF site and the H site during summer (g–h).
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characteristics of various UGS structures.
Therefore, this study aims to quantify the impact of UGS structure on 

seasonal and diurnal Ta patterns, analyse how large-scale synoptic 
weather types influence these conditions, identify the main environ
mental drivers of Ta spatial variability, and evaluate human thermal 
comfort conditions in different UGS structures during extreme heat 
conditions.

2. Data and methods

2.1. Study areas

Six study sites representing structurally contrasting vegetated urban 
and peri-urban environments were investigated in Augsburg, a mid- 
sized city (approximately 301,000 citizens) in southern Bavaria, Ger
many (Fig. 1). Five sites represent distinct UGS structures, while one 
additional vegetated residential district (LCZ 5) was included as an 
urban reference site. The long-term annual mean Ta of Augsburg is 8.5 
◦C, with July being the warmest month at 18.1 ◦C. The city receives an 
average yearly precipitation of 767 mm, and the prevailing wind di
rection is southwest (Beck et al., 2018). The study sites encompass an 
18 ha urban park (UP) – the Wittelsbacher Park – located within the 
western part of the city near the central railway station, a vegetated 
residential district (R) characterised by street trees and private gardens, 
and four more study sites within the urban forest of Augsburg (UFA): a 
mixed forest (MF), a mixed beech forest (BF), a pine forest (PF), and a 
heathland (H). These sites were selected to represent the dominant 
vegetated environments and vegetation structures present in Augsburg 
and its peri-urban surroundings. The selection therefore intentionally 
combines functional UGS types (urban park), forest compositions 
(mixed and pine forests), and open vegetation structures (heathland), 
reflecting the structural diversity of real-world urban and peri-urban 
green environments rather than a formal land-cover typology. As part 
of the interdisciplinary LEAF (Learning about the Effects of Augsburg 
Forest) project, site selection was additionally guided by accessibility, 
walkability, recreational relevance, and contrasting vegetation charac
teristics. Besides climatic analyses, the project investigated physiolog
ical and psychological responses to different urban forest environments. 
The residential district was included as a vegetated built-up comparison 
site to contextualise the cooling performance of the UGS structures 
relative to a typical low-density urban environment. Although not a UGS 
in the strict sense, the site is characterised by substantial vegetation 
cover and therefore represents an intermediate urban reference rather 
than a densely built urban core. Additional forest types, such as spruce 
or oak-dominated stands, were not included because they are uncom
mon in the Augsburg area.

2.2. Measurement networks

A measurement network comprising 33 MX2301A HOBO loggers 
from Onset (Onset, 2022) spread over all study sites (Fig. 1a–d) was 
established in late 2023. These loggers – placed inside self-constructed 
3D-printed radiation shields (Fig. 1 f, Figure S7–S8) – measured Ta 
and relative humidity (RH) at 4-minute intervals. Depending on the UGS 
size, shape, and internal microclimatic heterogeneity identified during 
preliminary mobile climate measurements (see supplementary material 
S1.1), five to seven loggers were installed in each site to capture 
representative microclimatic conditions. Site-level analyses were based 
on aggregated measurements across all loggers within each UGS. The 
loggers were mounted on trees or lampposts at a height of 2.7 m to 
reduce vandalism risk. Before installation, sensitivity tests were con
ducted using two separate experimental setups: (1) climate and hu
midity chamber tests to evaluate the sensor accuracy (see S2.4.1) and (2) 
a field experiment at the rooftop of the University of Augsburg to assess 
the effects of different radiation shields (self-printed vs custom shields; 
see S2.4.2). A second, more urban-focused measurement network within 

the city of Augsburg still operates (Beck et al., 2018) and consists of 
HOBO U23–001A loggers (Onset, 2020). Loggers not representative of 
the UGS areas, e.g. R 1 (proximity to urban park), MF 7, and BF 4 
(located at open meadows outside the forest), were excluded for site 
comparisons. Daily periods of positive (solar day) and negative (solar 
night) radiation balances (solar periods) were defined from one hour 
after sunrise to one hour before sunset (solar day) and from one hour 
after sunset to one hour before sunrise (solar night). The study period 
was set from January 2024 to December 2025, spanning two annual 
cycles to capture interannual variability and ensure robust assessments 
of seasonal and synoptic influences. Climate data from the nearest 
German Weather Service (DWD – Deutscher Wetterdienst) station, 
located northeast of Augsburg (Fig. 1d), complemented the data from 
the two measurement networks (DWD, 2026). More details on the study 
desgin and quality control of HOBO logger data are given in the 
supplementary material S1.1–S1.2.

2.3. Großwetter-types or prototype classification

This study employed the Großwetter-types (GWT) or prototype 
classification scheme (Beck et al., 2007, 2015) to classify the continuous 
atmosphere into distinct circulation classes. This method is based on 
predefined types, as initially defined by Hess and Brezowsky (1969). The 
primary objective is to characterise the circulation patterns in terms of 
varying degrees of zonality (Z), meridionality (M), and vorticity (V) of 
the large-scale pressure fields. The ten main circulation types are pri
marily defined by combining these three coefficients. Z and M define 
eight directional types depending on the main wind direction, and V 
determines the assignment of a central high or low-pressure type. A 
further refinement of the directional circulation types into cyclonic and 
anticyclonic subtypes based on the sign of V yields 18 types (Beck et al., 
2007, 2015). GWTs were computed with the cost733class software 
version 1.4 (Philipp et al., 2010) using ERA5 reanalysis mean sea level 
pressure (MSLP) data on a 0.25◦ x 0.25◦ grid (Hersbach et al. 2023). 
GWTs were computed for a rectangular European spatial domain 
defined by the boundary coordinates 5◦ W – 25◦ E and 35◦ S – 61◦ N. To 
account for potential differences in synoptic forcing of day- and night
time UHI, GWTs were computed twice daily, based on MSLP fields at 
12:00 UTC and 00:00 UTC. An illustration of all 18 GWTs is given in 
Figure S1.

2.4. Statistical analysis

The impact of seasonal, diurnal, and GWT effects on UGS Ta char
acteristics was investigated using a combination of exploratory (heat
maps, boxplots) and inferential statistical analyses. To test whether 
mean Ta values differed significantly across UGS sites, a one-way anal
ysis of variance (ANOVA) followed by Tukey's Honest Significant Dif
ference (HSD) was performed. When residuals were found to be non- 
normally distributed (Anderson-Darling test, p ≥ 0.05), Kruskal-Wallis 
tests were conducted, followed by Dunn's multiple-comparison tests. 
These tests quantify the Ta difference between UGS and provide adjusted 
p-values that indicate the statistical significance of this difference. In 
order to identify the relative importance of local-environmental factors, 
linear mixed-effects models (LMMs) were fitted to daily Ta anomalies 
(relative to all loggers’ mean Ta). Fixed effects included parameters and 
land-use types at the logger site, e.g., sky view factor (SVF), and within 
circular buffers with a radius of 150 m, such as number of trees or 
meadow areas (Table S2). This resulted in an additive model with three- 
way interactions between environmental fixed effects and season/solar 
period. Prior to modelling, numerical predictors were screened for high 
correlation. Pairs with Pearson’s r > 0.8 were reduced to a single 
representative variable, and associations among categorical predictors 
were examined using Cramér’s V. Variance inflation factors were 
computed to assess multicollinearity. Optimal model selection was 
based on the protocol outlined by Zuur et al. (2009), also put into 
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practice and comprehensively documented by Oliveira et al. (2021). 
Effects were interpreted using marginal trends conditional on season 
and solar period. Data analysis was conducted in R (version 4.4.2) (R 
Core Team, 2024) utilising tidyverse packages (Wickham et al., 2019). 
LMMs were fitted using the lme function from the nlme package 
(Pinheiro et al., 2025). Tree and land use data were downloaded from 
LDBV (2024) and OpenStreetMap (2024). Normalized Difference 
Vegetation Index (NDVI) was derived from Sentinel Level 3 A data 
(German Aerospace Center, 2019). Seasonal SVF values were derived 
from hemispherical photographs (see S1.3) using the Sky
ViewFactorCalculator software (Lindberg and Holmer, 2024).

2.5. Approximation of thermal indices

To extend the assessment of near-surface Ta towards human-relevant 
thermal comfort conditions, a framework for approximating thermal 
indices was developed. This approach is demonstrated as a case study 
focusing on an heatwave event in August 2024. Thermal indices such as 
the Universal Thermal Climate Index (UTCI) (Bröde et al., 2012) and the 
Modified Physiologically Equivalent Temperature (mPET) (Chen and 
Matzarakis, 2018) are substantially more relevant to human 
well-being than Ta. These indices were computed using the Python 
(version 3.9.6) module biometeo (version 0.2.9) (Chen, 2023), a suc
cessor application of the RayMan software (Matzarakis et al., 2007, 
2010). A central step in this workflow is the estimation of the mean 
radiant temperature (TMRT). Site-specific input parameters included Ta, 
RH, longitude, latitude, elevation, SVF, environmental albedo (αenv), 
and the Bowen ratio (β). αenv was assigned according to LCZ following 
Stewart and Oke (2012), while β values were based on Christen and Vogt 
(2004). Additional variables required for TMRT estimation – namely 
wind speed, cloud cover, and global and diffuse solar radiation – were 
obtained from the DWD station and used as proxies for all logger sites. 
Detailed workflows for the LMM setup and thermal index calculation are 
documented in the supplementary material S1.4–S1.5.

3. Results

3.1. Climatological and synoptical characterisation of the study period

First, the study period is analysed for its climatological and synoptic 
representativeness. The meteorological conditions for Ta and precipita
tion were found to largely fall within the long-term mean (Fig. 2). A total 
of 25 heat days (Tmax > 30 ◦C) were recorded at the rural DWD station 
and 36 in the city centre according to the urban measurement network, 
indicating a pronounced UHI effect, particularly at night. While no 
tropical nights (Tmin > 20 ◦C) occurred in the rural setting, 13 were 
observed within the city. Daily Tmin frequently approached or exceeded 
the upper long-term range (Tmean + 1σ). May and September 2024 
featured above-average amounts of precipitation, whereas the summer 
of 2025 was drier than usual. Synoptic conditions were also typical of 
the 30-year normal period from 1991 to 2020. Notably, there were few 
cyclonic GWTs alongside many high-pressure systems (> 1σ) during the 
summer months (see supplementary material S2.2 and Figure S2).

3.2. Seasonal and diurnal temperature variability

The study sites Ta characteristics varied more between solar day and 
solar night than between seasons, as evidenced by Fig. 3. Generally 
speaking, R and UP, MF and BF, and H and PF exhibited similar Ta 
characteristics. However, these characteristics were inconsistent across 
seasons and solar periods: R and UP differed during the solar day, with 
UP being cooler than R, particularly in the warmer seasons. H and PF, on 
the other hand, exhibited greater seasonal differences during the solar 
day, with larger Ta discrepancies observed in spring and winter. R was 
consistently the warmest site, with an average Ta anomaly of + 0.93 ◦C 
± 0.38 ◦C relative to the mean of the study sites during the solar day, 
and + 1.48 ◦C ± 0.23 ◦C during the solar night, indicating a pronounced 
UHI effect despite the abundant vegetation present at this hybrid site. 
UP exhibited a cooling effect during the solar day, with a Ta anomaly of 
only + 0.11 ◦C ± 0.20 ◦C. However, during the solar night, UP was 
nearly as warm as R, with a Ta anomaly of + 1.06 ◦C ± 0.14 ◦C, indi
cating only a slight reduction in the UHI effect. MF and BF were the 
coolest sites during the day, with Ta anomalies of −0.81 ◦C ± 0.16 ◦C 

Fig. 2. General climatological characterisation of Augsburg for the study period. Daily maximum (DWD Tmax) and minimum (DWD Tmin) Ta as measured by the 
nearest station of the German Weather Service (DWD) and the urban climatological measurement network (Urban Tmax and Urban Tmin, respectively). The data from 
the urban network were aggregated from five HOBO U23-001A loggers located within and near Augsburg's city centre. Shaded areas represent the range, i.e., one 
standard deviation from the long-term daily means for the 30-year normal period from 1991 to 2020 for the DWD data, and one standard deviation across the five 
measurement values for the urban network. The bars in the background represent monthly amounts of precipitation, with the black dots and error bars indicating one 
standard deviation from monthly long-term means based on the normal period. Dashed lines indicate Ta thresholds for Tropical Nights (20 ◦C), Summer Days (25 ◦C) 
and Heat Days (30 ◦C), respectively.
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and −0.66 ◦C ± 0.16 ◦C, respectively, highlighting the cooling potential 
of dense mixed peri-urban forests in a more rural setting. While the 
sparsely covered H and PF sites were, on average, warmer than the other 
sites during the day, with positive Ta anomalies of + 0.39 ◦C ± 0.33 ◦C 
(H) and + 0.05 ◦C ± 0.37 ◦C (PF) respectively, they were the coolest 
sites at night, with negative Ta anomalies of −1.05 ◦C ± 0.10 ◦C (H) and 
−0.92 ◦C ± 0.14 ◦C (PF) respectively. These results emphasise the 
importance of canopy coverage in controlling Ta variability.

To highlight Ta variability at seasonal levels and for extreme events 
such as summer days (SD), heat days (HD), freezing days (FD), and ice 
days (ID), Fig. 4 shows the study sites Ta anomalies aggregated to these 
levels. It proves that the differences between R and UP were primarily 
observed during the solar day, with the UP having the most potent 
cooling effect in spring and autumn, and the weakest effect in winter. 
During the solar day, MF and BF were the coolest sites throughout the 
year, with the most significant cooling effect observed in summer and 
during HD. During the solar night, on the other hand, H and PF were the 
coolest sites. While both sites were equally warm during summer (JJA) 
days, differences emerged in the other seasons, with PF being slightly 

cooler than the site average in spring (MAM) and winter (DJF). At the 
same time, H still showed positive Ta anomalies. The relative Ta site 
differences observed for the summer months, became even more pro
nounced for SD and HD, whereas they leveld off for FD and ID.

Next, we tested for significant differences in Ta characteristics among 
sites. Applying a one-way ANOVA to datasets covering each season and 
solar period separately yielded significant results (p < 0.05) for all eight 
models (four seasons × two solar periods). To study individual Ta dif
ferences, post-hoc comparisons were performed using Tukey’s HSD test. 
Overall, 66% of pairwise comparisons were statistically significant 
(p < 0.05) (Fig. 5). These patterns were largely consistent across sea
sons, especially for the solar night. Solar day showed greater seasonal 
variability, with the smallest Ta differences during winter. The most 
significant Ta differences were found between R and H during solar 
nights. Generally, the strongest contrasts were observed between R/UP 
and the UFA sites, particularly during spring and summer.

Next, diurnal cycles of Ta anomalies across seasons and Ta events 
(HD, ID) were compared between the sites (Fig. 6). R was consistently 
the warmest site during the solar night, but Ta differences relative to H 

Fig. 3. Ta anomaly heatmap for the study period. Daily Ta anomalies relative to the averaged Ta of the six study sites during the study period, considering solar day 
and solar night.

Fig. 4. Ta anomaly heatmap for seasons and special temperature events. Ta anomalies for spring (MAM), summer (JJA), autumn (SON), winter (DJF) and for the SD, 
HD, FD, and ID special temperature events during the study period, considering solar day and solar night. Anomalies were calculated at the seasonal/event level 
relative to the Ta of the six study sites.
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and PF decreased during the solar day, especially during summer, 
autumn and HD. On the other hand, H and PF were consistently the 
coolest UGS during the solar night. The boxplots revealed much greater 
Ta variability at H and PF than at the other sites. MF and BF featured the 
lowest Ta variability and were generally the coolest UGS during the day, 
especially during the summer and HD with strongest cooling effects 

during the morning and afternoon hours. Interestingly, these sub-daily 
cooling effects were also found for R, albeit weaker. UP showed 
greater Ta variability in spring and summer, with reduced variability in 
autumn and winter. R and DWD featured the lowest Ta variability across 
the seasons, i.e. diurnal cycles were most stable for these sites, whereas 
e.g. H and PF featured much greater Ta variability in the warm season 

Fig. 5. Results of Tukey HSD post-hoc tests following significant (p < 0.05) one-way ANOVAs testing for differences in Ta among UGS structures/study sites, 
conducted separately for each season and for solar day and night. As residuals were not normally distributed for solar day in autumn (SON), ANOVA was not applied 
to this subset.
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than in the cold season.

3.3. Impact of GWTs

One of the primary motivations of our study was to investigate the 
effects of different large-scale weather types on UGS microclimates. The 
results showed that GWTs exerted distinct effects on Ta regimes across 
the study sites (Fig. 7). For example, Ta contrasts were more pronounced 
for anticyclonic than cyclonic GWTs. Southerly (SE-c, S-c, SW-ac) GWTs 
during the solar night featured positive Ta anomalies for R und UP and 
negative Ta anomalies for the UFA sites, especially H and PF. The dif
ferences during the solar night were minor for northerly GWTs. Ta dif
ferences between the sites were generally less pronounced for the solar 
day. However, easterly and southerly GWTs featured larger Ta site dif
ferences during both solar periods, with larger magnitudes during the 
solar day. Once again, minor Ta differences were evident in the northerly 
GWTs. The already established general Ta characteristics of the study 
sites (see Fig. 3) remained relatively constant under the influence of 
different GWTs, e.g. R and UP were always warmer during the solar 
night. However, GWTs modulated the intensity of these contrasts, as e.g. 
Ta differences tended to be weaker under northern types.

We further applied the statistical workflow described above (ANOVA 
followed by post hoc tests) separately for each GWT and solar period, 
resulting in 36 individual models (18 GWTs × 2 solar periods). Overall, 
Ta differences between study sites were more frequently significant 

during the solar night than during the solar day, and under anticyclonic 
rather than cyclonic conditions. Moreover, significant differences 
occurred predominantly under GWTs with northern, eastern or southern 
flow components, whereas westerly weather types generally exhibited 
weaker or non-significant contrasts. For instance, under a western 
cyclonic GWT during the solar night, significant Ta differences were 
limited to the urban–rural contrast, while other UGS comparisons were 
not significant. In contrast, nocturnal high-pressure situations produced 
significant Ta differences across most UGS types, indicating a strong 
amplification of microclimatic contrasts under calm and clear-sky con
ditions (Figures S3–S6).

3.4. Environmental drivers of temperature variability

To complement the UGS-type comparisons presented above, we 
applied LMMs to disentangle the relative influence of local environ
mental characteristics on Ta anomalies across all logger sites. In contrast 
to the preceding analyses, which focused on differences between pre
defined UGS categories, the mixed-effects approach shifts the perspec
tive to the logger level and addresses the question of which structural 
and environmental factors drive Ta anomalies, how strongly they act, 
and how their effects vary with season and time of day. UGS structures 
are thus represented implicitly through their constituent characteristics 
(e.g., tree density, tree height, meadow areas, water surfaces), rather 
than as categorical units.

Fig. 6. Diurnal cycles of Ta anomalies (left panels) and corresponding boxplots summarising the distribution of hourly Ta anomalies (right panels) for each UGS/site 
across spring (MAM, a), summer (JJA, b), autumn (SON, c), and winter (DJF, d) as well as during heat days (HD, e) and ice days (ID, f). Lines represent mean hourly 
Ta anomalies for each site, while boxplots show the distribution of all hourly anomalies within the respective season or event. Colours consistently denote individual 
sites across line plots and boxplots. Anomalies were calculated relative to the mean Ta across the six study sites, excluding the DWD reference station.
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Likelihood ratio tests following Zuur et al. (2009) indicated that all 
three-way interaction terms significantly improved model fit (p < 0.01). 
Only wind speed showed no significant main effect on Ta anomalies 
(p = 0.88). Random intercepts revealed moderate between-logger 
variability in mean Ta anomalies (SD = 0.16 ◦C), which was small 
compared to the residual within-logger variability (SD = 0.64 ◦C). The 
estimated autocorrelation parameter was close to zero (0.02), indicating 
negligible remaining serial dependence after accounting for fixed and 
random effects. Due to the extensive use of interaction terms, individual 
model coefficients are difficult to interpret directly. Therefore, effects 
were evaluated using marginal trends conditional on season and solar 
period (Fig. 8). Strong diurnal contrasts were evident across most pre
dictors, whereas seasonal differences primarily modulated effect 
strength rather than direction. Number of trees, i.e. tree density, was 
consistently associated with lower Ta anomalies during both solar day 
and night, with markedly stronger cooling effects at night. Nighttime 
cooling intensified from winter to summer, reaching its largest magni
tudes in spring and summer. Tree height showed weak or non-significant 
cooling during daytime but exhibited a consistent positive nighttime 
effect, indicating warmer nighttime conditions in areas with taller trees 
across all seasons. During the daytime, higher SVF was associated with 
greater Ta anomalies across all seasons, with effect sizes declining from 
summer to winter. At night, SVF effects were generally weak and 
negative in summer and spring, close to zero in autumn, and slightly 
positive in winter, indicating seasonally varying nocturnal radiative 
effects. NDVI effects were comparatively small. During the daytime, 
NDVI showed weak warming effects in autumn and cooling effects in 

spring and winter. In contrast, nighttime effects were small and incon
sistent across seasons, suggesting that NDVI captured less relevant Ta 
variability than structural vegetation metrics. Land-use variables 
exhibited modest and predominantly nighttime effects. Meadow and 
heath areas were associated with reduced nighttime Ta anomalies across 
all seasons, with the strongest cooling observed in summer and spring. 
Daytime effects of these land-cover types were generally weak. Park and 
water areas showed only minor and ambiguous effects.

3.5. Case study: human thermal comfort conditions during a heatwave 
event

Extreme heat events put additional stress on trees because the de
mand for water is higher while its availability is lower due to higher 
rates of evapotranspiration. The resulting high vapour pressure deficits 
can lead to stomatal closure, reducing transpirational cooling. As a 
consequence, the cooling benefits of urban trees could decrease by up to 
30% during heatwave events (Li et al., 2024). Assessing the cooling ef
ficacy of UGS under such conditions is therefore critical to evaluating its 
effectiveness as a climate adaptation measure.

To address this, we analysed a multi-day heatwave event in August 
2024, focusing not only on Ta but also on human thermal comfort (HTC) 
indices (UTCI and mPET), which better reflect heat stress experienced by 
urban residents. The heatwave analysis is presented descriptively; no 
additional statistical significance testing was performed for the thermal- 
index differences shown in Fig. 9. The large-scale atmospheric condi
tions during the heatwave event were characterised by high stability, 

Fig. 7. GWT analysis. Ta anomalies for all GWTs for the six study sites during the study period, considering solar day and solar night (heatmap). Absolute frequencies 
of the GWTs for the solar day and the solar night (bar charts). Anomalies were calculated at the GWT level relative to the Ta of the six study sites. The GWT 
designations are shown on the x-axis. The uppercase letter(s) denote the main wind direction, whereas the lowercase letter(s) denote cyclonic (c) and anticyclonic 
(ac) subtypes. For instance, the GWT designated as SW-c is characterised by south-westerly winds and cyclonic dominance. L is a low-pressure system over Central 
Europe, while H is a high-pressure system over Central Europe.
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indicated by the presence of a stable high-pressure system.
The logger measurements showed that the heatwave event devel

oped progressively from 11 to 14 August 2024, with daily maximum Ta 
exhibiting an upward trend peaking on 13 August. However, the most 
demanding HTC conditions actually occurred one day earlier, as indi
cated by the derived thermal indices (Fig. 9b). mPET values were 
generally higher than UTCI values, exceeding 41 ◦C on 12 August, 
indicating very hot thermal sensations in R and H according to the PET 
range for Western and Central Europa (Matzarakis and Mayer, 1996). In 
comparison, the coolest sites (MF and BF) were more than 5 ◦C cooler, 
reducing the thermal sensation to hot (> 35 ◦C) or almost warm (< 35 
◦C). In general, R and UP were the warmest sites at night, with R 
experiencing a Ta anomaly of over + 4 ◦C between 11 and 12 August. 
During the day, the dense mixed forests (MF and BF) remained relatively 
cool, while the more open and sparsely covered H and PF sites became 
hotter than R at peak times.

When comparing Ta to UTCI and mPET patterns, a few things stand 
out. Firstly, the thermal indices indicate reduced differences between R 
and UP at night, likely because RH is consistently higher in UP than in R. 
Secondly, the relative differences between BF and MF are also reduced, 
especially during the day. This is probably because RH was lower in BF 
than in MF, and since BF had slightly lower SVF values (−0.08) on 
average than MF. Thirdly, while H and PF were warmer than R in terms 
of Ta at noon, this effect was substantially altered when considering heat 
indices, especially mPET. In fact, H and PF were not usually warmer than 
R, despite TMRT being consistently highest in R. This discrepancy be
tween Ta and the thermal indices highlights that HTC conditions are not 
solely determined by Ta. Although H and PF exhibited comparatively 
high daytime Ta values, their mPET and UTCI values remained lower 
than in the residential district. This likely reflects differences in radiative 
exposure, surface heat storage, and local moisture conditions associated 
with the contrasting vegetation structures and built environments. The 

results therefore suggest that open vegetated environments can still 
reduce physiological heat stress relative to built-up residential areas, 
even when daytime Ta alone indicates limited cooling.

4. Discussion

This study compares the microclimates of five structurally diverse 
UGS sites, revealing that microclimatic contrasts among UGS structures 
are shaped by vegetation and atmospheric conditions. The additional 
vegetated residential site allowed comparisons with the nearby urban 
park, while both sites allowed estimations of the cooling efficiency of 
vegetated and hybrid urban sites with more rural peri-urban forests. 
While the positive microclimatic effects of UGS (Aram et al., 2019) and 
trees (Rahman et al., 2020; Yang et al., 2025) are well documented, our 
study contributes to the existing literature by comparing microclimate 
regimes across different UGS structures under varying seasonal and 
synoptic forcings rather than focusing solely on absolute cooling mag
nitudes. The two-year observation period enabled a robust assessment of 
diurnal, seasonal, and synoptic influences.

Our results show that the study sites maintained distinct temperature 
regimes, while the magnitude of these contrasts varied systematically 
with time of day, season, and prevailing weather conditions. Tempera
ture contrasts were generally more pronounced at night, intensified 
under warm conditions, and reached their greatest magnitudes during 
hot weather. Seasonal variability primarily modulated the strength of 
these contrasts, whereas the relative ranking of sites remained 
comparatively stable, particularly at night. During the summer months 
(JJA), dense peri-urban mixed forests provided the strongest daytime 
cooling, with the largest differences occurring during morning and af
ternoon hours. These sites also exhibited the smallest diurnal tempera
ture variability throughout the year and were typically the coolest 
environments during the daytime. At night, however, sparsely vegetated 

Fig. 8. Environmental drivers of Ta variability. Marginal trends (standardised effects per 1 SD change in the predictor) of environmental variables on daily Ta 
anomalies, estimated from the final LMM. Trends represent the change in Ta anomaly per 1-standard-deviation increase in the predictor and are shown separately for 
each season and solar period. Points indicate estimated marginal effects, with horizontal bars representing 95% confidence intervals.
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UGS emerged as the coolest sites, particularly during spring and sum
mer. This contrasting day–night behaviour likely reflects the balance 
between daytime shading effects in dense canopies and enhanced 
nocturnal radiative cooling over more open vegetated surfaces with 
higher SVF (Zhao et al., 2023). Dense canopies may reduce nighttime 
heat loss through radiative trapping, whereas open sites retain a greater 
radiative cooling potential.

These findings are consistent with previous research on UGS mi
croclimates. A systematic review by Bowler et al. (2010) highlighted the 
substantial cooling potential of urban vegetation compared with built 
environments. (Kirschner et al., 2023) found that compact UGSs of 
medium size (10–25 ha) with dense tree cover were the most effective at 
cooling the surrounding urban area. Similarly, Ren et al. (2018) showed 
that urban forests generate cool islands that are particularly pronounced 
during the warm season and depend strongly on structural vegetation 
attributes such as crown closure and leaf area index. Using modelling 
approaches, Meili et al. (2021) demonstrated that trees in Zurich pro
vide the strongest cooling effects during the warm season, with 
maximum impacts in the afternoon and early evening. Seasonal con
trasts comparable to our observations were also reported by Hamada 
and Ohta (2010), who found larger temperature differences between 
green areas and surrounding urban surfaces during summer and smaller 
contrasts during winter.

The modelling results further indicate that structural characteristics 

represented by tree number, tree height, and SVF are consistently 
associated with temperature anomalies. Tree density emerged as the 
strongest predictor of lower temperatures, particularly during spring 
and summer nights, whereas greater tree height was generally associ
ated with slightly higher temperatures. These results broadly align with 
the meta-analysis by Rahman et al. (2020), which emphasised the 
importance of canopy density for urban cooling and recommended 
planting smaller trees with dense canopies for better shading. However, 
it should be noted that the cooling efficacy of trees can be influenced 
non-linearly by meteorological conditions such as temperature, hu
midity, and wind speed (Cheng et al., 2022; Su et al., 2022). Linear 
mixed-effects models assume constant responses within factor levels and 
may therefore mask threshold-driven processes, such as stomatal closure 
during hot, dry conditions. Additional environmental variables, such as 
above-ground biomass density, tree species composition, and detailed 
canopy metrics, were available only for the UFA sites and could further 
refine future modelling approaches.

As a main novelty, the present study explicitly integrates large-scale 
circulation types and demonstrates that the cooling performance of UGS 
is not constant but strongly modulated by the synoptic situation. Tem
perature contrasts increased under anticyclonic weather conditions and 
during warm weather, and decreased under cyclonic conditions, which 
are characterised by increased cloudiness and wind. While many clas
sification approaches exist (Huth et al., 2008), the GWT classification 

Fig 9. Heatwave event in August 2024. Time series of Ta, RH, TMRT, HI, UTCI, and mPET anomalies before and during the HW event from August 2024 for all UGS 
structures/study sites, including the DWD reference. Shaded areas in all panels indicate one standard deviation across the Ta anomalies of the individual UGS loggers. 
HI was only defined when Ta > 26.7 ◦C and RH > 40%. UTCI calculation was only feasible for wind speeds between 0.341 and 11.568 m⋅s-1. Anomalies were 
calculated relative to the mean Ta across the six study sites, excluding the DWD reference station (a). Ta, UTCI, and mPET heatmaps for the heatwave event in August 
2024. The tiles show the maximum values for each day.
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scheme developed by Beck et al. (2007, 2015) was applied due to its 
intuitive interpretation and its suitability for regional climatological 
analyses. Our results are consistent with those of Zak et al. (2020), who 
used the GWT classification scheme to study nighttime UHI intensities in 
Prague and Bucharest. They found higher intensities under anticyclonic 
conditions with southerly winds in both cities. Contrary, the lowest in
tensities in Prague were observed under cyclonic northern types. Our 
results further support and extend the findings of Beck et al. (2018), who 
showed that undisturbed synoptic conditions lead to stronger Ta con
trasts across LCZs in Augsburg, whereas increasing cloudiness and wind 
speed reduce these contrasts. In this context, the use of circulation-based 
weather types provides a more systematic framework for linking local 
microclimate variability to the large-scale atmospheric state. As studies 
found an increasing frequency and duration of persistent anticyclonic 
conditions in parts of Europe in recent decades (Tong et al., 2026) and 
for future climate projections (Jacobeit et al., 2017; Riediger and 
Gratzki, 2014), the amplification of microclimatic contrasts may become 
increasingly relevant for urban climate adaptation.

Improving outdoor HTC conditions is a key objective of climate- 
sensitive urban design (Ahmed et al., 2024). A recent review of 182 
studies across 17 climates reported that urban trees can reduce UTCI by 
up to −6 ◦C, with most studies documenting reductions of −4 ◦C to −2 
◦C and PET reductions of −8 ◦C to −4 ◦C (Li et al., 2024). While many 
studies evaluate the cooling potential of trees within different urban 
morphologies (Kirschner et al., 2023; Li et al., 2024; Unger et al., 2018), 
our heatwave case illustrates how structural differences among UGS 
translate into measurable reductions in thermal stress under extreme 
conditions. Although the relative ranking of the sites remained stable, 
dense mixed forests (LCZ A) reduced maximum mPET by approximately 
−6 ◦C and UTCI by about −4.5 ◦C compared to the residential site (LCZ 
5) during hot conditions (Ta > 30 ◦C). These reductions are consistent 
with the above documented ranges in the literature. Using a combina
tion of measurements and proxy data, Unger et al. (2018) analysed HTC 
conditions across LCZs in Szeged during a 2015 heatwave and found 
maximum PET values exceeding 45 ◦C but relatively small intra-urban 
contrasts (−2.6 ◦C between LCZ 2 and LCZ D). The larger contrasts 
observed in our study likely reflect bigger structural differences between 
sites, lower heatwave intensity, or methodological differences between 
PET and mPET calculations. Overall, the heatwave therefore acted as a 
natural experiment demonstrating that dense peri-urban forests main
tain a substantial heat-stress mitigation potential even under extreme 
atmospheric forcing, whereas sparsely vegetated sites provide only 
limited reductions.

While our findings highlight robust structural patterns, their trans
ferability depends on the representativeness of UGS structures and 
background climate, as well as on the validity of climate measurements. 
The measurement data were collected by over thirty MX2301A HOBO 
loggers from Onset (Onset, 2022) placed inside identical 3D-printed 
radiation shields. Although the sensitivity tests (see supplementary 
material S2.4.1) suggest that Ta was overestimated during the daytime 
(+1.42 ◦C), particularly around midday under clear-sky conditions, 
compared to custom-made shields, it is reasonable to assume that this 
bias is consistent across all logger sites. Furthermore, Ta values from five 
to seven loggers within each study site were averaged ensuring more 
robust data. The two-year observation period showed good agreement 
with the 30-year climatological normal in both local meteorological 
conditions and large-scale weather types, suggesting that the observed 
microclimatic patterns are not atypical. Our results can likely be trans
ferred to structurally similar peri-urban forests and urban parks in 
temperate climates. However, the study remains local in scale and fo
cuses on a limited number of UGS structures within a specific urban
–rural setting. Consequently, the absolute magnitude of the observed 
temperature contrasts and the relative importance of individual pre
dictors may differ in other climatic or urban contexts. Nevertheless, the 
identified relationships between vegetation structure, atmospheric 
conditions, and microclimatic variability are consistent with established 

physical processes and previous findings from urban climate research. 
One potential exception is the heathland site, whose elongated and 
comparatively narrow spatial configuration may promote stronger ex
change with adjacent environments and thus limit the development of 
an isolated heathland microclimate. The site may therefore function 
more as a vegetated corridor than as a compact patch. Consequently, the 
observed temperature magnitudes should be interpreted with caution 
and may not be fully transferable to larger or more spatially continuous 
heathland systems. Nevertheless, the underlying microclimatic pro
cesses observed at the site – particularly strong radiative cooling asso
ciated with sparse tree cover and high sky exposure – are likely 
characteristic of open heathland environments more generally. 
Furthermore, each UGS structure was represented by a single study site. 
The observed patterns should therefore not be interpreted as universally 
representative for all mixed forests, pine forests, heathlands, or urban 
parks. Instead, the study identifies process-based relationships between 
vegetation structure, atmospheric conditions, and microclimatic vari
ability within representative local examples of these UGS structures. 
However, the comparatively small number of intensively monitored 
sites enabled continuous long-term observations over two complete 
annual cycles, providing a level of temporal robustness that is often 
lacking in short-term intensive observation campaigns.

From an urban-planning perspective, the results emphasise the 
importance of structurally complex vegetation for heat-stress mitigation 
(Arzberger et al., 2025). Dense peri-urban forests showed the strongest 
cooling potential, whereas sparsely vegetated sites provided only 
limited thermal relief during hot conditions. In the UFA, pine forests are 
currently characterised by low canopy density and declining tree health 
(Ritter et al., 2025), which likely reduces their cooling efficiency relative 
to nearby mixed forests. Ongoing reforestation strategies that aim to 
increase structural diversity and reduce the dominance of pine to around 
40% therefore align well with the microclimatic benefits identified in 
this study (Stadt Augsburg, 2026). In general, increasing structural 
vegetation complexity and promoting mixed forest stands may enhance 
both climate resilience and microclimatic cooling in peri-urban land
scapes. Reforestation efforts should thereby prioritise tree species that 
can cope with the warming expected for Southern Bavaria, such as Abies 
alba, Fagus sylvatica, Fraxinus excelsior, and Quercus robur (Dyderski 
et al., 2018). Despite their lower cooling performance, UGS with 
lower structural vegetation complexity, such as heathlands, may still 
provide important ecological and recreational benefits (Rathmann et al., 
2022).

To further study associations among UGS microclimates, health ef
fects, and subjective perceptions of different UGS structures, we invited 
participants to engage in climate walks at some of the UGS sites and the 
residential site studied here. We investigated bioclimatic variability 
along the routes, measured heart rates and cortisol levels, and inter
viewed people about their subjective perceptions during the walks. 
While some publications are still being prepared, the first results have 
been published by Can et al. (2025) and Mahesh et al. (2023, 2025), 
demonstrating physiological, psychological, and cognitive responses to 
walking in natural and built urban environments. This study approxi
mated HTC conditions based on nearby official DWD measurements. 
During the climate walks, Ta, RH, wind speed, and globe temperature 
were directly recorded, hence allowing a more precise and spatially 
explicit approximation of thermal indices such as UTCI. Mobile and 
long-term climate measurements form the basis for validating numerical 
UGS microclimate models with ENVI-met (Bruse and Fleer, 1998), as 
recently implemented by Simon et al. (2026). The modelling perspective 
further enables comparisons of UGS microclimates under different 
meteorological forcings (heat days, clear-sky conditions, dry soils, 
climate change) and the bioclimatic evaluation of various silvicultural 
scenarios (reforestation, forest conversion). It also provides an oppor
tunity to add blue elements into UGS and thus study the synergistic ef
fects of green and blue infrastructures (Gunawardena et al., 2017).
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Small but powerful? The seasonal and diurnal cooling potential of urban green 
spaces in Munich, Germany, is moderated by size and vegetation complexity. Urban. 
For. & Urban. Green. 112, 128934. https://doi.org/10.1016/j.ufug.2025.128934.

Beck, C., Jacobeit, J., Jones, P.D., 2007. Frequency and within-type variations of large- 
scale circulation types and their effects on low-frequency climate variability in 
central europe since 1780. Int. J. Climatol. 27 (4), 473–491. https://doi.org/ 
10.1002/joc.1410.

Beck, C., Philipp, A., Jacobeit, J., 2015. Interannual drought index variations in Central 
Europe related to the large-scale atmospheric circulation—Application and 
evaluation of statistical downscaling approaches based on circulation type 
classifications. Theor. Appl. Climatol. 121 (3–4), 713–732. https://doi.org/10.1007/ 
s00704-014-1267-z.

Beck, C., Straub, A., Breitner, S., Cyrys, J., Philipp, A., Rathmann, J., Schneider, A., 
Wolf, K., Jacobeit, J., 2018. Air temperature characteristics of local climate zones in 
the Augsburg urban area (Bavaria, southern Germany) under varying synoptic 

conditions. Urban. Clim. 25, 152–166. https://doi.org/10.1016/j. 
uclim.2018.04.007.

Bowler, D.E., Buyung-Ali, L., Knight, T.M., Pullin, A.S., 2010. Urban greening to cool 
towns and cities: a systematic review of the empirical evidence. Landsc. Urban. Plan. 
97 (3), 147–155. https://doi.org/10.1016/j.landurbplan.2010.05.006.

Brandt, L., Derby Lewis, A., Fahey, R., Scott, L., Darling, L., Swanston, C., 2016. 
A framework for adapting urban forests to climate change. Environ. Sci. & Policy 66, 
393–402. https://doi.org/10.1016/j.envsci.2016.06.005.

Bröde, P., Fiala, D., Błażejczyk, K., Holmér, I., Jendritzky, G., Kampmann, B., 
Havenith, G., 2012. Deriving the operational procedure for the Universal Thermal 
Climate Index (UTCI). Int. J. Biometeorol. 56 (3), 481–494.

Bruse, M., Fleer, H., 1998. Simulating surface–plant–air interactions inside urban 
environments with a three dimensional numerical model. Environ. Model. Softw. 13 
(3–4), 373–384.

Can, Y.S., Rathmann, J., Beck, C., Mahesh, B., Simon, J., Stocker, M., Falkenrodt, L.-M., 
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