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In times of urbanization and climate change, urban green spaces and their ecosystem services are pivotal for adapting to extreme weather events such as heat and drought. But what happens to the provision of ecosystem services when green spaces themselves are compromised by heat and drought? In this study, we assessed the air temperature regulation by two structurally distinct inner-city parks in Leipzig, Germany, that were strongly affected by the heat and drought periods in 2018 and 2019. We used a dense network of in-situ measurements and machine learning to create spatially explicit maps of air temperature distribution at a fine-scale neighborhood level for a 24 h period during the summer heat wave in 2019. The results showed that the larger, tree-dominated park could maintain spaces of relative coolness at any time, whereas the other rather open, grass-dominated park was strongly heated during the daytime but provided relatively cool air during the night and early morning. We found a maximum spatially averaged cooling effect of green spaces versus the built-up surroundings of 1.1°C in the morning. In the afternoon, however, when air temperatures peaked at nearly 40°C, cooling was limited to shaded areas, leading to average differences between green spaces and built-up surroundings below 1°C. Our spatially explicit maps indicated that the “cooling distances” of green spaces, i.e., cooling effects that extend beyond the boundaries of a park, are negligible during dry and hot conditions. We conclude that vegetation structure, particularly the configuration of trees, is key to designing heat and drought-resilient green spaces and thus maintaining ecosystem service provision under the challenges of climate change. Urban planning needs to account for larger green spaces that are complemented by decentralized, well-distributed small-scale green infrastructure that intersperses the built infrastructure such as roadside greenery and vegetated backyards.
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INTRODUCTION
Climate change increases the occurrence of extreme weather events worldwide. Heat waves, dry periods, storms and heavy rain are projected to increase in number and severity in upcoming decades (IPCC, 2021). In Europe, unprecedented heat waves occurred in the recent past, and further increases in frequency and intensity are expected with more hot days exceeding 30°C and tropical nights with nighttime temperatures not falling below 20°C particularly in cities (Guerreiro et al., 2018; Zhang et al., 2020; European Environment Agency (EEA) 2021).
Urban areas are considered hotspots of climate change, simultaneously acting as major drivers of greenhouse gas emissions and being particularly vulnerable to climate change effects (Bulkeley, 2013; McDonald et al., 2018; Kumar, 2021; Nature Editorial, 2021). Globally ongoing urbanization (UN, 2019), with increases in population densities, traffic, impervious surfaces and the loss of open green and blue spaces exacerbates warming trends with mean temperatures in cities often being higher than those in surrounding suburban or rural areas (urban heat island effect) (Oke, 1982; Zhao et al., 2018). The combination of both ongoing urbanization and the more frequent occurrence and severity of extreme weather events, such as heatwaves, have significant impact on human health and wellbeing (Ciscar et al., 2018; Raymond et al., 2020; WHO, 2021). The 2003 heatwave caused more than 70,000 heat-related deaths in Europe with 7,600 cases in Germany alone (Robine et al., 2008; An der Heiden et al., 2019a). For the summer heat period in 2018, 490 heat-related deaths were estimated for the German capital Berlin (An der Heiden et al., 2019b).
To adapt to and mitigate the challenges of climate change and urbanization, cities increasingly rely on urban green spaces and their associated ecosystem services (McDonald et al., 2018; Veerkamp et al., 2021). In particular, urban green spaces help regulate the microclimate through shading, evapotranspiration and air flow regulation (Lehmann et al., 2014; Rahman et al., 2020; Meili et al., 2021). The potential of urban green spaces to regulate the microclimate through cooling was shown to be close to 1°C during the daytime in parks and over 1.5°C in urban forests with dense tree canopies compared to urban surroundings (Bowler et al., 2010; Knight et al., 2021). Dense vegetation cover, however, may reduce wind velocity and heat emission (radiative cooling) at night (Yuan et al., 2017; Knight et al., 2021).
Studies on the microclimate effect of urban green areas can be broadly categorized into empirical and modeling studies (Bartesaghi Koc et al., 2018; Knight et al., 2021). Empirical data are gathered through both remote sensing approaches and in-situ observations. Remote sensing-based assessments are applicable at large spatial scales, provide spatially explicit information, and are easily transferable. However, they are used to analyze surface radiation (and derived surface temperatures); thus, they mostly lack direct measurements of air temperature or other aspects of thermal comfort, such as wind or air humidity (Weber et al., 2014; Kremer et al., 2018; Schwaab et al., 2021). Due to radiometric/physical constraints, temperature data and analyses based on satellite remote sensing have coarse spatial resolutions that are less suitable for fine-scale assessment, e.g., at the neighborhood level.
In addition to remote sensing approaches, in-situ observations have been used in empirical studies to provide direct measurements of meteorological parameters such as air temperature. However, no standardized protocols have been applied or reported, which makes it difficult to compare the findings of different studies (Bartesaghi Koc et al., 2018). For example, Jansson et al. (2007) measured air temperature at 1.2 and 2.5 m heights along (bicycle) routes, whereas Yu and Hien (2006) applied stationary measurements at a 2 m height. Both studies were given a heavily weighted effect size in the meta-analysis by Bowler et al. (2010). There is a limited number of studies converting point or transect observations into spatially explicit maps to allow for air temperature assessments at any point of interest. One urban study on a local scale mapped area-wide air temperatures using regression models, including machine learning (Ho et al., 2014), whereas further examples can be found on a rather large continental scale (e.g., Marando et al., 2022).
Next to empirical studies, urban climate modeling or simulation approaches often use software packages such as ENVI-met or Urban InVEST to produce spatially explicit maps of meteorological parameters based on reference observations or synthetic data (Bartesaghi Koc et al., 2018; Bosch et al., 2021). These models downscale coarse reference data such as official regional radiation or temperature data by using established spatio-physical relationships to link them with land cover and urban structural elements (Lehmann et al., 2014; Gromke et al., 2015). Such modeling approaches use standardized parameters of categorical input data, e.g., transpiration values for the “tree” category, but cannot account for a natural continuum of green in terms of morphology or physiology (Rahman et al., 2020) and hardly consider variations in vegetation health caused by, e.g., extreme weather events.
In addition to the spatial diversity in the microclimate regulation service of urban green spaces, ecosystem service provision by vegetation is known to also vary over time, for example, due to seasonal variations or vegetation growth processes (Willemen, 2020). The cooling potential of vegetation can be substantially compromised in the short term, e.g., when transpiration is reduced during heat or drought events, and in the longer term when stressed vegetation becomes prone to pests and diseases or may even be permanently damaged through the repeated occurrence of heat and drought (Dale and Frank, 2017; Meili et al., 2021; Pace et al., 2021; Schnabel et al., 2021). Marando et al. (2019) and Allen et al. (2021) demonstrated clear effects of drought on vegetation vitality and associated land surface temperatures on a broader city/agglomeration level. However, fine-scale empirical studies that account for the reduction in cooling performance of individual urban green spaces, such as parks, due to heat and drought are scarce. We are aware of one study that assessed drought impacts on two tree species and associated ecosystem services in an urban setting (Rötzer et al., 2021). Therefore, further research is needed at a fine spatial scale to assess the potential of urban green spaces for sustaining microclimate regulation services under heat and drought conditions.
The main aim of this study is to assess the air temperature regulation by two differently structured inner-city parks that were affected by two extreme heat and drought periods in Central Europe in 2018 and 2019. In particular, the objectives are to:
• Use a dense network of standardized in-situ air temperature measurements,
• Apply a machine learning-based modeling technique to create spatially explicit air temperature maps at the fine-scale urban park and neighborhood levels for a 24 h period on one of the hottest days during the summer heat wave in Central Europe in 2019, and
• Derive estimates for the cooling effect of two major, structurally distinct public urban parks.
MATERIALS AND METHODS
Study Area
We conducted our study in Leipzig, a large city in central Germany. Leipzig is affected by climate change and the resulting extreme weather events. The region is a core area for recent and projected numbers of hot summer days (Tmax >30°C) and drought periods in Germany (Bernhofer et al., 2015; Guerreiro et al., 2018; Potsdam Institute for Climate Impact Research (PIK), 2021). From 2018 to 2020, a perennial drought period occurred with particularly low precipitation in spring and early summer (Boergens et al., 2020; Helmholtz Centre for Environmental Research (UFZ), 2021). The resulting water deficit was accompanied by several unprecedented summer heat waves in 2018 and 2019. In Leipzig, precipitation for the months April to June summed to 107 mm in 2018 and 95 mm in 2019 compared to the long-term mean (1985–2015) of 158 mm for the same period (Figure 1). The mean temperatures for June and July were 20.3 and 21.0°C, respectively, markedly above the long-term mean of 18.1°C. On a national scale, June 2019 was the hottest ever recorded for Germany (Meinert et al., 2019). As a result, urban green spaces were severely damaged: grasslands were degraded, hundreds of mainly mature trees were lost and had to be cut in Leipzig alone, and numerous ponds temporally dried (cf. Figure 1, City of Leipzig, 2019a; City of Leipzig, 2019b).
[image: Figure 1]FIGURE 1 | Climate data for Leipzig (retrieved from Deutscher Wetterdienst, Climate Data Center (CDC), 2021, station 2928 “Leipzig-Holzhausen”) and impressions from summer 2018 and 2019. Bottom left: early foliage shedding of trees due to drought and heat stress (Photo taken on 23 July 2018 by the authors). Bottom right: degradation of grass cover due to repeated, perennial drought (Photo taken on 6 July 2019, extracted from Kabisch et al., 2021).
Leipzig is a growing city. The population increased from 509.000 in 2010 to 605,000 in 2020, and an ongoing increase is projected for the next decade (Wolff et al., 2016; Heinemann et al., 2019). Nevertheless, Leipzig has a significant share of green and blue spaces. Nearly half of the city’s area is covered by vegetation (45%, 13,415 ha, excluding agricultural areas), of which 36% (16% of the city) is trees taller than 5 m in height (Banzhaf and Kollai, 2018). A ramified network of rivers and channels traverses through the city and former surface mining areas and gravel pits were restored to create numerous lakes and recreational areas in the immediate hinterland.
For our fine-scale air temperature assessment, we focused on the combined area of two inner-city parks—Friedenspark and Lene-Voigt-Park—and their immediate vicinity of 2.5 km (Figure 2). The area is located approximately 650 m southeast of the city center. The parks are distinct in size, shape, vegetation structure and facilities (Kraemer and Kabisch, 2021). The Friedenspark is an old green space that was initially developed as a cemetery in the mid-19th century. The park has a size of 17.5 ha and is dominated by mature trees (61% tree coverage, mean height >13 m). In contrast, the Lene-Voigt-Park, 5.8 ha in size, is a new green space developed on a former railway brownfield that was fully opened to the public in 2004. With 78% total vegetation and 14% tree cover, the park is relatively sparsely vegetated, and trees have an average height of 8 m. Located in a densely populated residential area and hosting several leisure facilities, the Lene-Voigt-Park is heavily used by the public, leading to additional impairment of grass areas (cf. Figure 1).
[image: Figure 2]FIGURE 2 | Bottom left: Location of the study area (red rectangle) in the city of Leipzig. Detail map 1: Study area with land cover, delineated zones for cooling assessment, and further areas of interest. Detail map 2: Study area with location of meteorological data loggers (for further details of data loggers see Supplementary Material S1). IM—Institute of Meterorology of the Leipzig University. Map data: OpenStreetMap contributors, Stadt Leipzig—Amt für Geoinfromation und Bodenordnung, Banzhaf and Kollai, 2018, GeoSN, 2018.
The total study area comprises 250 ha and covers a variety of urban grey and green structures including other smaller parks, allotment garden colonies, brownfields, one cemetery, Wilhelminian style residential blocks in the northeast (approximately 20 m high) and high-rise buildings over 50 m in height (Figure 2). Approximately 44% of the area is covered by vegetation, of which nearly 50% is trees. Buildings cover one-fifth (50 ha) of the area. The remaining 90 ha or 36% is covered by different non-vegetated surfaces such as bare soils, streets, sidewalks and other artificial surfaces. The terrain of the study area is flat with an absolute south-north gradient of approximately 15 m, corresponding to 6.5 m/km. Air conditioning in buildings is, thus far, not very common in Germany (UBA, 2020) and in our study area can be found on only a few office buildings west of the Friedenspark and the hospital complex in the east (marked with H in Figure 2). All of these air conditioning units are installed on the rooftops of the buildings, thus having only a minor impact on near-surface air temperatures (Jin et al., 2020).
We created a 50-m buffer around the two parks to identify air temperature contrasts between the parks and the adjacent neighborhoods with urban street and building areas (Figure 2). We also selected a highly frequented street area (Ostplatz), a junction of two main roads, located between the two parks to illustrate the potential air temperature difference between the park areas and a dense street environment. We delineated the Ostplatz by applying a 50-m buffer around the approximated center of the junction.
Data
In-Situ Meteorological Data
We collected in-situ data during an extensive field campaign on eight consecutive days, from 26 June to 3 July 2019, as part of the GreenEquityHEALTH research project (Kabisch et al., 2021). During this campaign, we installed a total of 18 (solar-shielded) temperature loggers within both major parks, Friedenspark and Lene-Voigt-Park, and 13 unshielded temperature loggers in nearby street spaces (for details, Supplementary Material S1 and the supplementary material to Kabisch et al., 2021). All sensors were installed at a 2 m height, in accordance with guidelines from the German Meteorological Service (Löffler, 2012) that are in line with international standards (World Meteorological Organization (WMO), 2018). The data-logging interval was 15 min. Data from unshielded sensors were quality checked and cleaned for radiation impact using two unshaded but shielded temperature sensors as references. Cleaning and exclusion of data points are necessary for unshielded sensors because in the case of direct insolation, measured values correspond to the device’s temperature rather than the actual surrounding air temperature. We intercalibrated all sensors directly after the campaign using long-term measurements under equal indoor conditions. We used these laboratory measurements to derive the calibration value for each sensor defined as the deviation of the specific sensor mean from the overall mean across all sensors multiplied by −1 (adverse value).
We also acquired meteorological data from the Institute of Meteorology of the Leipzig University (IM) located in the east of our study area (Figure 2), which provided us with additional air temperature measurements as well as information on wind speed and direction. In total, we acquired air temperature data from 32 locations in our study area of 250 ha, which corresponds to a density of 1 sensor/7.8 ha or 1 sensor/280 × 280 m grid.
The weather conditions during the campaign were characterized by two consecutive heat waves (26–27 June and 29 June–1 July 2019) peaking with daily high temperatures above 35°C and tropical nights, i.e., temperatures not dropping below 20°C (Figure 3). The IM station also recorded notably low values of relative air humidity, dropping below 15% on 30 June. Such dry air may reduce heat stress for people but increases the potential evapotranspiration of soils and vegetation, thus additionally aggravating drought conditions. For our analysis, we chose a 24 h period, from 6:00 h on 30 June to 6:00 h on 1 July, covering the hottest day and one of the warmest nights in 2019, with air temperatures of nearly 40°C during the day and above 20°C at night (Figure 3). Wind conditions were relatively calm throughout, with wind speeds between 4 and 5 m/s (wind force 3, “gentle breeze”) during the day and between 1 and 4 m/s at night. The major wind direction was southwest to northwest.
[image: Figure 3]FIGURE 3 | Air temperature (left axis) and air humidity (right axis) curves showing two major heat waves in June/July 2019 in Leipzig. Vertical lines are drawn at 6:00 h in the morning, respectively. The grey background indicates the 24 h study period. Data by meteorological station of Leipzig University.
Spatial Data for Predicting Air Temperatures
As spatial predictors for our spatially-explicit air temperature models, we acquired high-resolution remote sensing and land-cover data (Table 1). To obtain true object heights, mainly of trees and buildings, we created a normalized digital surface model (nDSM) by subtracting the digital elevation model (DEM, representing natural landscape elevation above sea level without objects) from the original digital surface model (DSM, representing the landscape elevation above sea level with objects such as trees or buildings).
TABLE 1 | Datasets used as predictors for spatially-explicit air temperature models.
[image: Table 1]The land cover data (Banzhaf and Kollai, 2018) were generalized (reclassified) to five land-cover classes, namely, trees, shrubs (incl. small trees <5 m), grass, unvegetated or sealed surfaces and one class comprising all kinds of buildings, from high-rise buildings to garden bowers. To supplement the categorical land cover data for 2012, not distinguishing between dense or healthy and degraded grass cover, and to account for the drought and heat conditions in 2019 (and damages caused by the 2018’s drought) we included airborne imagery (color-infrared digital orthophotos) with fine-grained spectral information recorded in July 2018. To improve vegetation detection, also in shaded areas, we derived the Normalized Difference Vegetation Index (NDVI) using the near-infrared and the red spectral bands (cf. Iovan et al., 2008).
Predicting Air Temperatures Using Random Forest Regression
We used random forest regression, a supervised machine learning approach, to predict hourly spatially explicit maps of air temperature for the study area (Breiman, 2001). Random forests are commonly applied in spatial modelling, often outperforming traditional statistical or other machine learning methods and also proved to be suitable for predicting air temperatures (Li et al., 2011; Ho et al., 2014; Sekulić et al., 2020). For every hour, from 6:00 h on 30 June to 6:00 h on 1 July, one random forest model was fitted using the respective temperature data (measurement points) for training and the land-cover data, the normalized digital surface model, the NDVI (derived from the orthophotos) and the digital elevation model as explanatory variables (predictors). To account for shading, we also included the blue band of the orthophotos. However, since the orthophotos were recorded at one certain point of time (ca. 15:30 h), we included the blue band only for the models from 14:00 to 17:00 h, when shadow effects were similar to those at the recording time. Random forest regression was performed using the “Forest-based Classification and Regression” tool in ArcGIS Pro v2.8 (Esri 2021). In total, we ran 25 models (one model per hour, from 6:00 to 6:00 h) to predict hourly air temperatures at a 2 m height in a regular spatial grid with a 1-m resolution.
Model Validation
For validation, we excluded 25% of the measurement points from training. However, due to the limited number of (valid) measurement points - from a machine-learning perspective - (minimum: 19, maximum: 32) we took data for independent validation only when at least 28 points were available, i.e., when a maximum of four points were excluded due to direct solar radiation (Supplementary Materials S1, S2 for details). Hence, we could validate 12 out of 25 models with only the model performance itself and applied Out-Of-Bag (OOB) statistics, including the mean standard error and R2. We also assessed the absolute temperature offsets of each model by comparing the overall predicted air temperature amplitudes (ranging between the minimum and maximum) with amplitudes measured at the same time in the field. We calculated the total relative offset as the ratio between the absolute offset (difference between measured and predicted amplitudes) and the measured amplitude. Hence, a ratio of one corresponds to a model that underestimates the actual measured temperature amplitude by 100%; i.e., the model itself would have a zero amplitude.
Quantification of Cooling by Urban Green Under Drought and Heat
To assess whether and to what extent urban green spaces regulate the air temperature under conditions of drought and heat, we calculated zonal statistics of predicted air temperatures for both public parks in our study area (Friedenspark and Lene-Voigt-Park), their 50-m buffer zones and for the dense street area (Ostplatz square). To test for significance differences between these five zones, we ran an analysis of variance (ANOVA) with “air temperature” as the independent variable. For the ANOVA, we randomly sampled 500 points/park and buffer and 50 points for the square (minimum distance of 2 m to avoid adjacent cells/pixels) and extracted cell values from the predicted air temperature raster datasets.
RESULTS
Model Selection Based on Evaluation of Random Forest Regressions
Following the performance evaluation of the random forest regressions (for details, Supplementary Material S2), we selected four representative models for our spatial assessment that were well distributed over the 24 h period (Table 2; Figure 4).1 Model T2 at 08:00 h in the morning with highest R2 values and lowest relative offsets, covers the intense heating period during early morning, approximately 3 h after sunrise, when air temperatures rise about 3–4°C/h. The second model at 15:00 h (T9) covers a period shortly before the temperature peak in the afternoon. With the third model at 21:00 h (T15), we cover the evening approximately 30 min before sunset, when air temperatures sharply drop by up to 4°C/h. Finally, the fourth model at 6:00 h (T24) covers the period of minimum air temperatures early in the morning of 1 July.
TABLE 2 | Attributes of selected random forest models.
[image: Table 2][image: Figure 4]FIGURE 4 | Air temperature curve (black line) from 3:00 h on 30 June to 9:00 h on 1 July 2019 and temporal distribution of selected random forest models (red vertical lines). Air temperature profile corresponds to weather station of the Leipzig University (IM station, cf. Figure 2).
Temporal and Spatial Air Temperature Patterns
The results of the first model at 8:00 h showed air temperatures in the study area ranging from 22.8°C up to 25.0°C (23.9°C mean), equaling to a total amplitude of 2.2°C (Table 2; Figure 5, Supplementary Material S3 for absolute values). Compared to the measured values in the field the model underestimated minimum temperatures by 0.35°C and maximum temperatures by −0.51°C. As for an overall spatial gradient, we found the highest air temperatures in the northern part of the study area, which is closest to the city center and where building density is particularly high. In any part of the area, however, coolest spots corresponded to taller, shading vegetation (shrubs and trees) where air temperatures were approximately 0.5°C lower than those in street zones in the vicinity. As spatially extensive “cold spots”, we could identify allotment garden colonies in the southeast (next to Friedenspark) and at the eastern edge of the study area. Here, maximum cooling effects above 1°C compared to surrounding streets were modeled. Additionally, vegetated backyards also appeared as small-scale cool zones in contrast to the sealed and treeless front sides of buildings.
[image: Figure 5]FIGURE 5 | Air temperature maps for the four selected points in time depicting deviation from respective mid-range values (central value between minimum and maximum), indicated by M. For representation of absolute values, please see Supplementary Material S3.
For the early afternoon at 15:00 h we modeled air temperatures between 36.7 and 38.8°C (37.7°C mean, 2.1°C amplitude), with values being underestimated by approximately ± 0.5°C, respectively. Temperature gradients were locally confined, with large open spaces being warmer than smaller spaces where shading was prevalent. Notably, the Lene-Voigt-Park and its vicinity appeared as a zone with the highest air temperatures. In fact, we measured values above 39°C during our field campaign only in and around the Lene-Voigt-Park (Supplementary Material S1). In contrast to this hot zone, many vegetated backyards and wider strips of roadside greenery seemed to be sustained as micro-zones of relative coolness. However, significant cooling effects at a larger scale remained only in areas with coherent tree canopies such as in the Friedenspark where air temperatures could be reduced by more than 1°C compared to those in surrounding open spaces. In contrast, areas between trees, e.g., in the Friedenspark, also appeared as traps of warm air, which might be attributable to impaired ventilation.
The results for the evening of 30 June at 21:00 h revealed an overall north-south gradient of air temperatures, similar to the morning model. At 21:00 h, larger scale temperature differences (between the north and the south) dominated compared to fine-scale differences (e.g., between adjacent trees and street areas). Thus, at this time of the day, the vegetation structure seems to have much less impact on spatial air temperature patterns than, e.g., at 15:00 h. In the northern part, the Ostplatz, adjacent streets, and the area around the university hospital (cf. Figure 2) at the western edge appeared as the hottest locations within our study area with air temperatures of approximately 34°C. In contrast, cooler air below 33°C was prevalent in the southern part of the study area, with the coolest zones being concentrated in the middle of the Friedenspark and the westward adjacent botanical garden.
On the morning of 1 July at 6:00 h, the overall pattern (north-south gradient) remained similar to that in the evening condition. Mean temperature, however, dropped to 22°C—a cooling by over 10°C since 21:00 h, and differences between green areas and streets became more prominent again. Notably, air temperatures in the Lene-Voigt-Park decreased more than its surroundings and the coolest zones in the Friedenspark were found in the southern part where grasslands predominate. At the same time, an inflow of warm air might have caused warmer temperatures in the north of the park. However, we also emphasize that temperature differences were marginal with a total modeled amplitude less than 1°C (0.4°C less than measured in the field).
Cooling Effect of Public Parks
When testing for the cooling effect of the two major green spaces in the study area compared to their vicinity, the public parks Lene-Voigt-Park and the Friedenspark, we found major differences between them (Figure 6). On the one hand, the Friedenspark had the lowest average air temperatures among all compared areas at all four times of the day, with maximum differences to respective hottest areas from 0.39°C in the morning of 1 July up to 1.06°C at 8:00 h the day before. Despite its comparably green vicinity including mature trees (cf. Figure 2), the Friedenspark was consistently cooler than its surrounding 50-m buffer zone by 0.1 up to 0.3°C. The smaller and sparsely tree-covered Lene-Voigt-Park, on the other hand, was distinctly warmer throughout the day and in fact constituted the hottest area, followed by its 50-m buffer zone at 15:00 h in the afternoon as already suggested by the spatial patterns in Figure 5. Over the course of the evening and night, however, the Lene-Voigt-Park managed to cool down more effectively than our urban reference area, the Ostplatz (max. ∆T of 0.35°C at 21:00 h), which was the hottest area at this time, and also its immediate surroundings (max. ∆T of 0.11°C at 6:00 h). All average air temperature differences between the five analytical areas were statistically significant at p < 0.001 (for details, Supplementary Material S4).
[image: Figure 6]FIGURE 6 | Mean air temperatures of the five analytical areas per time of the day that has been selected for spatial assessment. For each point in time we indicated maximum air temperature differences occurring among all five areas. Asterisks above the bars indicate the significance level (of difference) between all areas according to ANOVA (p ≤ 0.001, Supplementary Material S4). Acronyms: LVP, Lene-Voigt-Park; FP, Friedenspark.
DISCUSSION
With this study, we aimed to assess the air temperature regulation by two inner-city parks under drought and heat conditions in Leipzig, a large Central European city. We produced spatially explicit maps of air temperature for a 24 h period (including nighttime) using dense in-situ measurements and random forest regression. The results showed that on a hot summer day with maximum air temperatures above 38°C, following a pronounced dry period, the average cooling by urban green spaces compared to built-up surroundings was approximately 1°C. We found slightly larger cooling effects, i.e., above 1°C, at single time points during the day and on a very fine-scale level that were attributable to coherent tree canopies and corresponding shading and evapotranspiration such as in the Friedenspark or in some vegetated backyards. Privately owned backyards can be often better maintained than public green spaces, e.g., when irrigation is necessary during dry periods.
By comparing two structurally distinct public parks, we conclude that larger, densely vegetated parks seem to better perform in reducing air temperatures under conditions of heat and drought than those of smaller and rather sparsely vegetated parks. In our study area, the dominating grasslands of the Lene-Voigt-Park were largely degraded after consecutive dry seasons in summer 2018 and 2019. As a result, the openness of the park, including several artificial sports areas, and a lack of vital grass cover and shading trees, temporally led to even more severe heat conditions during the daytime than in surrounding built-up areas where buildings provide shade, an effect also observed in previous studies (Bowler et al., 2010). The openness of the Lene-Voigt Park, however, promoted slightly faster cooling of the park area during the night compared to that in its built-up surroundings. In contrast, the larger Friedenspark, dominated by mature trees, showed lower air temperatures on average at any point in time compared with that in built-up areas and also the overall mean of the study area. Hereby, we also demonstrated that structurally diverse parks with a well-balanced combination of mature trees and open grasslands are comparatively cooler at all times of the day and night. The concept of structurally diverse urban green spaces has been called the “savannah approach” (Wittig et al., 2012; Meltzer, 2014; Zardo et al., 2017). The “savannah approach” is meant to explain that due to a diversified composition and configuration of vegetation types the microclimate regulation performs particularly well throughout the day, providing shade during the daytime and open spaces that allow heat emission during the night. However, in our case, consecutive drought and heat in 2018 and 2019 also affected the Friedenspark (cf. Figure 1). We expect the cooling service to be reduced compared to regular, vital conditions, because major parts of the park’s open grassy areas were also degraded, soils were parched and numerous trees died and had to be removed. Repeating our assessments under usual weather conditions and comparing our results with the cooling of unimpaired green space vegetation would be desirable by a follow-up project.
We found that the steepest air temperature gradients (relative coolness) did not necessarily occur between adjacent green and built-up areas but rather within larger zones of the urban fabric characterized by distinct green space and building structures. Hence, temperature differences within a single park can be greater than those between the park and adjoining built-up areas, For example, we observed a more than 0.8°C difference between the northern and the southern parts of the Friedenspark at 06:00 h in the morning while differences between the park and a major traffic junction at the southern edge of the park were marginal. The large temperature difference within the same park can be explained by complex meteorological processes in the urban environment such as air flows and heat fluxes that are strongly influenced by the overall urban building structures, materials, and terrain conditions (Moonen et al., 2012; Meili et al., 2021). Steeper temperature gradients at the very local scale may also appear, however, during the hottest period of the day between shaded and unshaded areas even within single green spaces. We found a nearly 2°C difference between adjacent open grassy and shady tree areas in the Friedenspark at 15:00 h in the afternoon, similar to previous findings in another park in Leipzig (Breuste et al., 2013).
In terms of air temperature differences between larger coherent green spaces (e.g., parks or cemeteries) and their built-up surroundings, our findings correspond to those of previous studies assessing temperature gradients, although, they are at the lower margin of the range of effect sizes. Bowler et al. (2010) and Knight et al. (2021) reported mean effect sizes of 0.94 and 0.8°C, respectively. In our study, the largest average temperature difference of approximately 1°C occurred in the morning between the large Friedenspark and the buffer zone of the Lene-Voigt-Park, i.e., not between the parks and their immediate surroundings. Hence, in our study, vegetation-related cooling, especially during the daytime, was largely spatially constrained, i.e., there were hardly any measurable cooling effects outside of larger green spaces that might be attributable to the green space itself. Cooler zones apart from the parks are rather directly linked to the presence of smaller vegetation structures such as vegetated backyards and strips of roadside greenery. We conclude that so-called “cooling distances” from green space boundaries into adjacent neighborhoods as suggested, e.g., by Jaganmohan et al. (2016), are negligible in the context of summer heat and a flat terrain, as in our case of Leipzig. Nevertheless, our study showed that the size and structure of the green space had a strong impact on spatial air temperature patterns and corresponding cooling, thus, consistent with previous findings (Jaganmohan et al., 2016; Zardo et al., 2017).
Beside public parks, allotment garden colonies appeared to be important for providing cooling at certain times of the day. These clusters of privately owned gardens typically have a diverse vegetation structure and are well maintained throughout the summer season which, in some cases, includes watering of lawn areas. Allotment garden colonies are widespread throughout the city of Leipzig as in other cities, especially in Central Europe (Cabral et al., 2017).
Strengths and Limitations
To the best of our knowledge, our study presents the first spatially explicit and detailed assessment of the air temperature regulation of urban green spaces under drought and heat conditions at the neighborhood level, and thus extending the scope compared with that of previous large-scale studies (Marando et al., 2019; Allen et al., 2021). Our study benefitted from spatially and temporally detailed in-situ data collected during an extensive field campaign that also allowed us to assess air temperature patterns during nighttime. We applied consistent measuring protocols following national and international standards (Löffler, 2012; World Meteorological Organization (WMO), 2018), facilitating reproducibility and transferability. Biased and inconsistent protocols make most studies on urban microclimate difficult to compare (Bartesaghi Koc et al., 2018), particularly when varying measurement settings were applied even within single studies (Sugawara et al., 2016; Mitterboeck and Korjenic, 2017). Considering the highly dynamic nature of air temperature, standardization of measurements is crucial.
We show that machine-learning approaches, in particular random forests, are suitable for predicting air temperatures at the fine-scale neighborhood level. However, a few of our models showed poor performance which is likely attributable to the limited amount of training data from a machine-learning perspective, since the performance of machine learning algorithms relies on the exhaustiveness of the input dataset, which usually improves with dataset size (Breiman, 2001; Willcock et al., 2018). Given the particularly high spatial heterogeneity of the urban fabric in terms of the composition and configuration of built-up and natural elements, our set of training data can in fact not be considered as exhaustively representative. First of all, our study design focused on two parks and their nearby surroundings (cf. Kabisch et al., 2021). Hence, other green spaces such as allotment gardens or backyards and larger, contiguous built-up areas are not represented in our training data and thus were modeled with higher uncertainties. Apart from our scope, we were naturally limited in two ways when running a field campaign in a public urban environment: first, by available resources (mainly personnel) that limited the spatial (and temporal) extent of our study, and second, regarding the selective distribution of measuring sites. Due to real-world circumstances, we had to install our park sensors to ensure the lowest possibility of interference from park users and their activities. Nevertheless, we accounted for the structural diversity of the parks (Kraemer and Kabisch, 2021), i.e., for park boundaries as well as densely vegetated and rather open spaces (cf. Figure 2, Supplementary Material S1).
To mount the loggers at the street sites we had to rely on the presence of suitable amenities (traffic signs or wooden planks around young street trees, cf. Kabisch et al., 2021) but also made sure to cover a variety of built-up environments, such as major and secondary streets, with and without street trees, and varying distances to buildings (cf. Supplementary Material S1). Hence, we argue that the issue of a limited number and biased distribution of measuring points in a real-world urban environment is difficult to overcome. The challenge of setting up devices in a public space might also be a reason for the lack of standardization, e.g., studies installing sensors out of range of people, i.e., not at a 2 m height, or surveys that apply mobile measurements (Jansson et al., 2007; Schwarz et al., 2012; Secerov et al., 2015).
We also had to deal with the typical behavior of random forests of underestimating extreme values as a result of reducing the variance (improving precision) in predicted values (Zhang and Lu, 2012; Wolfensberger et al., 2021). Although our models underestimated extreme values by approximately 0.5°C on average compared to measured values (cf. Table 2, Supplementary Material S2), we demonstrated that at most times of the day air temperatures showed only moderate variation between green spaces and street or built-up environments under conditions of heat and drought as compared to that in previous studies (Knight et al., 2021).
Applying a spatially dense meteorological survey involves further tradeoffs in temporal and spatial coverage. Our study was limited to an area of 250 ha and our available resources. We could run our field campaign with available resources for approximately 1 week. More extensive, district- or city-wide assessments over a longer period are desirable but would require a large number of long-term meteorological stations, ideally installed at representative locations reflecting urban spatial heterogeneity. Thus, public participation approaches such as the global networks “Weather Underground” (https://www.wunderground.com/) and “Sensor.community” (https://sensor.community) could be integrated into scientific studies such as done by Ho et al. (2014). Participatory surveys could be also aided by portable mobile sensors (e.g., Ueberham et al., 2019) that may then be combined with in-situ measurements to increase spatial coverage (Schwarz et al., 2012). However, issues regarding standardized survey methods, data quality and sufficient metadata remain for citizen-generated data and when using mobile sensors (Ho et al., 2014; Cao et al., 2020; Balázs et al., 2021). Finally, computational models and remote sensing are well-established tools for producing extensive, city-wide urban climate models that can facilitate the transferability and comparability of findings and reduce the efforts of otherwise resource-intensive field work (Bartesaghi Koc et al., 2018).
CONCLUSION
Providing accurate high-resolution air temperature data, our study illustrates the fine-scale air temperature dynamics that occur inside and outside urban green areas under heat and drought conditions. The spatially and temporally high-resolution data show the importance of urban park structure in providing air temperature regulation as an ecosystem service. In particular, grass-dominated green spaces are susceptible to degradation and thus reduced microclimate regulating ecosystem services under drought and heat. Under heat and drought condition, shading is the key factor for the cooling during daytime whereas open green or at least unsealed spaces remain important heat emitters during the night, suggesting a need for a balanced composition and configuration of vegetation types. We could demonstrate that the cooling effect of green spaces is spatially very limited particularly during peak time of heat during the afternoon. Thus, we emphasize the need for larger green spaces that are complemented by decentralized, well-distributed small-scale green infrastructure such as roadside greenery and vegetated backyards. Future empirical studies may also include a larger number of structurally distinct green spaces to better understand the variation of diurnal and nocturnal air temperature in urban parks depending on the vegetation structure and the potential cooling effect on adjacent neighborhoods.
With this study we exemplified how to apply standardized measurements of air temperature in an urban setting on a local neighborhood scale. However, more standardization is needed for in-situ measurements applied in urban microclimate studies to facilitate comparability across study sites and cities. Future research may also spatially extend the fine-scale assessment of the urban microclimate by further exploiting the potential of public participation, mobile exposure measurements and data science, in particular machine-learning techniques. Finally, given the recent heatwaves and the increased heat related mortality rates in Central Europe, air conditioning may be increasingly used in future urban residential development especially in countries at temperate latitudes such as Germany. The potentially increased use of air conditioning systems may impact local air temperatures and accelerate the urban heat island effect.
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