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Abstract: Urban green infrastructures offer thermal regulation to mitigate urban heat island effects.
To gain a better understanding of the cooling ability of transpiring plants at the leaf level, we
developed a method to measure the time series of thermal data with a miniaturized, uncalibrated
thermal infrared camera. We examined the canopy temperature of four characteristic living wall
plants (Heuchera x cultorum, Bergenia cordifolia, Geranium sanguineum, and Brunnera macrophylla) under
increasing drought stress and compared them with a well-watered control group. The method
proved suitable to evaluate differences in canopy temperature between the different treatments. Leaf
temperatures of water-stressed plants were 6 to 8 ◦C higher than those well-watered, with differences
among species. In order to cool through transpiration, vegetation in green infrastructures must
be sufficiently supplied with water. Thermal cameras were found to be useful to monitor vertical
greening because leaf surface temperature is closely related to drought stress. The usage of thermal
cameras mounted on unmanned aerial vehicles could be a rapid and easy monitoring system to cover
large façades.

Keywords: urban green infrastructure; plant water stress; uncalibrated thermal camera; cooling
potential; urban heat island; monitoring

1. Introduction

In the 21st century, a major challenge for urban areas is to cope with the increasing
ambient air temperature due to the urban heat imbalance [1]. This is largely caused by the
increased absorption of shortwave radiation and the excessive release of anthropogenic
heat, as well as the decreased latent heat transfer [2]. This has serious implications for the
economic costs and social well-being in cities, such as a doubling of the energy consumption
to cool buildings, an increase in peak electricity demand, and a significant increase in
heat-related mortality during summer periods [3–5]. It has long been known that urban
heat islands (UHIs) occur in densely built-up areas and can be 5–6 ◦C warmer than the
surrounding landscape [6]. Therefore, adequate and sustainable urban planning that
mitigates the consequences of global increases in temperatures and the associated negative
effects on human health is necessary [7–10]. This includes the use of materials such as
thermochromic or radiative cooling structures to decrease the urban temperature or the
intensive use of urban greenery and water for evaporative cooling [11]. Among those
technologies, green infrastructures (GIs) offer strategies to provide ecosystem services
to mitigate the temperature increase in urban areas [12]. GI, such as building greenery,
uses seminatural features that can modify urban warming through evaporative cooling,
shading, and the modification of airflows [7,13,14]. By promoting thermal comfort, they
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contribute to the health and well-being of urban residents, which has received increasing
attention over the last two decades due to the worsening consequences of climate change
and the rapidly increasing population in cities [15,16].

In densely built-up areas without space for parks or tree plantings, green roofs and
façades are promising GIs for cooling [16]. Green roofs with drought-resistant vegetation,
high water retention, and storage capacity do not require external irrigation [17]. Vertical
green is categorized into living wall systems (LWSs), where plants directly grow on the wall
rooting in a suspended substrate, and green façades, where plants root in ground-based
soil [18,19]. While green façades mainly use climbing plants, the choice of plants in LWS is
almost unlimited. Regardless of the GI used, whether a park, a tree, a green roof, or façade,
the central elements are plants [7,20,21]. Shading and evapotranspiration contribute most
to the cooling effect of the plants [22]. The denser the plant canopy, the higher the cooling
potential, as long as plants are sufficiently supplied with water for transpiration [23]. The
potential cooling effect of plants on air temperature is highest in the warmest periods of
the year and hottest hours during the day when potential evapotranspiration is highest.
However, it is severely reduced under conditions when soil water is limiting, which results
in drought stress and lower transpiration because stomata close [7,24–26]. Therefore, GIs
often rely on external irrigation, as precipitation is insufficient, especially under warm and
dry conditions.

The energy balance of leaves, or any other bodies, depends on radiative, sensible, and
latent energy exchange [27]. During the day, plants absorb more radiation (visible and
infrared) than they emit. This net absorption of radiation is balanced by latent heat loss via
transpiration and the convective transfer of heat to the air. The higher the transpiration,
the less heat will be given off to the air. If more energy is lost via transpiration than
gained by the radiation exchange, then leaves effectively cool the surrounding air by
convective energy transfer from the air to maintain the energy balance [28]. If not absorbed
by vegetation, radiation will be absorbed by surfaces that do not evaporate water, which
drives the surface energy balance upwards [29]. Stomata close under drought stress,
reducing evaporative cooling due to the lack of transpiration, and leaves warm-up [30].
Stomatal conductance (gs) to water vapor estimates the physical resistance to the movement
of gases between the air and the interior of the leaf and is closely related to the canopy
temperature [31,32]. Plant-based approaches such as measuring stomatal conductivity
or water potential are typically used to detect drought stress [28]. However, this is not
practical for monitoring GI as it is too labor intensive, not suitable for automation, and,
furthermore, façade greening is often not accessible for these measurements.

Infrared thermography is a noncontact alternative to monitor GI from a distance
that can be used to measure the surface temperature, including that of leaves affected
by evaporative cooling. The canopy temperature (TC) is responsive to water stress and
therefore can be used as an indicator for water stress levels in plants [33]. One way to
determine the level of stress in plants is to compare the temperature of a well-watered crop
canopy, with water-stressed plants at the same stage of growth. The difference between
stressed and non-stressed plant canopy temperature is expressed as degrees above non-
stressed (DANS) [34]. Early work measured accumulated TC differences of stressed and
non-stressed plant canopies with point measurements at a specific time per day [35]. The
majority of water stress indices use TC as a single daily measurement during the time of
maximal stress or by evaluating the time above a temperature threshold [36]. This method
is sensitive to small stresses and dependent on stomatal closure as an early indicator
of water deficits [28]. However, little attention was given to the use of TC over longer
time-periods, so far. Especially for plants used in building greenery, such information is
scarce, as the method has been applied mainly in crops. Evaluating the time threshold
requires a continuous measurement of canopy and weather parameters, which demands
more intensive sensing and data-logging instrumentation and maintenance [34]. Highly
accurate thermal sensors use quantum detectors with short response times and very high
sensitivities but require external cooling, which makes them bulky and expensive [37].
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The initial objective of this study was to identify a simple method to determine
the TC over a longer period using a miniaturized, uncalibrated thermal infrared (TIR)
camera. Such cameras are suitable for use with unmanned aerial vehicles (UAVs), but they
are usually not radiometrically calibrated, so they only provide information on relative
temperatures expressed in raw digital numbers (DNs) [38]. To obtain absolute values,
a thermal calibration must be performed before each use. For our purpose, we used a
Vue pro 640 (FLIR Systems Inc., Wilsonville, OR, USA) and took pictures every minute
for the duration of the experiment and developed a method to evaluate the images. We
investigated the temperature differences between stressed and non-stressed plants to gain
a better understanding of the cooling potential of transpiring plants

The aim of our study was: (1) to develop a simple method using an uncalibrated
TIR camera to continuously monitor plant canopy temperature; and (2) to assess the
canopy temperature differences between well-watered and water-stressed plants, which
are commonly used in LWS. While the cooling effect of GIs is usually evaluated using the
ambient temperature as an indicator, we focused on plant leaves [39,40]. Therefore, we also
measured stomatal conductance to directly quantify water stress in the plants.

2. Materials and Methods

Data for the study were collected in a greenhouse experiment by testing four different
species commonly used in LWS. After an initial acclimatization of 21 days, half of the
plants continued to be well-watered, while irrigation was stopped for the other half. We
continuously recorded thermal data of the plant canopy until water-stressed plants had
withered (leaves turned brown).

2.1. Experimental Design

On 8 April 2019, ten specimens each of Brunnera macrophylla, Geranium sanguineum,
Bergenia cordifolia, and Heuchera x cultorum were precultivated in 11 × 11 cm pots with
1.0 L of substrate (Stender C200; Schermbeck, Germany) for 21 days in a greenhouse at the
University of Natural Resources and Life Sciences, Vienna (Austria). During this period,
we irrigated each pot twice a day (9 a.m. and 6 p.m.) with 150 mL in each irrigation run.
To maintain 100% water holding capacity (WHC), pressure-compensated drip hoses with a
flow rate of 4 L/h (DeltaTM Drp Spike PC; Trani, Italy) were used. After acclimatization
until 29 April 2019, we evenly divided the plants into water-stressed pots that were no
longer irrigated and a control group kept at 100% WHC (Figure 1). With these irrigation
settings, we monitored the plants until those under water stress had withered, which took
between 18 and 27 days depending on the species.

2.2. Growing Conditions

We measured air temperature and relative humidity using an Atmos 14 sensor (Meter
Group; Pullman, Washington, USA) and solar radiation flux density using a PYR total
solar radiation sensor (Meter Group). A ZL6 data logger (Meter Group) connected all
sensors with 10 min intervals. During the experiment, the average temperature in the
greenhouse was 14.7 ◦C (5.4–32.5 ◦C), humidity was 62% (21%–89%), and solar radiation
was 180 W/m2 (0–1065 W/m2).

2.3. Thermal Data Recording

Thermal images of the plants were recorded every minute, starting on 25 April 2019
until 26 May 2019 with a Vue Pro 640 (FLIR Systems, Inc.; Wilsonville, Oregon, USA) at a
distance of 1.5 m above the plants (Figure 1). Recordings were saved as 14-bit tiffs with a
resolution of 640 × 512 pixels without postprocessing. We then created shapefiles with the
software ArcGIS (Version 10.2 Esri; Redlands, CA, USA) containing polygons covering the
five plants per species and treatment (Figure 2). Because the position of the plants changed
slightly, mainly due to growth, the polygons were adjusted daily.
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Figure 1. Schematic representation of the data acquisition of the thermal camera installed above the
plants and the experimental setup: five individuals per species were cultivated in the respective
irrigation setting. Red refers to the group with water stress and blue to the water-supplied group.
The white clip characterizes the periodic porometer measurements.

Figure 2. (a) RGB image of the plants in the experimental setup on 10 May 2019 at 14:00. (b) Thermal
image at the same time, the polygons (yellow in (a), black in (b)) outline the groups of plants per
species and treatment (red frame refers to the water stress and blue frame to the control group).
Images were not recorded orthogonally referenced.

We extracted the radiometric values (DN) with the software RStudio (Version 1.1.463
R Studio, Boston, Massachusetts, USA) from each pixel within the polygons and calculated
the median and the 97.5 percentile [41]. Because the differences between the treatments
were clearer with the 97.5 percentile, we subsequently used these data. Extracted time
series data then were smoothed using the Whittaker–Henderson approach with lambda
1600 and d = 1 using the R Studio package pracma [42,43]. For the transformation from
raw digital numbers (DN) recorded by the thermal camera into degrees Celsius, we used
the equation:

T [◦C] = DN × 0.04 − 303.72 (1)
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following the linear model of Kelly [38] for an ambient air temperature of 10 ◦C. This
model requires calibration for different temperatures, and the values for the plant canopy
temperature therefore do not represent absolute temperature values [44]. We thus used the
temperature differences (∆T in ◦C) between the canopy temperatures of the stressed (TS)
and the nonstressed (TNS) plants.

2.4. Stomatal Conductance

On Days 4, 9, 14, 17, 21, and 24 after the end of the acclimatization phase, leaf stomatal
conductance was measured between 11:00 and 13:00 on one fully developed marked leaf
of each plant (five plants per treatment, four species, two treatments), with a leaf porom-
eter (AP-4, Delta-T Devices; Cambridge, UK). Time series of stomatal conductivity were
analyzed with a two-way repeated-measures ANOVA using 5% as the level of significance
with the rstatix package (Version 0.6.0) [45]. The normal distribution of the residuals was
verified visually with Q-Q plots. Assumption of sphericity was controlled with Mauchly’s
test of sphericity. We performed a paired t-test to find differences between gs and water
treatments at the time of measurement using the Bonferroni correction.

3. Results
3.1. Canopy Temperature

Figure 3 shows TS, TNS, and ∆T, as well as air temperature and radiation, in Brunnera
before drought stress (27 to 30 April, Figure 3a,c) and 9 to 11 May after water was withheld
from the stress treatment (Figure 3b,d). When all plants were equally irrigated, TS and TNS
were nearly identical, with a mean and maximal ∆T of 0.2 and 0.7 ◦C, respectively. Leaf
temperatures were lowest during hours of maximum air temperature and radiation.

Figure 3. Leaf surface temperatures of the water-stressed (red) and irrigated (blue) plants of Brunnera macrophylla during the
acclimatization phase (a) and the transition into drought stress (b). Panels (c) and (d) show the difference in temperature ∆T
between the stressed and nonstressed plants (continuous line) and solar radiation (dotted line).
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Ten days after the last irrigation (9 May), the ∆T (Figure 3d) reached a maximum of
1 ◦C. On this day, air temperature and radiation were low. During the subsequent days,
the two curves diverged and the temperature differences rose to 5.4 ◦C. Leaf temperatures
during daylight were still slightly lower than during the night, and the maximum ∆T was
around noon when air temperature and radiation were also highest. At night, the two
curves converged again and the temperature differences did not exceed 1◦C, even when
one treatment was water-stressed.

Leaf surface temperatures of Geranium, Bergenia, and Heuchera followed a similar
pattern. We selected three time windows, the first within the acclimatization phase from
27 April to 30 April, the second under moderate stress (9 May to 11 May), and the third
with peak stress from 16 May to 19 May. The mean difference in leaf surface temperatures
during the acclimatization period was 0.2 ◦C for Geranium, 0.3 ◦C for Bergenia, and 0.3 ◦C
for Heuchera between the two groups during the acclimatization phase (Figure 4). The
maximal short-term temperature difference during this period was 1.6 ◦C in Heuchera.

Figure 4. Temperature differences (∆T) between water-stressed and well-watered plants during the experiment, at the
beginning (a), in the middle (b), and toward the end (c) of the stress experiment.

Ten days after the last irrigation of the stress group (9 May), the maximum ∆T was
2.2 ◦C in Geranium, 2.0 ◦C in Bergenia, and 3.1 ◦C in Heuchera. The next day, the temperature
differences rose to 6.7, 5.7, and 6.5 ◦C for Geranium, Bergenia, and Heuchera, respectively.
At this point, the water stress started to become visible in the species Brunnera, which
had individual wilting leaves. Among the other species, there was no stress indication
observable, but temperatures of stressed leaves were clearly higher than in the control
plants. On 13 May, 14 days after irrigation stopped, water stress symptoms were visible on
all plants. After 18 days, the leaves of Brunnera were completely withered, at which time
the images can no longer be used as TC because the camera recorded mostly the soil in
the pots. The highest ∆T before plants wilted were 6.1 ◦C in Brunnera, 8.2 ◦C in Geranium,
7.4 ◦C in Bergenia, and 6.5 ◦C in Heuchera, always around solar noon. During the night,
water stress was not visible in the TIR, and TNS and TS hardly differed.

3.2. Stomatal Conductance

The two-way ANOVA revealed a significant interaction between treatment (water-
stressed and control) and time. We, therefore, analyzed the effect of the treatment for
each measurement day. On 3 May, five days after the last irrigation of the stress group,
gs of control and water-stressed Brunnera (276 vs. 221 mmol/m2/s) and Bergenia (228 vs.
200 mmol/m2/s) did not differ significantly (Figure 5). In Geranium (329 vs. 112 mmol/m2/s)
and Heuchera (199 vs. 66 mmol/m2/s), gs of drought-stressed plants were significantly
lower than in control plants. Depending on the species, drought stress was visible early
through stomatal conductance, this effect increases with time. Nine days after irrigation
stopped (9 May), gs was significantly lower in all stressed plants as stomata were respond-
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ing to drought stress in all species. Geranium and Heuchera responded faster than Brunnera
and Bergenia. The reduced transpiration as a consequence of lower gs caused the leaf
surface temperature to increase under the influence of solar radiation.

Figure 5. Development of the stomatal conductivity of the tested plant species measured 3, 5, 7, 9 and 12 days after drought
stress imposition. Level of significance is indicated by star code * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001.

4. Discussion

The initial objective of this study was to test a method to measure the leaf surface
temperature over time using a miniaturized, uncalibrated TIR camera. This permits
measuring whole-canopy temperature, which is preferable to point measurements of
selected leaves where the variation in leaf angles influences the measurements [46]. To
obtain absolute temperature values in a time series with a TIR camera, continuous reference
measurements of a known object, typically a blackbody, and the sources of radiation are
required [47]. However, absolute values are not always necessary, especially to monitor
temperature trends over time, and we found that the calibration of the camera with a
line equation was sufficient [37]. We studied temperature differences (∆T) between water-
stressed and well-watered plants, which proved satisfying and yielded novel data for
urban GI research.

The most obvious finding was the identical leaf temperature of the stressed and non-
stressed plants during and shortly after the acclimatization period, regardless of the species.
∆T were within a range of maximum 1◦C, with one deviation due to the species Heuchera
of up to 1.6 ◦C. Figure 3 shows the transition from well-watered to water stress for the
species Brunnera from Days 10 to 12, when the temperature difference increased from a
maximum of 1.0 ◦C up to 6.1 ◦C, while, simultaneously, stomatal conductivity decreased.
One of the first investigations of the canopy temperature with infrared thermometry was
carried out by Tanner [48], who found a maximum temperature difference of 3 ◦C between
stressed and non-stressed potato plants (Solanum tuberosum). Taghaeian et al. [34] recorded
differences up to 7.0 ◦C in sunflower (Helianthus annuus). In contrast to the methods
described above, which used point measurements, we analyzed the temperatures of the
entire canopy and extracted the 97.5 percentile, which proved more practical for an applied
setting to detect drought stress. In our study, the highest ∆T were 6.1 ◦C for Brunnera, 6.5 ◦C
for Heuchera, 7.4 ◦C for Bergenia, and 8.2 ◦C for Geranium. Under hot and dry conditions,
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∆T between stressed and non-stressed canopies are greatest [49]. This was also evident
in our results, where ∆T of all species followed the ambient temperature so that, on a
colder day, differences were smaller than on a warmer day. Leaf temperature depends on
climatic conditions such as radiation, air temperature, and wind speed, as well as canopy
characteristics such as morphology, density, and height. Together, these factors affect the
magnitude and ratio of radiation, sensible, and latent heat fluxes and, therefore, must
be considered during field recordings [50]. The highest ∆T values were recorded shortly
before and after noon, when the global radiation and thus the absorption of radiative heat
were highest. Under these conditions, the effect of evaporative cooling was highest as
high transpiration rates are driven by radiation and the leaf-to-air vapor pressure deficit.
Monitoring GI on warm and sunny days should therefore produce the clearest signals of
drought stress. This is in accordance with Grant et al. [51] and confirmed to be the best time
to detect water-stress-induced temperature differences. For practical applications, however,
it will be necessary to determine absolute temperatures using a blackbody for calibration
because neither stressed nor non-stressed plants can be differentiated as a reference to
calculate ∆T in the field.

As shown in Figure 5, all four species closed their stomata with the onset of drought
stress, expressed by the decrease of stomatal conductance. The effects were species specific,
as Geranium and Heuchera showed symptoms of stress earlier than Brunnera and Berge-
nia. The leaf surface warmed due to the lack of water molecules vaporizing in the leaf
intercellulars and transpired to the atmosphere via the stomata, which is consistent with
the work of Katul et al. [52]. The latent heat exchange through transpiration from the
water-stressed plants could not be maintained because no water vapor diffused through
the stomata and therefore leaf temperature increased [53]. Considering the leaf energy
balance, stressed leaves heat up because they cannot compensate for the radiative energy
transfer by the latent heat flux [27]. Thereby, they warm and balance radiative heat input by
convective loss (when leaves are warmer than ambient air), which heats the surrounding
air [54]. Without radiation input after sunset, the temperatures of the stressed and the
control group were almost identical again. In the control group, however, the leaf was
cooled by latent heat loss below the air temperature, which, in exchange, results in sensible
heat flux from the air to the leaf to keep the leaf energy balance in equilibrium [40,55,56].
The leaf temperature varies between species due to physical and physiological differences,
e.g., leaf hairs that reflect radiation or increase the boundary layer resistance, smaller leaves
with increased heat convection, or succulent leaves that have low transpiration [57–59].
Lin et al. [60] proved that transpiration is a more effective way to cool leaves than physical
traits such as leaf hairs or smaller leaves when water is sufficient. Plants that maximize
transpiration rates to tolerate high temperatures through heat loss have high stomatal
conductance, either due to large stomata or a large number of stomata [61]. This strategy
requires a sufficient water supply, but if given, the cooling effect of transpiration can be
increased by plant selection, considering parameters such as the leaf area index, vertical
canopy thickness, and total vegetation coverage [16,22].

This is specifically important when it comes to planning and managing GIs for UHI
mitigation and urban microclimatic regulation. In technically and highly advanced systems
such as LWSs and systems sensitive to dehydration, automated and sensor-based irrigation
are about to be established as state-of-the-art [18,62]. Smart irrigation allows for demand-
based water supply. However, this raises the cost of already high-priced technologies and
maintenance efforts. Simple and low-budget solutions such as soil-based and pot-based
systems usually do not require permanent irrigation. Balancing water storage capacities
and plant availability of technical substrates is therefore decisive.

Whenever weather conditions might cause long-lasting droughts and raise the risk
of stress-induced shortfalls or losses, TIRs are a promising tool to support the monitoring
of water stress in GI. The implementation and enhancement of GI for urban microclimate
regulation and climate change adaptation are important measures that require strategic
planning and management [7]. This will only succeed when the efficiency and benefits of
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GI and their physiological functions are secured and accordingly controlled. TIR offers
a promising tool to assist in monitoring water stress in GI and can be used to quantify
the species-specific cooling potential. Further research using continuous thermal records
could provide insights into the cooling potential of different GIs, which is affected by the
relationship between leaf surface temperature and stomatal conductance of different species.
Securing and controlling the physiological functions and requirements will enhance the
efficiency, functionality, and sustainability of GIs.

The data presented give first and novel insights into the magnitude of temperature
differences between well-watered and stressed façade greenery plants and thus their
potential cooling effect.

5. Conclusions

Based on our findings and the comprehensive literature, we conclude that for urban
green infrastructure (GI) to fulfill appropriate cooling functions, the plants used must
be adequately supplied with water. These findings contribute to the understanding of
the quantification of the cooling effects of plants in GIs and provide a basis for further
research. The method used to quantify temporal temperature developments is promising
for further investigations to advance detailed monitoring and exploration of urban GI
in terms of urban ecosystems and the services they rely on. Especially the use of UAVs
could complement ground-based manual inspections and therefore may be useful tools for
monitoring the status of GI in cities. To detect drought stress, we recommend monitoring
on sunny days around noon when solar radiation is highest and when the effect of drought
stress is seen most clearly.
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