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Abstract

Evapotranspiration of urban street trees is essential in mitigating urban heat islands

due to its cooling effect. However, current shifts in rainfall and temperature regimes

towards drier and hotter periods in Central Europe have caused substantial water

stress for street trees. Quantifying and subsequently managing these changing

dynamics as well as estimating evapotranspiration and water availability is necessary

but at the same time extremely challenging in urban environments. Both dynamics

are influenced by soil sealing and complex shading patterns of the surrounding street

canyon, which vary on a small spatial scale as a function of the canyon layout and ori-

entation. In the present study, the diurnal patterns of six typical urban shading types

for street trees were derived by considering a large set of street orientations, widths

and tree positions within the street canyon. A shading model was integrated into a

hydrological urban tree model to assess the impact of those shading types on diurnal

patterns of radiation and evapotranspiration rates calculated using the Penman–

Monteith approach and the resulting soil moisture conditions for several vegetation

seasons and water-supply scenarios. The modelling results showed that the six shad-

ing patterns significantly influenced the simulated hourly, daily and seasonal potential

and actual evapotranspiration rates and water availability. Shaded trees have a sub-

stantially reduced, simulated water stress period, regardless of initial water supply,

and are able to provide a longer-lasting cooling function during dry periods due to

higher evapotranspiration rates later in the summer season.
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1 | INTRODUCTION

Urban ecohydrology remains of great interest due to the complex

interactions of the heterogeneous built environment and the urban

vegetation. Street trees in highly dense areas are of specific interest,

as they are exposed to significantly different shading patterns (Gong

et al., 2019) and high water stress during dry periods. In temperate

zones, street trees are particularly vulnerable to summer heat waves

and extended dry periods due to their limited adaption (Haase &

Hellwig, 2022). The consequences of water stress are manifold,

including limited tree growth (Rötzer et al., 2019), fitness and life

expectancy (Bréda et al., 2006; Haase & Hellwig, 2022), reduced

evapotranspiration (Rahman et al., 2017; Rötzer et al., 2021) and cool-

ing potential (Adams et al., 2012; Bowler et al., 2010). Current
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measures, such as manual irrigation, are limited and only applied dur-

ing extreme conditions in temperate zones in Central Europe (David

et al., 2018; Dickhaut & Eschenbach, 2018; SenUVK, 2021). To

improve irrigation management and avoid the risk of vitality losses

and mortality of urban trees, it is necessary to clearly understand

urban tree water demand, considering shading patterns and site-

specific effects (McDowell et al., 2008; Schütt et al., 2022;

Wessolek & Kluge, 2021).

Microclimatic studies demonstrate that within a street canyon,

short-wave radiation, both diffuse and direct components, is strongly

influenced by shading (Mei & Yuan, 2022). To characterize shading

within street canyons, the sky view factor (SVF) is used to describe

the reduction in diffuse radiation by the ratio of built-up area to open

sky (Johnson & Watson, 1984). A different binary approach addition-

ally reduces the direct radiation to zero during shading periods (Gong

et al., 2019; Ross, 1981). With the binary approach, it is possible to

include the effects of shading based on street canyon orientation, sun

elevation, building height and tree position.

Evapotranspiration (ET) is a key variable to quantify water flow

and stress at the atmosphere–soil–plant interface (Allen et al., 2006;

Olmedo et al., 2016). In many urban tree models, evapotranspiration

is also used to evaluate the general cooling effect (Pace et al., 2021),

including a reduction of global radiation (Grylls & van Reeuwijk, 2021;

Hörnschemeyer et al., 2021; Wessolek & Kluge, 2021) or the occur-

rence of water stress (Revelli & Porporato, 2018; Rötzer et al., 2021;

Vico et al., 2014). To our best knowledge up to date, no monitoring

study has quantified the effects of shading on the water stress of

street trees. For example, Vico et al. (2014) estimated the daily cooling

capacity and irrigation needs of individual street trees, accounting for

soil water storage, tree water requirements and different growing

conditions. However, the effects of shading on evapotranspiration

were not considered in calculating the water balance. Wessolek and

Kluge (2021) developed hydro-pedotransfer functions (HPTFs) to cal-

culate the annual water demand, potential ET (ETp), actual ET (ETa)

and water stress of street trees. The function applies to different tree

ages, species, soil sealings, soil types and global radiation is reduced

with the SVF. The HPTFs provide a good approximation of the annual

water balance of street trees. However, the critical water stress

periods during the vegetation period cannot be identified. Finally,

Hörnschemeyer et al. (2021) used the SWMM model to quantify the

effect of shading on ETa for urban conifer areas by employing a shade

factor that reduces ETa depending on monthly solar elevation.

In conclusion, existing water models for urban trees do not (Vico

et al., 2014) or only partially include the effects of shading

(Hörnschemeyer et al., 2021; Wessolek & Kluge, 2021). None of the

studies considered varying shading patterns typically found within

street canyons, which affect global radiation and potential evapo-

transpiration on a diurnal time scale. Therefore, we argue that differ-

ent diurnal shading types need to be developed. Through this study,

the effects of the shading patterns on the water balance of street

trees were evaluated to identify the critical timeframes and site condi-

tions for water stress in the urban environment.

We hypothesized that the daily and seasonal evapotranspiration

rates are significantly influenced by shading and that street trees

exposed to direct radiation experience considerably larger and longer

lasting water stress than shaded trees. Therefore, by applying the con-

trario argument, shaded trees should be better adapted to heat and

drought periods and may also provide their cooling function more effi-

ciently than exposed trees. To test these hypotheses, the following

objectives were formulated: We (i) conceptualized typical urban shad-

ing types for street trees, (ii) quantified the impact of the various

shading types on diurnal patterns of global radiation and potential

evapotranspiration as a function of different sky conditions,

(iii) quantified the impact of the urban shading types on actual evapo-

transpiration and soil moisture rates comparing three cases, ‘well-

water-supplied’, a ‘drought-induced’ and a hypothetical ‘legacy
effect’ throughout the vegetation period of four recent years, and

(iv) assess the impact of typical urban soil sealing for the three cases.

2 | METHODS

2.1 | Urban tree model

To determine the effect of shading on the water supply, a hydrological

model (URbanTRee; Figure 1), including extensions and adaptions for

individual street trees in typical urban settings, was further developed

after preliminary work by Kirmaier (2020). URbanTRee calculates

potential and actual water losses by evapotranspiration on an hourly

time step based on the Penman–Monteith equation (Allen

et al., 2006) using a subroutine of the R package ‘Water’ created by

Olmedo et al. (2016) combined with a bucket model to calculate the

soil moisture storage in the upper soil zone in R, version 4.1.2 (R Core

Team, 2021). Moreover, it includes routines for interception derived

after (Gash, 1979), infiltration calculation based on a constant runoff

factor and percolation losses (all model equations of the URbanTRee

model are given in Appendix A). The model domain of URbanTRee is

given by the crown size and a model layer defined by the rooting

depth of the street tree. URbanTRee considers the heterogeneous

functioning of urban surfaces, such as open tree pits, pavement and

asphalt surfaces, and calculates runoff, infiltration and changes to soil

water storage separately for each surface and associated storage

fraction.

2.2 | Urban shading submodel

The ShadingType submodel was integrated into the URbanTRee

model by decreasing both parts of the global radiation rate RGð Þ, direct
radiation RDð Þ and diffuse radiation RDiffð Þ, to calculate ET during shad-

ing hours:

RG ¼
RDiff �SVF for shading

RDiff �SVFþRD for no shading
Wm�2
� ��

ð1Þ

Direct radiation RD is reduced to zero during shading hours,

whereas diffuse radiation RDiff is reduced by the SVF, which can take

values between zero and one and varies depending on the density of
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surrounding buildings (Johnson & Watson, 1984). Direct radiation was

calculated by subtracting the diffuse radiation rate from the global

radiation rate. The binary approach by Gong et al. (2019) (Equation 1)

suggests a significant improvement of shading representation. To ver-

ify the modelling approach, data from a shaded and non-shaded SPN1

global and diffuse radiation pyranometer (Delta-T Devices, 2022)

were compared with the modelling results. Subsequently, hourly time

series for diffuse and global radiation were used for calculation (DWD

Climate Data Center, 2022).

2.2.1 | Identification of diurnal shading types

The geometric alignment of typical urban properties and sun elevation

was used to identify typical urban shading types. Hourly shading pat-

terns were derived for four different street orientations, a wide and

narrow street, and for tree positions on either side of the street. The

sun elevation αð Þ and angle of the vector ‘building-top to tree-

reference-height’ βð Þ are being compared:

β γð Þ¼ atan H�hð Þ=Dð Þ �ð Þ ð2Þ

where H is the building height (m), h is the tree reference height

(m) and D is the distance from the building (m) (Figure 2). The temporal

change in azimuth (γ) was included in the calculation of the two

angles:

f γð Þ¼ 0 for α< β

1 for α> β

�
�ð Þ ð3Þ

To calculate the azimuth and solar elevation, the R-package

‘solarPos’ was used (Doninck, 2016). Here, the building height is

defined by a typical Berlin eaves height of 22 m (Böhme et al., 2020),

and the tree reference height refers to the midpoint of the tree crown,

which was assumed to be 3 m. For simplification, we considered trees

to be completely shaded or completely exposed to sunlight.

2.3 | Input data and model parametrization

Hourly climate input data used originated from the secular station

Berlin–Potsdam (DWD Climate Data Center, 2022). In Berlin, the cli-

mate is described as warm temperate and humid continental (Köppen

and Geiger: Cfb after Kottek et al., 2006), with an average precipita-

tion sum of 570 mm/year. In this study, the period 2017–2020 was

analysed, with above-average precipitation in 2017 (746 mm/year),

extreme low precipitation in 2018 (345 mm/year) and two average

years (542 mm in 2019 and 499 mm in 2020). Additionally, 2019 had

a particular hot summer (DWD Climate Data Center, 2022).

The model was parametrized for the most abundant tree species

in Berlin, Tilia cordata (SenUVK, 2021), more specifically for a T. cor-

data with an age of 15–30 years, a crown size of 16 m2, a rooting

depth of 1.5 m and a crop coefficient of KC = 1.4–1.6 (Wessolek &

F IGURE 1 Conceptual representation of the URbanTRee spatial setup (a) and the schematic diagram (b) of the key processes (P,
precipitation; I, interception; R, runoff; In, infiltration; S, soil moisture; Per, percolation; ETp, potential evapotranspiration and ETa, actual
evapotranspiration).
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Kluge, 2021). The pheno-multiplier (cP = 0.5, for first 2weeks of leaf

development and last 2weeks of leaf shedding) was added to describe

the stage of development throughout the vegetation period. Further,

the evapotranspiration is reduced by 50% according to the water

stress coefficient (KEA) if the usable field capacity falls below 30%

(water stress factor KS = 0.3). At the permanent wilting point (PWP),

plant water is no longer available in the soil, and the evapotranspira-

tion is reduced to zero.

Tree pit characteristics can vary strongly in size, soil sealing

degree and substrate. In this model, the soil texture is defined as a

weak loamy sand (Sl2), which is typical for Berlin centre located in the

glacial valley ‘Berliner Urstromtal’ (SenUVK, 2018). The parameter

field capacity (FK) and the PWP were determined according to the soil

physical reference database of Wessolek et al. (2009). The mean FK

and the PWP of a loamy sand (Sl2) with a bulk density of 1.4 g cm�3

are 26 and 10 m3m�3, respectively; capillary rise from groundwater

was assumed not to occur. The tree pit size in turn corresponds to the

unsealed part of the catchment area, which is defined as 100% open

soil and 100% asphalt surface sealing, resulting in a tree pit size of

16 and 0 m2 respectively. All parameterization values are again sum-

marized in Appendix A (Table A2).

2.4 | Model scenarios for the analysis of shading
impact

Different modelling approaches were applied to investigate the influ-

ence of urban shading types on global radiation, ETp and ETa rates

and soil moisture.

First, the effects of shading on global radiation (Equation 1) and

ETp (Equation 4) were investigated by comparing different degrees of

cloud cover in spring (April) and summer (June) of 2017–2020. Cloud

cover was categorized into clear sky (diffuse radiation <20% of global

radiation), cloudy sky (diffuse radiation 20%–80% of global radiation)

and grey sky (diffuse radiation >80% of global radiation). Diurnal vari-

ations on an hourly basis were compared to identify urban shading

patterns. Moreover, the daily sums provided insight into the differ-

ences among the different shading patterns throughout the entire

vegetation period (2020).

Second, the effects of shading on ETa and soil moisture were

quantified over the course of four vegetation periods with different

yearly precipitation sums (2017–2020). Comparing the shading types,

in the respective year, the first dry day of the year (FDD), sum of dry

days (SDD) and yearly ETa sum during the vegetation period were

considered. A dry day was defined as a day wherein the inferior limit

of available water in the soil was reached, that is, the permanent wilt-

ing point (PWP, 10 m3m�3).

Three case studies were investigated by regulating soil mois-

ture at the beginning of the vegetation period (1 of April): ‘well

water supplied’ with good initial starting conditions for plant avail-

able water (FK: 26 m3m�3 soil moisture), ‘drought induced’ with a

generated water stress with dry initial starting conditions

(16 m3m�3 soil moisture, the threshold of a loamy sand for

beginning water stress, defined in equation (10) (Appendix,

Table A1), derived from Wessolek et al. (2009)), and ‘legacy effect’
was used to examine replenishment processes during a continuous

model run (2017–2020) with a soil moisture content of 26 m3m�3

at the beginning of 2017. The impact of snowmelt was not

considered.

At last, to quantify the impact of soil sealing, the three case stud-

ies were performed with 100% open soil catchment and 100% sealed

surface catchment (with asphalt).

F IGURE 2 Schematic illustration of
sun path (α) and street geometry (vector
building-top to tree-reference-height, β)
effecting shading patterns: shading occurs
when α < β.
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3 | RESULTS

3.1 | Identification of urban shading types

The simulation to identify typical urban shading types was performed

for different months during the vegetation period, but no substantial

differences were observed. In the 16 scenarios, the sun position

resulted in different shading patterns (Figure 3), which were clustered

into six groups: sun all day (≥9 h), no sun (≤2 h), afternoon sun (3–5 h,

after 13:00), morning sun (3–5 h, before 13:00), midday sun (3–5 h,

after 10:00 and before 15:00) and morning and evening sun (>2 h,

before 10:00 and after 15:00).

By applying the urban shading model, the global radiation was

reduced during the shaded hours. Figure 4 shows that the diurnal pat-

tern of global radiation for a shaded site (in the morning and early

afternoon) is better represented by the values of the shading model

compared to the values of the non-shaded site.

In combining the diurnal shading patterns with the reduction in

global radiation, six typical urban shading scenarios were defined: A:

sun all day, B: no sun all day, C: shade before noon (5 AM–1 PM), D:

shade in the afternoon (1–8 PM), E: shade in the morning and evening

(8–10 AM and 3–8 PM) and F: shade at noon (10 AM–2 PM)

(Figure 5).

3.2 | Impact of shading on global radiation and
potential evapotranspiration rates

Compared to the non-shaded type A, a clear reduction in global radia-

tion and potential evapotranspiration (ETp) was visible for all other

shading types on days with clear skies (Figure 6). The reduction was

most pronounced for type B (all-day shadow) and affected the diurnal

cycle of the other scenarios as a function of their shading hours. This

distinction was substantially smaller on cloudy days and unnoticeable

on grey days. When comparing spring to summer, the diurnal patterns

of the global radiation were 100–150 W/m2 higher in summer for

scenarios A and C–F. The ETp values for all shading types were 0.15–

0.25 mm higher in summer than in spring.

Considering the daily cumulative global radiation and daily sum of

ETp during the entire vegetation period (Figure 7), the global radiation

of shading type A on clear sky days was seven times higher than that

of type B and two to three times higher than that of types C–F. On

cloudy days, type A was up to three times higher than types B–F, and

on grey sky days up to two times.

The difference in ETp was less evident; however, the mean ETp

was still two times higher for type A compared to type B and 1.3–1.6

times higher compared to types C–F. On cloudy and grey sky days, the

difference between all shading types compared to A was negligible.

F IGURE 3 Shading patterns for
16 different urban settings in April and
June. True indicates exposure to sunlight,
and false the shaded hours.
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3.3 | Impact of shading on actual
evapotranspiration rates and soil moisture dynamics

3.3.1 | Comparisons within the open soil ‘well
water supplied’ case

Modelling results showed that actual evapotranspiration (ETa) was

highest for type A (up to 10 mm/day) and lowest for type B (up to

7 mm/day) at the beginning of the growing season (April) (Figure 8).

Throughout the vegetation period, the dynamic changes, as the water

content for type A decreased more rapidly than for type B. ETa

remained higher for fully shaded type B when the soil moisture of

type A fell below 15 m3m�3 (mid-May) or the PWP was reached

(beginning of June). Zooming into the ETa plot, dynamic changes

among the orders of shading types C–F are observed. Zooming in to

the soil moisture plot on the other hand, the order of shading types

C–F did not change (Figure 8, zoom).

The first dry day (FDD) in shading type A occurred between the

150th and 170th day of the year (DOY) (Figure 11). In comparison, in

type B, the FDD was reached up to 5 weeks later (2019). For shading

types C–F, the FDD occurred with delay of 1–5 weeks in comparison

to type A. In 2017, no dry day occurred for shading types B, D, E and F.

The highest sum of dry days (SDD) was observed for type A, with

significant variations from 16 to 80 SDD in 2017 and 2018,

respectively. Type B showed the highest deviation in SDD compared

to type A and experienced 3 weeks less water stress in 2018. The

smallest variation of SDD was 1 week less for type C in 2019, and the

average deviation was 12 days less for types B–F.

The sums of ETa for all six shading types showed only minor a dif-

ferences of approximately 10–20 mm (2018–2020) and up to 40 mm

(2017), even though their temporal patterns during the course of the

year differed from one another considerably (Figure 11).

3.3.2 | Comparisons within the open soil ‘drought-
induced’ case

In the water-stressed case, the modelling results showed significantly

reduced ETa rates for all shading types, with a maximum ETa of

approximately 5 mm/day. The highest ETa values were mainly found

in shading type A, and only when the permanent PWP was reached

(mid-May), ETa was higher for shading type B (Figure 9).

In all years, the FDD was reached between the 135th–150th

DOY in shading type A and up to 2 months later in type B (2020)

(Figure 11). On average, shading types B–F reached the FDD 1–

12 days later than type A.

The SDD in shading type A ranged between 25 (2017) and

90 (2018) days, and the SDD in B-F was on average 12 days

F IGURE 4 Global radiation rates for the urban shading model (Model), the monitoring site with shading in the morning and afternoon (Shade)
and the monitoring site without any shading (No shade). The measurements were made with SPN1 sunshine pyranometer (Delta-T
Devices, 2022).

F IGURE 5 Schematic diurnal
variations of global radiation for six
typical urban shading types: (a) no shade,
(b) shade all day, (c) shade before noon
(5 AM–1 PM), (d) shade in the afternoon
(1–8 PM), (e) shade in the morning and
evening (8–10 AM and 3–8 PM), (f) shade
at noon (10 AM–2 PM).
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shorter. The highest deviation in SDD occurred, with 1 month less,

in type B (2020) and the lowest, with 5 days less, in type D

(2020).

Again, the ETa sum showed no significant difference between

shading types, although the temporal occurrences were rather differ-

ent (Figure 11).

3.3.3 | Comparisons within the open soil ‘legacy
effect’ case

In the continuous case study, the maximum daily ETa reached

10 mm/day in shading type A after full leaf development in 2017 and

2018. Shading types B–F did not reach 10 mm/day in any year

F IGURE 6 Effect of shading
on global radiation and potential
evapotranspiration (ETp) in spring
and summer for three cloud
conditions: clear sky (diffuse
radiation <20% of global
radiation), cloudy sky (diffuse
radiation 20%–80% of global
radiation) and grey sky (diffuse

radiation >80% of global
radiation) for six typical urban
shading types: A: no shade; B:
shade all day, C: shade before
noon, D: shade in the afternoon,
E: shade in the morning and
evening, F: shade at noon.

F IGURE 7 Daily sum of global
radiation (left) and potential
evapotranspiration (ETp, right) for typical
urban shading types: A: no shade; B:
shade all day, C: shade before noon, D:
shade in the afternoon, E: shade in the
morning and evening, F: at noon,
exemplarily for the vegetation period
April–September 2020 for three cloud
amounts: clear sky (diffuse radiation
<20% of global radiation), cloudy sky
(diffuse radiation 20%–80% of global
radiation) and grey sky (diffuse radiation
>80% of global radiation).
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(Figure 10). However, shading types B–F periodically reached higher

ETa rates in comparison to shading type A during dry periods in all

years. A different visualization method was used to enable a better

interpretation of legacy effects regarding water conditions from previ-

ous seasons. The soil moisture content in April 2019 was much lower

than that in the other years because of the dry conditions in 2018 and

a shorter replenishment phase. However, we did not find a significant

difference between the six shading types when comparing the soil

moisture at the beginning of the vegetation period 2019 (differ by

0.1–0.2 m3m�3).

The FDD in shading type A occurred around the 150th–170th

DOY, and in shading types B–F around 2–6.5 weeks later (Figure 11).

The SDD in type A varied from 16 (2017) to 80 days (2018); in com-

parison, for shading types B–F, the water stress was on average

17 days shorter. The highest divergence, with 3 weeks less, occurred

in type C (2019), and the lowest, with 2 weeks less, occurred in type

D (2020). Furthermore, the ETa sum showed no significant difference

between the shading types, but the temporal patterns differed among

them (Figure 11).

3.3.4 | Combined impact of soil sealing and shading
on evapotranspiration and soil moisture

A fully sealed soil with asphalt around the tree crown area was

expected to cause an earlier start of the dry period and a longer expo-

sure to dry conditions in comparison to a tree in open soil. Figure 11

compares multiple model runs: an open soil (triangle) and an asphalt

surface sealing (circle), summarizing the FDD, SDD and ETa sum for

all three model case studies (well-watered, drought-induced and

F IGURE 8 Daily sum of actual evapotranspiration (ETa) and soil moisture content for the open soil ‘well water supplied’ case for typical
urban shading types: A: no shade; B: shade all day, C: shade before noon, D: shade in the afternoon, E: shade in the morning and evening, F:
shade at noon. The period 2017–2020 was simulated using data from Potsdam weather station (DWD Climate Data Center, 2022). Note: For the
zoomed portions, a second legend is provided on the bottom right.

F IGURE 9 Daily sum of actual evapotranspiration (ETa) and soil
moisture content for the open soil ‘drought-induced’ case for typical
urban shading types: A: no shade; B: shade all day, C: shade before
noon, D: shade in the afternoon, E: shade in the morning and evening,
F: shade at noon. The period 2017–2020 was simulated using data
from Potsdam weather station (DWD Climate Data Center, 2022).
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legacy effect) and four different years (different colours for 2017–

2020). In summary, the SDD was larger and the ETa sum was smaller

for the asphalt sealing than for the open soil runs.

Soil sealing showed a particularly large effect for the wet year

2017 in the ‘legacy effect’ case, where FDD was significantly later in

the runs with open soil than in the asphalt scenario for all shading sce-

narios, except for the non-shaded type A. The sealing shows very little

effect on FDD in the ‘drought-induced’ case. Most pronounced again

for the wet year 2017, but also visible for most of the other years, the

SDD is larger for the asphalt than for the open soil sealings.

F IGURE 10 Daily sum of actual
evapotranspiration (ETa) and soil moisture
content for the open soil ‘legacy effect’
case for typical urban shading types: A: no
shade; B: shade all day, C: shade before
noon, D: shade in the afternoon, E: shade
in the morning and evening, F: shade at
noon. The period 2017–2020 was
simulated using data from Potsdam

weather station (DWD Climate Data
Center, 2022).

F IGURE 11 First dry day of the year
(FDD), sum of dry days (SDD) and the ETa
sum during the vegetation period of ‘well
water supplied’ case study, a ‘drought-
induced’ case study and a ‘legacy effect’
case study for typical urban shading
types: A: no shade; B: shade all day, C:
shade before noon, D: shade in the
afternoon, E: shade in the morning and
evening, F: shade at noon as well as an
open soil and a sealed soil with asphalt
condition during four different years.

Simulated are four years (2017, 2018,
2019, 2020) using data from Potsdam
weather station (DWD Climate Data
Center, 2022).
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Finally, the ETa sum is lower for all asphalt simulations in compar-

ison to the open soil simulations, and this impact was highest in the

‘legacy effect’ case.

4 | DISCUSSION

A modelling approach was used to evaluate cascading effects of shad-

ing on global radiation rates, modelled ETp, ETa and soil moisture

availability for urban street trees under different climatic conditions.

The model output clearly indicated the impact of different shading

types on simulated water availability of street trees in all three case

studies (well water supplied, drought-induced and legacy effect).

Comparing the beginning of the water stress period of shading types

B–F to shading type A, the response was least pronounced in the well

water supplied case study with a delay of 1–12 days and most pro-

nounced in the drought-induced case study with a of 2–8 weeks.

Although there were minor differences in the yearly ETa sums, the

seasonal distribution of ETa was significantly influenced by shading:

shading type A showed higher ETa than shading types B–F at the

beginning of the growing and summer season, whereas shading types

B–F frequently had higher values towards the end of the growing sea-

son, when they still had water available for transpiration. These ETa

patterns were found in all three cases studies (well water supplied,

drought-induced and legacy effect).

We intended to use our modelling approach for hypothesis build-

ing, being aware that there are currently no available datasets to test

the dynamics of transpiration rates of urban streets trees as a function

of shading. Monitoring costs and labour are considered extremely high

to equip urban trees under different shading and sealing conditions,

ideally with several replica, potentially considering different tree ages

and species, with soil moisture probes (for different depths), sap flow

sensors and the full set of climatic sensors, including global and dif-

fuse sensors (which are particularly costly) required for the quantifica-

tion of ETp and ETa. However, to contextualize our modelling results,

a comparison of the unshaded tree (shading type A) to measured

annual evapotranspiration values of a 35-year-old tree by Wessolek

and Kluge (2021) showed good agreement, with 320 versus 388 mm

in 2019 and 340 versus 334 mm in 2020. Moreover, we use these

modelling results to guide subsequent, future monitoring campaigns

of water stress for street trees. The modelling results suggest to focus

on the monitoring of hourly to sub-hourly rates of direct and global

radiation, sap flow and soil moisture for trees whose shadow patterns

match the six typical urban shading types to enable the analysis of

their interlinked diurnal patterns and to validate or dismiss our find-

ings regarding long-term water stress behaviour, ideally for vegetation

periods of climatically different years.

4.1 | Uncertainties

In our model, we used a soil hydrological modelling approach, which

takes a completely different perspective on ETa calculation than

micro-meteorological models (Robineau et al., 2022). The majority of

micro-meteorological models for urban water and surface energy bal-

ances yield good temperature estimates within the urban canopy but

have a poor representation in terms of hydrological processes (Järvi

et al., 2011). The evapotranspiration flux is widely assumed to be pro-

portional to the air-specific humidity gradient between the surface

and a reference level (Masson, 2000), but the latter is provided by the

meteorological model itself (Berthier et al., 2006). On the other hand,

the effect of shading is presented in a better fashion, as they consider

its effects not only on radiation but also on surface temperature, wind

patterns and resulting air temperature within a street canyon (Mei &

Yuan, 2022) as a function of aspect ratios, orientation and building

materials (Athamena et al., 2018; Chen et al., 2020). It remains a chal-

lenge to couple hydrological and micro-meteorological models. One of

the first attempts were made by Robineau et al. (2022) who described

the effect of water stress of a street tree on the surrounding climatic

conditions, but not the effect vice versa.

To adequately represent the impact of trees on the urban envi-

ronment, the canopy reference area is a conversely discussed parame-

ter (Wang et al., 2021). It can be represented by the leaf area index,

single-layer or multi-layer approaches (Gkatsopoulos, 2017; Grylls &

van Reeuwijk, 2021; Wessolek & Kluge, 2021). In our model, we used

the horizontal canopy area (single-layer approach) as the reference for

ET calculations. The single-layer reference indicates that, at a given

hour, only part of the tree actively participates in transpiration. As a

result, no further partial-shading scenarios were included in this

evaluation—an assumption that might need further evaluation beyond

this study.

4.2 | Future research

The results suggest that shading can be an advantage as it results in

delayed and lower water stress and thus helps to provide a longer

lasting cooling effect throughout the vegetation period. In evaluating

the influence of shade in this study, we focused primarily on soil mois-

ture and the resulting actual evapotranspiration of trees. Neverthe-

less, in future research, all benefits and detriments of shading need to

be discussed in terms of CO2 storage and biomass production (Rötzer

et al., 2019), cooling capacity (Rahman et al., 2017) and life expec-

tancy (Horváthová et al., 2021) of a street tree.

5 | CONCLUSIONS

After developing six typical urban shading types, we showed in our

modelling study that daily and seasonal evapotranspiration rates of

street trees were significantly influenced by those shading patterns.

We demonstrated that shading types B–F had a significantly reduced

water stress period in comparison to shading type A, regardless of ini-

tial soil moisture contents at the beginning of the vegetation period in

the three case studies. Thus, trees in shading types B–F provided a

longer lasting cooling function during dry periods later in the summer

season due to higher evapotranspiration rates and a more effective

shading function because of improved tree health. Based on these
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results the next steps are the upscaling of shading types and water

stress quantification to district and city scale by identifying the

proportions of street trees that exhibit the six shading types and by

estimating water supply or stress and ecosystem services of multiple

street trees.

Several uncertainties remain regarding urban site conditions. A

field campaign, which was guided by the modelling result, is on the

way to substantiate the cascading effect of shading, direct and diffuse

radiation, sap flow and soil moisture on diurnal to seasonal scales. In a

long run, studies on water stress of street trees will aid to develop

strategies for an effective irrigation management under a warming

climate. A hypothesis for a future study might entail that with limited

resources, shaded rather than exposed trees should be irrigated as

they later retain their cooling function more efficiently in contrast to

the former who transpire water and dry out rapidly.
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APPENDIX A

TABLE A1 URbanTRee model equations.

Eq Process Function Unit

4 Potential evapotranspiration ETpð Þ ETp ¼ 0:408Δ RG�Gð Þþγ Cn
Tþ273u2 es�eað Þ

Δþγ 1þcd�cuð Þ
RG ¼ global radiation at the tree surface Wm�2

� �
G¼ soil heat flux density MJm�2

� �
T¼ air Temperature at2mheight �Cð Þ
u2 ¼wind speed at2mheight ms�1

� �
es ¼ saturation vapour pressure kPAð Þ
ea ¼mean actual vapor pressure at 1:5 to2:5mheight kPa

Δ¼ slope of the saturation vapour pressure�
temperature curve kPa�C�1

� �

γ¼ psychrometric constant kPa�C�1
� �

Cn ¼ numerator constant Kmms3Mg�1h�1
� �

Cd ¼ denominator constant sm�1
� �

mm

5 Interception Ið Þ
I¼

0 for
X

Ilast 5 h > Imax

P� cI � cP for I< Imax and
X

Ilast 5 h < Imax

Imax for I> Imax

8><
>:

P¼ Precipitaiton mmð Þ
cI ¼ Interception coefficient %ð Þ
cP ¼ pheno�multiplier %ð Þ
I¼ Interception mmð Þ
Imax ¼ threshold cumulative interception storage mmð Þ
Ilast 5 h ¼ cumulative interception of the last5hours mmð Þ

mm

6 Runoff Rð Þ
R¼ 0 for P< cTR

P� Ið Þ � cR for P> cTR

�

cR ¼Runoff coefficient

cTR ¼Runoff threshhold coefficent ðmmÞ

mm

7 Infiltration Inð Þ
In¼ P� I�Rð Þ for P� I�R< cIn

cIn for P� I> cIn

�

R¼Runoff mmð Þ
cIn ¼ Infiltration coefficient mmh�1

� �

m

8 Change in soil water content ΔSð Þ ΔS
Δt ¼ In�ETa�Per

ΔS¼Change in soil water content of mmð Þ
Δt¼ Time step hoursð Þ
In¼ Infiltration mmð Þ
ETa ¼Actual evapotranspiration mmð Þ
Per¼ Percolation mmð Þ

mm

9 Actual evapotranspiration for wet conditions ETaxð Þ ETax ¼ cP �KC �ETp

ETp ¼ potential evapotranspiration mmð Þ
KC ¼Crop coefficient

cP ¼ pheno�multeplier %ð Þ
10 Actual evapotranspiration ETað Þ

ETa ¼

0 for Si�PWP≤0

KEA �ETax for Si < PWPþKS �nFK
Si�PWP for Si�PWP≤ ETax

ETax for all other wet conditions

8>>><
>>>:

KEA ¼ ETA reduction coefficient during water stress %ð Þ
ETax ¼ actual evapotranpiration for wet conditions mmð Þ
Si ¼ soil moiture of current time step mmð Þ
KS ¼Water stress coefficient %ð Þ
nFK¼ plant available water FK�PWP,mmð Þ
PWP¼ permanent wilting point mmð Þ
FK¼Field capacity mmð Þ

mm

11 Percolation Perð Þ
Per¼ 0 for Si < FK

Si�FK for Si > FK

�

Si ¼ Soil water content of previous timestep mmð Þ

mm
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TABLE A2 Parameterization values for URbanTRee model.

Parameter Unit Value used in model Values from literature

Runoff threshold cTRð Þ mm Sealed soil with asphalt: 3

Open soil: 10

Timm et al., 2018

Runoff coefficient cRð Þ [�] Sealed soil with asphalt: 0.9

Open soil: 0.2

Timm et al., 2018

Infiltration rate cInð Þ mmh�1 Sealed soil with asphalt: 1 mm

Open soil: 20 mm

Alhassoun, 2009

Threshold cumulative interception storage

Imaxð Þ
mm 10 mm Numerical control parameter

Interception coefficient cIð Þ [�] 0.5 Smets et al., 2019

Pheno-multiplier cPð Þ [�]

cP ¼

0 for DOY <100

0:5 for 100 <DOY >114
1 for 114 <DOY >260

0:5 for 260 <DOY >274

0 for DOY >274

8>>>>>><
>>>>>>:

DOY¼Day of the year

Derived from: Allen et al., 1998; Wessolek &

Kluge, 2021

Crop coefficient KCð Þ [�] 1.6 Wessolek & Kluge, 2021

Water stress coefficient KEAð Þ [�] 0:5 Derived from: Allen et al., 1998; Pallasch

et al., 2022

Water stress factor KSð Þ [�] 0.3 Derived from: Allen et al., 1998; Pallasch

et al., 2022

Tree crown area m2 16 Wessolek & Kluge, 2021

Tree rooting depth m 1.5 Wessolek & Kluge, 2021

Field capacity (FK) m3m�3 26 (for a loamy sand) Wessolek et al., 2009

Permanent wilting point (PWP) m3m�3 10 (for a loamy sand) Wessolek et al., 2009

Shading types — A, B, C, D, E, F See methods Figure 5

Sky view factor — 0.3 for type B

0.5 for types C–F
1 for type A

Wessolek & Kluge, 2021

Soil sealing — Open soil (100%), sealed soil

(100%)

Assumption
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