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Abstract

:

Equations for calculating evapotranspiration in technical soils show great differences regarding their results. Causes are the different climatic conditions and vegetation specifics during their development. Every equation of evapotranspiration only delivers 100% correct results if it is used under the same climatic condition as it was developed in. To determine the evapotranspiration, the loss of weight of different technical soils and plants was measured in a test series on load cells in a climate chamber. The result of these test series is the development of an easy-to-use equation. An equation for calculating evapotranspiration at any temperature is possible while using a polynomial correlation. To determine the evapotranspiration rate (in mm/m² per 24 h), only temperature, vegetation type, and technical soil have to be defined to obtain an output of evapotranspiration in mm/day. Using the well-known equation by Makkink, evapotranspiration in technical soils is 0.12 mm/day, whereas the newly developed equation calculates (1) 2.59–5.58 mm/day for the variant with no vegetation, (2) 3.15–4.00 mm/day for Sedum floriferum, (3) 4.40–4.55 mm/day for Geranium x cantabrigiense. The application of this equation will help to determine the evapotranspiration in chosen technical soils (used in the sector of rainwater management) with or without vegetation.
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1. Introduction


The on-going climate crisis leads to an increase of heavy rainfall events and a higher risk of longer dry periods [1,2,3]. Although green infrastructure could cope with the intensified stormwater events, urban development has been practiced for years without including them [4]. Green infrastructures, such as bioswales or raingardens, are permeable and have a high impact on evapotranspiration, which influences the urban climate enormously [5,6,7].



Evapotranspiration can be described as the sum of water loss by soil surface (evaporation) and the water loss by plants (transpiration) [8]. The urban water cycle is heavily influenced by the high sealing rate and the decreasing infiltration capacity of the remaining open surfaces [9]. Heavy rainfall events hit the surface and spark fine particles, which cover the soil surface and change the soil structure [10]. In combination with the intensive input of many other external fine particles (e.g., tire wear particles from streets, sediments from close-by surfaces), the soil gets compacted [11]. The decreasing infiltration rate and higher surface water runoff [10] impacts further on the overall evapotranspiration rate.



To adapt to these extreme conditions, plantings in cities demand new solutions for technical soils with specific features concerning their composition. Technical soils, as defined for this article, are mineral planting substrates with characteristics of high infiltration rate, water absorption capacity, and pore volume [12,13]. These technical soils aim to be water permeable for many years without any decrease in infiltration rate [14] and are, therefore, often used for sustainable urban rainwater systems, ensuring the vital development of trees, shrubs, and perennials [12,15].



In standards for infiltration systems [16,17] and tree plantings [18], the infiltration rates for soils are described and regulated, but no information on the potential rate of evapotranspiration is available. Therefore, a very important field of application for evapotranspiration equations is rainwater management in urban areas. A large variety of different equations for calculating evapotranspiration exists, as already explained in-depth in the publication “Evapotranspiration of Technical soils—Methodology for calculating evapotranspiration of technical soils” [19]. Existing equations, such as the most famous combination equation by Penman [20], only delivers 100% correct results in conditions (such as vegetation, natural grown soil, climatic conditions, etc.) they were developed in. For technical soils, the provided results are not acceptable because of the poor transferability of evapotranspiration equations, which were all developed in natural grown soils [13,21,22].



Therefore, the creation of a new equation for technical soils is described in this publication. First, a test series was developed to assure the newly developed equation is applicable for different technical soils with or without vegetation. Then, the gained results were used to develop the new equation for the calculation of the evapotranspiration. To underline the relevance of the developed equation, the calculation was compared to the results of the well-known equation of radiation by Makkink (developed for natural grown soil). The results of this equation are specially determined for grass, which has no shortage of water [23]. In comparison to the well-known equation of Penman, the equation of radiation by Makkink is more easily applicable, due to the simpler measurements of the needed parameters. The equation of radiation by Makkink is an adaption of Penman’s equation for Europe [24,25].



Evapotranspiration is influenced by transpiration of plant and evaporation of soil.



Solar radiation, air temperature, wind speed, and relative air humidity are the key factors influencing transpiration [26]. Up to a certain saturation point, photosynthesis increases with increasing irradiance. Depending on photosynthesis type and plant species, there are various differences in saturation points depending on air temperature and global radiation. The longer and higher radiation is available, the longer the plant can open its stomata and the gas exchange can take place. For photosynthesis to occur, a certain minimum temperature must be present. Generally, with the exception of specially adapted plants, the minimum temperature is around 0 °C. The higher the temperature rises, and provided that no other processes act as limiting factors, the more productive photosynthesis becomes. The evaporation chill caused by the transpiration of the plant can keep the temperature of the leaves up to 15 °C below the ambient air temperature [27]. The humidity of the atmosphere also plays a significant role in transpiration. Water vapor is diffused through the epidermis until the vapor pressure within the plant and the surrounding atmosphere is the same. Since the humidity in the atmosphere is usually much lower than that inside the plant, diffusion is only possible until the plant does not receive a water supply from the soil. Whether plant-available water prevails in the soil depends, among other things, on the binding forces in the soil. The capillary forces of the soil cavities, the surface forces of the soil colloids, and the osmotic forces of the nutrients dissolved in the soil play a major role. As water is consumed and the soil dries out, it becomes increasingly difficult for the plant to obtain water. In windy conditions, water vapor and dry air are carried away more quickly. Thus, there remains a persistently higher water vapor pressure. As mentioned above, the effect of wind can also be reduced by special adaptations. For example, by recessed stomata or stomata covered with trichomes [20].



Evaporation is influenced by meteorological, biochemical, and landscape-specific influencing factors. Meteorological parameters are the same, as explained above. Solar radiation, air temperature, wind speed, and relative air humidity significantly influence evaporation. Important biochemical parameters are the water content of the soil, depth of the groundwater surface, and the respective soil type. The soil type determines further soil physical properties [20]. Landscape-specific influencing factors include topography, vegetation, and surrounding structures. Depending on the exposure, vegetation density, and surrounding structures of soils, soil surfaces are exposed to different climatic conditions. Thus, there is an influence and associated change in evaporation. The soil type determines further soil physical properties. Evaporation decreases as the soil dries out. There are clear differences between sandy and clayey soils. For example, the evaporation rate decreases faster in light sandy soils than in heavy loamy soils [20]. The reason for this is that in grainy soils, such as gravel or sandy soils, the surface dries quickly and the coarse soil material has a high hydraulic conductivity, which means that hardly any water can be supplied to the soil surface. Soils with a higher proportion of fine grains have a significantly lower hydraulic conductivity and thus store water much better than those with a high proportion of coarse grains. Depending on the grain size of the soil materials and the associated hydraulic conductivity, groundwater can reach the soil surface from different depths [28]. In vegetated soils with a closed vegetation layer, evaporation amounts to less than 5% of the total evapotranspiration [29]. The example presented profound and comprehensive knowledge that originates from research based on natural soils. Technical soils on the other hand do not match natural soils regarding many aspects, e.g., soil layers, grain size distribution, grain size composition, hydrologic properties, pore volumes, and biochemical properties. To enable the application of nature-based solutions in urban spheres as a measure to counteract the impact of global warming, it is necessary to transform the soil research-based knowledge to technical soils.



In this research work, we test the hypothesis that great differences in evapotranspiration between the equation of radiation by Makkink and the newly developed equation for evapotranspiration are expected.



The successful transformation of urban areas from grey to green needs profound planning and design. The knowledge of water demand of different plant species, the provision of water, and hydrologic properties of technical soils are core design parameters that need to be considered.



Thus far, no other work known to the authors dealt with the creation of an easily applicable equation for calculating evapotranspiration in technical soils. Many studies investigating the evapotranspiration properties of natural soils used load cells [30,31]. This approved methodology has been chosen for this research work, but the natural soil has been exchanged with technical soils. A comparison study showed that the radiation-based equations were found to perform best in calculating evapotranspiration because they are producing a similar pattern as the Penman–Monteith method [32]. Especially, the equation by Makkink was identified to perform best under the radiation-based ones under drier climatic conditions. It was found that the equations and their outcomes vary significantly depending on the climatic conditions of the region where they have been developed [20,32]. Accordingly, they cannot be easily applied in other climatic regions.



Therefore, easily applicable equations were created to determine evapotranspiration for different technical soils and plants and compared to the also comparatively easily applicable Makkink equation. The newly developed equations may be adapted to different required climatic conditions and technical soils, while using the proposed method.




2. Materials and Methods


Three main steps were necessary to create the new equation for calculating evapotranspiration. The first and second step were described in a previous paper by Weiss et al. [19]. Information about test set-up and the test series in the climate chamber were described in detail. A short overview of the information given in the previous paper, will be presented in Section 2.1 and Section 2.2.



In this article, we built on these results and developed in the third step the equation itself. Therefore, a selection of well-known equations was taken, and their results were compared. A comparative analysis of the basics of evaporation, transpiration, and evapotranspiration revealed the different influencing factors on these three processes. Afterwards, a test series of different technical soils and plants on load cells in a climate chamber led to the development of the new equation using polynomial trend lines for evapotranspiration of different technical soils and plants in various climate scenarios.



The test set-up, test series, and the development of the equations is described briefly in the following. Three repetitions were performed for each technical soil and plant in each of the three climate scenarios. Overall, there were nine values of evapotranspiration for each technical soil and plant, which were inserted in the polynomial trend line [19].



The process of evapotranspiration depends, as described above, on several framework conditions, e.g., air temperature, relative air humidity, type of photosynthesis, water provision. According to the fact that plant species reach saturation of photosynthetic performance, a linear or potential equation has been eliminated from consideration to calculate the evapotranspiration. Given the example of the soil moisture equation of capacitive sensors, the polynomial trend line has been chosen for the equations. Equations for soil moisture measurements are typically polynomial functions of second or third degree, depending on soil type. The polynomial trend line of second degree was used due to the least deviations within the measured results in evapotranspiration. However, representative values can only be excepted between minimum and maximum air temperature of chosen climate scenarios simulated in the test series, due to the characteristics of polynomial trend lines.



2.1. Test Set-Up


The test set-up is already described in detail in the paper “Evapotranspiration of Technical soils—Methodology for calculating evapotranspiration of technical soils” [19]. Here, a short summary of the test set-up is given once more for a better understanding of the processes, which led to the equation for calculating evapotranspiration.



To develop an equation for calculating evapotranspiration, three important climatic scenarios were simulated in a climate chamber. Therefore, the relative air humidity was constantly at 50% and the radiation of sun light with an illumination level of 50 W/m2 [33] was also constantly simulated from 06:00 a.m. to 06:00 p.m. (CET). The average temperature of a city such as Vienna (48°12′ N 16°22′ E in oceanic climate), with 11.7 °C, represents scenario I [34]. A meteorologically defined summer day with a temperature of 25 °C is analyzed in scenario II [35]. Scenario III offers an extremely hot day with a temperature of 35 °C [36].



The used plant containers contained a volume of 10 L and were filled with the desired technical soils. To prevent the soil from being flushed out, a fleece (100 g/m²) surrounded the bottom of the containers. The test set-up consisted of three replicates for each combination of technical soils with and without vegetation. In this test series, some of the usually used C3 (Geranium x cantabrigiense) and CAM (Sedum floriferum ‘Weihenstephaner Gold’) plants in raingardens were selected. The main difference of C3 and CAM plants is the type of photosynthesis (the optimum in temperature and the coefficient of transpiration) [27], as shown in Table 1.




2.2. Test Series


In the climate chamber, load cells were located for recording changes in weight. The precision of load cells during the whole test series was in grams and data were measured in intervals of 10 s and formed to a mean value in intervals of 60 s. Technical data of the used load cells can be found in the following Table 2. Each of the soil combinations were positioned on a separate load cell and remained for exactly 24 h in the climate chamber. After 24 h, the next soil combination replaced the existing ones. Each soil combination was placed in the climate chamber at least three times per scenario and any soil combination was combined with the others, which was necessary to eliminate reciprocal effects.



Table 3 gives an overview of the different soil combinations, which were analyzed with and without planting, and also shows the combination of different technical soils, which were tested only without any vegetation.



Technical soil A and B are already used in different raingardens (planted with perennials) in Ober-Grafendorf, Austria [38], and technical soil C is a standard technical soil usually used in Vienna for planting street trees. Technical soils D and E are newly developed technical soils for the research project SAVE, which are also used for tree plantings to generate better living conditions for street trees [39]. Substrate F is another technical soil for raingardens. Technical soils C–F are specially designed for the infiltration of stormwater runoff and are used in a test series for rainwater management in the City of Vienna (Austria). The used technical soils were designed according to the requirements of ÖNORM B 2506-3 [16].



The maximum saturation of the used technical soils was tested according to the Green Roof Guidelines of the FLL [41]. The procedure was slightly modified based on a lot of experience with the performance of technical soils. Therefore, different substrate combinations were placed in a water bath for two hours (instead of four hours as described in the Green Roof Guidelines [41]). The water level was 5 cm above the technical soil’s surface. Afterwards, the containers had to drip off for another two hours (instead of four hours as described in Green Roof Guidelines [41]). After the whole procedure, which lasts four hours in total, the plant containers were placed on the load cells in the climate chamber [19].




2.3. Equation Development


After the test series, data were analyzed. Therefore, the differences in weight (kilograms equate to liters) with a precision of grams was determined every 24 h for each of the technical soil combinations on the load cells.



On the basis of the loss in weight in liters per 24 h, we developed equations for calculating evapotranspiration. As equations only deliver correct results under the conditions they were created in [20,21,22], each technical soil combination calls for a separate equation.



By using a polynomial trend line with the newly developed equation, evapotranspiration in liters for each soil combination within a 24 h day and for any chosen temperature can be easily calculated. Through insertion of any chosen x-value for the temperature, the created equation delivers a y-value for the evapotranspiration in liters per 24 h in the analyzed containers. To determine evapotranspiration of a technical soil per m2, the equation has to be divided by the surface area (0.0593957 m2) of the used containers.



The equations for calculating evapotranspiration are described in detail in Section 3.




2.4. Comparison with the Radiation Equation by Makkink


The well-known equation by Penman needs many different and complex parameters to calculate the evapotranspiration. The radiation equation by Makkink is an adaption and simplification of this equation for Europe [25,41].



The used input parameters for calculating evapotranspiration using the radiation equation by Makkink are extraterrestrial radiation (Ra), average monthly sunshine duration (n), maximum sunshine duration (N), monthly wind velocity (Um), relative air humidity (Rhm), and an auxiliary table delivering a temperature-depending input value [20].



In contrast, the newly developed equation (while choosing the corresponding technical soil and planting) only needs the parameter “air temperature” as an input value.



Table 4 gives an overview of the different parameters used in the radiation equation by Makkink and the newly developed equation.



In the following Figure 1, a summarized overview for better understanding of the processes taken for the research work, is given.





3. Results


In the following, equations are presented for calculating evapotranspiration in different chosen substrates (used for rainwater management) with or without any type of planting.



3.1. Equation for Calculating Evapotranspiration


Figure 2, Figure 3 and Figure 4 show the development of equations for calculating evapotranspiration, using polynomial regression lines for describing the height of evapotranspiration (see Section 2.1) per 24 h (e.g., technical soil A and B).



Figure 2 shows the evapotranspiration of technical soil A without any type of planting compared to the planted version with Sedum floriferum ‘Weihenstephaner Gold’ and with Geranium x cantabrigiense in the used 10 L containers. Figure 3 presents the evapotranspiration of technical soil B without any greenery compared to the planted containers with Sedum floriferum ‘Weihenstephaner Gold’ and Geranium x cantabrigiense. Figure 4 shows the evaporation of the technical soils D–F, without any planting.



The equations follow the principal of a polynomic regression of the second degree (E0):


  y =      a ∗ x   2  +  b ∗ x  + c  d   











y represents evapotranspiration (mm/day);



x = the chosen temperature (°C);



a, b, and c = the constants of the corresponding equation;



d = the equation has to be divided by the surface area (0.0593957 m2) of the used containers to determine evapotranspiration of a technical soil per m2.



These results led to the following equation for calculating evapotranspiration:



(E1) Equation for calculating evapotranspiration of unplanted technical soil A:


  y =   0.00004 ∗  x 2  + 0.0009  ∗ x  + 0.2032   0.0593957    











(E2) Equation for calculating evapotranspiration of Sedum floriferum planted technical soil A:


  y =   − 0.0002 ∗  x 2  + 0.01  ∗ x  + 0.0765   0.0593957    











(E3) Equation for calculating evapotranspiration of Geranium x cantabrigiense planted technical soil A:


  y =   − 0.0002 ∗  x 2  + 0.0153  ∗ x  + 0.0126   0.0593957    











(E4) Equation for calculating evapotranspiration of unplanted technical soil B:


  y =   0.00002 ∗  x 2  + 0.0037  ∗ x  + 0.151   0.0593957    











(E5) Equation for calculating evapotranspiration of Sedum floriferum planted technical soil B:


  y =   − 0.00001 ∗  x 2  + 0.0056  ∗ x  + 0.1037   0.0593957    











(E6) Equation for calculating evapotranspiration of Geranium x cantabrigiense planted technical soil B:


  y =   0.0001 ∗  x 2  + 0.0028  ∗ x  + 0.1288   0.0593957    











In the following, equations for non-planted technical soils C, D, E, and F are presented:



(E7) Equation for calculating evapotranspiration of unplanted technical soil C (standard technical soil usually used in Vienna for planting street trees):


  y =   − 0.00007 ∗  x 2  + 0.0114  ∗ x  + 0.0903   0.0593957    











(E8) Equation for calculating evapotranspiration of unplanted technical soil D (advanced technical soil used for street trees in raingardens):


  y =   0.00002 ∗  x 2  + 0.0061  ∗ x  + 0.0755   0.0593957    











(E9) Equation for calculating evapotranspiration of unplanted technical soil E (another advanced technical soil used for street trees in raingardens):


  y =   0.0001 ∗  x 2  − 0.0025  ∗ x  + 0.1537   0.0593957    











(E10) Equation for calculating evapotranspiration of unplanted technical soil F (advanced technical soil used for seeding-greenery in raingardens):


  y =   − 0.0003 ∗  x 2  + 0.0191  ∗ x  − 0.0196   0.0593957    











The following Table 5 shows the differences in evapotranspiration, depending on the used technical soil or planting.




3.2. Comparison with the Equation of Radiation by Makkink


To underline the relevance of the developed equation, the evapotranspiration was assessed by comparing the well-known equation of radiation by Makkink and the here established Equations (E0–E10).



As an example, the data of the technical soil A planted with Sedum floriferum (E2), shown in Table 6, was used to determine the evapotranspiration with the two different equations. The radiation equation by Makkink is designed to calculate evapotranspiration for natural grown soils and a vegetation of short grass [42]. The result cannot be transferred to technical soils with any other kind of planting, as it will only deliver 100% correct results for this type of substrate and vegetation.



The following Table 6 shows an overview of the input parameters for calculating evapotranspiration with the equation of radiation by Makkink. Here, we used exactly the same data for sunshine duration, average monthly temperature, relative air humidity, and average monthly wind velocity, as for calculation of evapotranspiration by Equations E1–E10 in Table 5.



We calculated the evapotranspiration with the equation of radiation by Makkink [20]:




	1.

	
Determination of the evapotranspiration equivalent of extraterrestrial radiation Ra using an auxiliary table [20].



To calculate Ra, global radiation r of 50 W/m² has to be converted to mm/day. Therefore, W/m² are transformed to J/cm² = 216 J/cm².



According to the auxiliary table, extraterrestrial radiation Ra is about 0.88 mm/day.




	2.

	
Identification of the relation between average monthly sunshine duration n and the maximum sunshine duration N.


   n N  =   12   12   = 1  












	3.

	
Calculation of total radiation Rs, using the following equation.


   R s = R a ∗  [  0.2 + 0.5 ∗  (   n N   )   ]     R s = 0.88 ∗  [  0.2 + 0.5 ∗ 1  ]   R s = 0.616   mm / day   












	4.

	
While using another auxiliary table [20], the following value is defined by an average monthly temperature of T = 25 °C.


   s  s + γ   = 0.741  












	5.

	
Using the average monthly wind velocity Um = 1 Bft and relative air humidity Rhm = 50%, the coefficient b is determined using the equation mentioned below:


   b = 1.165 + 0.043 ∗ U m − 0.00575 ∗ R h m    b = 1.165 + 0.043 ∗ 1 − 0.00575 ∗ 50  b = 0.9205   












	6.

	
The following radiation equation by Makkink calculated the evapotranspiration (ETP) using the already determined parameters in (a) to (e):


   ETP = − 0.3 + b ∗  s  s + γ   ∗ R s    mm  / day    ETP = − 0.3 + 0.9205 ∗ 0.741 ∗ 0.616    mm  / day   

















Finally, the calculation of evapotranspiration (ETP) using the equation of radiation by Makkink delivers the following result:


ETP = 0.12 mm/day and 3.60 mm/month













4. Discussion


The newly developed equations (E1–E10) deliver great differences in results compared to the equation of radiation by Makkink. Using the new equations (E1–E10) for calculating evapotranspiration in technical soils, the evapotranspiration per day nearly correlated with the evapotranspiration of a whole month by using the equation of radiation by Makkink (see Table 4). The main reason is the poor transformability of equations developed in natural grown soils compared to technical soils, because each equation only delivers 100% correct results under the conditions it was developed in [20].



However, compared to the results of the radiation equation by Makkink, all of the newly developed equations (E1–E10) showed similar results. These equations can be used to gain a quick and valid first insight and estimate of the evapotranspiration of each technical soil. If more precise information about evapotranspiration is needed, evapotranspiration for each technical soil and plant used in this study can be determined by using the presented method. As a result, it is clear that there is a loss of accuracy due to the strong simplification of the calculation of evapotranspiration, while only using air temperature as a key factor, which should be clearly mentioned as a strong weakness of the equations. As mentioned in the introduction, evapotranspiration is a physical process determined by many different parameters [20,26]. However, the main advantage of the proposed equations is that they deliver more precise results in evapotranspiration for the chosen technical soils than already existing well-known equations. Additionally, they offer the possibility to gain a first and quick insight into evapotranspiration. Furthermore, they are really easily applicable, even for non-professionals. Additional parameters (as wind speed, relative air humidity, global radiation, and of course, a larger variation of different technical soils and plants) could make the equations more precise. It needs to be assessed if simulations with tighter measured values for temperature, wind speed, or solar radiation are beneficial or unnecessarily cumbersome. We expect no additional benefit as the equations will become more and more complex with each added parameter, which will complicate the application. The focus on technical soil, vegetation, and temperature simplified the equation to include all essential parameters.



As air temperature is the only determining factor in the developed equations, results can be theoretically transferred to other climates. However, air temperature, wind speed, relative air humidity, and the global radiation depend on region and climate. Thus, cities in different climates will show large differences to the height of input parameters, which will affect the results. To ensure a better fitting of the results, input parameters should be changed in test series conducted in the climate chamber and adapted to the intended climatic situation to create more appropriate results. Until now, the presented equations are applicable for the climatic region of Central Europe only, but the developed methodology can be easily expanded to any geographical region.



Thus far, evapotranspiration of raingardens (made of natural grown soil) seemed to be estimated quite low, when calculated with the radiation equation by Makkink (0.12 mm/day). Until now, it was not possible to determine evapotranspiration of an infiltration area constructed with technical soils. The new equations for technical soils calculated an evapotranspiration rate of 3.15 mm/day (E2), which is about 30 times higher than the value of the common equations for calculating evapotranspiration.



It can be also seen that there is a variation in evapotranspiration, due to the different types of technical soils. The here used technical soils were mineral planting substrates with characteristics of high infiltration rate, water absorption capacity, and pore volume. Differences in grain size distribution, roughness (surface of the whole technical soil and each component), amount of grain size <0.06 mm, and organic matter influenced the evapotranspiration [39,43].



Another aspect influencing evapotranspiration were the plants used for these test series (see Table 1). Depending on the type of photosynthesis, there were great differences in the optimum temperature and the correlating level of evapotranspiration [27]. Plants of photosynthesis type C3 (e.g., Geranium x cantabrigiense) transpired more water at a temperature of 25 °C (E3 and E6), whereas technical soils planted with CAM plants (e.g., Sedum floriferum) transpired even less (E2 and E5) than a non-planted substrate (E1 and E4) due to their high water-efficiency, and wind and radiation protection.



Tan et al. [30] also followed the idea of measuring evapotranspiration while using load cells. In their studies, they measured water loss of technical soils (filled in a tray of 0.5 by 0.5 m) with three different plant species (Phyllanthus cochinchinensis, Heliconia ‘American Dwarf’, and Sphagneticola trilobata) to determine evapotranspiration of an extensive roof. Cells were placed next to the extensive roof to have the same conditions. Weight was measured every 20 s and averaged to minute- and hourly-intervals. As a result of these measurements, they were able to determine evapotranspiration over time for this specific green roof [30]. Still, their equation for calculation evapotranspiration is not completely transferable to different technical soils and for different climate scenarios. The outdoor test series of their study and the use of only one technical soil do not allow a transferability to other technical soils and climate scenarios.



In our test series, 10 L pots with a height of about 30 cm were used for calculating evapotranspiration of technical soils and corresponding plants. In practical application, a soil layer with a height of 30 cm is required by regulations in Austria [17]. The pots were not rooted by the plants through the whole pot and evapotranspiration was only measured for 24 h, which does not allow a complete drying of the used technical soil. However, if there are multilayered technical soils or further developed plants used, pot size has to be adapted to plant size, to deliver more precise results.



Evapotranspiration has a large impact on the cooling of urban climate [44,45,46]. Studies in Shenzhen (China) show that two urban hedges (Hymenocallis littoralis of 0.4 m height and Ligustrum quihoui of 0.5 m height, both of an area of 40 m2) were able to cool down the underlaying surface more than 19 °C. The hedge, which showed higher evapotranspiration, also showed a larger effect of cooling [46]. Hence, knowledge on evapotranspiration may contribute to the calculation of the cooling capacity of urban areas as evapotranspiration is one key factor of different simulation tools for urban microclimate [47,48].



Planted infiltration areas have a large impact on local microclimate through cooling via evapotranspiration [49]. To provide the positive effects on the microclimate, plants need enough water. To ensure the water availability, the calculation of evapotranspiration helps to determine water loss of plants and used technical soil.



Additionally, the calculation of evapotranspiration can be important to measure the size of infiltration areas. Thus far, standards and regulations do not include evapotranspiration in the planning process [17]. However, considering evapotranspiration would slightly reduce the necessary volume for water storage in the infiltration area and could be used to implement more infiltration areas.



The here presented equations were especially applicable for single-layered systems, equipped with technical soils and C3 or CAM plants (especially for Geranium x cantabrigiense and Sedum floriferum), because in these test series, the test set-up was designed for these two plant types and single-layered technical soils. However, the created equation also has great relevance for C4 plants and any other technical soil, because the delivered results using the presented equation are even far more suitable for determining evapotranspiration of technical soils than using already existing ones, as it is shown in the comparison to the equation by Makkink. For more precise results, the required plant type (C4) or technical soil (multilayered systems) has to be tested in a climate chamber analog to the proposed method. Furthermore, the equations can be used for various sustainable rainwater management systems, as well as for green roofs and green facades. For example, the developed technical soils offered ideal living conditions for street trees, as shown in the test series in Vienna (Austria) [39]. Because of the limited size of the climate chamber, no trees or multilayered technical soils were tested during the test series.



Future research should adapt the equations to other rainwater management systems to include multilayer constructions, such as the Stockholm System with different layers of technical soil (planting soil, layer of crushed rock for infiltration of surface water, and airing of soil, structural soil: crushed rock 100/150 filled with fine soil particles) [50] or various systems of green roofs and green facades.




5. Conclusions


Evapotranspiration is a key factor for the improvement of urban climate. However, the calculation of evapotranspiration is difficult. This article presents a new, simpler approach to design equations for calculating evapotranspiration for any technical soil or plant. Each equation for calculating evapotranspiration can only be used under the conditions it was developed in. Here, the comparison of already existing equations to the newly developed ones shows this effect clearly.



Different equations for technical soils used in raingardens and tree plantings are presented and compared to the existing equation of radiation by Makkink. The great differences in results underline the fact once more to develop equations for technical soils. Therefore, the hypothesis that great differences in evapotranspiration between the equation of radiation by Makkink and the newly developed one are expected can be supported.



The results underline the relevance of the newly developed equations for calculating evapotranspiration loss of technical soils. The developed equations cannot only be used for applications outside, but in any area where technical soils are involved (e.g., calculating evapotranspiration of indoor greeneries, infiltration areas, building greeneries). By using the presented method, an equation for calculating evapotranspiration for any kind of technical soil and plant can be established.



Future research should assess the transferability of the developed equations for equations to calculate more complex rainwater management systems, such as multi-layer systems such as the Stockholm System, street trees, and indoor greeneries.



Overall, these are the five key findings of this research work:




	
Due to the extreme condition for plantings in cities, new solutions for technical soils with specific features concerning their composition (e.g., water retention capacity, water permeability, pollutant retention, carrying capacity) are needed.



	
Already existing well-known equations for calculating evapotranspiration cannot be used for technical soils because of their poor transferability.



	
Newly developed and easily applicable equations for calculating evapotranspiration of different technical soils and plants were presented.



	
There are large differences in results concerning evapotranspiration of the new equations and well-known ones.



	
While using the presented method, easily applicable equations can be established for all kinds of technical soils and plants.
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Figure 1. Overview of the used research design (based on Weiss et al., 2019 [19]). 
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Figure 2. Regression lines were inserted through the differences in weight of any soil combination of technical soil A (with and without planting) in climate scenario I, II, and III, to create equations for calculating evapotranspiration (based on Weiss, 2017 [40]). 
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Figure 3. Regression lines were inserted through the differences in weight of any soil combination of technical soil B (with and without planting) in climate scenario I, II, and III, to create equations for calculating evapotranspiration (based on Weiss, 2017 [40]). 
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Figure 4. Regression lines were inserted through the differences in weight of any technical soil C–F in climate scenario I, II, and III, to create equations for calculating evapotranspiration. 
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Table 1. Overview of the type of photosynthesis of C3 and CAM plants with differences in optimum in temperature and coefficient of transpiration (based on Weiler et al., 2008 [27]).
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	Type of Photosynthesis
	C3
	CAM





	Optimum in temperature
	30–40 °C
	20–35 °C



	Coefficient of transpiration
	<350
	30–50
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Table 2. Overview of technical data of used load cells (based on Hottinger Baldwin Messtechnik GmbH [37]).
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	Parameters
	Specific Data of Used Load Cells





	type
	PW10AC3MR



	maximum capacity (Emax)
	100 kg



	minimum capacity (Emin)
	0 kg



	minimum verification interval (vmin)
	10 g



	max. platform size
	600 × 500 mm



	sensitivity (Cn)
	2.0 +−0.2 mV/V
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Table 3. Overview of the different combinations of technical soils (A-F). Each technical soil is filled into three 10 L plant containers with three replicates (a–c) with CAM plants, C3 plants, and no plants (based on Weiss, 2017 [40]).
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Repetitions






	
CAM Plants

	
C3 Plants

	
No Plants




	
A_Sedum A

	
A_Geranium A

	
AA




	
A_Sedum B

	
A_Geranium B

	
AB




	
A_Sedum C

	
A_Geranium C

	
AC




	
B_Sedum A

	
B_Geranium A

	
BA




	
B_Sedum B

	
B_Geranium B

	
BB




	
B_Sedum C

	
B_Geranium C

	
BC




	

	

	
CA




	

	

	
CB




	

	

	
CC




	

	

	
DA




	

	

	
DB




	

	

	
DC




	

	

	
EA




	

	

	
EB




	

	

	
EC




	

	

	
FA




	

	

	
FB




	

	

	
FC
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Table 4. Comparison of input parameters between the radiation equation by Makkink and the newly developed equation.
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	Radiation Equation by Makkink
	Newly Developed Equation





	average monthly air temperature (T)

extraterrestrial radiation (Ra)
	average monthly air temperature (T)



	average monthly sunshine duration (n)
	



	maximum sunshine duration (N)
	



	monthly wind velocity (Um)
	



	relative air humidity (Rhm)
	



	input value using an auxiliary table
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Table 5. Overview in evapotranspiration per m2 of the used technical soils A–F (A and B non-planted, planted with Sedum floriferum and Geranium x cantabrigiense, and C–F non-planted), while using the newly developed equations (E1–E10).






Table 5. Overview in evapotranspiration per m2 of the used technical soils A–F (A and B non-planted, planted with Sedum floriferum and Geranium x cantabrigiense, and C–F non-planted), while using the newly developed equations (E1–E10).





	Type of Substrate
	ETP (mm/day)
	ETP (mm/month)





	A non-planted (E1)
	3.43
	102.92



	A (Sedum floriferum) (E2)
	3.15
	94.50



	A (Geranium x cantabrigiense) (E3)
	4.55
	136.42



	B non-planted (E4)
	4.31
	129.30



	B (Sedum floriferum) (E5)
	4.00
	119.93



	B (Geranium x cantabrigiense) (E6)
	4.40
	131.98



	C non-planted (E7)
	5.58
	167.46



	D non-planted (E8)
	4.05
	121.47



	E non-planted (E9)
	2.59
	77.63



	F non-planted (E10)
	4.55
	136.58










[image: Table] 





Table 6. Data for comparing the newly developed equation with the already existing equation of radiation by Makkink.
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	Parameter
	Data





	global radiation (r)
	50 W/m2



	sunshine duration (n)
	12 h



	maximum sunshine duration (N)

average monthly air temperature (T)
	12 h

25 °C



	relative air humidity (Rhm)
	50%



	average monthly wind velocity (Um)
	1 Bft (equates 0.51–2.06 m/s)
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