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Ecological deterioration and water scarcity motivate people to seek a balance between ecological reserves and water consumption in cities located in Semi-humid regions. This study is designed to develop a method for evaluating cooling water-saving characteristics of green space structures. Land surface temperature (TS), vegetation quantity (VQ) and evapotranspiration (ET) of typical green vegetation structures in 50 plots with an average area of 10,000 m2 were studied. Parameters were obtained based on data from three temporal remote sensing images; the surface energy balance algorithm for land (SEBAL) model, single-channel algorithm, and normalized difference vegetation index (NDVI) were utilized in the calculation. The relationships between the TS, VQ, and ET of green land were explored using regression analysis. A comprehensive index (EWI) was proposed to evaluate the cooling and water-saving abilities of different green space structures. Based on assessment results, species were classified into three: good (EWI ≥ 0.795), common (0.795 > EWI ≥ 0.419), and weak (EWI < 0.419). The characteristics of 17 species or species compositions with good cooling and water-saving abilities were summarized as: 1) a mix of the arbor, shrub, and herb, and 2) complete cover of green space by shrub.
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INTRODUCTION
Water is the source of life; efficient water use has significant implications for people who live in regions with little precipitation. Approximately 53% of China’s territory is made up of arid and Semi-humid regions. Ranked 121th in the world, China has annual per capita water resources of only 2,200 m3, and with over 400 cities, there is a serious water deficiency especially in the north. Currently, deficits existing between the water demand and supply are becoming the principal bottleneck to sustainable development. To alleviate the pressure on water resources, the Chinese government has implemented several significant water transfer and water-saving projects (Cai, 2008). However, with rapid urbanization, people have to cope with the problems brought about by the deterioration of the ecological environment in cities, such as water pollution, hazy weather, and heat island effect etc. This has resulted in economic losses.
As an important part of the urban ecosystem, urban green spaces can provide vital services to humans (World Resources Institute, 2005), and make both the ecosystem and society sustainable (Katherine et al., 2010). Although urban green spaces might be smaller in size compared to other land uses, the value of its ecosystem services is likely to be disproportionately higher depending on their locations (Perino et al., 2014). Maximizing the ecological value of green spaces partly dependents on a reasonable mix of landscape plants (Katherine et al., 2010). In 2011, the green coverage rate reached 38.62% in the cities of China (The National Afforestation Committee, 2019), but there are still problems such as unreasonable green space structure and inefficient use of water. Take Beijing as an example; in 2009, the green space area was 617 km2, urban green coverage rate was 43.5%, and annual irrigation water requirement was 2.2 m3 × 108 m3, nearly 10% of the gross city water consumption (Beijing Municipal Bureau of Statistics, 2019). The great water requirement of green space irrigation further aggravates the pressure on water supply in the cities, especially in the arid and Semi-humid regions. It is critical to understand the potential tradeoffs between service functional values of ecology and city water usage. In this regard, it is necessary to conduct a study on water consumption and ecological functions of vegetation structures. We also hope that our work can bridge the gap between ecological environmental quality and water resources in the arid and Semi-humid regions.
Hydrology is regarded as an important technological path in the study of water utilization and vegetation management (Masoud et al., 2007; Cheng et al., 2009; Yan et al., 2010; Zhao et al., 2010). This method laid the foundation for understanding plant water consumption. However, only a few studies focused on different green space structures with monoculture species. Also, the hydrology method is difficult when comparing large quantities of objects because of the unbearable cost (Li et al., 2009). Analogously, existing studies on service function of vegetation are mostly single case studies that focused on carbon sequestration, dust-retention, and oxygen releasing abilities, etc. (Katri et al., 2011; Yen and Lee, 2011; Liu et al., 2013; Zhao et al., 2013). Thus, there is a lack of comparative analysis. Meanwhile, spatial gradient analysis was widely used in landscape ecology studies, but it was not suitable for a plot scale (Kong et al., 2005; Tohru et al., 2011). The vegetation evapotranspiration, leaf quantity, and temperature of 50 different green space communities in the Beijing urban area can reflect the regional ecological carrying capacity to a certain extent. Above all, there would be some disadvantages of the above research methodology in a comparative study of ecological functions and water consumption of various urban green space structures.
The capacity and efficiency of environmental information collection for the Earth’s surface have been greatly improved by the development of remote sensing (RS) technology. Many algorithms have been applied to estimate vegetation evapotranspiration, structure, and land surface temperature at multiple spatial scales (Liu et al., 2007). Historically, there are three methods applied in the estimation of evapotranspiration: statistical methods (Jackson et al., 1977), energy residual methods (Granger and Gray, 1989; Hobbins et al., 1999), and numerical models. Recently, many quantitative RS studies have been conducted with SEBAL (Surface Energy Balance Algorithm for Land), SEBS (Surface Energy Balance System), and S-SEBI (Simplified-Surface Energy Balance Index) models (SEBS model and S-SEBI model were generated based on SEBAL model) (Idso et al., 1975; Bastiaanssen et al., 1998a; Roerink et al., 2000; Su, 2002), and good results were obtained. Since 1960, several algorithms including single-channel, split-window, multi-view single-channel, and multi-channel and multi-angle algorithms, have been proposed for the calculation of surface temperature with different RS data. (Becker, 1987; Roerink et al., 2000; Dash et al., 2002; Su, 2002; Jiménez Muñoz and Sobrino, 2003; Qin et al., 2010) used different algorithms to estimate the temperature of underlying surfaces.
This study investigated the vegetation evapotranspiration, leaf quantity, and temperature of 50 different green space communities in the Beijing urban area. The study sought to explore a method for evaluating the cooling and water-saving abilities of typical green space structures using RS and GIS and to provide a reasonable focus on green space structure and information in the management of urban green space, and research results are of significance in improving the ecological carrying capacity of the Semi-humid Region.
MATERIALS AND METHODS
Study site
The study sites were located in Beijing, northern China (Figure 1). Beijing, an ancient city with over 1,000 years of history, is a rapidly developing city, with more than eight million urban residents. The city consists of 14 administrative districts and four counties. In downtown, there are approximately 40 main parks.
[image: Figure 1]FIGURE 1 | Study area (bold-red bordered line).
The main study area, located in the northwest of the city (116˚14′38.6″E–116˚24′29.34″E, 39˚57′7.36″N–40˚2′51.3″N), includes parts of Haidian, Chaoyang, Changping, Dongcheng, and Xicheng district, with a gross area of 147.5 km2; the annual total rainfall ranges from 544.7 to 575.6 mm (Figure 1). The green space is mainly located in the National Olympic Park, Old summer Palace Park, summer Palace Park, Bajia Park, Haidian Park, Beitucheng Park, etc. Buildings, roads, water, green land, and bare land are the main land cover types present. Monoculture and mix-species arbor forests, shrubbery, grass and multi vegetation structures of tree-shrub-grass typically make up the green vegetation types.
Remote sensing data
Three temporal remote sensing Landsat-8 images, which were generated on 12 May 2013, 13 June 2013, 1 Sep 2013, respectively, were used. The standard Landsat eight data products provided by the USGS EROS Center (http://landsat.usgs.gov/index.php) consist of multispectral image data acquired by both the Operational Land Imager (OLI) and Thermal Infrared Sensor (TIRS). One image scene consists of nine spectral bands with a spatial resolution of 30 m for bands one to seven and 9. Thermal bands 10 and 11 are useful in providing more accurate surface temperatures and are collected at 100 m.
Meteorological data
The meteorological data were collected on 12 May 2013, 13 June 2013, 1 Sep 2013, respectively, and the hourly meteorological data involved in this study were collected from the Beijing Weather Observatory website (http://cdc.bjmb.gov.cn/shuju.asp), and this included solar radiation, rainfall, wind speed, temperature, and relative humidity. The collected meteorological data were used to evaluate the cooling and water-saving abilities of typical green space structures.
Sample plots
50 plots with different vegetation communities were selected in the study area; their areas ranged from 6,400 to 12,100 m2 (average size, 100 m × 100 m), and away from buildings and water. Vegetation structure can be classified into pure arbor type, arbor-grass type, arbor-shrub type, arbor-shrub-grass type, shrub-grass type, and grass type. The vegetation structure information was collected by field survey, and it included: dominant plant species, species coverage, and sand density (as shown in Table 1).
TABLE 1 | Sample plot status.
[image: Table 1]Vegetation quantity
There is a reasonable relationship between vegetation quantity and NDVI in pixel scale (Di et al., 2012) for the study area, and this was expressed as:
[image: image]
Where VQi (m2/900 m2) is the vegetation quantity in pixels, which were covered by sample plots, and NDVIi is the normalized difference vegetation index in pixels; the NDVIi estimation model was obtained from Eq. 2 (Di et al., 2012).
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Where ρ5 is reflectivity in OLS-5 band, and ρ4 is reflectivity in OLS-4 band.
Mean VQ per-plot was calculated as follows:
[image: image]
Where n is the number of pixels covered by a sample plot.
On 12 May 2013, 13 June 2013, and 1 Sep 2013, the VQ of 10 plots were measured with a LAI-2200 canopy analyzer (LI-COR, United States) to verify the accuracy of calculation of VQRS.
Land surface temperature
In this paper, The land surface temperature (Ts) of different land-use types was calculated with a single-channel algorithm (Di et al., 2012), including road, urban water body, residential area, high vegetation quantity area and low vegetation quantity area, as shown in Eqs 4,5. The mean Ts of a sample plot was expressed as an average of the temperature values of all the pixels covered by the sample plot in 3 days, which corresponded to days when the three remote sensing images were taken. These were defined by the equations below.
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Where T10 is radiant brightness temperature (K) in TIRS-10 band, °C, Ts (K) is land surface temperature, °C, K1 (m2 sr μm) and K2 (K) are constants, ε is thermal emissivity, and L10 is radiant brightness (m2 sr μm) in TIRS-10 band.
Evapotranspiration
The calculation of evapotranspiration (ET) was based on SEBAL, which was established by (Bastiaanssen et al., 1998b) and widely used in the retrieval of ET by RS (Mohammad and Samaneh, 2012). The processes involved in SEBAL utilization can be summarized as the instantaneous latent heat fluxes of every pixel that can be gotten by surface energy balance, as expressed in equation Eq. 6. The instantaneous evaporative fraction is shown in the literature to be similar to the 24-h evaporative fraction (Shuttleworth et al., 1989), and thus daily average value of ET can be calculated through time scale transformation (Brutsaert and Sugita, 1992; Crago, 1996), as expressed in Eqs 7,8. The mean ET of a sample plot was expressed as an average of the ET values of all the pixels that were covered by the sample plot in 3 days, and this corresponded to days when the three RS images were taken. In Bajia Park, the actual ETs were measured in seven plots based on the principle of water balance to verify its accuracy.
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where Rn is the instantaneous net radiation (Wm−2); G is the instantaneous soil heat fluxes (Wm−2); H is the instantaneous sensible heat exchange between air and land surface (Wm−2); λ is the latent heat of vaporization of water (Wm−2 mm−1), and Ains and A24 are the instantaneous and 24-h evaporative fractions. The algorithms of the above parameters are similar to those established by (Du et al., 2013).
Model evaluation criteria
Using satellite data and meteorological data, the coefficient of determination (R2), mean absolute relative error (MARE) and average relative error ([image: image]) were used to measure the performance of the estimates of ET and VQ. In general, the R2 value, which was calculated by linear regression analysis, is an indicator of the strength of relationship between the observed and simulated values. If the R2 values are less than or very close to zero, the prediction of the modeling system is considered unacceptable or poor. The MARE and ([image: image]) indicate the model’s ability to predict the values of a given prediction. They were defined as follows:
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where [image: image] is the ith observation, [image: image] is the ith simulation value, and n denotes the total number of data points (observations) in the record. Lower values of MARE and ([image: image]) are preferred.
Evaluation of vegetation eco-water-saving ability
A comprehensive eco-water-saving ability index of vegetation (EWI) was proposed to evaluate vegetation cooling and water-saving abilities of different vegetation structures. EWI can be defined as:
[image: image]
Where EWIi is the comprehensive eco-water-saving ability index value of the ith vegetation structure, and it is dimensionless value greater than 0; Ti is the land temperature of the ith vegetation structure, °C; [image: image] is the mean land temperature of all 50 sample plots in °C; LAI is leaf area index, and both LAI and VQ can reflect the leaf volume of plants. ETi/LAIi is the ith daily evapotranspiration per unit LAI of the ith vegetation structure in mm/d; and [image: image] is the mean daily evapotranspiration per unit LAI of all 50 sample plots in mm/d. A high EWI indicates that the comprehensive eco-water-saving ability of the vegetation is preferred.
RESULT
Surface temperature of the study area
The results showed that temperature between different land use types in the growing season varies (Figure 2). The Ts of the road was the highest, followed by those of the residential area, low vegetation quantity area, high vegetation quantity area, and urban water body, respectively. Compared with other land use types, the temperatures of the urban water body and high vegetation quantity area are 9–18 degrees lower. This indicates that vegetation can help to relieve the urban heat island effect, and vegetation index appears to be an indicator of environmental temperature (Gallo et al., 1993).
[image: Figure 2]FIGURE 2 | Dynamics of Ts patterns in the study area in (A) May and (B) June 2013 based on the surface energy balance method using Landsat-8 satellite data. Each date had different ranges.
Evapotranspiration of study area
After an evaluation of the ET results calculated using the SEBAL model and that measured based on the water balance principle of four sample plots on May-12-2013, June-13-2013, and Sep-1-2013, a linear relationship was observed between the calculated ET and measured ET; R2 was 0.445, MARE was 0.16, and ([image: image]) was −21.3%. This indicated that the accuracy of the model calculation is acceptable. Errors may arise due to interference in the pixel data of sample plots by land objects in the surroundings of these sample plots, such as buildings and roads.
The distribution of ET on May-12-2013 and June-13-2013 is shown in Figure 3; the highest ET was observed in water bodies such as the Kunming Lake, Fuhai, Jing-Mi water diversion canal, and Olympic lake (7.2 ± 1.6 mm). The second highest ET value was observed in places with greater vegetation coverage. For instance, the Olympic Forest Park, the summer Palace, and Dongsheng country parks were in the area bounded by the dotted line (4.3 ± 2.1 mm). The third-highest ET regions were the residential areas and greenbelts along the city roads with lower vegetation coverage (3.3 ± 1.7 mm). Dense human settlements and commercial districts had the lowest ET value which shows that vegetation played a significant role in the water consumption of the soil-plant-atmosphere system. In different months, ET in June is lower than that in May, because May is the dry season, with less rainfall and less air humidity, while June is the rainy season, with more rainfall and higher air humidity, resulting in smaller ET.
[image: Figure 3]FIGURE 3 | Dynamics of evapotranspiration patterns in the study area during (A) May and (B) June, 2013 based on surface energy balance method using Landsat-8 satellite data. Each date had different ranges.
Vegetation quantity of study area
Based on an evaluation of VQ results calculated using the NDVI and actual VQ observation of 12 sample plots on May-12-2013, June-13-2013, and Sep-1-2013, a linear relationship was detected between the calculated VQ and observed VQ; R2 was 0.66, MARE was 0.21, and ([image: image]) was 13.5%, which indicated that the accuracy This of the model calculation is acceptable. The main sources of error resource may be similar to that of the ET inversion. The mean vegetation quality of the study area is presented in Figure 4; the green land area is 56.87 km2, which is 38.6% of the total study area. Vegetation quality area is 822.1 km2.
[image: Figure 4]FIGURE 4 | Distribution of vegetation quality per pixel; the area of a single pixel is 900 m2.
Relationships between surface temperature, evapotranspiration, and LAI
The mean Ts, ET, and LAI of 50 sample plots were presented in a scatter plot (Figure 5). A negative correlation was observed between mean Ts and mean LAI; an increase in mean LAI by 1, can reduce Ts by 0.62-degree centigrade. However, a positive correlation was observed between mean ET and mean LAI; an increase in mean LAI increase by 1 mm/d can increase mean ET by 0.073 mm/d.
[image: Figure 5]FIGURE 5 | Relationships between mean Ts, mean ET and mean LAI. Regression line for mean ET and mean LAI can be expressed as: ET = 3e0.019LAI, R2 = 0.127; p < 0.01 (unfilled circles, unbroken line). Regression line for mean Ts and mean LAI can be expressed as: ET = −0.62LAI + 41.42, R2 = 0.49; p < 0.01 (filled circles, broken line).
To analyze the effect of species, the mean ET of sample plots were expressed as ET per LAI (ET/LAI), and the relationship between mean Ts and ET/LAI was determined as Figure 6. There were 11 species (indicated by the points in a solid line ellipse) with a mean Ts < 30°C. Their corresponding serial numbers are 8, 9, 10, 16, 22, 23, 24, 25, 29, 45, and 48 (Table 1), respectively, accounting for 22% of the total. Eleven species (indicated by points in a dashed ellipse) had ET/LAI < 0.23 mm/d, accounting for 22% of the total. Their corresponding serial numbers are 1, 2, 11, 12, 13, 16, 32, 39, 40, 44, and 47, respectively (Table 1).
[image: Figure 6]FIGURE 6 | Relationships between Ts and ET/LAI.
As shown in Table 2, the EWIs of species or species compositions in 50 sample plots were divided into three categories based on the natural breakpoint method by their EWI value: Good (EWI ≥ 0.795), Common (0.795 > EWI ≥ 0.419) and Weak (EWI < 0.419). Each category included 5–29 species or species compositions. The species or species compositions were classified as Good, it means that the species or species need less water for per unit LAI.
TABLE 2 | EWI of species or species compositions of 50 example plots.
[image: Table 2]DISCUSSION
Two characters of vegetation structures with lower Ts can be found: 1) those with higher arbor density, 2) warm-season turf grasses. This because the arbor has higher vegetation quantity and more water is used in cooling air by transpiration compared to that used by shrubs and herbs. Furthermore, the evapotranspiration of warm-season grasses is higher than that of cool-season grasses (Aronson et al., 1987; Xiao et al., 2006). The vegetation structures with lower ET can be summarized as 1) thin native trees with greater species composition, such as Sophora japonica and Pinus tabuliformis, 2) cool-season turf grasses. Since the average water consumption of native vegetation is lower than that of extrinsic vegetation in arid areas, it is difficult to have optimal cooling and water-saving abilities for green spaces. However, because of water shortages, green space managers in Semi-humid areas have to compromise with ecological benefit for less irrigation. In that case, species or species compositions which can balance ecological benefit and water-saving for urban green space should be used.
In this study, 50 typical vegetation structures were divided into three categories according to EWI; the main difference can be found by a comparison of the different categories: the proportion of vegetation structures which include the arbor, shrub, and herb is 28% in the category with good comprehensive eco-water-saving ability; and the proportion is 21% and 29%, respectively, for the remaining two categories. In addition, the proportion of vegetation structures without shrub is 79% and 71% in the categories with common and weak eco-water-saving ability, respectively, and these are significantly higher than that of the category Good. It is indicated that, generally, the arbor-shrub-herb mix and complete coverage by shrubs gave vegetation structures a better comprehensive eco-water-saving ability. This ability can be explained by the features of their vegetation structures such as great heat capacity and high reflectivity, and relatively low water consumption (Zhou et al., 2005; Song et al., 2007).
CONCLUSION
Urban ecological environment and water resources are key issues of concern. In this study, RS inversion methods were utilized to calculate the land temperature, evapotranspiration and vegetation quantity of 50 typical green space vegetation structures. According to verification tests, the accuracy of calculation is acceptable. The relationships between Ts, VQ, and ET of green land were determined with regression analysis. An eco-water-saving abilities index (EWI) was proposed to evaluate different green space structures. Fifty species or species compositions were classified into good (EWI ≥ 0.795), common (0.795 > EWI ≥ 0.419) and weak (EWI < 0.419) categories, respectively, based on the assessment results. The characteristics of 17 species or species compositions with good cooling and water-saving abilities were summarized as 1) a mix of arbor, shrub and herb, 2) complete coverage of green space by shrub. The method and eco-water-saving species or species composition can be utilized in developing possible models of urban green space management, and were of significance in improving the ecological carrying capacity of the Semi-humid Region.
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