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Abstract

:

Suburban forest ecosystems have a great influence on local climate, especially for mitigating urban heat island effects and dry island effects. To quantify the climate regulation value of forest ecosystem, and provide a reference for regional ecosystem accounting and scientific land management, a new estimation method based on actual evapotranspiration (AET) is proposed and applied in this work. Based on remote sensing, meteorological, and soil data in the years 2000, 2010, and 2020, the annual AET of the forest ecosystem and its dynamic changes were calculated in the new urban area, Guanshanhu District, Guiyang, Guizhou Province, SW China. The climate regulation value is derived from differences in the annual AET of forest ecosystems relative to impervious surfaces. The results showed that: (1) the area of forest ecosystem in Guanshanhu District increased from 2000 to 2010 as a result of ecological engineering but decreased from 2010 to 2020 due to the establishment and expansion of the new urban area, while the area of the impervious surface increased rapidly; (2) the differences in annual AET of forest ecosystem relative to the impervious surface were calculated and subdivided according to different forest types. In 2000, 2010, and 2020, coniferous forests contributed the most to the annual AET difference, followed by coniferous and broad-leaved mixed forests, broad-leaved forests, shrubs, and other forests, respectively; (3) the total climate regulation value of forest ecosystem showed an increasing trend, on the whole, the estimation results were ¥8.78 × 108 in 2000, ¥12.62 × 108 in 2010, and ¥14.75 × 108 in 2020; (4) The average per unit area climate regulation value of all types of forests in the area, based on electricity price in the year 2000, was ¥8.06 × 104/ha in 2000, ¥8.11 × 104/ha in 2010, and ¥10.58 × 104/ha in 2020, the highest portion of per unit area climate regulation value was of coniferous forest, as ¥8.59 × 104/ha in 2000, ¥9.28 × 104/ha in 2010, and ¥11.05 × 104/ha in 2020. This study is a beneficial exploration of forest ecosystem climate regulation value estimation in Guanshanhu District, and the results can provide references for ecological construction in new urban areas.
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1. Introduction


Ecosystems provide many benefits to human society. The evaluation of ecosystem services and ecosystem assets is widely applied in integrated regional or national accounting both in China and overseas [1,2]. The forest ecosystem is the main body of the terrestrial ecosystem. Forest ecosystems in urban areas provide many significant ecosystem services for local residents, such as offsetting carbon emission [3], removing air pollutants [4], reducing noise, regulating microclimate [5], and recreation and amenity [6]. Estimating forest ecosystem service value is a way to implement regional or national ecosystem accounting, inform scientific land management and promote environmental awareness.



The climate regulation value of forest ecosystems in urban areas has long been overlooked in ecosystem accounting. Although the climate regulation service provided by urban forests has important implications for maintaining a favorable microclimate, critical to citizens’ comfort, health, and energy consumption [7], the related studies are limited. During urbanization, human activities significantly change the Earth’s surface; and local weather patterns are radically disrupted. Urban constructions and transportation are usually agglomerated; such spatial pattern leads to urban heat island and dry island effects [8,9]. The heat emitted from urban industrial processes and heating systems, along with reduced evaporation and transpiration caused by increased impervious surfaces (surfaces through which water cannot infiltrate the soil, including roads, driveways, sidewalks, parking lots, buildings, and so on) [10], contributes to extreme heat events and altered rainfall in large cities, causing discomfort and extra energy consumption for cooling, heating, or moisturizing the living space [11,12]. Forests in an urban area often help to regulate and mitigate such negative outcomes [13]. The influence of forests on local microclimate is complex, including modification of solar radiation, wind speed changes, air temperature, relative humidity, etc. [14,15,16,17,18].



To estimate the value of urban forest climate regulation services, and to inform comprehensive ecosystem accounting and scientific land use management, different methodological approaches have been developed in the past few decades based on empirical studies. Notable differences exist between western and Chinese studies, which reflect the differences in characteristics of the urban forest, market mechanism, and value judgment [19].



Studies in western countries mainly focus on energy savings, which can be caused by urban forest climate regulation effects on annual heating and cooling consumption in low-density residential neighborhoods [20,21,22,23,24,25,26,27,28,29,30,31,32,33]. The emphasis is put on shading, air-temperature regulation, and windspeed reducing effects provided by city trees placed near and in the right direction of buildings. Several forest-related indicators such as leaf area index (LAI, defined as the ratio of leaf surface area to the land area of green cover), tree density, potential evapotranspiration rate, albedo, and land surface emissivity are involved in the estimating process [20,21,22,23,24,25,26,27,28,29,30,31,32,33,34].



Meanwhile, the methodology of estimating the climate regulation service of the forest ecosystem in Chinese studies usually focuses on the evapotranspiration effect at the city level [35]. This results from the attributes of forests in the study area. The tree-shading effect in high-density residential areas of Chinese cities is nearly negligible because the multistory and tightly packed buildings can easily overwhelm tree-shading or related cooling effects. Besides, trees placed in the concrete canyon of buildings lead to a decrease in urban roughness, which inhibits turbulent energy exchange and increases air temperature during daytime [36,37]. Moreover, in Chinese cities, major forest ecosystems are typically distributed in the peripheral or suburban areas, with small patches of greenspace scattered in the urban core. Therefore, the capability of the microclimate regulation function provided by these forest ecosystems depends mainly on evapotranspiration [38,39,40].



Evapotranspiration (ET) is the combination of evaporation from soil and plant surface and transpiration during photosynthesis, in which liquid water transfers into vapor [41,42,43]. Evapotranspiration is the vital link between exchanges of water, carbon, and surface energy. It has a strong impact on regulating local and global climate [44,45,46]. During evapotranspiration, ambient air temperature cools down due to latent heat transfer from the surface to the atmosphere [47,48]. For example, in the optimal condition, one fully-grown tree can transpire 450 L of water per day, absorbing 1000 megajoules (MJ) of heat during the process [49]. Evapotranspiration can also promote low-level cloud cover, which changes regional albedo and affects the amount of energy reaching the surface [50]. Apart from energy regulation, evapotranspiration also redistributes water and increases atmospheric moisture, directly affecting regional rainfall and water availability [51].



In former Chinese studies estimating forest climate regulation value, evapotranspiration from an urban forest is calculated according to the evapotranspiration rate and leaf area index of major tree species in the city [19,35]. Then the latent heat absorbed by urban forests during the process is estimated based on Yang’s (1996) equations [52]. The value of climate regulation service is calculated as cooling energy savings during the summer season.



Leng et al. (2004) estimated that the climate regulation value of urban forests in Beijing (Northeast China) was ¥934,579.2/day and ¥93.5 × 106/year; the calculation was based on the assumption that electrical power had to be consumed to achieve the same cooling effect on 100 summer days each year [53]. In the study by Chen (2006), the climate regulation value of urban forests in Guangzhou (Southeast China) was estimated as total cooling energy savings of the summer season; the result was ¥573.5 × 106 in 2000, or an average of ¥7792/ha [19]. Chen et al. (2006) estimated that the vegetation cover in the Wuhan Iron and Steel Company, which was located in Wuhan (Central China), absorbs around 1.8 × 1012 kJ/year of heat energy through evapotranspiration during the summer season; the monetary value derived from the estimation was ¥163.3 × 106/year [54]. Zhang et al. (2006) estimated the climate regulation value of 2789 ha of urban forests in Lanzhou (Northwest China) as summer cooling energy savings at ¥6.83 × 106/year [55].



However, one major problem in the methodological approaches mentioned above is that the measurement of total heat transferred during evapotranspiration based on evapotranspiration rate and leaf area index of major tree species may not be in line with reality. This is because the scale of evapotranspiration of urban forests is affected by multiple factors, such as temperature, precipitation, undergrowth vegetation, solar radiation, regional water availability, etc. [56].



In this study, we propose a modified methodology based on actual evapotranspiration (AET) to estimate the climate regulation value of forest ecosystems. AET is the actual amount of water transferred during the evapotranspiration process; it is calculated using the Modified-Hargreaves method [57,58] and Budyko curve [59,60] based on remote sensing data, meteorological data, and soil data. The calculation process involves multiple factors such as precipitation, extraterrestrial radiation, daily maximum and minimum temperature, available plant water content, etc. Therefore, AET can better reflect the actual capacity of water and energy regulation of the forest ecosystem, which enables its cooling and moisturizing effect. Because the daily temperature variation (which is influenced by albedo and land surface emissivity) is included in the calculation process, AET is also indicative of albedo and land surface emissivity change in different land use types [61].



This approach is carried out in a new urban area, Guanshanhu District of Guiyang City, Guizhou Province, Southwest China, to estimate and depict changes in the climate regulation value of forest ecosystems due to land use changes in the area from 2000 to 2020. Since its establishment in 2012, the human construction area in Guanshanhu District has been expanding rapidly, converting natural ecosystem land and affecting microclimate patterns. We selected three key epochs: 2000, 2010, and 2020. The dynamic changes in the spatial pattern of ecosystems in the Guanshanhu District were interpreted via eCognition software and object-oriented image classification technology based on multi-source remote sensing data. Instead of calculating cooling energy savings in the summer season, the monetary value of forest climate regulation service is derived from the differences in annual accumulated AET of forest ecosystem relative to impervious surface. We calculated the accumulated AET of twelve months to represent the biophysical regulation effects (like cooling, moisturizing, and changing albedo) of the whole year, which continuously contributes to human comfort, moisture convection, local weather pattern, and crop productivity in all four seasons. We based the valuation on the differences in annual AET of forest ecosystem relative to impervious surfaces, so the results represent the extra regulation effects that forest ecosystem provides for human society, and more importantly, the results can be reflective of land use change which is quite influential to the local climate. The empirical results of applying the new estimation method to the new urban area of the Guanshanhu District can deepen our understanding of the effects of land use change, stress the importance of the urban forest in urban ecological security, provide a reference for ecosystem accounting, and inform ecological sustainable development planning of new urban areas.




2. Materials and Methods


2.1. Study Area


Guanshanhu District is located in the central karst zone of Qianzhong Mountain, northwest of Guiyang City, Guizhou Province, China. The total area of the district is nearly 30,700 ha, with a permanent population of 0.65 million by 2020 [62]. The District was newly established in 2012, before which the area was rural and sparsely populated. The area is part of the Maotiao River and the Nanming River watershed in the upper reaches of the Yangtze River [63]. The area is in the subtropical monsoon zone with a warm temperate climate, the annual average air temperature is 15.1 °C, and annual precipitation ranges from 1200 to 1400 mm [62]. The area’s karst background resulted in a variety of landforms. Hills, basins, valleys, and depressions are interlaced, revealing a spatial distribution pattern of half the landscape and half the city (Figure 1). In this area, there are a diverse range of ecosystems. The forest, farmland, and freshwater ecosystems in the west occupy nearly half of the total area in the District, providing crucial ecological services, such as climate regulation, air purification, soil and water conservation, biodiversity habitats, and cultural, historical, or recreational benefits. These environmental services are important not only to the residents in the district but also to the entire city of Guiyang [64].




2.2. Materials and Method


The remote sensing data of Guanshanhu District was obtained from the national geographic information monitoring cloud platform (http://www.dsac.cn/DataProduct/Index/1002, accessed on 10 September 2021), including Landsat TM (30 m), ETM+ (30 m), Gaofen2 (4 m) and other multivariate moderate or high-resolution remote sensing images. The images were taken in the growing season. The meteorological data were obtained from the National Meteorological Information Center of China (http://data.cma.cn/, accessed on 22 April 2021). The meteorological data include extraterrestrial radiation (  R A  ), daily precipitation (P), the daily maximum temperature (   T  D max    ), and daily minimum temperature (   T  D min    ). The meteorological data were collected from multiple national and local meteorological stations. The locations of meteorological stations in or surrounding the Guanshanhu District are shown in Figure 2. The percentage contents of sand, silt, clay, and organic carbon in soil were obtained from the China Soil Database (http://vdb3.soil.csdb.cn/, accessed on 26 June 2021).




2.3. Methodological Approach


	
Actual evapotranspiration (  A E T  ) calculation method.   A E T   cannot be obtained directly. Here we apply the Budyko curve to calculate it [59,60].








     A E T  P  =   1 + ω R   1 + ω R +  1 R      



(1)







  A E T  : actual evapotranspiration;  P : precipitation in mm per month;  ω : the ratio of plant accessible water storage and the expected precipitation;  R : Budyko dryness index of an ecosystem, as the ratio of potential evapotranspiration (  E  T 0   ) to precipitation.



The calculation formula of R is:


  R = ( K × E  T 0  ) / P  



(2)







  E  T 0   : Potential annual evapotranspiration in mm;  K : crop or plant coefficient. The value of K is obtained from InVEST 3.2.0 User’s Guide; the number ranges between 0 to 1.5, according to different land cover types [65,66];  P : precipitation in mm per month.



Potential evapotranspiration (  E  T 0   ) was calculated using a Modified-Hargreaves method [57,58]:


  E  T 0  = 0.0013 × 0.408 × R A × (  T  a v g   + 17.0 ) ×   ( T D − 0.0123 P )   0.76    



(3)







  R A  : extraterrestrial radiation (MJ m−2 d−1):    T  a v g    : average daily temperature (°C) defined as the average of the mean daily maximum temperature (   T  D max    ) and mean daily minimum temperature (   T  D min    );   T D   (°C): the temperature range, computed as the difference between mean daily maximum and mean daily minimum temperature:  P : precipitation in mm per month.



The calculation formula of  ω  in Formula (1) is:


  ω = Z × ( A W C / P )  



(4)







  A W C  : plant available water content (%);  Z : Zhang coefficient, which reflects the rainfall characteristics in the region, in this paper we use a value of 3.172 [67];   A W C   is calculated by a nonlinear estimation model [37]:


    A W C ( % ) = 54.509 − 0.132 × ( S A N %  ) 2  − 0.055 × S I L %     − 0.006 × ( S I L %  ) 2  − 0.738 × C L A % + 0.007 × ( C L A %  ) 2      − 2.688 × C % + 0.501 × ( C %  ) 2     



(5)







  A W C ( % )  : plant available water content (%);   S A N %  ,   S I L %  ,   C L A %  ,   C %   are the percentage of sand, silt, clay, and organic carbon respectively.



The calculation formula of actual annual evapotranspiration (AETa) is:


  A E  T a  =   ∑  i = 1  n   A E  T m     



(6)







AETa: annual actual evapotraspiration; AETm: monthly actual evapotraspiration calculated by Formula (1); n = 12.



	b.

	
Calculation of climate regulation service. The climate regulation value of the forest ecosystem is estimated based on actual annual evapotranspiration in the year.







Firstly, differences in annulling the AET of a forest ecosystem relative to the impervious surface is calculated as:


  E D = A E  T  a   f o r e s t   − A E  T  a   i m p e r v i o u s   s u r f a c e      



(7)







ED: evapotranspiration difference (mm); AETa forest: annual AET of forest ecosystem; AETa impervious surface: annual AET of impervious surface.



Evaporation of 1 g of water can take away heat of 2.44 KJ [68]. And 1 kwh = 1000 watts × 60 min ×60 s = 3,600,000 J. Therefore, the calculation formula is as follows:


  E Q = 1,000,000 × A × E D × 2.44 ÷ 3,600,000  



(8)







  E Q  : electricity quantity regulated by forest ecosystem (kwh);  A : area of the forest ecosystem (m2);   E D  : difference in evapotranspiration (mm).



The market value method is applied to estimate the value of the forest ecosystem climate regulation service. The formula is:


   V  c r   = E Q ×  P e   



(9)







   V  c r    : ecosystem climate regulation value (¥);    P e   : electricity price (¥/kWh).



	c.

	
The calculation flowchart. The forest ecosystem’s climate regulation value calculating flowchart is shown in Figure 3.









3. Results


3.1. Changes in Spatial Pattern and Structure of Ecosystem


Using automatic and human-computer interaction remote sensing image processing based on multi-source data, the dynamic changes of ecosystem spatial patterns in Guanshanhu District in 2000, 2010, and 2020 were analyzed and are shown in Figure 4.



According to the attribute statistics in Figure 4, the dynamic changes in the ecosystem structure in the Guanshanhu District in 2000, 2010, and 2020 were analyzed and are shown in Figure 5.



The Natural Forest Protection Program (NFPP) [69] and the Conversion of Cropland to Forest Project (CCFP) [70,71] were carried out around 2000 in China in the wake of the worst flooding disaster in 1998. And the Comprehensive Control Project of Rocky Desertification (CCPRD) [72] in the karst area was launched in 2007. The implementation of these ecological projects has greatly changed the land cover. As a result, the area of the forest ecosystem in Guanshanhu District increased from 10,892.74 ha to 15,571.90 ha in the time interval between 2000 and 2010. The net increase was 4679.16 ha, and the increase ratio was 15.24%. However, since the establishment of Guanshanhu District in 2012, the expansion of urban sprawl has caused the area of the forest ecosystem to decrease. By 2020, it had decreased to 13,937.54 ha, showing a net decrease of 1634.36 ha compared to 2010.



The construction of new urban areas caused the impervious surface to grow rapidly. Impervious surfaces are anthropogenic features through which water cannot infiltrate the soil, including roads, driveways, sidewalks, parking lots, rooftops, buildings, and so on. The increase of impervious surfaces often leads to enhanced urban runoff, which reduces evaporation and transpiration [73,74], therefore affecting the meteorological conditions and microclimate patterns. The causation of urban heat island effects and dry island effects is closely connected to the agglomeration of impervious surfaces [75,76]. In the study area, the impervious surface occupied 1146.82 ha, accounting for 3.74% of the total area in 2000. The impervious surface area had increased to 7544.29 ha, accounting for 24.58% in 2020. The development of new urban areas mostly occupied farmlands at relatively low elevations. The total area of the farmland ecosystem decreased from 13,308.29 ha in 2000 to 6342.33 ha in 2020, and its proportion decreased from 43.36 to 20.66%.




3.2. Changes in Spatial Pattern and Structure of Forest Ecosystem


The dynamic changes in forest ecosystem spatial distribution in Guanshanhu District in 2000, 2010, and 2020 are shown in Figure 6.



According to the attribute statistics in Figure 6, dynamic changes in the forest ecosystem structure in Guanshanhu District in 2000, 2010, and 2020 are shown in Table 1.



In the forest ecosystem of Guanshanhu District, the coniferous forest is the largest component. In 2000, 2010, and 2020, the area of coniferous forest was 4690.55 ha, 7466.22 ha, and 7322.37 ha, and the total area ratio was 15.28, 24.32, and 23.86%, respectively. The second large component is the shrubs, accounting for 12.30, 20.52, and 13.60%, respectively. The total proportion of the broad-leaved forest, the coniferous and broad-leaved mixed forest, and other forests maintained below 10.00%. Overall, under the double influence of the implementation of ecological engineering projects and the acceleration of urban expansion, the forest ecosystem in Guanshanhu District has changed greatly since the millennium. With future urban development, the area of the forest ecosystem in this district is likely to follow a decreasing trend.




3.3. Actual Evapotranspiration of Forest Ecosystem and Its Climate Regulation Value


	
The spatial distribution of actual evapotranspiration and its heterogeneity






According to the actual evapotranspiration calculation method mentioned above, the annual AET of different ecosystems in the District in 2000, 2010, and 2020 are calculated by ARCGIS spatial modeling, and the spatial distribution patterns are shown in Figure 7.



According to Formulas (7) and (8), annual AET differences of forest ecosystems relative to impervious surfaces are extracted (Table 2). Annual AET differences are converted into the heat dissipation difference, and then the heat dissipation difference is converted into electricity quantity (EQ).



According to Table 2, in each of the three epochs, coniferous forests contributed the most to the total evaporation difference of the forest ecosystem. This may partly be attributed to its wide distribution. The second is the coniferous and broad-leaved mixed forest, followed by the broad-leaved forest, the shrubs, and other forests.



With the development of the new urban area, the actual evapotranspiration differences between forest ecosystems and impervious surfaces have increased. The increase elucidates that urban forest plays an increasingly important role in local climate regulation. Impervious surfaces newly built during the development have reduced evaporation and transpiration, whereas vegetation cover in suburban areas contributes to significant heat losses and moisture convection through evapotranspiration.



	b.

	
Forest climate regulation value based on evapotranspiration difference







The value of the forest climate regulation service was estimated according to Formulas (8) and (9) mentioned above. To facilitate the comparison of the ecological service value in 2000, 2010, and 2020, the comparable price reduced by the price index is used in the calculation. The electricity prices were ¥0.40/kWh in 2000, ¥0.50/kWh in 2010, and ¥0.61/kWh in 2020. The calculation results are shown in Table 3.



According to Table 3, in each of the three epochs, the per unit area climate regulation value of the coniferous forest was the highest, followed by the coniferous and broad-leaved mixed forests, the broad-leaved forests, shrubs, and other forests, respectively. The per unit area climate regulation value of the coniferous forest was ¥8.73 × 104/ha in 2000, ¥8.90 × 104/ha in 2010, and ¥11.82 × 104/ha in 2020, showing an increasing trend. The average per unit area climate regulation value of all types of forests was ¥8.06 × 104/ha in 2000, ¥8.11 × 104/ha in 2010, and ¥10.58 × 104/ha in 2020, also showing an increasing trend.



The value of the climate regulation service of the forest ecosystems in Guanshanhu District displays an overall growing trend. The total value was ¥8.78 × 108 in 2000, ¥12.62 × 108 in 2010, and ¥14.75 × 108 in 2020. Among them, the climate regulation value of the coniferous forest ecosystem was the largest, which was ¥4.10 × 108 in 2000, ¥6.65 × 108 in 2010, and ¥8.65 × 108 in 2020, showing an increasing trend. The shrubs ecosystem also played an important role in climate regulation; however, its total climate regulation value was ¥2.85 × 108 in 2000, ¥4.63 × 108 in 2010, and ¥3.83 × 108 in 2020, showing a decreasing trend, resulting from the decrease in the total area from 2010 to 2020. The overall climate regulation value of the broad-leaved forest ecosystem, the coniferous and broad-leaved mixed forest, and other forests was relatively lower.





4. Discussion


In our work, we proposed a new methodological approach to estimate the climate regulation value of the forest ecosystem based on actual evapotranspiration. As previous studies have illustrated, terrestrial ecosystems usually regulate climate through biogeochemical (greenhouse-gas regulation) and biophysical (regulation of water and energy) mechanisms [77,78]. Both biogeochemical and biophysical factors contribute meaningfully to estimating climate regulation value, but the results can be highly variable by the spatial-temporal scale. Solid studies have pointed out that while estimating global scale climate regulation for longer periods, biogeochemical factors are more important, but when focusing on the local scale and within a relatively short period (T ≤ 20 years), the biophysical impacts can dwarf biogeochemical impacts [78,79,80,81,82,83]. Therefore, in estimating the climate regulation value of the local forest ecosystem, studies typically base their estimation solely on the biophysical processes.



In western studies, the climate regulation value of urban greenspace is calculated as energy savings of cooling and heating consumption caused by the existence of city trees. The evaluation process usually consists of 4 steps [84]: defining prototypical buildings (construction vintage, usage, insulation); simulating the base case heating and cooling energy use for each prototype; simulating the energy-saving effects by quantifying tree regulations of shading, evapotranspiration, and wind resistance; integrating and tabulating the total energy savings by ranges of annual heating and cooling days and according to the fuel type (natural gas or electricity).



A study by McPherson, E.G. (1994b) [26] concluded that increasing tree cover by 10% or planting three trees per building lot saves annual heating and cooling costs by an estimated $50 to $90 per dwelling unit due to the biophysical regulating effects. Further study in the US indicates that the potential annual energy savings of $6.3 M in cooling and heating energy consumption could be realized by the existence of urban greenspace in Baton Rouge, LA; the potential annual energy savings in Sacramento, CA, USA is estimated at $12.8 M; and the potential annual energy savings in Salt Lake City, UT, is estimated at $1.5 M [33]. Akbari (2002) [85] estimated that in Los Angeles, CA, USA, urban trees could potentially save $93 M of energy use per year by regulating air temperature.



However, in western studies, the amount and type of energy savings associated with city trees are not only highly site-specific but also highly speculative. The estimated savings are sensitive to the location of planting sites and building characteristics, and the actual energy consumption for cooling and heating demand is highly affected by other factors like location of buildings, preference for indoor air temperature, energy efficiency of cooling or heating equipment, paying ability, etc. [19,32,35]. More importantly, the results of the estimations are highly conditional and time-sensitive because the conditions of prototypical buildings change over time. Former estimation results can hardly be referred to reflect the effects of land use change when urban greenspace or human constructions increase or decrease and by which the characteristics of urban trees (like species composition, plant age, location to building, etc.) also change.



The situation can be partly simplified when estimating the climate regulation value of forest ecosystems in densely built cities where, as mentioned before, the climate regulation function mainly relies on evapotranspiration. This concept has been explored in former studies conducted in China [19,35]. The methodology can also be modified by using actual evapotranspiration (AET) as the comprehensive indicator for energy regulation, moisture emission, and albedo alteration of different land cover types. In the new methodology we proposed, the actual evapotranspiration of impervious surfaces is calculated, too. Various research asserted that increasing impervious surfaces during urban development could signal a decline in ecosystem functions [86,87], and enhance local temperature, heat island effect, and dry island effect [74,88,89]. The changes in land cover type during the development of new urban areas exert a crucial influence on local climate, so the relative importance of climate regulation function of local forest ecosystem should be examined along with considerations for impervious surface areas, too. In the new methodology, we proposed, the value of climate regulation service provided by forest ecosystem is calculated based on the difference in annual AET of forests relative to impervious surface, so the more the urban sprawl (roads, parking lots, buildings) expands, the more important the climate regulation service of local forest ecosystem will be.



The results of applying the new approach in the new urban area of Guanshanhu District confirmed the considerable value of climate regulation service provided by the suburban forest ecosystem and its changing pattern. In 2000, the impervious surface area in the District was relatively small (1146.82 ha, 3.74% of the total area), the farmland ecosystem occupied 43.36% of the total area, and the per unit area climate regulation value of the forest ecosystem was ¥8.06 × 104/ha. In 2010, the impervious surface increased to 4103.52 ha, 13.37% of the total area, the farmland ecosystem area shrunk, the forest ecosystem increased to occupy 50.73% of the total area, and the per unit area climate regulation value of the forest ecosystem was ¥8.11 × 104/ha. In 2020, the impervious surface increased to 7544.29 ha, 24.58% of the total area, the farmland ecosystem continuously reduced to 20.66% of the total area, and the forest ecosystem reduced, too, so the per unit area climate regulation value of the forest ecosystem increased to ¥10.58 × 104/ha. The results demonstrated the influence that land use change exerted on climate regulation value, which has not been discussed quantitatively in earlier studies.



However, there are still certain limitations in the estimation method we proposed in this study. Firstly, the estimation of forest climate regulation value based solely on actual evapotranspiration can only apply to densely built urban areas with multistory buildings, where the major forest is located in the peripheral or suburban areas, so the shading effect and wind-shielding effect of trees can be left out of consideration. Secondly, this estimation method can be fallacious when applied to arid or semi-arid areas where enhanced evapotranspiration might increase pressure on water availability [90,91]. In our research area, located in the subtropical monsoon zone, enhanced evapotranspiration resulting from large-scale reforestation can promote atmospheric moisture recycling and offset the effects of higher runoff peaks and total volume of runoff in receiving waters caused by an impervious surface increase in the watershed [81], thus reducing risks of flooding events downstream during rainy seasons when the precipitation is usually heavy and concentrated [92].



The estimated results of the climate regulation value of the forest ecosystem in the new urban area of Guanshanhu District reflected the increasingly significant role of the forest ecosystem for ecological compensation, ecological construction, and ecological civilization.




5. Conclusions


The objective of this study is to propose a new methodological approach for estimating the climate regulation value of forest ecosystems in urban areas based on actual evapotranspiration (AET). The new approach was carried out in Guanshanhu District of Guiyang City, Guihzou Province, Southwest China, to estimate and depict the changes in forest climate regulation value in 2000, 2010, and 2020. The results show that:




	
The area of forest ecosystem in Guanshanhu District increased in the first decade since the millennium due to ecological engineering, then decreased in the following decade due to the establishment of the new urban area. In 2000, the area of forest ecosystem in the study region was 10,892.74 ha, accounting for 35.49% of the total area. In 2010, the area of the forest ecosystem was 15,571.90 ha, accounting for 50.73%. In 2020, the area of the forest ecosystem was 13,937.54 ha, accounting for 45.41%. The impervious surface area kept increasing rapidly, from 1146.82 ha, accounting for 3.74% in 2000, to 4103.52 ha, accounting for 13.37% in 2010, to 7544.29 ha, accounting for 24.58% in 2020.



	
The forest structure in Guanshanhu District remained relatively constant. In 2000, 2010, and 2020, the coniferous forest was the largest component of the forest ecosystem, accounting for 15.28, 24.32, and 23.86%, respectively. The shrub forest is the second large component, accounting for 12.30, 20.52, and 13.60%, respectively. The total proportion of the broad-leaved forest, the coniferous and broad-leaved mixed forest, and other forests maintained below 10.00%.



	
Comparing to impervious surfaces of the new urban area allowed the differences in actual evapotranspiration of forest ecosystems to be derived. In 2000, 2010, and 2020, the coniferous forest contributed the most to the total evaporation difference of the forest ecosystem, followed by the coniferous and broad-leaved mixed forest, the broad-leaved forest, the shrubs, and other forests.



	
The climate regulation value of the forest ecosystem in Guanshanhu District was estimated based on actual evapotranspiration differences compared to impervious surfaces. The results revealed an increasing trend. Based on electricity price in 2000, the value of the forest ecosystem climate regulation service was ¥8.78 × 108 in 2000, ¥12.62 × 108 in 2010, and ¥14.75 × 108 in 2020.



	
The average per unit area climate regulation value of the forests of the Guanshanhu District was ¥8.06 × 104/ha in 2000, ¥8.11 × 104/ha in 2010, and ¥10.58 × 104/ha in 2020. The highest per unit area climate regulation value was provided by the coniferous forest, which was ¥8.73 × 104/ha in 2000, ¥8.90 × 104/ha in 2010, and ¥11.82 × 104/ha in 2020. The coniferous and broad-leaved mixed forest followed as the second, and the broad-leaved forest ecosystem as the third. The lowest per unit area climate regulation value was provided by other forests, which was ¥6.42 × 104/ha in 2000, ¥6.49 × 104/ha in 2010, and ¥8.97 × 104/ha in 2020.








The estimation based on actual evapotranspiration can well illustrate the spatial-temporal differentiation in climate regulation services of the forest ecosystem in the Guanshanhu District. The results depict the dynamic changes in forest ecosystems from 2000 to 2020, and also reflect the importance of the forest ecosystem’s contribution to local climate regulation. This study is a beneficial exploration of forest ecosystem climate regulation value estimation. The results can be incorporated into the decision-making process of regional land use planning and sustainable development in new urban areas.
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Figure 1. Location and DEM of Guanshanhu District. 
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Figure 2. Remote sensing images of Guanshanhu District (a) Landsat TM image of Guanshanhu District in 2000 (b) Landsat ETM+ image of Guanshanhu District in 2010 (c) Gaofen2 image of Guanshanhu District in 2020. 
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Figure 3. The forest ecosystems climate regulation value calculating flowchart. 
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Figure 4. Spatial pattern of ecosystems in Guanshanhu District in 2020, 2010, and 2020. 
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Figure 5. Ecosystem structure of Guanshanhu District in 2000, 2010, and 2020. 
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Figure 6. Spatial pattern of forest ecosystem in Guanshanhu District in 2000, 2010, and 2020. 
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Figure 7. Distribution of actual annual evapotranspiration and its variation in 2000, 2010, and 2020. 
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Table 1. Forest ecosystem structure of Guanshanhu District in 2000, 2010, and 2020.
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Forest Types

	
Year 2000

	
Year 2010

	
Year 2020




	
Area/ha

	
Total Area

Ratio/%

	
Area/ha

	
Total Area

Ratio/%

	
Area/ha

	
Total Area

Ratio/%






	
Coniferous forest

	
4690.55

	
15.28

	
7466.22

	
24.32

	
7322.37

	
23.86




	
Broad-leaved forest

	
2197.10

	
7.16

	
1193.91

	
3.89

	
1180.01

	
3.84




	
Coniferous and broad-leaved mixed forest

	
86.97

	
0.28

	
154.32

	
0.50

	
165.42

	
0.54




	
Shrubs

	
3775.42

	
12.30

	
6299.80

	
20.52

	
4173.64

	
13.60




	
Other forest

	
142.70

	
0.46

	
457.66

	
1.49

	
1096.10

	
3.57




	
Total

	
10,892.74

	
35.49

	
15,571.90

	
50.73

	
13,937.54

	
45.41
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Table 2. Statistics table of annual AET difference and its electric quantity.
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Forest Types

	
Year 2000

	
Year 2010

	
Year 2020




	
    E D / mm    

	
    E Q /  10 8    kwh    

	
    E D / mm    

	
    E Q /  10 8    kwh    

	
    E D / mm    

	
    E Q /  10 8    kwh    






	
Coniferous forest

	
32.20

	
10.24

	
34.81

	
17.62

	
41.42

	
20.56




	
Broad-leaved forest

	
28.20

	
4.20

	
30.23

	
2.45

	
33.21

	
2.65




	
Coniferous and broad-leaved mixed forest

	
31.34

	
0.18

	
30.81

	
0.33

	
36.19

	
0.41




	
Shrubs

	
27.77

	
7.11

	
28.73

	
12.27

	
32.21

	
9.11




	
Other forest

	
23.72

	
0.23

	
25.73

	
0.80

	
31.33

	
2.33




	
Total

	

	
21.95

	

	
33.45

	

	
35.06








Note:   E D  : annual AET difference (mm);   E Q  : forest ecosystem regulating electricity (kwh).
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Table 3. Statistics table of forest climate regulation value.






Table 3. Statistics table of forest climate regulation value.





	
Forest Types

	
Year 2000

	
Year 2010

	
Year 2020




	
Per Unit Area Value/104 ¥ per ha

	
Total Value/108 ¥

	
Per Unit Area Value/104 ¥ per ha

	
Total Value/108 ¥

	
Per Unit Area Value/104 ¥ per ha

	
Total Value/108 ¥






	
Coniferous forest

	
8.73

	
4.10

	
8.90

	
6.65

	
11.82

	
8.65




	
Broad-leaved forest

	
7.64

	
1.68

	
7.71

	
0.92

	
9.42

	
1.11




	
Coniferous and broad-leaved mixed forest

	
8.18

	
0.07

	
8.08

	
0.12

	
10.34

	
0.17




	
Shrubs

	
7.54

	
2.85

	
7.36

	
4.63

	
9.17

	
3.83




	
Other forest

	
6.42

	
0.09

	
6.49

	
0.30

	
8.97

	
0.98




	
Average

	
8.06

	

	
8.11

	

	
10.58

	




	
Total

	

	
8.78

	

	
12.62

	

	
14.75
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