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Dynamic and continuous land use and cover change (LUCC) is one of the external forcing factors affecting regional climate in China. Based on the annual dynamic global land cover dataset derived from the Global Land Surface Satellite (GLASS-GLC), this paper modelled and investigated the effects of annual transient LUCC on precipitation over China using the regional climate model RegCM4.8.2. Analysis of the GLASS-GLC data revealed that considerable conversions of cropland to forest, grassland to cropland and bare ground to grassland had occurred during the last 3 decades (1984–2013) in southern, northeastern and northwestern China respectively. By comparing the differences between the two sets of experiments under the fixed LUCC and dynamic LUCC scenarios, the results showed that reforestation in southern China during the past 3 decades significantly enhanced local convective afternoon rainfall (CAR; ∼2 mm/day) during the post-flood season (POF; July-August-September). This reforestation effect on CAR also increased with the intensity of LUCC. However, the realistic LUCC effects were weak and negligible for other periods, regions and large-scale precipitation. Furthermore, we have identified two possible reasons that favored the occurrence of POFCAR, namely that the moisture and instability conditions required to trigger convections were both enhanced by reforestation. This was evidenced by increases (decreases) in convective available potential energy (lifting condensation level), increases in atmospheric water vapor content and declining tendencies of equivalent potential temperature with height. Overall, this study highlights the importance of reforestation impacts on the diurnal variations of the precipitation.
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INTRODUCTION
Land use and cover change (LUCC) is one of the anthropogenic external forcing factors that affect global and regional climate (IPCC, 2013; IPCC, 2021). According to the latest Intergovernmental Panel on Climate Change (IPCC) Special Report on Climate Change and Land (SRCCL), 71% of the global ice-free land has been used by humans over the historical period, and 24% of the land has also undergone land cover conversion (Arneth et al., 2019). Such intense LUCC can exert influences on local, regional and even global scale weather and climate through two pathways, namely biogeophysical (e.g., Bright, 2015; Chen and Dirmeyer, 2016; Li et al., 2017; Winckler et al., 2017; Hirsch et al., 2018; Li et al., 2018) and biogeochemical (e.g., Claussen et al., 2001; Cherubini et al., 2012; Ciais et al., 2013; Ward et al., 2014) mechanisms. On the one hand, LUCC can modulate the local energy-water balance by changing albedo, evapotranspiration, and roughness, causing changes in weather and climate (e.g., Bonan, 2008; Davin and de Noblet-Ducoudré, 2010; Devaraju et al., 2018). On the other hand, LUCC can also alter the biogeochemical cycle by changing the biomass and the associated atmospheric composition, further affecting climate change and the provision of ecosystem services (Pielke, 2005; Reyers et al., 2009; Devaraju et al., 2015). However, the impact of LUCC on climate is subject to considerable uncertainties and challenges (e.g., Pitman et al., 2009; Pitman et al., 2011; Houghton et al., 2012; Li et al., 2018; Ge et al., 2019), and the IPCC gives only medium confidence in the net global effects of LUCC (IPCC, 2021).
A large number of observational and numerical modeling studies have highlighted the much more significant impacts of LUCC on local and regional climates than the global mean (e.g., Lohila et al., 2010; Lee et al., 2011; Pielke Sr et al., 2011; Hua and Chen, 2013; Mahmood et al., 2014; Lawrence and Vandecar, 2015). However, due to the long-time scales of LUCC and the insufficient accumulation of observations, the regional LUCC effects have been assessed mainly through the global land-use model-based reconstructed LUCC datasets (e.g., the Land-Use Harmonization datasets; Hurtt et al., 2011; Hurtt et al., 2020) and numerical simulations. This results in the confidence in the quantitative impact of LUCC being highly reliant on the model’s representations of the LUCC-related processes and the accuracy of the data used to characterize LUCC (Prestele et al., 2017). Numerous studies have used reconstructed data or idealized LUCC scenarios (e.g., complete deforestation) to reveal the effects and mechanisms of historical LUCC on regional and global climate (e.g., Pitman et al., 2012; Chen and Dirmeyer, 2017; Li et al., 2017; Li et al., 2022). These studies generally reached similar conclusions: large-scale and high-intensity LUCCs had considerable regional effects on temperatures and the related extremes, while being relatively weak and more uncertain for precipitation. Due to the relatively coarse resolution of the global model, it is likely that LUCC effects on small-scale processes, such as local wind systems, convections, boundary layer processes and scale-interactions are ignored (Mahmood et al., 2014). Therefore, to better assess the role of LUCC in climate change, more refined representations and explanations of the realistic LUCC and its impacts and mechanisms on climate are needed. Meanwhile, Lawrence and Vandecar (2015) and Mahmood et al. (2016) also pointed out that the quantitative assessments derived from simulations using state-of-the-art mesoscale models and more realistic LUCC scenarios are helpful and useful for local policymakers.
After the 1980s, as satellite data accumulated, satellite-based LUCC datasets with the high resolution and long time series, were developed. For example, the Terra and Aqua combined Moderate Resolution Imaging Spectroradiometer (MODIS) yearly land cover type dataset (e.g., MCD12C1; Sulla-Menashe and Friedl, 2018), the European Space Agency (ESA)-Climate Change Initiative (CCI)-Land Cover (LC) dataset (ESA-CCI-LC; ESA, 2017) and the Global Land Surface Satellite Climate Data Records-derived land cover dataset (GLASS-GLC; Liu et al., 2020). Among these, the GLASS-GLC dataset is the most recent, longest time series and highest average accuracy product of the three popular LUCC datasets mentioned above (Liu et al., 2020). It also provides a reliable data source for the use of regional climate models to simulate the weather-climate effects of the realistic and long-term dynamics of LUCC. Based on the LUCC scenarios characterized by satellite data, a growing number of studies in recent years have also assessed the impacts of realistic LUCC using regional climate models (e.g., Chen et al., 2015; Hu et al., 2015; Zhang et al., 2021). For example, Hu et al. (2015) used the Weather Research and Forecasting (WRF) model to reveal that LUCC (1980 versus 2000s) cooled the surface air temperature in northern China by 0.3–0.5°C and increased summer precipitation in southern China by ∼6–7%. Zhang et al. (2021) also used the WRF model and similar LUCC scenarios and experiments to highlight that the impact of LUCC on precipitation in eastern China may be strongly influenced by the large-scale background climate. The vast majority of these studies have assessed the impacts of LUCC based on the comparison of the differences in climate state between the two fixed LUCC scenarios, with no consideration of the interannual variability of LUCC dynamics.
China has experienced the remarkable forest restoration over the last 3 decades, especially in southern China, leading the way in global greening (Chen et al., 2019). In terms of local ecological restoration, afforestation/reforestation significantly reverses land degradation and increases forest carbon sinks to potentially mitigate GHG-induced global warming (e.g., Pan et al., 2011; Bryan et al., 2018). However, afforestation/reforestation as a possible greenhouse gas mitigation strategy to meet climate targets (Grassi et al., 2017), the impacts of its biogeophysical effects (e.g., albedo, roughness and evapotranspiration) in the realistic LUCC scenario, also need to be fully assessed and understood (e.g., Betts, 2000; Bonan, 2008; Davin and de Noblet- Ducoudré, 2010; Perugini et al., 2017; Duveiller et al., 2018). In particular, the effects of forests on precipitation are largely unknown and uncertain, both in terms of their extent and physical mechanisms. This is where the previous researches were highly inadequate. Therefore, based on the above considerations and gaps, this paper explores the effects of realistic LUCC on precipitation over China by using the latest satellite-based LUCC dataset to conduct numerical simulations with a state-of-the-art regional climate model, focusing on: 1) The quantitative assessment of realistic LUCCs on precipitation, especially the relative contribution of convective and large-scale precipitation responses. 2) The associated physical mechanisms.
DATA, MODEL AND METHODOLOGY
Regional Climate Model
The state-of-the-art regional climate model used in this study to investigate the realistic LUCC effects in China is the Regional Climate Model system (RegCM) developed by the International Centre for Theoretical Physics (ICTP). We use RegCM version 4.8.2 and select the Community Land Model version 4.5 (CLM4.5; Oleson et al., 2013) from the United States National Center for Atmospheric Research (NCAR) as the land surface component. RegCM was originally developed by Dickinson et al. (1989) and Giorgi and Bates (1989) for dynamical downscaling in limited-area regional climate modeling. To date, RegCM has been updated to its fourth generation (Giorgi et al., 2012; Coppola et al., 2021) and the fifth generation (preview version can be found at https://github.com/ICTP/RegCM/tree/Version5) will be released soon. RegCM4 is one of the most widely used regional climate models in multiple fields over the last decades (e.g., Gao and Giorgi, 2017). Particularly for East Asia, RegCM4 has become one of the most popular tools for exploring regional climate change and projections, aerosols and LUCCs (e.g., Chen et al., 2015), because of its good capability to reproduce both mean and extreme climates (e.g., Ji and Kang, 2015; Hu et al., 2016). The up-to-date source code of RegCM4 can be obtained from https://github.com/ICTP/RegCM/.
Satellite Data and Pre-Processing Procedure
The GLASS-GLC land cover dataset is used to characterize a realistic LUCC scenario in our study, which contains the most recently released global annual land cover maps produced using machine learning techniques with a horizontal resolution of 5 km (Liu et al., 2020). The GLASS-GLC has the highest averaged accuracy and the longest time coverage compared to other popular satellite-based land cover datasets such as MCD12C1 and ESA-CCI-LC (Liu et al., 2020). This dataset has seven major land cover types, i.e., cropland, forest, grassland, shrubland, tundra, bare land, and snow/ice and covers a total of 34 global land cover maps for the period 1982–2015. Details of the production of GLASS-GLC can be found in Liu et al. (2020). The raw data can be downloaded from https://store.pangaea.de/Publications/LiuH-etal_2020/GLASS-GLC.zip.
The land surface component of RegCM4, i.e., CLM4.5, has the ability to simulate annual transient LUCC, updating not only the change in PFT percentage every day, but also the associated balance of mass and energy fluxes (Oleson et al., 2013). In order to extract and merge annual dynamic LUCC information from the original GLASS-GLC into the initial and boundary forcings of the land surface model of RegCM4 (i.e., CLM4.5), we need to address the following issues. 1) The conversions of land cover “type” data from the original GLASS-GLC to the plant function type (PFT) “percentage” data required by the CLM. 2) Minimizing the possible year-to-year fluctuations in the original satellite data; 3) Matching the LUCC information from GLASS-GLC as much as possible to the other initial and boundary conditions of CLM4.5 (e.g., leaf area index; LAI). Based on the above consideration, we preprocessed the GLASS-GLC data by closely following the similar procedures to that of Liu et al. (2021b). The detailed processes can be found in the Supporting Information (Supplementary Appendix S1). The final pre-processed GLASS-GLC-based land cover forcing data have exactly the same structure as the model default data for simulating dynamic LUCC (i.e., annually percentage information for 17 PFTs: bare ground, eight trees, three shrubs, three grasses and two crop types). In addition, the “urban” type is not included in the GLASS-GLC data, so the realistic LUCC scenario in our study only involves vegetation changes. The urban PFT information remains default and fixed throughout the simulation period. We also emphasize that only the PFT percentage information in the forcing data was changed in this study based on information from GLASS-GLC, and the associated grid-level vegetation parameters (e.g., LAI) changed with annual dynamic PFT-based updates. However, the prescribed PFT-specific vegetation structure values (e.g., LAI, stem area indices and canopy top and bottom heights) for calculating grid-level vegetation parameters remained unchanged.
We first fully examined the spatio-temporal characteristics of the realistic LUCC using two methods, namely the linear trends (Figure 1) and the empirical orthogonal function (EOF) leading modes (Supplementary Figure S1). Figure 1 shows the linear trends of four major PFTs (i.e., bare ground, grassland, forests and cropland) percentages during 1984–2013. In short, three evident LUCC regions are detected from the spatial modes: i.e., conversions from cropland to forest in southern China, conversions from grassland to cropland in northeastern China and the conversions from bare ground to grassland major in northwestern China (i.e., parts of Xinjiang province, Tibet and the Hetao region; Figures 1A–D). In addition, the EOF results also indicate that dominant spatio-temporal patterns for all types of LUCC in China during the past 30 years have been characterized by overall long-term trends.
[image: Figure 1]FIGURE 1 | The linear trends of four major PFTs percentages during 1984–2013: (A) bare ground, (B) grassland, (C) forest and (D) cropland in China, units: %/30a. Note that the red, blue and green rectangles in the figure represent the main cropland-to-forest (21.5–30°N; 98–122°E), grassland-to-cropland (36–49°N; 114–127°E) and bare groud-to-grassland (36–41°N; 107–112.5°E) transition areas, respectively. All colored values in the plots are statistically significant at 95% confidence level.
Experimental Design
To investigate the transient LUCC effects and mechanisms on precipitation over China, we conduct two groups of long-term simulations (from 1983 to 2013) using RegCM4. 1) FIXED experiment: the simulation forced by land covers fixed at 1984; 2) TRANS experiment: simulations forced by annual transient land cover maps from 1984–2013. Additionally, to reduce the uncertainty in the results, two additional perturbation runs of the TRANS experiment, noted as TRANS_p1 and TRANS_p2, are performed with limited computational resources. These two perturbed runs randomly perturb the atmospheric temperature and humidity boundary conditions 6-hourly (i.e., add perturbations when update the boundary conditions), with the maximum amplitude being approximately 10−5 of the standard deviation of that variable. It should be noted that we change only the land cover maps between the two groups of experiments within China. The land cover information for the rest of the simulated domain (see Figure 2) outside of China (e.g., India and Mainland Southeast Asia) is fixed as the default land cover map (i.e., MODIS; Lawrence and Chase, 2007) through the whole simulation periods. All simulations (i.e., both FIXED and TRANS groups) are setup consistently according to the framework of the East Asia domain of the Coordinated Regional Downscaling Experiment (CORDEX) Phase II. In detail, we configure the RegCM computational domain based on the Rotated Mercator map projection centered at (35°N, 116°E) with a total of 280 (north-south) × 428 (west-east) grid points at 25 km spacing, as shown in Figure 2. The simulations are driven by the European Center for Medium-Range Weather Forecasts (ECMWF) Interim reanalysis (i.e., ERA-Interim; Dee et al., 2011), which initiate on 1 Jan 1983 and integrate continuously through 31 December 2013. The first year is considered as the spin-up time and is not included in the results below. The sea surface temperatures are prescribed from the monthly sea surface temperature from Hadley Centre (HadISST). The selections of other configurations and various physical parameterizations schemes are listed in Table 1. We chose combinations of these schemes because they have been proven to be the “best” combination for modeling the regional climate of East Asia (Han et al., 2015; Gao et al., 2016; Gao et al., 2017).
[image: Figure 2]FIGURE 2 | The simulation domain and elevations (units: m) of the model. The blue lines indicate the boundary of the simulation domain.
TABLE 1 | The configurations of the model and the selections of the parameterization schemes.
[image: Table 1]To better interpret the changes in the PFT and their associated vegetation parameters, we also examined the linear trends of various vegetation parameters (e.g., LAI, surface roughness length and albedo) in the TRANS group, as shown in Figure 3. It is clear that the LAI and surface roughness (surface albedo) tend to increase (decrease) due to the reforestation in southern China (Figure 3). The conversions of bare ground to grassland in the Hetao area also resulted in a significant increase (decrease) in LAI (surface albedo). In addition, the conversion of grassland to cropland in northern China seems to have produced no change in vegetation parameters (Figure 3), probably because the vegetation structure values for grassland and cropland in the PFT-specific look-up tables are very close.
[image: Figure 3]FIGURE 3 | The linear trends of various vegetation parameters during 1984–2013 in the TRANS experiment: (A) leaf area index, units: m2 m−2/30a; (B) surface roughness length, units: m/30a; and (C) snow-free surface albedo, units: 10−1/30a. All colored values in the plots are statistically significant at 95% confidence level.
Other Methodology
To measure the significance of the differences between the two experiments (i.e., the LUCC effect), we use a two-tailed modified student t-test (Zwiers and von Storch, 1995). By subtracting FIXED simulation from each simulation in TRANS group, we can obtain the LUCC effects in each pair of simulations. Then, we can calculate the multiyear monthly/seasonal ensemble mean to quantify the effects of realistic LUCC. Note that the results in the following sections are represented by the ensemble means. The degrees of consistency (i.e., uncertainties) are defined as follows: “strong” when the LUCC-induced changes have the same sign and are statistically significant (at the 90% confidence level) in all three paired simulations; “moderate” when two of the simulations have the same sign as the ensemble mean and are statistically significant; “weak” when only one simulation is statistically significant; “insignificant” when none of the paired simulations are significant. In addition, some general statistical methods used in this paper (e.g., linear trend) will not be repeatedly described here.
RESULTS
Previous studies had shown that LUCC effects on daily/monthly mean precipitation were weak and uncertain (e.g., Pitman et al., 2009), however, its effects on sub-daily precipitation may be non-neglighable (e.g., Wang et al., 2000; Chen and Dirmeyer, 2017). During the hot season (especially summer), precipitations often manifest distinct diurnal signals along the southeast coast of China, which are mainly associated with local convective afternoon rainfall events due to local secondary circulations (e.g., sea-land breezes). During the last 30 years, parts of the realistic LUCCs also coincide in southern China (Figures 1C,D), where afternoon convection events are frequent during the rainy season. Therefore, in contrast to previous studies that explored the influence of LUCC on precipitation from a daily mean perspective, we focus mainly on the variations of afternoon precipitation in the following results. Because of the wide range of regional longitudes (time zones) spanning in China, it is difficult to characterize the afternoon moment for the whole region with a specific moment at a coarse resolution of 6-hourly. So we define the moment when the daily maximum temperature occurs for a given day at a specific grid point as the local afternoon. All relevant variables, such as precipitation and temperature, shown in the following results refer to the values at that moment. It should also be noted that we separated the total afternoon precipitation into the large-scale and convective precipitation (short for LAR and CAR, respectively) for further investigations.
Seasonal Afternoon Precipitation Changes in Response to LUCC
We first examine the variations in monthly afternoon precipitation induced by realistic LUCCs over three regions with intense LUCCs, shown as multi-year monthly means of regional averages (Figure 4). In general, the responses of afternoon precipitation due to realistic LUCCs are limited. Among the three typical LUCC regions, only the reforestation in southern China have caused significant changes in CAR during the post-flood season of southern China (i.e., July-August-September, short for POF hereinafter), while the other LUCC conversions in the Hetao region (i.e., bare ground-to-grassland conversions) and northern China (i.e., grassland-to-cropland conversions) basically lead to slight and insignificant changes in the LAR and CAR (Figure 4). In detail for southern China, reforestation significantly increases the CAR during the POF season (POFCAR hereinafter), with the highest increases of 1.19 mm/day in August, followed by 0.56 mm/day in July and 0.52 mm/day in September, respectively (Figure 4A). Meanwhile, the inter-sample uncertainty of the LUCC-induced POFCAR responses is small, i.e., the averaged inter-sample standard deviation of the POFCAR is only 0.11 mm/day (Figure 4A). In other months, however, reforestation causes little change (within ± 0.15 mm/day) in CAR, even during the other rainy season in southern China (i.e., the pre-flood season, April-May-June, PRF hereinafter). Furthermore, for the LAR in southern China, reforestation has not caused considerable changes, and the responses to LAR are within ± 0.3 mm/day for all months (Figure 4A). In addition, bare ground-to-grassland conversions over the Hetao region induce moderate increases in CAR (∼0.3–0.5 mm/day) during part of summer and autumn months, but the responses are not significant (Figure 4B). For grassland-to-cropland conversions in northern China, no significant responses of LAR and CAR are detected and the LUCC-induced changes in precipitation are very slight (within ± 0.2 mm/day) in all months (Figure 4C).
[image: Figure 4]FIGURE 4 | The multi-year mean monthly variations of the regional averaged realistic LUCC-induced changes in afternoon convective (red, “CAR”) and large-scale (blue, “LAR”) rainfall (units: mm/day) for three typical LUCC regions: (A) cropland-to-forest transitions in southern China, (B) bare ground-to-grassland transitions in Hetao region and (C) the grassland-to-cropland transitions in northeastern China. Note that the grids involved in the regional mean calculation are shown in the subplots in the top right corner of each figure. The bars with yellow asterisks inside indicate a greater than “moderate” degree of consistency among the results of the ensemble members. Error bars denote ensemble spread of the changes.
Interannual Variability of Afternoon Precipitation Responses to Reforestation in Southern China
Furthermore, since the realistic and transient LUCC scenario (i.e., the TRANS experiments) would cause the intensity of LUCC to increase over time when compared to the fixed LUCC scenario (i.e., the FIXED experiment), ​it is likely that the effect of LUCC would also be enhanced in the meantime (e.g., Li et al., 2017). Therefore, we also investigate the spatial patterns of LUCC effects on POFCAR at different decades and the regional averaged interannual variability of POFCAR over southern China due to reforestation to see whether there are enhanced LUCC effects over time. The results are shown in Figures 5, 6 respectively. It should be noted that we divided the 30-years simulation period into three sub-periods of equal length (i.e., 1984–1993, 1994–2003, 2004–2013). Figure 5 shows the spatial differences of LUCC-induced changes in POFCAR during three sub-periods (Figures 5A–C) and the entire simulation period (Figure 5D). Overall, the impacts of realistic LUCC on POFCAR do vary considerably at different periods (Figure 5). In detail, the spatial results show that among the three evident LUCC regions, indeed only the southern reforestation leads to significantly enhanced local POFCAR responses, regardless of whether they are averaged over the entire period (Figure 5D) or across the three different decades (Figures 5A–C). These results are also in good agreement with the previous regional averaging results. Moreover, the enhancement of LUCC-induced POFCAR over southern China does increase with intensified LUCC strength (Figures 5A–C). For example, during periods of weak (i.e., 1984–1993; Figure 5A) to moderate LUCC (i.e., 1994–2003; Figure 5B), although there are also some enhancements of POFCAR in southern reforestation areas, they are weak in both magnitudes and significances. In contrast, the responses of POFCAR to southern reforestation become very robust and significant during the period of intense LUCC (i.e., 2004–2013; Figure 5C). Specifically, reforestation-induced POFCAR show broad and significant enhancements across southern China during 2004–2013, with the magnitude can even exceed 2.4 mm/day (Figure 5C). For the entire simulation period, the southern reforestation regions similarly show significant POFCAR enhancements (∼1.6–2.0 mm/day) and are likely due to the contribution of the LUCC effects in the last decade (i.e., 2004–2013; Figure 5D). Moreover, we examined the percentage changes in CAR due to LUCC to confirm the robustness of the aforementioned absolute changes in CAR (Supplementary Figure S2). The results showed that the reforestation in southern China can increase CAR by 10%–20% (20%–30%) during 1984–2013 (2004–2013), which are indeed marked increases. In addition, the CAR responses have some sporadic and weak significant signals in other LUCC areas (e.g., along the Qinghai-Tibet Railway with significant decreases in CAR during 1994–2003). However, the interdecadal variations of such signal are large and not clearly related to the LUCC intensity, which may due to the internal noise of the model.
[image: Figure 5]FIGURE 5 | The ensemble mean results of realistic LUCC-induced changes in convective afternoon rainfall (CAR; units: mm/day) in the post-flood season (POF; July-August-September) during multiple periods over China: (A) 1984–1993, (B) 1994–2003, (C) 2004–2013, and (D) 1984–2013. The solid (hollow) black dots in the figures denote a greater than “moderate” (“weak”) degree of consistency among the results of the ensemble members.
[image: Figure 6]FIGURE 6 | The interannual variations (bars) in the regional means of LUCC-induced changes in CAR (red) and LAR (blue) during POF season, units: mm/day, the corresponding uncertainties (error bars) and the intensity of forests (dash lines) over southern China. Note that the precipitation changes are corresponding to the y-axis on the left. The dash lines with red hollow square denote ΔForest (“Δ” denotes TRANS minus FIXED), corresponding to the y-axis on the right, units: %. The error bars are represented by the ensemble spread of the precipitation changes due to LUCC. The meaning of subplot at the bottom right corner is the same as Figure 3A. The different translucent backgrounds in the figure indicate decades with different LUCC intensities (light yellow: 1984–1993; light green: 1994–2003; light blue: 2004–2013).
Besides the CAR, we also examine the spatial patterns of LUCC-induced LAR during the POF season at different decades, and the responses of LAR show sporadic and insignificant variations during all periods (Supplementary Figure S3), which are also probably due to the internal noise. In addition, as we mentioned above, POFCAR only responded to reforestation in southern China, whereas the other intense LUCC regions and types (e.g., bare ground-to-grassland in Hetao area and grassland-to-cropland in northeastern China) did not cause significant changes in CAR (almost zero) at any time periods. This may be due to the weak changes in surface properties (e.g., surface roughness, Figure 3B) caused by the increase in grassland or the conversion of grassland to cropland when compared to reforestation, which in turn may not be able to produce pronounced changes in CAR through land-atmosphere interactions either.
Furthermore, we also investigate the interannual variability of the regional averaged LUCC-induced LAR and CAR during POF over the southern reforestation region, as shown in Figure 6. Obviously, the responses of POFCAR to reforestation are similar to the above findings, i.e., the reforestation-induced enhancement of POFCAR shows a clear increasing tendency over time, which is generally consistent with the intensity of reforestation (Figure 6). Meanwhile, the effect of reforestation appears to be effective only for the CAR and not for the LAR, and the LAR shows weak and highly uncertain responses due to reforestation (Figure 6). In conclusion, the overall impact of realistic LUCC on precipitation in China is limited, but for specific seasons (i.e., POF) and types of LUCC (i.e., reforestation), it can cause non-negligible changes in CAR. Several studies have also highlighted the effects of LUCC on precipitation from various perspectives and scenarios (e.g., Chen and Dirmeyer, 2017; Wang et al., 2020; Wang et al., 2021). In particular, Chen and Dirmeyer (2017) revealed that deforestation could lead to a reduction in precipitation and CAR, which are opposite to our LUCC scenario and sign of precipitation responses. This further suggests that the current results are intrinsically consistent with these previous findings. What are the mechanisms of the reforestation-induced enhancement of POFCAR in southern China? We will investigate this further in the next section.
Possible Causes of the Enhanced POFCAR in Southern China
Convective rainfall can theoretically be more effectively triggered by the release of more heat into the planetary boundary layer (PBL) on the one hand, which favors the development of the PBL and the formation of clouds. On the other hand, adding moisture to the lower atmosphere could also lead to moist convection initiations (Findell and Eltahir, 2003a; Findell and Eltahir, 2003b). Therefore, in order to interpret the enhanced POFCAR in southern China, we first examine the realistic LUCC-induced changes in temperature and humidity conditions during POF at the surface and lower atmosphere (i.e., the lowest model level).
Figure 7 shows the LUCC-induced changes in near-surface air temperature, canopy evapotranspiration, atmospheric temperature and specific humidity at the lowest model level during POF. Generally speaking, reforestation leads to a cooler (Figure 7A) and wetter (Figure 7B) surface condition in southern China, which probably due to the evaporative cooling effect of forests (Li et al., 2015; Bright et al., 2017; Zeng et al., 2017; Burakowski et al., 2018). In detail, for the surface air temperature, moderate coolings (−0.3∼−0.5°C) due to reforestation are generally observed only in the southern China, but their significances show weak and sporadic features (Figure 7A). The canopy evapotranspiration (ET) flux is significantly enhanced by 4–6 W m−2 due to reforestation in southern China. In addition, in parts of northwestern China, the conversion of bare ground to grassland also results in slight but significant increases of ET (Figure 7B). From changes in surface temperature and humidity, we can infer that the forests probably transport more surface moisture through the canopy and then release them into the atmospheric boundary layer. Furthermore, we also examine the LUCC-induced changes in temperature and humidity conditions at the lower atmosphere (Figures 7C,D). The results show that the cooling effect of reforestation in southern China is substantially weakened at the lower atmosphere, with only very slight responses (within ± 0.1°C) remaining (Figure 7C). However, for changes in humidity, the enhanced ET at the surface simultaneously results in significant increases in moisture in the lower atmosphere (up to 0.3 g/kg; Figure 7D). These results suggest that the enhanced humidity caused by reforestation not only changes the moisture condition at the surface, but also has a broader effect on the boundary layer and lower atmosphere, while the cooling of temperature is generally limited at the surface.
[image: Figure 7]FIGURE 7 | The ensemble mean results of realistic LUCC-induced changes in multiple near-surface temperature and humidity variables in POF season during 1984–2013: (A) 2 m air temperature (units: °C), (B) canopy evapotranspiration (units: 101 W m−2), (C) atmospheric air temperature at the lowest model level (units: °C) and (D) atmospheric specific humidity at the lowest model level (units: g/kg). The meaning of the solid (hollow) black dots is the same as in Figure 5. Note that the LUCC-induced changes in the area above 3000 m are masked.
To further understand the responses of reforestation-induced temperature and humidity states (expressed as specific humidity and equivalent potential temperature) in the low-to-mid atmosphere, longitude-height profiles (averaged over 21.5–30 °N) for the southern reforested regions are performed, as shown in Figure 8. In terms of water vapor, reforestation causes overall increases in humidity throughout the lower troposphere (i.e., 1000–500 hPa), with the greatest response detected at the surface, and the magnitude of the increase in humidity decreases with height (Figure 8A). This considerable increase in the humidity at the lower troposphere is highly corresponding to the previous result of enhanced ET caused by reforestation in southern China during POF (i.e., Figures 7B,D). It is noted that the increases in specific humidity provide the necessary moisture conditions for precipitation on the one hand, and on the other hand their vertical characteristics also favor the establishment of a “dry top and wet bottom” stratification, which has the potential to increase the convective instability energy. The equivalent potential temperature (θe) is an important parameter for representing the combined features of temperature and humidity, and it is also closely related to the convective available potential energy (CAPE; Machado et al., 2002; Parker 2002; Kalthoff et al., 2011). For the θe, it is clear that the highest warming is located at about 700 hPa (∼0.15 K; Figure 7A), which could lead to increased convective instability in the mid-to-upper troposphere and favoring the vertical stretching of the convection system.
[image: Figure 8]FIGURE 8 | The meridional sections (longitude-height) of the LUCC-induced changes in equivalent potential temperature (filled color; units: K) and atmospheric specific humidity (contours; units: g/kg) for the southern China (averaged over 21.5–30 °N) in the POF season during (A) 1984–2013 and (B) 2004–2013.
Figure 9 shows the LUCC-induced changes in convective-related variables associated with the CAR, i.e., CAPE, convection inhibition energy (CIN), atmospheric water vapor content (PRW) and lifting condensation level (LCL). Not surprisingly, there are moderate increases in CAPE due to reforestation in southern China, with an averaged enhancement of approximately 40–60 J kg−1 (Figure 9A). This is highly correlated with the observed enhancement of CAR in southern reforested regions (i.e., Figures 4–6). These results indicate that more days have afternoon convective precipitation triggered when croplands are replaced by forests, leading to increased CAR over this region. In addition to this, we have also detected significant decreases in CAPE over the Yangtze-Huai River Basin, but there is no significant change in either CAR or temperature and humidity state parameters for this area, which is likely due to the remote effects of LUCC or to the internal noise of the model (Figure 9A). However, for CIN, little LUCC-induced changes are observed (Figure 9B), suggesting that the net instability energy is dominated by LUCC-induced changes in CAPE. The observed response of PRW also shows large increasements in the southern reforested regions, but the significance is relatively weak (Figure 9C). Moreover, the LUCC-induced changes in LCL are also examined, as shown in Figure 9D. It is clear that the changes of LCL height induced by LUCC strongly reduce by 40–60 m, indicating that the cloud base height is decreasing (Figure 9D), which may also favor the initiation of convection.
[image: Figure 9]FIGURE 9 | Same as Figure 7, but for (A) convective available potential energy (units: J/kg), (B) convection inhibition energy (units: J/kg), (C) atmospheric water vapor content (units: 10−2 mm) and (D) lifting condensation level (units: m). The meaning of the solid (hollow) black dots is the same as in Figure 5.
In conclusion, these convective-related variables presented above reflect the vertically integrated moisture, instability and condensation needed for the generation and development of CAR, with wetter atmosphere, higher CAPE and lower LCL favoring CAR more. The current mechanism is highly consistent with previous similar studies (e.g., Chen and Dirmeyer, 2017) in which LUCC-induced changes in CAPE dominate changes in convective precipitation.
DISCUSSION
In the previous part, we modeled the effects of realistic LUCC on the CAR based on the GLASS-GLC-based annual dynamic LUCC information. We found a robust enhancement of POFCAR due to reforestation in southern China, mainly as a result of a combined increase in atmospheric humidity and convective instability energy. Although the current results highlight the non-negligible role of realistic LUCC on the change of CAR, there are still caveats and uncertainties that should be fully discussed. In this section, we will discuss the possible uncertainties of our finding in terms of data, model and mechanisms.
Firstly, the accuracy of LUCC data is crucial to the reliability of modeling results. Although the GLASS-GLC data we used are synthetically the relatively reliable data at present, other datasets do better than GLASS-GLC data in specific aspects. For example, according to Liu et al. (2020), for the cropland type, the accuracy of ESA-CCI-LC data (94.19%) is better than that of GLASS-GLC data (73.26%), when compared with FLUXNET test samples. However, the relatively low classification accuracy may lead to misclassification of the model’s grid-level PFT types, which is likely to cause significant changes in surface energy budget and repartitioning, ultimately involving uncertainty in the model’s temperature and precipitation responses (Ge et al., 2019). On the other hand, as the long-term series of LUCC information derived from GLASS-GLC data is limited to changes in the five major land cover types, other realistic land changes that may have potential impacts on climate (e.g., urbanization and irrigation) are not included in our study. For example, Zhong et al. (2017) highlighted that urban heat islands in the Yangtze River Delta urban cluster can increase extreme summer rainfall through enhanced afternoon convergence and updrafts. Liu et al. (2021a) revealed that the cooling and wetting effects of irrigation exerted opposite impacts on convective precipitation over China. To better assess the climate effects of realistic LUCCs, the effects of vegetation changes, urbanization and land management changes (e.g., irrigation) on regional climate need to be considered and quantified simultaneously in future studies.
Furthermore, while our study identified significant impacts of realistic LUCC on POFCAR and its corresponding mechanisms, it is also true that we based on the modeling results of a single regional climate model. Even though our use of limited ensemble simulations can enhance the confidence of the current conclusions, the impacts of LUCC on regional climate, especially on precipitation, are highly uncertain among the multi-models. Using the results of multi-model intercomparison projects (e.g., CMIP5/6 and LUCID), several studies have highlighted the high degree of uncertainty in multi-model quantifications of LUCC impacts (e.g., Pitman et al., 2009; Pitman et al., 2012; Li et al., 2018). In particular, for precipitation, most multi-model responses to LUCC, both in terms of its local and remote responses, were not consistent and significant over most of the globe (Pitman et al., 2009; Pitman et al., 2012). This is closely related to the inter-model descriptions of surface parameters (e.g., albedo, evapotranspiration), the land-atmosphere coupling strength and the selections of multiple parameterizations schemes specified by individual models (e.g., Koster et al., 2006; Pitman et al., 2009; Hirsch et al., 2014; Li et al., 2018). Specifically for RegCM, two additional caveats should be mentioned here. On the one hand, the empirical look-up tables used to determine PFT-specific vegetation parameters are actually inaccurate (Ge et al., 2021), which may further introduce uncertainties to the simulated climate effects of LUCC via influencing surface energy budget, etc. Several recent studies also highlighted the importance of changing vegetation parameters (e.g., LAI) on the regional climate of China, which are critical for improving the model performance in simulating realistic LUCC effects the (e.g., Li et al., 2020; Yu et al., 2020). On the other hand, regional climate models such as RegCM are noted to be less capable of modeling repartitioning effects between latent and sensible heat fluxes (e.g., Ge et al., 2021). This is highly crucial for the confidence of the modeling-derived effects of reforestation/afforestation. Hence, in order to assess the impact of realistic LUCC more accurately, parallel simulations of multiple improved models with multiple ensemble realizations are necessary in future studies. Recently, the Land Use and Climate Across Scales (LUCAS) initiative has been designed for integrating LUCC effects over Europe in RCMs. This is also the first RCM intercomparison project that will go from idealized (phase 1) to realistic high-resolution LUCC scenarios (phases 2 and 3), which is highly consistent with the views and insights expressed in our study. We emphasize the need for more parallel efforts to understand and quantify realistic LUCC impacts - as a potential pathway that could be useful for tackling future climate change. In addition, due to computational resource limitations, we can only conduct simulations of realistic LUCC effects at a relatively coarse (e.g., 25 km) horizontal resolution. It is feasible to describe subgrid-scale precipitation at such a resolution by selecting a convective parameterization scheme, however, this also means that the response of the CARs we have found may depend entirely on the parameterization that we have chosen. In future studies, simulations at a convective-permitting resolution (e.g., <3 km) are also needed in order to better understand the mechanisms of realistic LUCC effects on the convective precipitation.
Last but not least, the current responses of CAR due to reforestation in southern China seem to be valid only during POF, why not for the other seasons or periods? In addition to the POF results presented in the previous section, we carried out the same analysis for atmospheric hydrothermal conditions during the PRF season (Supplementary Figures S4 and S5). The results show that for the PRF, the reforestation in southern China does not exert a significant influence on surface and atmospheric humidity and instability energy as it does during the POF period. Thus, in comparison, the weak changes in CAR during the PRF period may be mainly due to the lack of moisture and instability energy conditions that is critical for the development of the convections. This also implies that the alteration of surface energy budget by LUCC can be significantly distinct in the context of different seasonal atmospheric environmental conditions. The influence of the climatic background on LUCC effects has also been widely noted (e.g., Pitman et al., 2011; Hua and Chen, 2013; Li et al., 2018). The detailed mechanisms will need to be examined more specifically in future studies. Furthermore, the effects of reforestation on CAR that we have identified in this study appear to be dominated by local effects. It should be noted that the prescribed sea surface temperatures were used as oceanic forcings in our regional climate simulations, which in fact ignored the indirect effects of LUCC via ocean-atmosphere interactions (e.g., de Noblet-Ducoudré et al., 2012). Ma et al. (2013) also highlighted the significant hydrologic responses in East China to afforestation only occurred when land-ocean-atmosphere coupling was involved. This further implies that the effects (mostly the nonlocal effects) of LUCC are likely underestimated by the current study. Besides, the effects and mechanisms of forests on precipitation, particularly their indirect and remote responses, are still largely unknown. For example, forests are known to be more efficient than the open lands in transporting sensible and latent heat fluxes from the ground to the boundary layer through canopy (Wang et al., 2000; Fisch et al., 2004; Li et al., 2015). As a result, de-/reforestation can not only exert considerable impacts on local climate, but can also cause remote impacts through modulating the atmospheric circulation (e.g., van der Ent et al., 2010). However, the above-mentioned effects of forests show large divergence in the multi-model results particularly for the remote effects, which may be due to large differences in evapotranspiration and atmospheric moisture responses (e.g., Pitman et al., 2009). Besides, a recent study by Xu et al. (2022) also revealed that forests may have completely opposite effects on cloudiness in different areas, which was linked to their specific small-scale heterogeneous landscapes. In short, in addition to the uncertainties mentioned above, our study obtained certain signals in precipitation in the realistic and dynamic LUCC scenario from numerical experiments, which are helpful for understanding and assessing the real impact of LUCC. A comprehensive understanding of the quantitative impacts of realistic LUCC on regional climate will therefore require detailed researches to further advance.
Despite all the caveats mentioned above, the most important added value of the current study is the uncovering of a non-negligible response of CAR due to LUCC in a realistic scenario. This provides a new insight to revisit the regional climate effects of LUCC and especially its impact on precipitation at sub-daily scale.
CONCLUSION
This paper used the state-of-the-art regional climate model RegCM4.8.2 to simulate and investigate the impact of annual dynamic realistic LUCC on precipitation in China based on the GLASS-GLC satellite data. Overall, the realistic LUCC has occurred in three main areas over the past 3 decades: the cropland-forest transition zone in southern China, the grassland-cropland transition zone in northeastern China and the bare ground-grassland transition zone in northwestern China. In the context of such realistic LUCC scenario, through the ensemble comparative experiments we found robust enhancements of POFCAR in the LUCC-induced reforestation areas of southern China, with increases in CAR magnitudes of up to 2 mm/day. In contrast, the changes in large-scale precipitation in the afternoon were less pronounced. We also found that this increase in reforestation-induced CAR was enhanced with increasing LUCC intensity in terms of interannual variations. Further analysis revealed that the increase in CAR was most pronounced in the years 2004–2013 (i.e., the decade of greatest LUCC intensity), both in terms of the spatial extent of its significant changes (in almost all southern reforestation areas) and its intensity (which can exceed 2.4 mm/day). However, apart from the above responses, no significant changes in both large-scale and convective precipitation were observed in the other considerable LUCC areas.
Furthermore, we explored the possible mechanisms for the enhanced POFCAR induced by reforestation. Results showed that the changes in POFCAR can be attributed to two possible factors: On the one hand, the reforestation significantly enhanced the evapotranspiration at the surface, resulting in a significant increase in water vapor at the surface and in the lower atmosphere, which provided favorable moisture conditions for the generation of CAR. On the other hand, the enhancement of water vapor was more evident in the lower atmosphere than in the higher atmosphere, thus leading to an unstable “dry-on-top, wet-on-bottom” state of the atmosphere’s stratification. In addition, the simultaneous decreases in LCL, the increases in CAPE and the tendency for the equivalent potential temperature to decrease with height all matched such unstable stratification and provided instability energy conditions for the CAR generation. Finally, a wetter atmosphere, higher CAPE and lower LCL induced by intense reforestation produced more CAR.
In summary, our current study uncovered significant effects of realistic LUCC on CAR in southern China. To date, our study is one of the few to use dynamic LUCC forcing rather than fixed LUCC forcing in regional climate simulations to study the climate impacts of regional LUCC in China. Although our study is only the result of a single model, we again emphasize the importance of anthropogenic interventions in forest changes as a potentially critical strategy for tackling climate change. In future studies, multi-model ensemble comparisons under a unified framework are required to better assess the biogeophysical effects of historical and future LUCC and forest changes.
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