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Abstract:

 In this paper, the coupled WRF/SSiB model, accompanied by a Karst Rocky Desertification (KRD) map of the Guizhou Karst Plateau (GKP) of China, was applied to detect how the changed vegetation and soil characteristics over the GKP modify the energy balance at the land surface. The results indicated that land degradation led to reduced net radiation by inducing more upward shortwave and longwave radiation, which were associated with increasing surface albedo and temperature, respectively. The KRD also resulted in changed surface energy partitioning into sensible and latent heat fluxes. The latent heat flux at land surface was reduced substantially due to the higher surface albedo and stomatal resistance, the lower Leaf Area Index (LAI) and roughness length in the degradation experiment, while the sensible heat flux increased, mainly because of the higher surface temperature. Furthermore, the moisture flux convergence was reduced, owing to the lower atmospheric heating and the relative subsidence. However, compared with the reduced evaporation, the decrease in moisture flux convergence contributed much less to the reduced precipitation. Precipitation strongly affects soil moisture, vegetation growth and phenology, and thus evaporation and convective latent heating, so when precipitation was changed, a feedback loop was created.
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1. Introduction

During the past decades, the vegetation-climate interaction has been a focus of meteorology, climatology, geography and ecology studies. It is well known that the distribution of natural vegetation is governed by climatic factors, such as precipitation, temperature, solar radiation, and CO2 concentration [1–7]. Recently, with the increasing reports on rapid loss of vegetation cover in several areas, the desire to better understand the role of land surface processes on both near-surface climate and atmospheric circulations has stimulated substantial studies on the exchanges of energy, mass, and momentum between land surface and atmosphere through field measurements as well as numerical experiments [8–15].

Most former studies showed that changes in surface energy and water balance due to land cover change (LCC) are as important as atmospheric dynamics and composition, ocean circulation, and solar orbit perturbations in climate change [16–18]. However, the feedback of vegetation on regional climate is complicated because of spatio-temporal variation in climate and LCC. For example, Li and Xue [13] showed that LCC from vegetated land to bare ground over the Tibetan Plateau (TP) resulted in weaker surface thermal effects and vertical ascending motion, and thus a decrease in the summer precipitation in the southeastern TP. While in the study of Zuo et al. [14], when greater vegetation cover occurs over the southern TP due to the enhanced rainfall, surface heating was also reduced over the TP, accompanied with the descending motion anomaly. The altered monsoon circulation due to less atmospheric heating over southern TP further led to increased summer rainfall over the south of the Yangtze River valley and the north of the Yellow River valley in China, but reduced rainfall in the Yellow River basin. Additionally, Wang et al. [19] investigated the inter-decadal relationship between Tibetan vegetation and rainfall over eastern China in the boreal spring, and found that increased vegetation on the TP could enhance (reduce) spring rainfall in the north (south) of the Yangtze River.

The Guizhou Karst Plateau (GKP), located in the southwest of China at 24°37′–29°13′ N and 103°36′–109°35′ E (Figure 1), was selected as the study area for its dramatic land degradation in the past decades. Due to the widely distributing bare limestone and the unsuitable land use in GKP since 1950s, Karst Rocky Desertification (KRD), defined as the transformation of vegetation and soil covered Karst landscape to exposed basement rocks [20], affects over 20% of the total area with a desertification rate of 2.5 × 104 km2 per year [21], and thus has become the most serious environmental problem in the GKP. Based on both satellite images and field observation over GKP, Xiong et al. [22] used ArcGIS to extract the spatial pattern of KRD, and concluded that rocky desertification in GKP exhibits the three characteristics of severe degree, large area and high risk. Although the ecological effects of KRD have been detected [23,24], the potential feedback of KRD to regional climate by changing surface heating remains unknown. Actually, no matter what happened to regional climate after LCC, the modified water and energy balance is always the first-order effect of LCC, so our focus is mostly on the impact of land degradation on biophysical processes in GKP, and then on the consequent climate change in this region.

Figure 1. SSiB vegetation cover types. Type 0, water; Type 1, tropical rainforest; Type 2, broadleaf deciduous trees; Type 3, broadleaf and needleleaf trees; Type 4, needleleaf evergreen trees; Type 5, needleleaf deciduous trees; Type 6, broadleaf trees with ground cover; Type 7, grassland; Type 8, broadleaf shrubs with ground cover; Type 9, broadleaf shrubs with bare soil; Type 10, dwarf trees with ground cover; Type 11, bare soil; Type 12, crops; Type 13, permanent ice. The experimental domain is shaded and outlined in this figure, and GKP is bounded by a heavy border.
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In this paper, based on the spatial distribution of KRD from Xiong et al. [22], and the Weather Research and Forecasting Model (WRF) [25] regional climate model (RCM) was applied to examine how land degradation, which has occurred and will continue in GKP, influences surface energy balance and regional climate. Sections 2 and 3 describe the WRF model and the Simplified Simple Biosphere (SSiB) model [26,27] used in this study and the experimental design. The simulated effects of land degradation on surface energy balance and regional climate are presented in Section 4. Finally, concluding remarks are given in Section 5.



2. Model Description

WRF with Advanced Research WRF (ARW) dynamic core Version 3.3 is an Euler non-hydrostatic with run-time, fully compressible meso-scale model with terrain following eta-coordinate, designed as the next numerical weather prediction and atmospheric simulation system. Multiple schemes are included in WRF model for atmospheric radiation, cloud microphysics, cumulus parameterization, land surface physics, and planetary boundary layer physics. WRF has been used for climate and meteorology simulation in East Asia and was proven to be of great value in modeling regional climate when compared with observations [28].

The Simplified Simple Biosphere Model (SSiB), a simplified version of the Simple Biosphere model (SiB) [29], is a biophysically based model of land-atmosphere interactions, and was coupled to provide the WRF with the land-atmosphere fluxes of latent and sensible heat, momentum and radiation. In the WRF/SSiB model, land surface properties are specified according to vegetation types. The SSiB vegetation map with 12 types (Figure 1) is originally derived from a global land cover map with the spatial resolution of 1 km [30]. A parameter set for each vegetation type is specified based on various sources. According to the former studies using SSiB original parameters to simulate land-atmosphere interactions in East Asia [9,28], and the data accessibility, the standard SSiB parameters were employed in this study.

The changed vegetation types leads to the changes in surface parameters, such as LAI, vegetation cover fraction, albedo, roughness length, soil depth. The morphological and physiological attributes of vegetation influences the amount of absorbed short-wave radiation as well as the aerodynamic resistance affecting turbulent exchanges of momentum, heat, and moisture between land surface and atmosphere [8]. It is important to understand how the hydrological processes and energy balance at the surface are altered as a result of specified land degradation, because these processes can cause simulated climate anomalies.



3. Experimental Design

There are two experiments to explore the impacts of LCC on surface energy budget: one used original SSiB vegetation map [27] that represents the natural vegetation distribution (Figure 1), called Case C, and the other, referred to as Case D, modified the former one according to Xiong et al. [22], which provides spatial information on the rocky desertification at finer patchy scale.

Based on Xiong et al. [22], the statistical results concerning the ratio of areas with different desertification degrees for every county of GKP are displayed in Figure 2a. In the counties with the KRD%_All larger than 45% and the KRD%_Main smaller than 30% in Figure 2a, the SSiB vegetation types in Figure 1 were modified to type 9 (broadleaf shrubs with bare soil) (Figure 2b), and when KRD%_Main larger than 30%, no matter whether KRD%_All larger than 45% or not, all the vegetation types in these counties were changed to type 11 (bare soil), as shown in Figure 2b, altering the prescribed vegetation and soil properties to that consistent with land degradation. For example, when crop was modified to broadleaf shrub with bare soil, the roughness length (m), leaf area index and vegetation cover fraction should be reduced from 0.51 to 0.06, 6.00 to 0.21, and 0.90 to 0.10, respectively. The scenario about the potential land cover conditions was determined based on the field work and the research of Zhou et al. [31], Wang et al. [32] and Ren [33], who studied the land cover change in the process of land degradation in the southwest of China. The changes in land cover types represent the condition that may occur if the current degradation processes continue. Finally, the control experiment (Case C) and the degraded experiment (Case D) were conducted. Ensemble summer (June, July and August, JJA) climate integrations of three years (1998, 2000 and 2004) were used to detect the consequences of the degraded land surface.

Figure 2. Potential LCC based on the spatial pattern of KRD in GKP. (a) The percentage of areas with KRD for counties. KRD%_All: the percentage of total area with potential, light, moderate and severe KRD, KRD%_Main: the percentage same as KRD%_All but excluding potential KRD; (b) SSiB vegetation map for GKP and vegetation cover conversion. Vegetation cover classifications are same as Figure 1. Veg6to9: SSiB Type 6 changed to Type 9; Veg7to9: SSiB Type 7 changed to Type 9; Veg12to9: SSiB Type 12 changed to Type 9; Veg6to11: SSiB Type 6 changed to Type 11; Veg7to11: SSiB Type 7 changed to Type 11; Veg12to11: SSiB Type 12 changed to Type 11.
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The WRF model domain, centered at 35° N and 110° E with dimensions of 196 × 154 horizontal grid points with spacing of 30 km (Figure 1), covers the areas of the upper level westerly jet (ULJ) and low-level jet (LLJ), the Tibetan Plateau (TP), the moisture sources from the South China Sea, the Bay of Bengal and the southeast trade wind, all of which are important for the development of East Asian summer monsoon [34]. Based on the comparisons of WRF/SSiB simulations between different physical parameterization schemes, the Yonsei University planetary boundary layer (YSUPBL) scheme, the CAM longwave and shortwave radiation scheme, the WRF single-moment 3-class (WSM3) microphysics scheme, the Kain-Fritsch cumulus scheme, and the SSiB land surface model were chosen as the main physical packages for this study. For example, WRF/SSiB model with WSM 3 microphysics scheme created larger R, smaller bias and RMSE for precipitation than Kessler, Ferrier, Purdue Lin and WSM 5 microphysics schemes (Table 1). Based on the comparison of R, bias and RMSE of precipitation and temperature between different radiation schemes, it can be found that the simulations of precipitation and temperature were more reasonable from the CAM longwave and shortwave radiation schemes than that from RRTMG, RRTM and MM5 schemes (Table 1). The initial conditions (for atmosphere, SSiB soil moisture and soil temperature), lateral boundary conditions, ocean surface boundary conditions (sea surface temperature (SST) and sea ice), and initial snow depth for the WRF are given by the NCEP DOE Reanalysis-2 [35], hereafter NCEP R-2, at 6-h intervals. SST and sea ice were reinitialized from NCEP R-2 at the beginning of each successive 6-h simulation.


Table 1. Descriptive statistics of precipitation and temperature from WRF/SSiB with different microphysics and radiation schemes for June 2000 over 18°–52° N, 86°–136° E.



	
Cases

	
Microphysics

	
Long-wave radiation

	
Short-wave radiation

	
Factors

	
R

	
Bias

	
RMSE






	
1

	
WSM 3

	
RRTM

	
MM5(Dudhia)

	
Precipitation

	
0.70

	
1.68

	
4.07




	
Temperature

	
0.89

	
−3.48

	
4.65




	
2

	
Kessler

	
RRTM

	
MM5(Dudhia)

	
Precipitation

	
0.37

	
−1.02

	
5.50




	
3

	
Purdue Lin

	
RRTM

	
MM5(Dudhia)

	
Precipitation

	
0.65

	
2.64

	
6.28




	
4

	
WSM5

	
RRTM

	
MM5(Dudhia)

	
Precipitation

	
0.67

	
2.84

	
6.58




	
5

	
Ferrier

	
RRTM

	
MM5(Dudhia)

	
Precipitation

	
0.66

	
2.81

	
6.30




	
6

	
WSM 3

	
CAM

	
CAM

	
Precipitation

	
0.65

	
1.91

	
4.33




	
Temperature

	
0.88

	
−2.97

	
4.08




	
7

	
WSM 3

	
RRTMG

	
RRTMG

	
Precipitation

	
0.67

	
3.04

	
5.41




	
Temperature

	
0.89

	
−2.24

	
3.65






R: Correlation coefficient; RMSE: Root Mean Square Error.






4. Results and Discussion

Dynamic downscaling of the monsoonal climate for East Asia is a challenging task [34]. Generally, it is recognized that the final quality of the results from RCMs depends in part on the reality of the large-scale forcing provided by reanalyses. Thus, to realistically assess LCC impact, it is important to evaluate RCM's ability to simulate the climatic features at regional scales. In this study, WRF/SSiB outputs of precipitation, temperature and atmospheric variables from ensemble Case C over 18°–52° N, 86°–136° E were used for model evaluation. The Asian Precipitation-Highly-Resolved Observational Data Integration towards Evaluation of the Water Resource [36], called APHROD, and Global Telecommunication System (GTS) were employed as the observation datasets for precipitation and temperature, respectively. In addition, the Japanese 25-year Reanalysis (JRA-25) [37] was applied to analyze the simulation performance for circulation and other atmospheric variables.

Both WRF/SSiB and NCEP R-2 simulated the macro-spatial pattern of precipitation (not shown) and the most rainfall occurring in the south of China, especially in the south of Yangtze River. The rainfall belt and the center of maximum rainfall shown in observation were clearer in WRF/SSiB simulation than that in NCEP R-2, however, WRF/SSiB still produced more rainfall than observation (Table 2). Although the simulated surface temperature from WRF/SSiB was not improved over NCEP R-2 (Table 2), WRF/SSiB also presented spatial information for temperature in more details. Compared with NCEP R-2, WRF/SSiB cannot improve the simulation of atmospheric structure in the upper and middle troposphere (Table 2), which is consistent with several previous studies [28,34]. However, it indicated the improved simulation of water vapor flux at 700 hpa (Table 2), which is a crucial factor affecting the convective activity in East Asian summer monsoon, and thus led to the better simulation of JJA precipitation in East Asia.


Table 2. Comparison between WRF/SSiB simulations and NCEP R-2 for ensemble mean JJA daily precipitation, temperature and atmospheric variables over 18°–52° N, 86°–136° E.



	
Variables

	
Models

	
R

	
Bias

	
RMSE






	
Temperature

	
WRF/SSiB

	
0.85

	
−2.29

	
4.21




	
NCEP R-2

	
0.86

	
−1.93

	
3.62




	
Precipitation

	
WRF/SSiB

	
0.78

	
1.57

	
3.16




	
NCEP R-2

	
0.60

	
1.95

	
4.22




	
U200

	
WRF/SSiB

	
0.92

	
−0.01

	
0.97




	
NCEP R-2

	
0.99

	
0.04

	
0.31




	
H500

	
WRF/SSiB

	
0.86

	
0.76

	
5.81




	
NCEP R-2

	
0.97

	
0.48

	
2.69




	
VQ700

	
WRF/SSiB

	
0.70

	
−1.37

	
7.49




	
NCEP R-2

	
0.65

	
2.89

	
11.38






U200: Zonal wind with zonal mean removed at 200 hpa (m/s); H500: Geopotential height with zonal mean removed at 500 hpa (gpm); VQ700: Water vapor flux at 700 hpa (g kg−1 m s−1); R: Correlation coefficient; RMSE: Root Mean Square Error.




Table 3 shows the regional average of energy-balance components for degradation and control experiments and the differences between them over 24.5°–29° N, and 103.5°–109.5° E. As shown in Figure 3, the substantial changes of five components occurred in GKP.

Figure 3. Ensemble mean differences in JJA (a) surface albedo; (b) net shortwave radiation; (c) net longwave radiation; (d) net radiation; (e) sensible heat flux; and (f) latent heat flux (W/m2) between Case D and Case C.
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Table 3. Simulated ensemble JJA mean of energy-balance components for degradation and control experiments and the differences between them over 24.5°–29° N, 103.5°–109.5° E.


	Parameters
	Degradation
	Control
	Degradation-Control





	Albedo
	0.224
	0.175
	0.049



	Rn
	124.265
	137.186
	−12.921



	Rs
	202.471
	210.216
	−7.745



	Rl
	−78.206
	−73.030
	−5.176



	LH
	97.508
	116.251
	−18.743



	LHI
	12.643
	19.818
	−7.175



	LHT
	36.997
	59.196
	−22.199



	LHG
	47.868
	37.236
	10.632



	SH
	27.281
	21.468
	5.813



	SHC
	11.398
	13.922
	−2.524



	SHG
	15.883
	7.546
	8.337



	GHF
	−0.524
	−0.534
	0.010





Rn: Net Radiation; Rl: Net Longwave Radiation; Rs: Net Shortwave Radiation; LH: Latent Heat Flux; SH: Sensible Heat Flux; LHI: Latent Heat Flux from Interception; LHT: Latent Heat Flux from Transpiration; LHG: Latent Heat Flux from Ground Soil; SHC: Sensible Heat Flux from Canopy; SHG: Sensible Heat Flux from Ground; GHF: Ground Heat Flux; Unit: W m−2.




Due to the higher albedo in the degraded area (Figure 3a, Table 3), more shortwave radiation is reflected from the surface (Figure 3b, Table 3), although the reduced cloudiness in the drier atmosphere (not shown) partially compensates for this loss by increasing downward shortwave radiation. The impact of surface albedo on the reflected shortwave radiation from the surface further influences the surface energy balance and the surface skin temperature, which is used to drive the upward longwave radiation from the surface. The net longwave radiation at the surface is reduced (Figure 3c) from −73.030 to −78.206 W m−2 (Table 3), mainly because the higher surface temperature in degradation experiment (Table 4) increases the outgoing longwave radiation. Meanwhile, the less cloud cover and water vapor in the degradation simulations lower the incoming longwave radiation at the surface. The reduction in the net shortwave and longwave radiation in Case D certainly results in the decrease in net radiation at the land surface (about 12.921 W m−2) (Figure 3d, Table 3).

Table 4. Simulated ensemble JJA mean of atmospheric variables for degradation and control experiments and the differences between them over 24.5°–29° N, 103.5°–109.5° E.


	Parameters
	Degradation
	Control
	Degradation-Control





	PPT
	5.992
	6.626
	−0.634



	TEM
	22.690
	21.962
	0.728



	SMOIS
	0.670
	0.930
	−0.260



	TEM_AVE
	−6.257
	−6.221
	−0.036



	VW_AVE
	0.364
	0.395
	−0.031



	HD_AVE
	−0.395
	−0.439
	0.044



	VIMFC
	0.433
	0.463
	−0.030





PPT: Daily Precipitation (mm/day); TEM: Surface Temperature (°C); SMOIS: Total Soil Moisture Contents (m); TEM_AVE: Average Atmospheric Temperature from 850 hpa to 200 hpa (°C); VW_AVE: Average Vertical Wind from 850 hpa to 200 hpa (10−4 m s−1); HD_AVE: Average Horizontal Divergence from 850 hpa to 200 hpa (10−6 s−1); VIMFC: Vertically Integrated Moisture Flux Convergence from 1000 hpa to 200 hpa (mm/day).




The warmer surface in Case D also induces more sensible heat flux (about 5.813 W m−2) (Figure 3e, Table 3), which is different from the research of Xue and Shukla [38], but similar to Li et al. [39]. Xue and Shukla [38] concluded that the surface sensible heat flux was reduced when the shortwave radiation absorbed by the ground was reduced by a large. In Li et al. [39], surface sensible heat flux decreased around the Yellow River basin in response to the more vegetation cover and the lower surface temperature. However, in this study, the increase in sensible heat flux is less than the reduction in surface latent heat flux (Figure 3, Table 3). Due to the higher surface albedo and stomatal resistance, the lower LAI, roughness length and soil hydraulic conductivity in the degradation simulations, latent heat flux is reduced substantially from 116.251 to 97.508 W m−2 over the tested area (Figure 3f, Table 3). This reduction is similar to that found in Amazon deforestation experiments [40], Sahel desertification experiments [38], and Mongolian desertification experiments [41]. The decrease in evaporation is partially because of the reduced net radiation, but more importantly is contributed by changes in vegetation and soil properties. Actually, the above-mentioned higher temperature occurred mainly because of the reduced evaporative cooling. It is clear that, among all the components, changes in latent heat flux produced the most important impact on the regional energy balance.

As shown in Figure 4, the decrease in latent heat flux from canopy transpiration (LHT) (Figure 4b) makes larger contribution to the reduced latent heat flux than that from canopy interception (LHI) (Figure 4a). Latent heat flux from ground soil (LHG, Figure 4c) increases, accompanied with the reduced total soil moisture contents from 0.93 to 0.67 m (Table 4). After land degradation, the mean areal LHT, LHI and LHG change from 59.196 to 36.997 W m−2, from 19.818 to 12.643 W m−2, and from 37.236 to 47.868 W m−2 (Table 3), respectively. The sensible heat flux from ground (SHG) increases substantially (Figure 4e), when KRD occurred, with the regional mean changing from 7.546 to 15.883 W m−2 (Table 3), while sensible heat flux from canopy (SHC) decreases (Figure 4d) from 13.922 to 11.398 W m−2 (Table 3). Both Figure 4f and Table 3 indicate that KRD leads to the reduced ground heat flux (GHF), but the difference is much smaller than other components. Additionally, Figure 5 shows that the differences in net radiation, latent heat flux and sensible heat flux peak around noon, and the same conclusion can be drawn for other energy-balance components.

Figure 4. Ensemble mean differences in JJA (a) latent heat flux from interception; (b) latent heat flux from canopy transpiration; (c) latent heat flux from ground soil; (d) sensible heat flux from canopy; (e) sensible heat flux from ground and (f) ground heat flux (W/m2) between Case D and Case C.
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Figure 5. Simulated differences in net radiation, latent heat flux and sensible heat flux (all in W/m2) at 6-h intervals for June 2000 (UTC) between Case D and Case C.
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By and large, the above analysis shows that land degradation in GKP, and in particular vegetation degradation, modified the water and energy balance as well as the partitioning of available energy over sensible and latent heat fluxes. Moreover, after KRD, less moisture is transferred to the atmosphere through the boundary layer, owing to the significant reduction in evaporation. Table 4 shows that this results in lower atmospheric temperature because of less convective latent and atmospheric diabatic heating rates. Generally, less atmospheric heating is associated with relative subsidence (Table 4) and more horizontal divergence (i.e., less moisture flux convergence), which further caused the reduced VIMFC and rainfall (Figure 6a, Table 4).

Figure 6. Ensemble mean differences in JJA (a) daily precipitation (mm); (b) surface temperature (°C) between Case D and Case C.
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5. Conclusions

The changing land use/cover pattern is considered one of the driving forces of climate change by its feedback to the climate system. This study indicated that the effects of KRD over the GKP (i.e., serious soil erosion, extensive exposure of basement rocks, drastic decrease in soil productivity and appearance of desert-like landscape) can significantly influence the regional climate by modifying the energy budget at the land surface. After land degradation, both net shortwave and longwave radiation were reduced. The increased surface albedo due to KRD led to the increase in reflected shortwave radiation and the decrease in net shortwave radiation. The higher surface temperature (Figure 6b) not only drove more upward longwave radiation and reduced the net longwave radiation, but also induced more sensible heat flux, where the substantial increase in sensible heat flux from the ground offset the decrease from the canopy. The reduced latent heat flux in KRD areas with higher stomatal resistance and lower LAI was mainly resulted from the decrease in latent heat flux from canopy transpiration.

Furthermore, less atmospheric heating from degraded land caused relative subsidence and less moisture flux convergence (MFC), however, the reduced MFC made much smaller contribution to the decrease in rainfall than the reduced evaporation. When precipitation is affected, a feedback loop was activated through soil moisture, vegetation growth and phenology.
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