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Abstract:



Land use and land cover (LULC) in the Beijing–Tianjin–Hebei region has changed significantly since 1990. To comprehensively understand its impact on meteorology, this paper uses an LULC transfer matrix to discuss changes 10 years before the millennium (BM) and 10 years after the millennium (AM). The Weather Research and Forecasting (WRF) model is used to simulate air temperature, precipitation, and wind speed in January and July using 1990, 2000, and 2010 LULC data. The temperature increase in the AM period (0.118 °C) was greater than that in the BM period (0.042 °C) and increased by 0.36 °C in response to the transformation from croplands to urban and built-up lands (UBL). The change in precipitation showed an obvious seasonal difference, where the trend decreased in winter and increased in summer. There was a small band of precipitation change that extended from Beijing to Shijiazhuang. The wind speed at 10 m decreased by 0.04 m/s in winter and 0.017 m/s in summer. Simultaneously, the impact on meteorology from different classification transformations was quantified. The region where land was transformed into UBL had the largest reduction in wind speed, and was later transformed into woodlands. A comprehensive discussion on the impact of LULC changes on climate should support the future development of more environmentally compatible and sustainable land planning.
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1. Introduction


Land use and land cover (LULC) not only reflects human activity, it but also impacts climate [1,2,3,4]. LULC alters a significant part of Earth’s surface. It is estimated that over 45% of the Earth’s surface is affected by artificial changes in LULC from its natural state [5]. With the major change in climate, many researchers have extensively explored this issue. The fifth report of the Intergovernmental Panel on Climate Change (IPCC) also notes that since the industrial revolution, urban expansion has become one of the main causes of global warming, while sea level rise and frequent extreme weather events have a certain relationship with forest and grassland degradation [6], which influenced people’s lives [7]. In recent decades, LULC has undergone substantial changes in China during its shift from an agricultural to an industrialized country, which was accompanied by the process of urbanization [8,9]. This is especially true in the Beijing–Tianjin–Hebei (BTH) region, which is one of the largest city agglomerations in China. The BTH has already attracted considerable focus regarding this issue [10,11], and the establishment of a new area of development (i.e., the Xiong’an New Area) in April 2017 makes studies regarding the impact of LULC on climate in this area significant.



There are many studies on the change in LULC in this region and its impact on climate change. However, given rapid urbanization in the BTH region, scholars have focused their research on specific cities [12,13,14]. There are many articles on the study of the urban heat island (UHI) effect caused by the transition from natural land to urban land; for example, Wang and Yan [15] noted that one impact from the urbanization of cropland is a rise of 1–2 °C in annual surface temperature. Wind speed and the water vapor mixing ratio (annual averages) have both declined in the north BTH region. Moving beyond the UHI, Wang and Feng [16] simulated precipitation in one non-urbanized and two urbanized scenarios in the BTH region and found that rainfall is sensitive to urban land. This has led to an initial increase in precipitation in the region downwind of Beijing City. However, when the city has become large enough, the expansion of water-impervious urban surfaces will decrease humidity and offset the increase in rainfall.



In terms of methods, three methods are widely used to analyze the effect of LULC changes on meteorology. The first method is based on meteorological station data and uses statistical methods for analysis. It is realistic and reliable that statistical data records meteorological changes directly [17,18]; therefore, statistical data are typically used to verify results produced from other methods. Therefore, statistical data is used to validate simulation results in this study. However, the statistical method is restricted by the station density and station locations, which make data non-continuous. The second method is based directly on remote sensing data because the infrared band (and other bands) can record surface data, which are then subjected to inversion to provide surface temperature data and other information [19]. This method of remote sensing inversion develops rapidly with the abundance of remote sensing data, but the data are greatly influenced by changes in the environment (e.g., human activities). The third method utilizes numerical simulation with models that are able to simulate different physical factors affecting the climate to obtain meteorological values that are similar to the real value [20,21]. Although there are problems, such as values in a grid that are the same as those from remote sensing inversion and biases from parameterization scheme selections, most of the parameterizations can be set appropriately to simulate results that are close to reality. The experiment variables can be controlled to exclude irrelevant interference. To accurately obtain the impacts of LULC changes on climate and avoid the effects of anthropogenic and environmental changes on the experiment, the numerical simulation method is used in this study.



The expansion of urban construction land in the study area leads to regional meteorology changes, as mentioned before. In addition, LULC changes involve not only urban expansion, but also transformations from natural LULC in recent decades [22,23], which also impact the climate in the study area. For this paper, changes in LULC were explored comprehensively using an LULC transfer matrix for the BTH region. This study focuses on two decades (from 1990 to 2000 and from 2000 to 2010), when the BTH region developed from hypotheticals to reality. LULC data for 1990, 2000, and 2010 were provided as underlying data for simulations, which were coordinated with atmospheric conditions to reveal changes in LULC and their impacts on climate. This study provides an evaluation of the impact of LULC changes on climate in the BTH region and provides a scientific reference for the sustainable use of land resources. This is expected to contribute to better planning in the BTH region in the future.




2. Study Area and Materials


2.1. Study Area


BTH is the most economically dynamic region in northern China [12]. According to the data from National Bureau of the People’s Republic of China, the permanent resident population in the Beijing, Tianjin, Hebei region increased by 23 million in 1990–2010 [24,25] and more than 100 million people lived in this region. In addition, a study noted the pressure of population growth on the environment during 1990–2010. Sun, Sun [26] pointed out that Beijing–Tianjin–Hebei fell in one of the largest environmental pressure classifications due to population growth. As one of the fastest growing urban agglomerations in China, BTH has been subjected to a very rapid urbanization process since the 1990s. Beijing, Tianjin and Shijiazhuang (the capital city of the Hebei Province) expanded from 801 km2, 795 km2, 682 km2 to 2452 km2, 3343 km2 and 1699 km2, respectively, since 30 years ago, which also led a significant LULC change [27]. BTH is located in northern China (36°05′ to 42°40′ N and 113°27′ to 119°50′ E), as shown in Figure 1a. Figure 1b shows the topography of this area; in the west and the north, there are mountains, and in the southeast, there are plains, basin, and plateau terrain features. This region has an area of 215,249 km2 and contains 13 cities, including the capital of China (Beijing, BJ), as well as other cities such as Tianjin (TJ), Shijiazhuang (SJZ), Baoding (BD), Cangzhou (CZ), Chengde (CD), Handan (HD), Langfang (LF), Hengshui (HS), Qinghuangdao (QHD), Tangshan (TS), Xingtai (XT), and Zhangjiakou (ZJK). The climate types in this area include temperate monsoon and semi-humid/semi-arid continental monsoon regions. This region is characterized by cold and dry (i.e., rain and snow scarce) features in winter, but hot and rainy features in summer, when the majority of rainfall occurs.


Figure 1. Spatial information of the study area. (a) The location of the study area in China and domain 1 (d01), domain 2 (d02) and domain 3 (d03) of the Weather Research and Forecasting (WRF) simulation. More detailed information of the land use and land cover data is in the “Section 2.3.1 Land Use and Land Cover Data”; (b) The topography of the study area.
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2.2. Model Description


The Weather Research and Forecasting (WRF) model has been used in many relevant studies in China [28], northern China [29], and even part of the study area [30] with the research WRF (ARW) dynamics solver [31]; it is also been used for simulation in this research. WRF is a next-generation mesoscale numerical weather prediction system with two parts: the WRF preprocessing system (WPS), which is made up of three parts, and the WRF section (details shown in Figure 2). The part of Geogrid program was to interpolate LULC data and set the model grids for different domains. Firstly, the land use and land cover data categories (details in Section 2.3.1) was reclassified from the Data Center for Resources and Environmental Sciences, Chinese Academy of Sciences (RESDC) classification to U.S. Geological Survey (USGS) classification, which could be recognized by the model, as Table 1 shown. Using the Geogrid program, the preprocessed land use and land cover data were interpolated in each domain by the nearest neighbor method. On the other hand, Ungrib program extracted meteorological fields form GRIB-formatted files (details in Section 2.3.2). The meteorological fields extracted by Ungrib were horizontally interpolated to the model grids with surface data processed by Geogrid, which was accomplished in Metgrid program. The replaced land use data would impact the Noah land surface scheme that would adjust the parameters of the vaporization, albedo, vegetation fraction and so on of each grid in each grid in each domain. These parameters acted in the WRF-ARW to simulate the meteorology results affected by underlying surface land use and land cover. The purpose of this research was to find the impact on meteorology by different land use and land cover change, so the land use and land cover data in Geogrid part is the only variable (1990, 2000, 2010 land use and land cover data) in the simulation.


Figure 2. The WRF model framework used in this paper.
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Table 1. Conversion table from the Data Center for Resources and Environmental Sciences at the Chinese Academy of Sciences (RESDC) classification to the U.S. Geology Survey (USGS) classification.







	
USGS

	
USGS CODE

	
RESDC

	
RESDC CODE






	
Urban and built-up land

	
1

	
Urban built-up (UBL)

	
51




	
Rural residential land (UBL)

	
52




	
Other construction land (UBL)

	
53




	
Dry cropland and pasture

	
2

	
Dryland (CPL)

	
12




	
Irrigated cropland and pasture

	
3

	
Paddy land (CPL)

	
11




	
Grassland

	
7

	
Dense grass (GSL)

	
31




	
Moderate grass (GSL)

	
32




	
Sparse grass (GSL)

	
33




	
Shrubland

	
8

	
Shrub (WDL)

	
22




	
Mixed grassland/shrubland

	
9

	
Other woodland (WDL)

	
24




	
Deciduous broadleaf forest

	
11

	
Forest (WDL)

	
21




	
Deciduous needleleaf forest

	
12




	
Evergreen broadleaf forest

	
13




	
Evergreen needleleaf forest

	
14




	
Mixed forest

	
15




	
Water bodies

	
16

	
Streams and rivers (WRT)

	
41




	
Lakes (WRT)

	
42




	
Reservoirs and ponds (WRT)

	
43




	
Oceans (WRT)

	
99




	
Herbaceous wetland

	
17

	
Swampland (UUL)

	
64




	
Barren or sparsely vegetated

	
19

	
Sandy land (UUL)

	
61




	
Gobi (UUL)

	
62




	
Salina (UUL)

	
63




	
Woods (WDL)

	
23




	
Bare soil (UUL)

	
65




	
Bare rock (UUL)

	
66




	
Bare ground tundra

	
23

	
Beaches and shores (WRT)

	
45




	
Bottomland (WRT)

	
46




	
Other unused land (UUL)

	
67




	
Snow or ice

	
24

	
Permanent ice and snow (WRT)

	
44











2.3. Data


2.3.1. Land Use and Land Cover Data


LULC data, as the only variable used in these simulations, were provided by RESDC [32]. LULC data for 1990, 2000, and 2010 were included in the data set. The LULC data based on Landsat TM/ETM remote sensing images generated by visual interpretation were applied in the national land resources survey [33], as well as in hydrological and ecological research [34]. These BTH LULC data sets have a spatial resolution of 1 km × 1 km and are classified as croplands (CPL), woodlands (WDL), grasslands (GSL), waters (WRT), urban and built-up lands (UBL), and unused lands (UUL); a total of 6 first-level types and 25 secondary types were discerned. The data accuracy of 1990, 2000, 2010 were 92.9% [33], 97.6% [35], 91.2% [9] respectively. To ensure the quality and consistency of the interpretation of data, a unified quality check and data integration for each set of data sets were conducted before published by RESDC. The comprehensive evaluation accuracy of the first-level type of land use exceeded 94.3%, and the comprehensive accuracy of the second-level type classification exceeded 91.2% [9]. Because of the different classification standards for RESDC and USGS, the second level land use categories were used to transform the USGS classification. To obtain more accurate WDL reclassification data, we used data on Chinese vegetation zonation from the Data Center for Resources and Environmental Sciences at the Chinese Academy of Sciences (RESDC) [32], which finely divided the current WDL category. Table 1 shows the comparison between the land use data classification and the USGS 24-class classification used in this experiment. Figure 1a shows the 2010 LULC classification maps according to the first-level RESDC classification.




2.3.2. Reanalysis Data


The reanalysis data used in this research are the latest ERA-Interim data from the global atmospheric reanalysis [36] produced by the European Centre for Medium-Range Weather Forecasts (ECMWF) [37]. Initial and boundary conditions are provided in this dataset with intervals of six hours (including 00:00, 06:00, 12:00, and 18:00) for the WRF simulation. The ERA-Interim product is simulated with a single version of the assimilation system, which is not affected by changes in the methods and could be of great value for atmospheric research. Reanalysis data for January and July 2010 are only used in this study to control the global climate-change-affecting experiments, which allows the LULC change to be the only variable. January and July are typical months of winter and summer, respectively, and are used to represent the features in winter and summer, respectively.




2.3.3. Observational Data


The accuracy of the experimental design of the WRF simulation was verified by observational data from the Meteorological Data Center at the China Meteorological Administration [38]. The data were based on a meteorological data construction project (archived 1951–2010 daily data from China National Ground Stations) and were corrected before publication. To ensure that the simulation time was consistent with the validated time, only January and July 2010 observational data in the BTH region were extracted.






3. Methods


The goal of this study was to explore meteorological changes caused by LULC changes in the BTH region. The LULC change in the BTH area was analyzed; first, six cases were designed to simulate the climate status using the WRF model. Model analysis and geographic information system (GIS) analysis methods were both applied in this study.



3.1. LULC Transfer Matrix Analysis


To determine the rate of LULC change in BTH, an LULC transfer matrix was used to analyze the land-use transformations in 1990–2000 and 2000–2010 using the data mentioned in Section 2.3.1. The LULC change matrix reflects the dynamic change information on the mutual transformation of a specific region at the beginning and the end of a certain period. It not only includes static area information of a land type at a particular time in the region, but it also contains information on the types of land changes to other LULC types or the transformation of original LULC types to new LULC types. The formula for the land use transfer matrix can be expressed as:
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(1)







Here, S represents the area, n refers to the number of LULC types transferred, and i and j refer to the type of LULC types at the beginning and at the end of the study period, respectively. The first row indicates the area of the first type transformed to all other types, including itself, and the other rows have the same meaning for their specific types. The first column indicates the area of all the other types, including the first type that is transformed into the first type, and the other columns indicates the same for their specific types. The terms on the diagonal in the matrix indicate a static value that does not change. The classification criteria included only six classes of the RESDC first-level classification. This is because the use of too many categories is not conducive for an analysis of the experimental results. To facilitate the analysis and highlight the experimental results, the LULC transfer matrix and other sections in this paper were based on the first-level classification of the RESDC.




3.2. WRF Simulation Scheme


All experiments for this study were simulated using WRF3.6.1 (ARW) with three domains in the Lambert projection. The outermost domain resolution was 27 km with 45 × 50 grids, and the outer domain was 9 km with 91 × 109 grids. The innermost domain was 3 km with 199 × 262 grids. Only the simulation output of the innermost domain was analyzed. The ERA-Interim reanalysis data were used for the initial and boundary conditions (as mentioned in Section 2.3.2). The WRF has a wide variety of available physical parameterizations. Furthermore, the selection of the parameterization scheme directly affected the simulation results of the WRF model. Jin, Miller [39] compared the effects of four land surface parameterization schemes on temperature and precipitation simulations and noted that the Noah land parameterization was more accurate for winter temperature simulations in China. Moreover, Jianjun, Ye [40] used the Noah land surface model to simulate conditions in China and achieved reliable results. The Yonsei University counter-gradient boundary layer turbulence transfer scheme was found to be better than other schemes [41]; therefore, it was used to estimate the effects of cropland expansion in eastern China [42]. Based on previous studies, the physical parameterizations we used are shown in Table 2.



Table 2. WRF model physics and dynamic options.







	
Options

	
Schemes

	
Parameter Value






	
Microphysics

	
WSM6 (WRF Single-Moment 6-class) [43]

	
6




	
Longwave radiation

	
RRTM scheme [44]

	
1




	
Shortwave radiation

	
Dudhia scheme [45]

	
1




	
Surface-layer option

	
Revised MM5 Monin-Obukhov scheme [46]

	
1




	
Land-surface option

	
Noah land surface model [47]

	
2




	
Boundary-layer option

	
YSU scheme [48]

	
1




	
Cumulus option

	
Kain-Fritsch scheme [49]

	
1










The LULC raster data for 1990, 2000, and 2010 were converted into the USGS categories from the RESDC classification, and the conversion rules are shown in Table 1. The outdated geogrid data in the WRF were replaced by the processed LULC data, which was used as the underlying basis for the simulation. Due to the cost of calculation, the simulation time was restricted to 1–31 January and 1–31 July 2010 to represent winter and summer, respectively, with LULC data from each year (i.e., 1990, 2000, 2010). There were six experimental cases in this study (JAN1990, JAN2000, JAN2010, JUL1990, JUL2000, and JUL2010). The years 1990, 2000, and 2010 refer to the different LULC data sets. The first day of each experiment was spun-up. To avoid typically inaccurate results at the beginning of the simulation, the first-day results were not used in the analysis. Thus, the remaining 30 days that were output provided the experimental data. The only variable factor was the change in LULC, and the remaining parameters were kept the same to clearly explore the impact of LULC change on climate.





4. Results


4.1. LULC Change from 1990 to 2010


The changes from 1990 to 2010 were divided into two phases for comparison: before the new millennium (1990–2000; BM) and after the new millennium (2000–2010; AM). The LULC transfer matrix for the periods 1990 to 2000 and 2000 to 2010 was calculated and is presented in Table 3 and Table 4. Overall, the LULC changes in the AM period were significantly greater than those in the BM period; this is in line with China’s history of economic development.



Table 3. Land use and land cover (LULC) transfer matrix from 1990 to 2000 (km2).







	

	
2000




	
CPL

	
WDL

	
GSL

	
WTR

	
UBL

	
UUL

	
Total






	
1990

	
CPL

	
121,173

	
281

	
202

	
319

	
2501

	
92

	
124,567




	
WDL

	
157

	
45,524

	
159

	
16

	
34

	
2

	
45,893




	
GSL

	
368

	
221

	
33,726

	
49

	
121

	
7

	
34,491




	
WRT

	
153

	
17

	
17

	
3354

	
54

	
6

	
3601




	
UBL

	
123

	
6

	
2

	
17

	
4659

	
2

	
4809




	
UUL

	
171

	
1

	
9

	
6

	
79

	
1622

	
1888




	
Total

	
122,144

	
46,049

	
34,115

	
3762

	
7448

	
1731

	
215,249










Table 4. LULC transfer matrix from 2000 to 2010 (km2).







	

	
2010




	
CPL

	
WDL

	
GSL

	
WTR

	
UBL

	
UUL

	
Total






	
2000

	
CPL

	
114,269

	
1489

	
1200

	
639

	
4442

	
105

	
122,144




	
WDL

	
854

	
43,690

	
1249

	
31

	
187

	
39

	
46,049




	
GSL

	
2532

	
4913

	
26,166

	
160

	
222

	
122

	
34,115




	
WRT

	
622

	
87

	
52

	
2490

	
475

	
35

	
3762




	
UBL

	
1067

	
41

	
12

	
208

	
6113

	
8

	
7448




	
UUL

	
604

	
17

	
70

	
54

	
63

	
922

	
1731




	
Total

	
119,948

	
50,237

	
28,749

	
3582

	
11,501

	
1231

	
215,249










Cropland (CPL) was the most important LULC type in BTH, as it occupied more than 50% of the whole study area (during this study). It was mainly distributed in the southeastern and northwestern regions of the study area, which encompasses the North China Plain. During these 20 years, croplands decreased by 4619 km2. In 1990–2000, the transformation of cropland to urban and built-up land (UBL) had the most significant change, reaching 2501 km2 and accounting for 76.67% of the cropland change and 48.18% of all land-type transformations. In 2000–2010, the cropland area also decreased by 2196 km2, where the area transformation from croplands to built-up land was the main type of loss (up to 4442 km2).



Woodlands (WDL) were mainly distributed along the western and northern mountains of BTH, and its area was only slightly less than that of croplands. The area of built-up land increased by 4344 km2, which was mainly due to the transformation from grasslands (GSL). The main period of transformation was in 2000-2010, when 4913 km2 of grasslands were transformed into woodlands, meanwhile, 1259 km2 woodland transformed to grassland.



Urban and built-up land was the land-use type that grew the most over the past 20 years; the growth rate increased significantly from 2639 km2 in 1990–2000 to 4054 km2 in 2000–2010, i.e., a growth rate of 53.62%. In 1990–2000, Beijing’s urban expansion caused the main growth area for built-up land, and there were decentralized areas of growth in southeastern Hebei. In 2000–2010, Beijing’s urban areas continued to expand, as shown in Figure 3b, with the exception of the western mountains. In addition, there was a significant expansion of urban lands in Tianjin, especially southeast of the Binhai New Area. New urban areas in Hebei were mainly due to the expansion of the old city, but the intensity of growth, relative to that in Beijing and Tianjin, was relatively small.


Figure 3. Major LULC changes from 1990 to 2000 (a) and from 2000 to 2010 (b). Woodland (WDL)->Cropland (CPL) refers to the transformation from woodland to cropland, Water (WTR)->CPL refers to the transformation from water bodies to woodland, Built-up and urban land (UBL)->CPL refers to the transformation from urban and built-up land to cropland, Unused land (UUL)->CPL refers to the transformation from unused-land to cropland, CPL->WDL refers to the transformation from cropland to woodland, Grassland (GSL)->WDL refers to the transformation from grassland to woodland, WDL->GSL refers to the transformation from woodland to grassland, CPL->UBL refers to the transformation from cropland to urban and built-up land, and GSL->UBL refers to the transformation from grassland to urban and built-up land.
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The reduction in grassland was also one of the major changes in this region. Grassland was mainly distributed in the west and the north; therefore, the reduction of grassland mainly occurred in these areas. In the 10 years during 2000–2010, grasslands were reduced by 5366 km2, which was the largest change out of all the LULC transformations. For this region, water (WTR) and unused land (UUL) were two types that experienced almost no transformations. Areas of WTR in the region maintained a basic balance over the entire 20 years. UUL was gradually being used and was mainly transformed into CPL, which accounted for 72.09% of its change (reduction) over 20 years.




4.2. Validation of the WRF Simulation


Comparing with 27 stations’ data in this area, the experiments simulated 2 m air temperature accurately in winter and summer (shown in Figure 4a,b). Most daily average biases were less than 1 °C, but large deviations did occur occasionally, especially in the middle of January. Overall, the simulation results in July were more precise than those in January. The monthly average error in January was 1.138 °C, but in July it was 0.737 °C. This is because the temperature changed significantly in winter, and it is difficult to sensitively simulate all dramatic changes. The correlation coefficient (CC) between the simulated and observed results was 0.89 in January and 0.85 in July, which indicated that the simulated values were closely correlated with the observed values. Similar experiments with a 1 km resolution (Wang, Feng [29]) simulated the meteorology conditions of three urban agglomerations in China for 36 months, including Beijing-Tianjin-Hebei, which resulted in a temperature bias of approximately 2 °C. The temperature and the wind speed were simulated for part of the Beijing-Tianjin-Hebei area, and the 1.5 °C root mean square error (RMSE) for July appeared in Wang, Huang [12]; however, the RMSE in this research was 1.043 °C in January and 1.313 °C in July.


Figure 4. Comparisons of observed and simulated results in January and July, daily. Comparisons in temperature between January (a) and July (b); (c,d) are the same as (a,b), but for precipitation; (e,f) show wind speed.
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Figure 4c,d show the comparison results for daily precipitation in January and July, individually. Although there was a large bias in the observed and simulated results, the trend for change was captured in the simulation. The CC of the observational and simulated daily precipitation in January was 0.76 and 0.8 in July, which meant that the simulation reflected various features well. In terms of the bias, the results from the observed values were higher than those from the simulation, which also appeared in Wang, Feng [16], who also noted why it was difficult to accurately simulate rainfall. This study focused on the difference in underlying surface changes affecting regional meteorology, and some model systematic errors can ultimately be offset by subtraction.



In Figure 4e–f, 10 m wind-speed comparisons (observed and simulated) are provided. As shown in this figure, the model simulated surface wind speed variations daily well. The magnitude was slightly greater than the observed values because the height parameters for the LULC types in this model were lower than in reality, which caused the resistance of the wind to be reduced in the simulation [12]. The CC between the observed and simulated results in January was 0.58 (0.38 in July), which was similar to some results from previous studies.



In general, experiments could well simulate the climate in the study area from temperature, precipitation and near-surface wind speed in winter and summer.




4.3. Impacts of LULC on Air Temperature


Air temperature, which is a result of radiation and atmospheric interaction, is one of the most intuitive and most easily perceived meteorological elements. To explore changes in the spatial distribution of temperature, we present Figure 5. Figure 5a,b show the January mean temperature differences between 1990–2000 and 2000–2010, respectively. Figure 5c,d show the same as Figure 5a,b, but for July. The average temperature in 1990–2000 increased by 0.059 °C in January (BM-JAN) and by 0.025 °C in July (BM-JUL). In 2000–2010, the temperature rose by 0.085 °C in January (AM-JAN) and by 0.151 °C in July (AM-JUL). These results are similar to those of Cui, Liu [50] for the Beijing-Tianjin-Tangshan area. They found that a majority of their study area increased by 0.05 °C in January and by 0.15 °C in July from 1980 to 2008. Generally, the figure shows that the LULC impacts on the 2000–2010 temperature change were obviously greater than in 1990–2000, which is consistent with the extent of the LULC change. The change in northwest part of the BTH region may be affected by changes outside the study area, and resulted in the temperature rise in Zhangjiakou (ZJK).


Figure 5. Air temperature differences in January before the millennium (BM) and after the millennium (AM), shown in (a,b), respectively; and for July BM and AM, shown in (c,d), respectively.



[image: Sustainability 10 00176 g005]






To explore the impact of different LULC changes on temperature, we conducted a statistical analysis on the changing grid, and the statistical results are shown in Figure 6a. It can be seen that the BTH area has been getting warmer over the past two decades, which is the same result we attained from Figure 5. The most obvious areas with increased temperature were those that experienced a transformation to built-up land. The area of cropland that was transformed to built-up land in BM-JUL, and the area of grassland that was transformed to built-up land in BM-JAN, were linked to temperature increases of 0.822 °C and 0.558 °C, respectively. These increases were obviously higher than the average increase in temperature for the entire region. The transformation of water bodies into croplands was also linked to a temperature increase, which is because the heat capacity of water is much greater than that of croplands. However, the change (temperature increase) from built-up land to croplands was the same as that from croplands to built-up land in July; this was probably because those transformations were mostly dispersed and adjacent to the built-up land expansion area (as shown in Figure 3), where the main form of LULC variations in the region were significant temperature increases in summer that also affected surrounding areas. Because a majority of the urban expansion occupied the surrounding croplands, the two types of LULC were usually adjacent to each other, which led to interactions between them. To reduce this effect, future research will change the LULC transformations in an ideal environment for each experiment to explore the impacts on climate change.


Figure 6. Change in air temperature due to different LULC changes in the BM period and the AM period, as shown in (a); changes in precipitation are shown in (b); and 10 m-high wind speed changes are shown in (c).
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Regarding seasonal changes, the range of winter variations was obviously smaller than that of summer variations. This is because in winter, the total amount of radiation received on the surface was less than that in summer, resulting in a corresponding reduction in the amount of change. On the other hand, compared with 1990–2000, the range of variations in 2000–2010 increased significantly. This was related to the intensity of the LULC change after the year 2000. According to the analysis on the correlation between the change in temperature and the change in LULC, the correlation coefficient in 1990–2000 was 0.23, and the correlation coefficient in 2000–2010 was 0.50. This suggests that the LULC change had impacts on air temperature, and the degree of the impacts increased.




4.4. Changes in Precipitation


The BTH area was obviously affected by the East Asian monsoon, as it shows a seasonal pattern of heavy rainfall in summer and scarce precipitation in winter. Based on varying characteristics, precipitation in January and July was analyzed individually, and the results are shown in Figure 7. Because summer precipitation was adequate, the magnitude of the change in summer was relatively obvious. At the same time, changes in precipitation also showed seasonal differences. Over the two decades, LULC changes resulted in an increase in precipitation in summer and a decrease in winter. BM-JAN and AM-JAN showed reductions in average daily precipitation of 0.035 and 0.043 mm, respectively; BM-JULY and AM-JULY showed increases of 1.38 and 0.388 mm, respectively, in the study area.


Figure 7. Precipitation differences for the January BM period and the AM period, shown in (a,b), respectively; and for the July BM period and the AM period, shown in (c,d), respectively.
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Based on the spatial distribution, an interesting phenomenon was observed: the Beijing, Baoding and Shijiazhuang areas connected to a band where few precipitation changes occurred. This band extended from the southwest to the northeast, which coincided with a trend in the mountains of North China. These areas near the mountains may block the water cycle and cause the region to be precipitation scarce (proven in Figure 9). We also found that the region of change in precipitation is large, not confined to a small pixel area of land use change, but a region around it.



Therefore, LULC changes caused by precipitation are different, which is shown in Figure 6b by the percentages of the simulation results (i.e., the change rates for 1990–2000 based on 1990 precipitation and for 2000–2010 based on 2000 precipitation). This suggests that although winter precipitation is much less than that in summer, the proportion of change is greater in winter than in summer. The drop ratio for the 2000–2010 winter is less than that for the 1990–2000 winter, and the ratio change in summer is the same as that in winter. Precipitation in areas transformed into croplands decreased significantly in winter, nearly 50%, and the drop ratio was more than of areas from cropland to built-up land (38.13%) and from woodland to grassland (39.72%). In summer, precipitation increased of the area from cropland to woodland the most (23.65%), followed by increases in the area from grassland to built-up land in 1990–2000 (12.45%) or in the area from unused land to cropland in 2000–2010 (17.99%).




4.5. LULC Influence on Wind


Regional air circulation is part of the global atmospheric circulation and is one of the major forms of global material cycling, which has significant effects on temperature, air quality, and precipitation. In this study, we only discuss near-ground air circulation, as it shows the difference in wind speed at a 10-m height in 1990–2000 and 2000–2010 (Figure 8). The wind speed in urban and urban expansion areas decreased because the height of the urban buildings was usually higher than that of other natural vegetation, which increased the roughness of the surface, hindering air circulation and lowering wind speed. The effect of the woodland expansion in 2000–2010 on wind speed was different; it slowed down obviously in the Zhangjiakou and Chengde areas, but the reductions in the Handan, Shijiazhuang, and Baoding areas were weak, which may be due to the impact of altitude. As Figure 1b shows, Zhangjiakou and Chengde are located at the northwest and northern regions of the BTH area, which has high altitudes; the wind speed here is significantly greater than that in the southeast area, as shown in Figure 9. Therefore, the same change in roughness has a greater impact on near-surface wind speed.


Figure 8. Wind speed differences for the January BM period and the AM period, shown in (a,b), respectively; and for the July BM period and the AM period in (c,d), respectively.
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Figure 9. Monthly average wind direction at 10 m and precipitation for January 1990 are shown in (a); the same for January 2010 are shown in (b); for July 1990 in (c); and for July 2010 in (d).
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The average decrease in wind speed in 2000–2010 was greater than that in 1990–2000, as can be seen on Figure 8. This is mainly due to the large expansion of built-up land and woodlands during 2000–2010. Based on different seasons, the average wind speed for the whole BTH area reduced the daily average wind speed by 0.039 m/s and 0.041 m/s in BM-JAN and AM-JAN, respectively. This was higher than the 0.0159 m/s reduction in BM-JUL and the 0.018 m/s reduction in AM-JUL. These reductions in winter were more than twice those in summer.



The area transformed into built-up lands were the main contribution to the reduction in wind speed as can be seen on Figure 6c The maximum change in wind speed related to the change from croplands to built-up land was >0.3 m/s. Changes from croplands to woodlands and from grasslands to woodlands were also major factors in the change in lower air circulation speed related to the LULC change. The change in latter areas was scattered, as shown in Figure 3; therefore, these grids were affected by surrounding changes. Otherwise, the surface roughness should have been reduced. On the other hand, the area transformed into croplands from built-up land, which contained rural settlements, had a positive impact on wind speed. The transformation of unused land into croplands in 1990–2000 also contributed to this change.



To get a clearer understanding of the influence of LULC change on low-level air circulation, the wind direction patterns at 10 m for 1990 and 2010 are shown in Figure 9. The figure suggests that the BTH region was strongly affected by the northwest monsoon in the winter. The large number of areas transformed from grasslands to woodlands in the western and northern mountains make these areas relatively warmer and more humid in winter than they were previously. The warm and cold air flows meet at the mountain and form precipitation, but the mountain causes these air flows to move eastward, which is why the area to the southeast is drier than the area to the northeast in winter. In summer, two airflows, the northwest wind and southeast monsoon, affect the region and flow to the north after colliding. Comparing Figure 9c,d, it can be seen that the precipitation area is close to the northwest and the southeast, but it obviously increases in the northwest, which is likely due to area transformations from grasslands to woodlands in the region.



On the other hand, LULC changes also effected the direction of the air circulation. Due to the roughness of the underlying surface, the air circulation was blocked in some places, which changed the direction and flow of the wind field into the channel. As shown in Figure 9, areas covered by trees (i.e., the western and northern regions of the study area) and large cities (i.e., Beijing and Tianjin) significantly impeded the air flow and changed the wind direction, which was the same result as that in Fei and Peng [51].





5. Discussion


Before 2000, development in BTH mainly relied on development in the capital city of Beijing, and the Beijing-Tianjin-Hebei collaboration showed no substantial progress. After 2000, the Beijing-Tianjin-Hebei regional cooperation began and developed in the new period, which led to a greater development of the study area. In addition, the establishment of the Binhai New Area, as well as changes in environmental protection and farmland policies, led to drastic LULC transformations. Figure 3 shows the spatial distribution of several significantly changed LULC classes. These results are similar to those in Wu, Zhao [27], in that the development of Beijing and Tianjin was faster than that in Shijiazhuang, and the Binhai New Area was the main area of growth (especially in 2005–2010). As urbanization process accelerated, the Chinese government paid more attention to environmental problems, and more environmentally favorable policies were implemented. The area of woodland expansion in 2000–2010 was mainly due to the policy that returned farmlands to forests. Liu, Kuang [9] analyzed the LULC change in China since the 1980s and found that the woodlands area increased in 2000–2010, while the impact of policies such as “Grain for Green”, “Western Development” and “Revitalization of Northeast” on LULC was illustrated. LULC as the underlying surface of the climate system changed greatly in this period and caused climate changes that are simulated and analyzed in this research.



The BTH area warmed over the past two decades, which was mainly due to urban expansion. Bornstein [52] discovered the heat island effect in the 1960s after researching New York City observational data. Similar results was made after the study of Shijiazhuang urban development by Bian, Ren [53]. Compared with previous research results by observational data, the urban expansion area has a smaller temperature increase, which is mainly because LULC is one of factors contributed to warm, on the other hand, factors such as human activity and aerosol emissions all increased urban temperature more than that in non-urban areas. The LULC change in 1990–2000 was mainly built-up land expansion, and previous studies proved that the warming effect of urban areas was higher in summer than that in winter. This is because the heat flux in summer was greater, and much of it transformed into sensible heat in urban areas [29,54]. We achieved a similar result for the 2000–2010 data, while the BM-JAN warming rate was higher than that in BM-JUL. It was also found in Cui, Liu [50] that the spatial distribution or magnitude of warming caused the range of July variations to be greater than that of January variations. During the two study decades, the woodlands increased by 4434 km2 and were mainly located in the mountains of the western and northern BTH region, which eased the warming trend in these areas of change, as shown in Figure 5b,d.



Precipitation is an important meteorological factor and is a key link in global and regional water cycles. Wang, Feng [29] concluded that increasing surface roughness during urbanization would weaken low-level air circulation, which would also cause instability in the boundary layer, resulting in a precipitation reduction. Li, Chen [55] noted that a reduced vegetation cover would reduce latent heat and evaporation in the area. With an albedo reduction, the decrease in leaf area index would reduce evaporation, which would be the immediate reason for the decrease in local precipitation. They observed a band area with little precipitation change, which, probably due to the urban area, divided the convective weather [56,57] and oriented this band in the vertical direction of the wind, reduced precipitation. There was one more possibility: that urbanization lowers precipitation in this area, which would cause the range of precipitation change to be limited [29,58]. The impact of the LULC change on precipitation would be different in different seasons. Convective precipitation in summer was the main source of precipitation in this area; however, the energy exchange between the underlying surface and atmospheric air was influenced by LULC change, which may have influenced the horizontal gradient force and impacted the air circulation. This could also be a reason why LULC changes have greater impacts on summer precipitation. Based on the area transformations from croplands to built-up land and from woodlands to grasslands, evapotranspiration weakened the water vapor exchange between the surface and the atmosphere, which further weakened the turbulence of water vapor. In the horizontal direction, there were changes in the transmission of energy not only between the Earth’s surface and the atmosphere, but there were also changes in the local air circulation. Because the vertical and horizontal air circulation were impacted, the precipitation decreased in this area. Because precipitation is a complex process, it is difficult to simulate its exact value [16]; however, LULC change is a factor that affects its trend.



Regardless of urban expansion or afforestation, roughness increased and wind speed decreased in this area. Meanwhile, different seasons had different degrees of influence. Our results for seasonal change coincided with Li, Yan [59], who stated that wind speed in Beijing in 1960–2008 with the largest decreasing magnitude was in winter, the followed by spring, autumn, and summer. However, their results of −0.22 m/s per 10 years was larger than our results, which was mainly because the changes in large-scale circulation were accounted for. The change of surface roughness leads to the decrease of wind speed, which is one of reasons why the BTH region has recently been subjected to stronger and longer periods of hazy weather in winter [60]. The expansion of built-up land and woodlands led to a decrease in regional air metabolism, which should be paid attention to by the government to determine how to protect air quality during the process of urbanization.



To confirm the accuracy of the simulation results in this area, observational data were used from January 2010 and July 2010. The compared experimental cases were JAN2010 and JUL2010. We hypothesize that the bias of these results may be caused by the following factors. First, the observed values were obtained at metrological station points, but the simulated results were interpolated by grids. Second, the default parameters in the land surface scheme, such as the height of the object, were different from the actual conditions in the study area, which may have caused errors in the simulation [12]. Finally, the classification of the remote sensing images could not be exactly the same as the actual ground change. The error of the underlying surface data could influenced the accuracy of the climate change results. However, based on the accuracy of the comparative analysis, it was found that the model well simulated the climate conditions in the study area. As we focus on the differences in each simulation, the bias can be considered as a systematic error that does not affect the reliability of the conclusions.



Based on the study of the effects of LULC change on the atmosphere, the changes in LULC altered the properties of the underlying surface (e.g., albedo, sensible heat, latent heat, and roughness). Different land use and land cover changes have different effects on various climatic factors, as hypothesized previously. These results are intended to assist the government in formulating land policies that are more ecologically compatible and sustainable. Through previous experiments, we have obtained the impact of various major land-use changes on climatic factors. However, the interaction between adjacent LULC changes are in the results. Therefore, clarifying the impact of adjacent changes and the establishment of a climate change model influenced by LULC change will be the focus in the future. The error of LULC data should be controlled in the future experiment, which also needs to be paid more attention to. In addition, long time simulations will also be considered in our next experiment.




6. Conclusions


LULC in the BTH region has undergone significant changes over the past 20 years (1990 to 2010). Urbanization is the main feature of development in the region, and a large area of cropland has been transformed into built-up land, which accounts for half of the 1990–2000 LULC changes. BTH is a region with a concentrated population, where LULC constantly changes in ways that are beneficial to mankind. Land mainly uses this shift to built-up land, woodlands, and croplands, which are the three LULC types that provide space for humans to live, as a means to improve natural environmental services and to provide food resources for people. However, 6942 km2 of croplands were replaced by built-up land, which caused croplands to show a significantly declining trend. The changes in LULC in BTH were diverse, but previous studies on the effects of LULC change on climate change in this region mainly focused on urban areas. We conducted a comprehensive analysis on the various LULC changes in this region and studied the mutual influence on climate change between 1990–2000 and 2000–2010. The effects of various major LULC changes on temperature, precipitation and wind speed were spatially and quantitatively analyzed.



The change in LULC in this area led to a temperature change. Air temperature increased by 0.042 °C/10a in 1990–2000 and by 0.118 °C/10a in 2000–2010, which indicated a rising trend. The increasing area from croplands to built-up land caused the largest temperature increase of 0.36 °C/10a, followed by the area that transformed from grasslands to built-up land (0.306 °C/10a). The remaining LULC changes made the BTH warmer than before, excluding the area changes from built-up land to croplands and unused land to croplands (−0.029 °C/10a and −0.068 °C/10a, respectively), which played cooling roles.



Precipitation was also significantly affected by LULC change. The amount of precipitation in winter was significantly reduced, while in summer, the trend increased. Summer rainfall accounted for the majority of annual rainfall, and total precipitation showed an upward trend. In January, precipitation reduced in the area of transformation from other land types to croplands, but areas that transformed to woodlands and built-up land showed an obvious increasing trend in summer. In addition, precipitation and air circulation had a close relationship. In summer, the area was strongly affected by the southeast monsoon, which caused an increase in rainfall in the southeast compared to that in the northwest. In this research, there was a small precipitation change band, which included Beijing, Baoding, and Shijiazhuang, which may have been caused by the terrain of the region and the expansion of urban land.



The change in low-level wind speed was mainly affected by surface roughness, which was related to the change in LULC. Whether it was due to the expansion of built-up land or forests, surface roughness increased and slowed down the wind speed at 10 m. The average wind speed reduced by 0.153 m/s per decade in the region transformed into built-up land, followed by a 0.06 m/s per decade reduction in the region transformed into woodlands. The seasonal change in wind speed was also relevant. In winter, the BTH was affected by the northwest monsoon, while in summer, the BTH was also affected by the southeast wind. This caused different magnitude changes in different seasons. In general, the wind speed change was larger in winter than in summer.
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