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Abstract:

 Carbon sources and sinks as a result of land use and land cover changes (LUCC) are significant for global climate change. This paper aims to identify and analyze the temporal and spatial changes of land use-based carbon emission in the Hubei Province in China. We use a carbon emission coefficient to calculate carbon emissions in different land use patterns in Hubei Province from 1998 to 2009. The results indicate that regional land use is facing tremendous pressure from rapid carbon emission growth. Source:sink ratios and average carbon emission intensity values of urban land are increasing, while slow-growing carbon sinks fail to offset the rapidly expanding carbon sources. Overall, urban land carbon emissions have a strong correlation with the total carbon emissions, and will continue to increase in the future mainly due to the surge of industrialization and urbanization. Furthermore, carbon emission in regions with more developed industrial structures is much higher than in regions with less advanced industrial structures. Lastly, carbon emission per unit of GDP has declined since 2004, indicating that a series of reform measures i.e., economic growth mode transformation and land-use structure optimization, has initiated the process of carbon emission reduction.
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1. Introduction

Global concentrations of the greenhouse gases (GHG) in the atmosphere, including carbon dioxide (CO2), methane (CH4), and nitrous oxide (N2O), have increased measurably over the past decades; this increase has given rise to significant risks for climate change. Though the critical factors of increased GHG emissions remain under debate, most scholars agree that the land use and land cover change (LUCC) due to anthropogenic disturbances has altered the atmosphere in ways that have led to a rapid upsurge of GHG emissions [1–5].

LUCC directly affects the exchange of greenhouse gases between terrestrial ecosystems and the atmosphere [6,7]. The dynamics of terrestrial ecosystems rely on interactions between different biogeochemical cycles, such as the carbon cycle, nutrient cycle, and the hydrological cycle, all of which may be modified by LUCC. Carbon is exchanged naturally between these systems and the atmosphere through photosynthesis, respiration, decomposition, natural weathering of rocks, and the combustion of fossil fuels. Therefore, land use changes can alter carbon stocks in these pools, as well as exchanges between them and the atmosphere.

The relationship between LUCC and carbon emissions has garnered critical attention from scientists worldwide. A growing portion of the literature has focused on typical terrestrial ecosystems such as forests, grasslands, rice fields, etc. [8–16], but overall research of various land use patterns needs to be expanded further [17,18]. Research on different land use patterns’ overall carbon emission effects can be useful for forecasting future carbon emissions and proposing appropriate carbon emission reduction countermeasures. Current research on the impact of land use changes on provincial carbon emission in China is mostly concentrated in Sichuan and Guangdong [19,20].

This study aims to identify and analyze the temporal and spatial changes of land use carbon emission on a regional level. It takes a typical central Chinese province, Hubei, and analyzes the spatiotemporal characteristics of regional land use's carbon emission based on carbon sources or carbon sinks of different land use patterns, from the perspective of land use type and structural changes. This in turn provides a reference for land use structure optimization and low-carbon economic development in Hubei Province.



2. Study Area and Data Sources


2.1. Study Area

Located at the middle reaches of the Yangtze River, Hubei Province (Figure 1) is the economic center as well as the transport hub of central China. It is about 740 km from east to west, 470 km from south to north; mountains account for 55.5% of this area, hills and hillocks comprise 24.5%, and plains and lakes encompass 20%.

Figure 1. The location of Hubei Province in China.
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Hubei Province reached a population of 57.79 million in 2012, with a GDP of 2.22 trillion yuan, and a growth rate of 11.3%, 3.5% faster than the national average, and ranking ninth in the country. The added values of the primary, secondary and tertiary industries were 284.87 billion yuan, 1.11 trillion yuan and 821.09 billion yuan, respectively, with an increase of 4.7%, 13.2% and 10.8%. Hubei Province, as the center of the state's “Rise of Central China” strategy, is a national strategic transportation and shipping hub, which connects the eastern technology-intensive industrial areas and the western resource-rich region.

In recent years, there has been a surge of industrialization and urbanization in Hubei Province. However, during this process of rapid industrialization, Hubei's land ecosystems have been greatly affected by human activities, and land use patterns have changed as a result. It is important to scientifically analyze Hubei's carbon emissions from the perspective of land use change.

According to Hubei Provincial Land Use Planning (2006–2020) and Hubei Annual Land Use Change Survey Data (Hubei Provincial Land and Resources Department, Hubei Provincial Statistics Bureau), by the end of 2010, agricultural land area covered 14,651,800 hectares, which accounted for 78.82% of the total, among which 4,664,100 hectares of arable land accounted for 31.83%; 424,500 hectares of grassland accounted for 2.90%; 7,936,900 hectares of forest accounted for 54.17%. The forest has increased 860,000 hectares in the past decade, and the net increase of forest cover is13.9%. However, the arable land keeps falling by some 51,200 hectares annually while the population keeps increasing 83,611 annually, thus sharpening the conflicts between population and arable land. Meanwhile the soil erosion and land pollution have become serious and the overall quality of arable land is not high. The urban land measures 1,400,400 hectares, among which residential and industrial land measure 1,008,600 hectares, and transportation land measures 917,000 hectares. The unused land was 2,536,700 hectares (Figure 2) (use of the second land survey data about current land use has not yet been authorized, so the updated land use change survey result is from 2008).

Figure 2. The proportion of land use patterns in Hubei Province in 2008.
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2.2. Data Sources

The data used in this study primarily comes from China Statistical Yearbook, Chinese Yearbook of China, China Land Yearbook, China Land and Resources Yearbook, China Energy Statistical Yearbook from 1999 to 2011, the sixth and the seventh national forest resources inventory data, Hubei Rural Statistical Yearbook, Hubei Land Uses Overall planning (2006–2020), and annual statistical data from cities, regions, and counties of Hubei. Land cover information, such as annual change in forest, grassland, farmland, and urban land were obtained from the Second National Overall Planning of Land Use. The data used in the carbon emission forecast was collected from the Twelfth Five Year Plan of Hubei province (2011–2015) and National Carbon Reduction Scheme.




3. Methods

In previous research, a number of methods for detection and monitoring of LUCC changes have been reviewed, including land use and land cover change investigation, remote sensing and geographic information system (GIS) techniques [21–24]. Scholars have mainly focused on several typical kinds of land use patterns, such as forests, grasslands, crops, etc. and calculated their biomass when estimating a terrestrial ecosystem's carbon emission [25]. In this paper, land use planning data of the study area is used to evaluate the carbon emission effect of different land use patterns. Land use patterns of the study area were selected according to regional land use planning classification. In the study of carbon sinks’ effects of different land use patterns, land use patterns are classified into four categories: forests (includes gardens), grasslands, arable land and urban land. Forest carbon emissions recalculated based on Fang's weighted average coefficient of China's forest carbon emissions [24]. Arable land is both a carbon sink and a carbon source; therefore the carbon emission is the summation of carbon emission and sequestration, and is calculated with a carbon conversion factor. Ditches, yards, water aquaculture and other minimal carbon emission agricultural land types are not included in this paper. Due to the complex and diverse types of urban land, carbon emissions of urban land cannot be reflected simply through the construction area but primarily through the conversion of energy consumption carbon data. Unused land has not been analyzed due to its negligible contribution to carbon emissions in the study area.


3.1. Forests

Currently, national or regional scale forest biomass is calculated based on forest resources inventory data, which means that the conversion between biomass and volume of timber (Biomass Expansion Factor, BEF) should be established first. Research shows that BEF values change in relation to forest age, site, stand density and stand conditions, while stand volume comprehensively reflects the changes in these factors, therefore, stand volume can be used as a variable to reflect changes in BEF. Based on this “conversion factor continuous function method”, established by Fang and others [24], namely:
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in these equations, a and b are constants.
In Equation (1), when the stock volume is large (indicative of a mature forest), BEF tends have to constant value A; when stock volume is small (young forest), BEF is very large. This simple mathematical relationship coincides with the allometry theory and can be applied to almost all forest types. This formula provides a quick and effective way for scaling plot investigation to region estimation of forest biomass calculation. In Equations (2) and (3), Y, A, x and BEF are the corresponding conversion factors of national total biomass, total area and national average stock volume respectively; Ai, Vi, xi and BEFi are corresponding conversion factors of provincial total area, total stock volume, and average stock volume respectively of certain forest type in the province i; i, j and l are province, status level, and age class respectively; Aijl, Xijl and BEFijl are area, average stock volume, and conversion factor of the province i, status level j, and age class l respectively; m, n and k are province status level and age class respectively. Its derivation can be seen in Fang et al. [25,26].



3.2. Grassland

Normalized difference vegetation index (NDVI) provides effective information for large-scale vegetation dynamics and spatial distribution research. It is often used as an index for vegetation biomass and productivity since it has a positive correlation with them [27]. Fang [24] and others calculated China's grassland biomass and spatial distribution variation through the relationship between NDVI and land biomass. The NDVI applied was from GIMMS 1982–1999 with 8 km resolution and data collected every 15 days. This data has been used globally as well as in China's vegetation productivity study; the data correction and processing can be seen in Piao, et al. and Zhou et al. [28,29].

In order to establish relationship between NDVI and land biomass, the maximum NDVI of every study space in each year was calculated first, indicated as NDVImax. The average NDVImax was then calculated for corresponding grasslands of each province during 1982–1999. Finally, regression model (5) was established with NDVImax as the independent variable and biomass density as the dependent variable. With model (5) and NDVImax in 1982–1999, China's ground biomass and its temporal and spatial variation in 1982–1999 could be calculated, and detailed data processing is described in Piao et al. [30]:
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(5)




In grassland ecosystems, underground biomass accounted for a large proportion of the total biomass. The underground biomass:ground biomass ratios are used in the estimation of underground and total biomass.



3.3. Urban Land

Urban land is comprised of complex and diverse land uses, such as commercial services, public facilities, public buildings, mining warehouses, transportation, water conservancy facilities and some specially used land. Given this complexity, calculating the carbon emission coefficient for such a system is not feasible with the traditional methods used in terrestrial ecosystem carbon emission/sequestration studies. Consequently, in this paper, we considered three main sources of carbon emissions in urban areas: transportation, residential heating (natural gas and fuel oil) and industrial carbon emission. Car usage and home heating involved a relatively simple translation from energy use to carbon dioxide emissions, and industrial carbon emission mainly resulted from energy consumption. Thus, we use C sequestration coefficient of coal consumption, C sequestration coefficient of oil consumption and C sequestration coefficient of gas consumption to estimate urban land carbon emission, which is one of the most widely applied methods in analyzing carbon emission. The equation can be expressed as follows:
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In the formula, Et is carbon emission; Ef is a standard amount of coal used for charcoal consumption; δf is the carbon emission conversion coefficient of coal consumption; Em is the standard amount of coal for oil consumption; δm is the carbon emission conversion coefficient of oil consumption; En is standard coal amount used for gas consumption; δm is the carbon emission conversion coefficient of gas consumption. Here, a carbon emission decomposition model algorithm proposed and improved by Xu et al. [31] is used. The decomposition model of carbon emissions per capita is set up by adopting Logarithmic mean Divisia index (LMDI) method based on the base equation of carbon emissions, which is to analyze the influence of energy structure, energy efficiency and economic development to carbon emissions per capita, it reveals the reason for the increase of the carbon emissions per capita [31]. Detailed emission coefficients of different energy consumption are as described in Table 1.


Table 1. Different carbon emission and sequestration coefficients.



	
Category

	
Parameter values

	
Average values

	
Unit

	
Data sources






	
C sequestration coefficient of forest

	
−5.77

	
-

	
Kg(C) m2(a)

	
Fang et al. [24]




	
C sequestration coefficient of grassland

	
−0.00221

	
-

	
Kg(C) m2(a)

	
Fang et al. [24]




	
C sequestration coefficient of coal consumption

	
0.756

	
0.7239

	
t(C)/t

	
Energy Economics Research Institute of Japan




	
0.726

	
Climate Change Project of China National Science and Technology Commission




	
0.7476

	
Xu et al. [31]




	
0.702

	
DOE/EIA




	
C sequestration coefficient of oil consumption

	
0.586

	
0.5574

	
t(C)/t

	
Energy Economics Research Institute of Japan




	
0.583

	
Climate Change Project of China National Science and Technology Commission




	
0.5825

	
Xu et al. [31]




	
0.478

	
DOE/EIA




	
C sequestration coefficient of gas consumption

	
0.449

	
0.4226

	
t(C)/t

	
Energy Economics Research Institute of Japan




	
0.409

	
Climate change project of China National Science and Technology Commission




	
0.4435

	
Xu et al. [31]




	
0.389

	
DOE/EIA











3.4. Arable Land

Arable land, as an important element of an agricultural ecosystem, is a major source of greenhouse gas emission. Crop and soil respiration, use of agricultural machinery, irrigation, and fertilizer application all release carbon; however, crop growth also acts as a carbon sink. Thus, the operation of farmland ecosystems is composed of carbon input and output processes.


3.4.1. Arable Land Carbon Emission

Carbon emissions of arable land mainly come from chemical fertilizers, agricultural machinery use, and irrigation processes; combined with the carbon conversion coefficient, the formula for arable land carbon emissions is shown in Equation (7) below:
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In the formula, Eg is arable land carbon emissions (t); Ef is carbon emissions of chemical fertilizers (t); Em is carbon emissions of agricultural machinery production and applies (t); Ei is carbon emissions of irrigation (t). The calculations of Ef, Em, and Ei are shown in Equations (8)–(10), and A, B, C, D are conversion coefficients:
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Gf is the volume of pure chemical fertilizer (t); A = 857.54 kg/mg:
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(9)




Am is arable acreage (hm2); Wm is agricultural machinery dynamics (kw); B = 16.74 kg/hm2; C = 0.18 kg/kw:
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(10)




Ai = irrigation acreage (hm2); D = 266.48 kg/hm2.


3.4.2. Arable Land Carbon Sequestration

Arable land carbon sequestration is calculated with arable crop yield data, economic coefficient and carbon sequestration rate, outlined in Formula (11). According to the current national standard of land use classification GB/T21010-2007, combined with the actual land use in the Hubei Province, the major planted crops include wheat, corn, paddy, soybean, cole, peanut and cotton:
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(11)




In the formula, Cd = CfDW = CfYw/Ht, i refer to crop types. i, Cd is carbon sequestration of a particular crop in its entire growth process (t); Cf is carbon absorption of synthetic organic crops per dry mass unit; Dw is the biomass production of crops (t); Yw is production of crops(t); Ht is economic coefficient of crops. The economic coefficient (Ht) and carbon sequestration rate (Cf) of crops are shown in Table 2.

Table 2. Economic factors (Ht) and carbon sequestration rate (Ct) of main crops.


	Type of corps
	Wheat
	Corn
	Paddy
	Soybean
	Cole
	Peanut
	Cotton





	Ht
	0.40
	0.40
	0.40
	0.34
	0.25
	0.43
	0.10



	Ct
	0.4853
	0.4709
	0.4500
	0.4500
	0.4500
	0.4500
	0.4500








This study is primarily based on the carbon emissions of four land use patterns: arable land, forests, grasslands and urban land, among which urban land is a major carbon source, arable land is both a carbon source and carbon sink, and forests and grasslands are only carbon sinks. Due to the difficulties of accurately calculating the carbon sequestration of different crops, the coefficient method is widely used. The carbon emission coefficients vary with time and region for different land use patterns; the coefficients even vary for the same land use classification with respect to time and spatial scales, This paper focuses on temporal and spatial differences of carbon emission effects of different land use types with current experimental research results; it does not consider carbon emission and sequestration coefficients’ temporal and spatial differences of the same types of land use in different regions. Carbon emissions of urban land are estimated with the energy consumption carbon emission coefficient, and carbon sequestration coefficient of forest and grassland is estimated with previous research data [32]. The formula for carbon emissions is:



[image: there is no content]



(12)




where E is the total carbon emission; ei is the carbon emission of main land use patterns; Ti is acreage of different land use patterns; δi is carbon emission and sequestration coefficients of different land use patterns [32]. Different carbon emission and sequestration coefficients have been shown in Table 1.




4. Result and Analyses


4.1. Temporal Changes of Land Use Carbon Emissions


4.1.1. Temporal Changes of Carbon Emissions Over 1998–2009

Carbon emissions recorded an overall increase of 83.59% in Hubei during the period from 1998 to 2009. A moderate increase (29.07%) occurred during the period from 1998 to 2001, followed by a sharp rise (66.18%) during 2002–2009 (Figure 3). An interesting phenomenon occurred between 2004 and 2008 in which carbon emissions slowly declined. For the total variation in carbon emissions from 1998 to 2009, urban land contributed 50.02% (5902 t) of the total increase in carbon emissions, while grasslands, forests and arable land reflected continuous downward trends from 1998 to 2009 (Figure 4). On the other hand, further analysis of total carbon emissions and main land use patterns show a high correlation coefficient of 0.986 between total carbon emissions and urban land area.

Figure 3. Variations of carbon emissions in Hubei Province during 1998–2009 (10,000 t).
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Figure 4. Carbon emissions of main land use patterns in Hubei Province during 1998–2009 (10,000 t).
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Generally, arable land releases significant amounts of carbon into the atmosphere [33]. Carbon is released largely from microbial decay or burning of plant litter and soil organic matter [34]. In Hubei Province, estimated carbon emissions from arable land were 9665.72 t from 1998 to 2009. Arable land carbon emissions increased by 7.18% from 1998 to 2009, an average annual emission increase of 1.68 t/year (Figure 5). Meanwhile, farmland irrigation and chemical fertilizers accounted for 69% and 30% of total carbon emissions, respectively, and machinery use accounted for only 1% of the total carbon emissions. Moreover, farmland irrigation is also a main source of carbon emissions in Hubei Province (Figure 6).

Figure 5. Main carbon sources of arable land in Hubei Province during 1998–2009 (10,000 t).
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Figure 6. Total carbon emissions of arable land in Hubei Province during 1998–2009 (10,000 t).
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In contrast, Figure 7 shows the total carbon sequestration of arable land in Hubei 1998–2009 and Figure 8 shows the significant crop types that contributed to sequestering carbon emissions in Hubei in 1998–2009. As observed from Figure 7, the estimated amount of carbon sequestration from arable land was 34,841.91 Mt from 1998 to 2009. The total carbon sequestration of arable land in Hubei has an overall increase of 4.48% during this time. A moderate decrease of 18.09% was observed from 1998 to 2000, followed by a slight increase of 13.64% 2004–2009. As shown in Figure 8, paddy remains the primary contribution to carbon emission sequestering 1998–2009, capturing 20,533.89 t during the decade; next came wheat, which sequestered 3784.92 t during the same time period, and finally soybean only sequestered 608.12 t, while peanut sequestered 713.19 t.

Figure 7. Total carbon sequestration of arable land in Hubei Province during 1998–2009 (10,000 t).
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Figure 8. Arable land carbon sequestration of Hubei Province in 1998–2009 (10,000 t).
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Table 3 shows carbon emission calculation results for the main land use patterns of the Hubei Province in 1998–2009. Carbon sinks and carbon sources are calculated separately for comparison. Table 3 shows that the source:sink ratio has a significant positive correlation with GDP (R2 = 0.912). The carbon emissions from urban land and arable land increased on average 5.44% a year for 12 years, meanwhile carbon sequestration from forests, grasslands and arable land only increased at a slower annual rate of 2.24%. The source:sink ratios increased from 1.1370 in 1998 to 1.6367 in 2009, reflecting the difficulty of offsetting the increase in carbon emissions. This can be explained by the rapid rise of industrialization and urbanization; energy consumption soared due to an economic growth policy implemented 2000–2010. Meanwhile, Hubei Province's gross domestic product (GDP) experienced a vigorous upward trend with an average annual growth of 11% after the 1998 financial crisis. The correlation coefficient of source:sink ratio and carbon emission per GDP unit during this time was 0.854, much higher than 0.01, which means they were significantly correlated.

Table 3. Comparison between source:sink ratio and GDP ratio of land use carbon emissions of Hubei Province during 1998–2009.


	Year
	Carbon source (10,000 t)
	Carbon sink (10,000 t)
	Source-sink ratio
	GDP (100 million yuan)
	Carbon emission per GDP unit (t/100 million yuan)





	1998
	6,711.2260
	−59,021.7007
	1.1370
	3,704.21
	2,182.7199



	1999
	6,785.0991
	−5,877.4141
	1.1544
	3,857.99
	2,352.7407



	2000
	6,820.1378
	−5,695.8252
	1.1974
	4,276.32
	2,629.1592



	2001
	6,806.1319
	−5,666.1998
	1.2012
	4,662.28
	2,445.0100



	2002
	7,194.1195
	−5,527.1136
	1.3016
	4,975.63
	3,350.3415



	2003
	7,985.5226
	−5,767.4091
	1.3846
	5,401.71
	4,106.3172



	2004
	8,782.0954
	−6,901.7371
	1.2724
	5,633.11
	3,337.9932



	2005
	9,749.4211
	−6,970.7315
	1.3986
	6,652.14
	4,261.7024



	2006
	10,857.0198
	−7,029.3425
	1.5445
	7,581.32
	5,048.8270



	2007
	11,841.2365
	−7,102.0886
	1.6673
	9,230.68
	5,134.1265



	2008
	11,465.7231
	−7,171.0512
	1.5989
	11,328.92
	3,790.8926



	2009
	12,672.0564
	−7,742.2821
	1.6367
	12,961.10
	3,803.5154










4.1.2. Temporal Changes of Carbon Emission Intensity of Different Land Use Patterns

Current carbon emission intensity studies typically report carbon emissions per GDP unit instead of acreage unit; however, this paper proposes carbon emission indicators based on acreage in the analysis. Given that the majority of current carbon emissions come from urban land, carbon emissions per urban land unit may better reflect the second and third industrial carbon emission differences in the same region, hence this paper utilizes carbon emission per unit urban land acreage as an indicator of total carbon emissions. Due to the continuous growth and expansion of urban land area and energy consumption, the average urban land carbon emission intensity grows rapidly. The carbon emission intensity in 2009 was 85% higher than in 1998. Detailed carbon emission intensity in 1998–2009 is shown in Table 4, which indicates that rapid economic development and urban land expansion led to rapid growth in energy consumption and rapid growth in carbon emissions after 2002, and the pressure to reduce carbon emissions has increased since then.

Table 4. Average carbon emission intensity of different land use patterns of Hubei Province during 1998–2009 (t/ha).


	Year
	Average carbon emission intensity of carbon source area
	Average carbon sequestration intensity of carbon sink area
	Average carbon emission intensity of urban land
	Overall average carbon emission intensity





	1998
	10.4959
	−5.7276
	45.3478
	4.7683



	1999
	10.6804
	−5.7278
	45.7544
	4.9526



	2000
	10.8241
	−5.7290
	45.9890
	5.0951



	2001
	10.9029
	−5.7299
	45.8138
	5.1729



	2002
	11.9247
	−5.7303
	48.3547
	6.1944



	2003
	13.4020
	−5.7306
	53.3615
	7.6714



	2004
	14.6490
	−5.7332
	58.8770
	8.9159



	2005
	16.0948
	−5.7376
	65.3891
	10.3572



	2006
	17.8489
	−5.7380
	72.9231
	12.1108



	2007
	19.4235
	−5.7380
	79.4148
	13.6855



	2008
	18.3568
	−5.7381
	75.7441
	12.6488



	2009
	20.2986
	−5.7398
	83.6699
	14.5588











4.2. Spatial Variation of Land Use Carbon Emission

Using the data in Hubei Provincial Statistical Yearbook 2011, this study selected the date of population, GDP, energy consumption and other indicators of socio-economic statistics of 17 cities, states and counties in 2009 to calculate and analyze carbon emission of different land use patterns, and the results are shown in Table 5.

Table 5. Carbon emission calculation results of cities and states land use in Hubei province in 2009.


	Region
	GDP (100 million yuan)
	Forest (10,000 t)
	Grassland (10,000 t)
	Arable land (10,000 t)
	Urban land (10,000 t)
	Source-sink ratio (10,000 t)
	Total carbon emission (10,000 t)
	Average carbon emission of urban land (t/ha)
	Average carbon emission (t/ha)





	Wuhan
	4620.18
	−146.73
	−0.002358
	−186.20
	5128.40
	15.58
	4795.47
	792.15
	20.05



	Huangshi
	571.59
	−284.65
	−0.014123
	−76.18
	1096.18
	3.08
	735.33
	221.76
	4.79



	Shiyan
	550.96
	−1781.11
	−0.044934
	−123.13
	898.06
	0.48
	−1006.22
	744.05
	−2.01



	Yichang
	1272.33
	−889.99
	−0.007703
	−566.18
	2468.32
	1.79
	1012.14
	504.77
	1.62



	Xiangyang
	1201.01
	−710.85
	0.022310
	−206.66
	1885.59
	2.12
	968.05
	401.62
	2.62



	Ezhou
	323.71
	−28.64
	−0.002155
	−553.45
	663.61
	1.34
	81.51
	544.39
	0.18



	Jinmen
	600.10
	−432.33
	−0.023514
	−46.90
	941.20
	2.00
	461.94
	195.11
	3.49



	Xiaogan
	672.88
	−220.99
	−0.007127
	−358.28
	1067.19
	1.97
	487.91
	229.01
	1.62



	Jinzhou
	709.58
	−116.49
	−0.001508
	−302.63
	752.94
	1.99
	333.82
	115.96
	1.16



	Huanggang
	730.19
	−739.36
	−0.015544
	−444.29
	964.01
	0.90
	−219.66
	211.59
	−0.46



	Xiannin
	418.45
	−770.24
	−0.032983
	−131.57
	613.94
	0.72
	−287.90
	247.46
	−0.94



	Suizhou
	341.91
	−592.59
	−0.019671
	−179.45
	295.43
	0.45
	−476.63
	139.35
	−1.89



	Enshi
	294.26
	−1732.45
	0.034787
	−139.68
	319.90
	0.19
	−1552.25
	239.45
	−2.70



	Xiantao
	242.55
	−11.19
	−0.000592
	−110.60
	267.05
	2.45
	145.26
	241.02
	1.54



	Qianjiang
	234.01
	−11.03
	−0.000019
	−106.92
	377.24
	3.51
	259.30
	382.99
	2.33



	Tianmen
	186.86
	−18.75
	−0.000605
	−81.70
	172.65
	1.97
	72.20
	61.38
	0.95



	Shennongjia
	10.29
	−63.17
	−0.000405
	−1.61
	14.40
	0.23
	−50.38
	351.32
	−2.90









4.2.1. Spatial Variation of Carbon Emission

This study used the parameters and calculations outlined in Table 5 and applied ArcGIS 9.3 to study the spatial differentiation of carbon emission from different land use patterns seen in Figure 9. According to Table 5 and Figure 9, Wuhan is the highest carbon emission region, with 47,954,700 t, much higher than other cities in the province. As the capital of Hubei Province, Wuhan is the most important industrial base with developed secondary industry; urban land accounted for 8% of its total land area. Wuhan is the most urbanized city in the province, with an average carbon sink area of 3978.99 ha, lower than other regions. In addition to this, Wuhan's urban construction has been developing quickly in recent years, so the need for carbon emission reduction is enormous.

Figure 9. Spatial differentiation of total carbon emissions in Hubei Province.
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Xiangyang, Yichang and Huangshi are three cities with rapidly developing economies and their carbon per capita are ranked among the top four cities in the province. Jingmen, Xiaogan, Tianmen, Qianjiang, Xiantao and Jingzhou have median carbon emissions ranging −0.5–20 million t. Shennongjia, Suizhou, Huanggang and Xiannin are four cities with carbon emission of −10–0.5 million t, among which the carbon sink area per capita of Shennongjia is 1738.2 ha due to its sparse population, while the other three cities measure higher than 2500 ha in carbon sink area per capita. Carbon emissions of Shiyan and Enshi are over −10 million t for their rich forest resources, serving to alleviate the pressure to reduce carbon emissions in the Hubei Province.



4.2.2. Spatial Variation of Major Indicators of Carbon Emission

Source:sink ratios reflect the pressure of reducing carbon emissions in different regions, the higher source:sink ratio the greater pressure on carbon emissions. As shown in Table 5, the source:sink ratio of Hubei Province in 2009 was 2.40. Wuhan has the highest source:sink ratio of 15.58 in the province due to its low forest coverage and large urban area; its carbons sinks cannot offset its carbon emissions, hence Wuhan has huge emission reduction pressure. The source:sink ratios of Huangshi, Xiangyang, Jingmen, Xiantao and Qianjiang range from 2 to 4. The average of source:sink ratios of the remaining areas is less than 2, among which Shiyan, Enshi, Shennongjia's source:sink ratios are less than 0.5, due to their larger forest coverage. The spatial differentiation of source:sink ratios and carbon emission per unit output can be seen from Figure 10.

Figure 10. Spatial differentiation of source:sink ratio and per unit of output carbon emission.
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In 2009, carbon emission per unit of output of Wuhan, Huangshi and Qianjiang all surpassed 1t/10,000 yuan, Yichang, Xiangyang, Ezhou, Jingmen, Xiaogan, Jingzhou, Xiantao, and Tianmen is 0.1–1 t/10,000 yuan, the rest is less than 1 t/10,000 yuan, among which Enshi and Shennongjia have about −5 t/10,000 yuan due to their rich forest resources.

The average construction carbon emission of Hubei Province in 2009 was 330.79 t/ha. From Table 5, the average urban land carbon emissions of Wuhan, Yichang, Ezhou and Shiyan were above 500 t/ha, among which Wuhan is approximately 800 t/ha for its advanced industrialization. The average construction carbon emissions of Huangshi, Xiaogan, Huanggang, Xianning, Enshi, Xiantao, Qianjiang, and Shennongjia ranged from 200 to 400 t/ha, Xiangyang is 400 t/ha. The average construction carbon emission of Jingmen, Jingzhou, and Suizhou was lower than 200 t/ha, among which Tianme was the lowest one with 61.38 t/ha.





5. Conclusions

This paper explored the spatiotemporal characteristics of land use's carbon emission effects from the perspective of land use type and structural changes in Hubei Province, China. We estimated carbon emissions of different land use patterns, analyzed carbon emission effects of major land use patterns over time and differentiated by region, and compared average carbon emission values of different cities, states and counties on a spatial scale, relating regional land use and carbon emissions. The following main conclusions are reached:


	(1)

	In our study, the total carbon emissions of Hubei Province showed an increase, along with source:sink ratio and the average carbon emission intensity of urban land. The growth rate of these carbon sources has slowed down, but slow-growing carbon sinks still cannot offset these fast-growing carbon sources. Therefore, regional land use is facing tremendous pressure to reduce carbon emissions.



	(2)

	Energy consumption is main cause of the carbon emissions, while urban land is the main carbon source. The carbon emission of urban land has a correlation coefficient of 0.986 with the total carbon emissions. Since 1998, with the expansion of construction areas and the surge of industrialization and urbanization, carbon emissions of urban land have been growing rapidly and continue to show an upward trend.



	(3)

	This great disparity is also reflected in the level of carbon emissions in different cities. In Hubei Province, total carbon emissions, source:sink ratios, average carbon emission intensity, and carbon emission intensity of per unit output varied widely due to the structural differences of land use in the different cities, as well as the varying degrees of economic development, industrial structure and energy structure.



	(4)

	With the slowing of the economy in 2004, carbon emission per unit of GDP declined, indicating that a series of reform measures such as energy structure adjustment and economic growth mode transformation, as well as land-use structure optimization, have achieved some preliminary results in carbon emission reduction.





This paper provided new perspectives and opportunities to analyze land use and carbon emissions on a regional level, and the analytical approach used in this paper gives interesting results which can help policymakers design and implement policies to promote carbon emission reduction, strengthen supervisory work to promote conservation and intensive land use, and promote a regional recycling economy with a sound scientific and rational planning of land use, to thus achieve the sustainable development of Hubei Province.
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