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Abstract: This study focuses on the potential impacts of large-scale land use and land cover
changes (LUCC) on surface temperature from a global perspective. As important types of
LUCC, urbanization, deforestation, cultivated land reclamation, and grassland degradation
have effects on the climate, the potential changes of the surface temperature caused by
these four types of large-scale LUCC from 2010 to 2050 are downscaled, and this issue
analyzed worldwide along with Representative Concentration Pathways (RCPs) of the
Intergovernmental Panel on Climate Change (IPCC). The first case study presents some
evidence of the effects of future urbanization on surface temperature in the Northeast
megalopolis of the United States of America (USA). In order to understand the potential
climatological variability caused by future forest deforestation and vulnerability, we chose
Brazilian Amazon region as the second case study. The third selected region in India as a
typical region of cultivated land reclamation where the possible climatic impacts are
explored. In the fourth case study, we simulate the surface temperature changes caused by
future grassland degradation in Mongolia. Results show that the temperature in built-up area
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would increase obviously throughout the four land types. In addition, the effects of all four
large-scale LUCC on monthly average temperature change would vary from month to month
with obviously spatial heterogeneity.
Keywords: LUCC; surface temperature; urbanization; deforestation; cultivated land
reclamation; grassland degradation

1. Introduction
Land use and cover changes (LUCC) is widely recognized as one of major contributors to global
climate changes [1–3]. It has long been known that the land use changes caused by human activities,
e.g., afforestation and deforestation, agriculture practices as well as urbanization, can have significant
effects on the climate [1–6]. LUCC influences climate by changing the properties of the land surface
which is not only the direct heat source of the troposphere, but also one of the main sources of
the atmospheric vapor water [7]. In addition, the land use activities all influence the energy budget and
Bowen ratio (the ratio of energy fluxes from one state to another by sensible and latent heating
respectively) of the land surface, the distribution of the precipitation among the soil water, runoff
and evapotranspiration [8–10]. Thereafter, characteristics changes of the land surface would directly
influence the land surface-atmosphere interaction, consequently alter the thermodynamic and dynamic
characteristics of the atmosphere, and finally bring out different climate processes and patterns.
Urbanization is an extreme way through which human activities alter underlying surface properties
and consequently influence the local climate [11–13]. The urban heat island effect due to urbanization is
a typical example of the influence of LUCC on the regional climate [14]. The urbanization has
contributed to 50% of the increase of land surface temperature in the United States of America (USA)
since 1950 [15]. The widespread impervious surface and the roof and wall of buildings, etc. in the cities,
all influence the energy flux, circulation of water and other materials [16]. In addition to the research on
the small scale, such as a single city, there is evidence that the impacts of urbanization on climate
change are significant at a regional scale. These studies have sufficiently and indisputably demonstrated
that urbanization affects climate at regional level.
Forests can affect regional and even multi-scale climate by exchanging the planetary energetics,
sustaining the hydrologic cycle, containing and releasing the carbon dioxide and through other physical,
chemical and morphological processes [4], thus playing an indispensable role in balancing the climate
and land surface systems [17]. Tropical forest occupies nearly 20% of total forest land area, accounts for
more than 30% of net primary production (NPP) in the terrestrial ecosystem. It contains about 25% of
the carbon in the terrestrial biosphere, and can sequester large amounts of carbon on land surface
annually [4,18]. Though tropical forest could mitigate surface warming through considerable
evaporative cooling effect, the temperature would increase if the surface albedo rose to a large extent.
Deforestation would offset the water and energy exchange feedback effects by compared with the
reduction of convection and precipitation [8]. Therefore, it is no doubt that tropical forest as a significant
component would be taken into account for climate change research.
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There were 1140 million hectares (Mha) forests converted into cultivated land during 1700–1992 [19].
The farmland management for adapting to climate changes have arisen public concern about the
irrigation, no-till agriculture, and crop rotation, etc. For example, in turn, irrigation significantly
increases the regional moisture to the atmosphere, consequently increasing the regional precipitation [20].
On the other hand, irrigation plays a role in reducing the regional temperature and the daily temperature
difference [21–24]. Thus, the irrigation area has rapidly increased in the past centuries. According to the
history of observation records, the global irrigation area was 8.0 Mha in 1800, and increased to 40 Mha
in 1900, then, further increased 2.7 Mha by 2000 [25]. The cultivated land with irrigation mainly
distributed in China, India, Pakistan, Thailand, North America and the Aral Sea watershed [25,26].
The cooling effect of irrigation in some regions (e.g., North America, northwest part of India, northeast
part of China) is comparable to the warming effect in the magnitude, and consequently plays a role in
alleviating the climate warming [25]. Besides, the conversion of natural vegetation and cultivated land
can have warming or cooling effects on the climate, depending on the type of natural vegetation as
well as the established crops [27]. That is to say, different cultivated land management activities can
have different climatic effects, and therefore more researches are needed to identify the climate-related
tradeoffs associated with future cultivated land management.
Grassland, as an indispensable natural resource, has received more attention than ever before because
it plays a crucially important role in sequestrating carbon [28] and preserving biodiversity [29]. As one
of the most widespread vegetation types worldwide, grassland covers 15 million km2 in the tropics
(as much as tropical forests) and a further 9 million km2 in temperate regions [30], and it accounts for
about 25% of the global land area [31]. On the one hand, as an important land use/cover, it can provide
various ecosystem services such as the provision of the forage, milk and meat. Besides, grassland also
provides some important ecosystem services to regulate the regional climate, e.g., the mitigation of
greenhouse gas (GHG) emissions through soil organic carbon (C) and nitrogen (N) sequestration[32,33].
On the other hand, the grassland degradation has declined production of ecosystem on grassland,
increasing the frequency of the extreme weathers and natural disasters, such as droughts and fierce
freeze-up. As a consequence, they have seriously affected to the sustainable development of animal
husbandry [34].
Since there is great difference in the physical, chemical and biological characteristics of the land
surface in different regions on the Earth, the impacts of the LUCC on the regional climate systems also
vary greatly. For example, the deforestation may lead to the temperature increase in the tropic zone,
while it may lead to the regional temperature decrease in the frigid zone [4]. Different large-scale
LUCCs have effect on the characteristics of regional climate system in different ways, especially the
changes of temperature and precipitation [9,10,35].
Therefore, in order to completely reflect the relationship between LUCC and the climatic factors, it is
necessary to carry out and make comparisons among a series of case studies in different regions and at
various spatiotemporal scales and analyze the land surface parameters of the LUCC as well as the
climatic response. However, there have been very few relevant researches. Thus, the scientific objective
of this study is to estimate and compare the potential impacts of future large scale LUCC on surface
temperature from a global perspective. The Weather Research and Forecasting (WRF) model, as the
latest-generation numerical weather prediction model [36–38], is used as an important tool to
quantitatively analyze and compare the possible impacts of the future land use changes of different
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regions on the regional climate. Section 2 introduces the study areas, especially the characteristics of
the dominant land use/cover and the tendency of LUCC. Section 3 describes the downscaling scheme
using WRF-ARW model. The atmospheric forcing dataset and the predicted future land use/cover in our
simulation are also introduced in this section. Section 4 shows the result of the model performance and
outlines the effects of future dominate land use/cover changes on the surface temperature projected by
the high-resolution simulation. Finally, Section 5 consists of the discussion and conclusion.
2. Study Areas
In this paper, four case studies of potential further land use changes as well as their impact on surface
temperature are introduced and compared worldwide. In terms of the urbanization impacts in developed
megalopolis, the first case study presents some evidences for effects of future urbanization on regional
climate based on the simulation of temperature in the Northeast megalopolis of the United States of
America (USA) (Figure 1 panel A and Figure 1 panel B (a)). Further, in order to understand the potential
climatological variability caused by future forest vulnerability, we chose Brazilian Amazon region as
the study area (Figure 1 panel A and Figure 1 panel B (b)). The third one chooses India (Figure 1 panel A
and Figure 1 panel B (c)) as a typical region of the land reclamation and the possible impacts of
cultivated land reclamation are explored. The possible impacts of the future reclamation of cultivated
land are analyzed by forecasting the future cultivated land reclamation and its related changes of
temperature. Grassland plays an important role in ecosystem services supply, but studies can be rarely
found about the influences of grassland change on climate especially in Mongolia (Figure 1 panel A and
Figure 1 panel B (d)). Therefore, in the last case study, we simulate the climatological changes caused by
future grassland changes in Mongolia along with Representative Concentration Pathways (RCPs) of
Intergovernmental Panel on Climate Change (IPCC) for the years 2010–2050[38,39].
The Northeast megalopolis is the most populous and largely developed area of the USA
(Figure 1 panel A and Figure 1 panel B). A number of cities are distributed in this region, including
Baltimore, Boston, Harrisburg, Newark, New York City, Philadelphia, Portland, Providence,
Richmond, Springfield, Hartford, and Washington, DC [40], and their estimated population could rise
up to sixty million by 2025. Thus, this study area is considered as one of the most typical metropolitan
area with their economy development and population acceleration to research urbanization effects on
climate changes.
Amazonia tropical forest (Figure 1 panel A and Figure 1 panel B) constitutes half of the global
remaining tropical forests with 6 million km2, approximately 60% of which is located in the Brazilian
Amazon region [41]. The annual average forest clearing rate in Brazil has first increased and then tended
to decrease in the past decades. For instance, it increased from approximately 1.3 × 104 km2/year
in 1990–1994 to over 2.0 × 104 km2/year in 1995–1996[42], and then decreased slightly to
1.9 × 104 km2/year in 1997–2005 [43]. In addition, it has rapidly decreased to 0.7 × 104 km2/year by
2011 [44]. Moreover, these tropical forests would support the massive ecological services to water
provisioning and climate regulation, for instance, the 2500 mm annual average precipitation in
Amazon reaches could discharge over a trillion m3 of water into the ocean. In addition, these tropical
forests also protect low albedo against radiative forcing effects on keeping lower evapotranspiration
rate. Thus, without enough tropical forest, the local residents could not have any settlements with
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comfortable living conditions in this region [45]. While, anthropogenic activities also damage regional
ecological system by annual cutting, which have caused the distributions of global climate changes [46].
Therefore, land surface changes caused by deforestation would destabilize regional climatic and
hydrometerological variability [47] and then induce the climate anomalies such as changing in
precipitation and temperature [48].
Figure 1. Distribution of the study areas (panel A) and their land use/cover (magnified in
panel B) in 2010.

(panel A)

(a)

(b)

(c)

(d)

(panel B)
Cultivation in India, typically, depends upon agricultural irrigation (Figure 1 panel A and Figure 1
panel B). The total area of the cultivated land and pasture reaches is around 2.07 million km2, accounting
for 73% of the study area. There are mainly four kinds of cultivated land in India which corresponds to
the United States Geological Survey (USGS) classification, i.e., the dryland cropland and pasture,
irrigated cropland and pasture, cropland/grassland mosaic and cropland/woodland mosaic. The dryland
cropland and pasture is mainly allocated in Gangetic Plain in the north part of India, Malwa Plateau in
the middle part of India, and the northern part of Deccan Plateau. They occupy near to 1.18 million km2
by 56.76% as the largest proportion of the total cultivated land in the study area. The irrigated cropland
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and pasture is over 665. Sixty-five thousand km2 distributed in the northern part of Indus plain, eastern
part of India Peninsula and the coastal plain in the southern part of India, with ranked the second largest
proportion by 32.10%. In this study area, the other two types of cultivated land is relatively less. the
cropland/grassland mosaics is only about 203.66 thousand km2 by 9.82% allocated at the northern part
of India plain, and the middle part of India Peninsula. The cropland/woodland mosaic is only
27.39 thousand km2 by 1.32% sparsely distributed in the coastal area in the southwest part of India.
Mongolia is located in the middle of Asia (Figure 1 panel A and panel B) and it is the second-largest
inland country with total area of 1.56 million km2. Most of the country’s area is covered by steppes
which accounts for more than 70% of the national area. Because it is an inland country at high latitude,
the temperature is relatively low in northern Mongolia, according to the climate data from Mongolia
Meteorological Administration from 1960 to 2006, an annual average temperature about −5 °C even
much lower in the winter, and in the southern part of the annual average temperature is stable at 4°C [49].
Besides, the average annual precipitation in Mongolia is 200–300 mm from 1980 to 2006 [50–52]. In the
past two decades, the average temperature of Mongolia increased from 1.5 °C to 2.5 °C by 2–3 times of
the world average difference [50]. Because of its large area of grassland cover, the foremost industry in
Mongolia is livestock farming, and approximately 30% of their population is nomadic or semi-nomadic.
Thus, grassland resource is crucially important to Mongolia economy. Mongolia grasslands can be
mainly divided into four sub-types: Forest Grassland, Typical Grassland, Mountain Grassland, Desert
Grassland and Desert. The high quality forage grass has been gradually recessing and replacing by
inferior plants (bushes, shrubs, etc.) The high quality forage grass has been gradually recessing or
replaced by inferior plants (bushes, shrubs, etc.) [51] that led to many plant species greatly decreasing
and then its production gradually being declined as well. For example, the rates of pasture production
decline rate in Forest Grassland, Typical Grassland, Mountain Grassland, Desert Grassland and Desert
during 1961–2006 are 40%, 52%, 39%, 33% and 39%, respectively [53].
3. Data and Methodology
In order to make contribution to analyze and forecast climate changes in the future with a global
perspective, LUCC in the four study areas during the period from 2010 to 2050 will be firstly identified
along with IPCC RCPs. In our study, we simulate the influence of climate changes caused by different
types of land use changes based on the implement of WRF model with land use/cover data and
atmospheric forcing data.
3.1. Downscaling Scheme Using WRF-ARW Model
Land use/cover data from Landsat TM in 2010 is used as the baseline underlying surface data in
this study, while the predicted land use/cover raster data from 2010 to 2050 are derived from the
database of IPCC RCP 6.0 [38,39].This database is developed by the Asia-Pacific Integrated Model
(AIM) modeling team at the National Institute for Environmental Studies (NIES), Japan. IPCC RCP 6.0
is selected as the reasonable land use/cover patterns in the future because it is a stabilization scenario and
the total radiative forcing is stabilized after decades without overshoot by employment of a range of
technologies and strategies for reducing greenhouse gas emissions [39]. In addition, Model output of the
latter of IPCC RCP 6.0 such as air temperature, specific humidity, sea level pressure, eastward wind,
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northward wind, geopotential height from 2010 to 2050 are used as the atmospheric forcing dataset of
WRF-ARW model (Figure 2).
Figure 2. Downscaling scheme using WRF-ARW model for the four case studies.

WRF is a next-generation, limited-area, non-hydrostatic, mesoscale modeling system developed by
a group of scientists in different institutes [54]. It consists of three modes, including pre-processing
module of mode (WPS), main module of model (ARW), and assimilation module of mode and
post-processing tools of mode data (WRF-VAR). The WRF-ARW (Edition 3.3) is used to simulate
the impacts of large-scale LUCC on the temperature in this study.
3.2. The Tendency of the Four Typical Land Use/Cover
In order to effectively investigate and compare the possible future temperature change of the
four typical areas, we only analyze the typical land type in the four areas, even though change patterns of
all kinds of land use/cover in 2010 to 2050 are available in the database. The new urbanization region in
the eastern of USA, the deforestation region in Amazon, the newly increased cultivated land in India,
the grassland region in Mongolia are all extracted and analyzed, separately. All the land use/cover of
these four cases area is presented in the form of raster data. Thereafter, the change areas (in the form of
raster data) of the four types of large-scale LUCC derived from the database of IPCC RCP 6.0 are
overlaid to the baseline underlying surface data, separately. Consequently, two types of major
underlying surface data, baseline underlying surface data directly derived from Landsat TM and
predicted underlying surface data by overlaying the typical change area to the baseline underlying
surface map, are finally obtained (Figure 3).
In the case study of Northeast megalopolis, both the two underlying surface data are transformed
to raster data at the resolution of 30 km × 30 km by resampling. From 2010 to 2050, the land cover
conversion is dominated by the conversion from Deciduous Broadleaf Forest to Urban and Built-up
Land in the middle part of the study area (Figure 3a). The predicted underlying surface data indicates
that the urbanization would continue during 2010–2050.
Figure 3b provides the geographical distribution of changed forestry land in Brazilian Amazon.
Both the two underlying surface data are resampled at the resolution of 30 km × 30 km. The degraded
and transitioned area primarily distribute in the periphery of the entire Amazon, as well as along the
rivers. Compared to forestry land patterns in panel B (b) of Figure 1, the area in which forest is
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converted into cropland are principally distributed in the most disturbed and populated area. In
addition, the statistical analysis shows that the projected deforested land occupies 15% of the study
area during the period during 2010–2050.
Figure 3. Predicted underlying land use/cover data in 2050 of the four case studies
((a): Northeast megalopolis of the USA; (b): Amazonia; (c): India; (d): Mongolia).

(a)

(c)

(b)

(d)

In the case study of India, the predicted land use/cover data in 2050 are obtained by combining the
data of the newly increased cultivated land and the former data, and both the two underlying surface data
are also resampled at the resolution of 30 km × 30 km (Figure 3c). According to the land conversion
data under the AIM performance, the changing area of the cultivated land in the future is around
1.16 million km2. It is mainly caused by the increasing demand for the grain due to the population
growth, and the area of this kind of conversion will be up to 560 thousand km2, accounting for 48% of
the total conversion area. There has been a large area of dryland cropland in India, and more land will
be converted into the irrigated land which is of higher productivity with the improvement of
the irrigation conditions, development of irrigation techniques and increase of the grain demand.
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Similarly, in the case study of Mongolia, the two underlying land use/cover data in the downscaling
scheme showed in the Figure 2 are also transformed to raster data of 50 km × 50 km by resampling.
Compared to the land use/cover in panel B (d) of Figure 1, the conversion from Grassland to Mixed
Dryland/Irrigated Cropland and Pasture will dominate in the study area by 2050 (Figure 3d). Besides, it
also indicates that there is a strong tendency of conversion from Grassland to Savanna in this region in
future 40 years.
3.3. Model Validation
In order to verify the ability of WRF model to simulate the temperature changes in the study areas, we
compared the simulation result from WRF model to the observed data of land surface temperature in the
case study of India (Figure 4, Figure A1–A3 in the Appendix). The simulation results of the monthly
average temperature are similar to the observations with a relatively lower error rate less than 10%.
Thus, the bias is statistically acceptable because the simulated temperature has roughly a small positive
bias due to overestimation in March and September respectively. Therefore, the result of the model
verification indicates that WRF is well-behaved to simulate the annual temperature changes and its
spatial pattern.
Figure 4. Simulated and observed values of the monthly average near-surface temperature
of India in 2010.

4. Simulation Result of the Surface Temperature
The effects of future large scale-LUCC can be measured by the difference of the simulation results
with predicted underlying surface and baseline underlying surface (Figure 2):

E=i Ri − ri
where, i refers to average annual or monthly temperature; E refers to the effects of future predominant
land type changes on climate; and R and r are the simulation results of WRF-ARW model with
predicted underlying surface and baseline underlying surface, respectively.
On the whole, the surface temperature shows an increasing tendency in these four study areas to
some extent (Figure 5). The urban temperature would increase more obviously among the four land
types, and we can see that in USA where the surface temperature would be significantly increased by
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severely continuous urbanization over time. Moreover, the spatial pattern of average annual
temperature indicates that highly significant spatial heterogeneity of the land surface changes impacts
on the temperature changes in Brazilian Amazon and India. In addition, in order to reflect effectively
on the tendency of the surface temperature change in the future, in the case study of Northeast
megalopolis and Mongolia, we project the result with two periods: 2010–2020 and 2040–2050 for
further analysis.
Figure 5. Difference of simulated annual average temperature (°C) between year 2000 and
2050 in the four case studies.

(a)

(c)

(b)

(d)

4.1. The Effects Urbanization in Northeast Megalopolis
According to the simulation results, the urbanization would have effect on average annual
temperature in the future (Figure 5a). On the one hand, the largest change in average annual
temperature will occur in the expanded urban area during 2010 to 2050. In some urbanization area, the
average annual temperature will even increase by 2 °C to 4 °C On the other hand, the significant
average annual temperature decrease will mainly happen in south of the Northeast megalopolis where
the forestry area and its cooling effect should not be ignored. Overall, the results clearly reflect the
spatial heterogeneity of the temperature rise caused by urbanization. In addition, the warming effect of
urbanization is more obvious in these four case studies. Therefore, to predict the possible influenced
area by future urbanization on monthly average temperature, we further analysis by calculating the
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number of pixels (to reflect the area) in nonurban area with average monthly temperature change
exceeding 0.5 °C (Figure 6, panel B).
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Figure 6. Effects of future urbanization on average monthly temperature in Northeast
megalopolis, USA: (A) average monthly temperature changes in urban area;
(B) number of pixels in nonurban area with average monthly temperature change
exceeding 0.5 °C.
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In terms of the monthly average temperature, the differences of simulated monthly average
temperature change indicate the warming effect of future urbanization will be more significant in the
summer than in the winter in new urbanization area (Figure 6A). For example, the urbanization will
lead to an increase of monthly average temperature by 3.15 °C in new urbanization area during
2040–2050. There will be also some cooling effect in new urban area in the winter (November,
December and January) during 2010–2020. However, this tendency can be ignored compared the
significant monthly average temperature increase during 2040–2050 and the notable monthly average
temperature increase in other months during 2010–2020.
In the nonmetropolitan areas, the future urbanization would also drive the monthly average
temperature increase because of global climate changes, and a tendency of its variety is simulated by
month to month (Figure 6B). Furthermore, the results show that the influenced area by future
urbanization on monthly average temperature would be getting larger in the period from July to
December. Especially in the period of 2040 to 2050, the area that severely influenced by future
urbanization on monthly average temperature is more than 6.25 × 104 km2 from July to December
during 2040–2050. Thus, by comparing the number of pixels separately with monthly average
temperature change over 0.5 °C during 2010–2020 and 2040–2050, the tendency of urbanization
expanding areas could be observed, and more notable urbanization effects on monthly average
temperature in the future.
4.2. The Effects of Deforestation in Brazilian Amazon
The spatial distribution of differences in surface temperature during 2010–2050 is significantly
influenced by the forestry land changes (Figure 5b). Obviously, the surface temperature increases over
the western region and massive deforestation areas experience a significant increase of temperature.
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In addition, the spatial pattern of the temperature change during winter corresponds to the land cover
to some extent. For instance, the temperature increment was relatively higher in the Northwestern and
the middle part of the study area, which will mainly experience the land conversion from Evergreen
Broadleaf Forest to Mixed Dryland/Irrigated Cropland and Pasture. Similarly, there is a slight change of
the average annual temperature in the South part of the study area, where the land cover is
Cropland/Woodland Mosaic.
We also calculate the temperature change variability on different land cover types according to the
simulation results (Figure 7). Future temperature in the evergreen broadleaf forest will increase of 0.02 °C
according to the statistical analysis. As shown in the Figure 1 and Figure 3b, the land cover change in the
study area during 2010–2050 is mainly characterized by the conversion from forestry land to pasture and
woodland, and it will lead to a slight change of the surface temperature. This insignificant change of the
average annual temperature change can be explained by the large area of the tropical forests which cover
most of the study area. On the contrary, the Dryland cropland and pasture as well as the Grassland will
experience an obvious increment of the average annual temperature change, partly because the relatively
small area of the Dryland cropland and pasture as well as the Grassland have more uncertainties of
the simulation result.
Figure 7. The difference of temperature (°C) of different land covers in Brazilian Amazon
in 2050.

Notes: DCP: Dryland cropland and pasture; CWM: Cropland/woodland mosaic; GRS: Grassland; SRB:
Shrubland; SVN: Savanna; EBF: Evergreen broadleaf forest; WTB: Water bodies; WWL: Wooded wetland;
WTD: Wooded tundra.

4.3. The Effects of Irrigation in India
Simulation result indicates that the future reclamation of cultivated land in India will have some
effect on the spatial heterogeneity of the annual average temperature (Figure 5c). Compared to the
simulation result with the baseline land surface data, the simulated temperature with the predicted land
surface data is higher in the southern and western part of the study area. Meanwhile, the temperature
change is higher in the mountainous area and lower in the plain at the same latitude. Additionally,
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the simulated result also indicates that the average annual temperature in the inland would show an
obvious increase during 2010–2050. However, this warming tendency cannot be found in coastal area.
In order to better understand the relationship between future land conversion and the temperature
change, we also calculate the monthly average temperature change in the area where other types of
land convert to Irrigated Cropland and Pasture in summer (Figure 8). Overall, different types of land
conversation have different effects on temperature. Specifically, the conversion from evergreen
broadleaf forest to irrigated cropland and pasture would lead to an increment of the average monthly
temperature by 0.31 °C. Similarly, the conversion from mixed forest to irrigated cropland and pasture
will result in an increment of 0.21 °C of the average monthly temperature.
Figure 8. Change of the monthly average temperature due to land conversion from other
types to Irrigated Cropland and Pasture in summer in India.

Notes: SVN: Savanna; DDS: Deciduous broadleaf forest; EBF: Evergreen broadleaf forest; MDF: Mixed
forest; BNS: Barren or sparsely vegetated; DCP: Dryland cropland and pasture; CGD: Cropland/grassland
mosaic; CWM: Cropland/woodland mosaic; SBL: Shrubland.

In contrast to these two types of cultivated land reclamation, other kinds of land irrigation have some
cooling effect on the surface temperature in summer. For example, conversion from barren or sparsely
vegetated to irrigated cropland and pasture will lead to a significant decrease of the monthly average
temperature by 0.40 °C. Also, the climatic effect of the land conversion from Dryland cropland and
pasture and Shrubland to Irrigated Cropland and Pasture should not be ignored, with a decrement of
0.32 °C and 0.33 °C, separately. Generally, the different land irrigation activities have different effect
on the surface temperature.
4.4. The Effects of Grassland Degradation in Mongolia
Overall, the simulation results indicate that grassland degradation in Mongolia also has some effect
on the spatial heterogeneity of the annual average temperature (Figure 5d). There would be a slight
increase of the surface temperature on the whole region. As for the spatial variation, this increasing
tendency of average annual surface temperature would decrease gradually from west to east. In
addition, most of the areas (about 70%) would experience an increase of the annual average
temperature, especially the northwestern and central regions of Mongolia, while the increasing
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tendency can be up to 0.1 °C. Meanwhile, in small part of the southwestern and eastern regions of
Mongolia, average annual surface temperature will decrease by about 0.1 °C.
The impact of grassland degradation on surface temperature is more complicated and widespread in
the summer than that in the winter, in the time period of 2040–2050 than 2010–2020 (Figure 9).
Generally, there will be an increasing tendency trend of annual average temperature with an increment
of 0.03 °C–0.07 °C during 2010–2020 and 2040–2050. The simulated result indicates that increase
tendency of the monthly average temperature from month to month during 2010–2020 and 2040–2050
are basically the same, with obvious seasonal characteristics.
Figure 9. Effects of future grassland degradation on average monthly temperature during
two decades in Mongolia.

5. Discussion and Conclusions
In this study, the potential impacts of four types of large-scale LUCC (urbanization, deforestation,
cultivated land reclamation, and grassland degradation) on surface temperature are analyzed along with
IPCC RCPs. For the case study in urbanization in USA, the land cover change is just characterized by
urban expansion, and in the case of grassland degradation in Mongolia, the main land change progress is
just the grassland degraded to Barren or Sparsely Vegetated land (one type of land cover in USGS
classification which is presented in Figure 1). In contrast to these distinct LUCC, in the case studies of
Brazilian Amazon and India, we observed that there are several land types conversion in the case of
irrigation in India and deforestation in Brazilian Amazon. Specifically, the deforestation in Brazilian
Amazon includes the land conversion among Dryland cropland and pasture, Cropland/woodland
mosaic, Grassland, Shrubland, Savanna, Evergreen broadleaf forest as well as Wooded wetland et al.
In addition, the land irrigation in India includes different land conversions from other land types
(Savanna, Deciduous broadleaf forest, Evergreen broadleaf forest, Barren or sparsely vegetated,
Shrubland, etc.) to the Irrigated Cropland and Pastureland types.
Urbanization is a predominant LUCC and it is one of the most important human activities that
influence the climate system. As more megacities (more than 10 million people) are developing, the
climatic effect of this urban expansion pattern should not be ignored. The average annual and monthly
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temperature change caused by urbanization during 2010–2050 is presented by taking the Northeast
megalopolis, USA as a case study area. The effects of future urbanization on average monthly
temperature would vary from month to month and become more and more severe along with
urbanization in not only original and new urban area but also nonurban area. The warming effect of
future urbanization in original and new urbanization area will be more serious in summer than in
winter even if there would be a cooling effect in winter in original urban area. More importantly, the
spatial pattern of urban expansion is coordinated with that of the temperature increment; therefore the
results of this study can provide some scientific basis for the urban planning. In addition, more
megacities (with more than 10 million people) are developing in developing countries. For example, as
one of the biggest developing countries in the world, China has crossed the “urban tipping point”, with
about 52.57% percent of its population now living in cities. The warming effect of urbanization, which
is shown in this study, can serve as an alert for the disordered urban expansion.
For climatic changes in the tropical area, a lot of studies have been conducted to explore the
influences of vegetation vulnerability on climate variability in Amazon using various methods such as
statistical extrapolation and General Circulation Models (GCMs). However, no debate of reasonable
future tropical forest land changes will be complete without taking the Brazilian Amazonia forests as a
key component into account in climate researches with high resolution. For the effects of deforestation
in the case study of in Brazilian Amazon, the land surface changes are quite different from previous
studies. Forests are mainly converted into pasture and woodland, distributed along the edge of the
study area and river branches. The simulated climatic results caused by these potential future land
surface changes show that expanding deforestation would principally trigger the increase of surface
temperature in the deforested area. For the deforestation in other part of the world, such as the boreal
forest region, the tendency of the regional annual temperature maybe different because of the some
other factors such as the different vegetation cover.
As for the cultivated land reclamation, there is still a trend of reclamation of cultivated land in
2010–2050 form the data base of IPCC RCP 6.0 since the population growth leads the increasing grain
demand. The cultivated land reclamation has obvious impacts on the climate in India. Since the
different types of reclamation of cultivated land involve different types of LUCC and cropland
management modes, there will be some differences in the change of the geophysical parameters such
as latent heat flux and sensible heat flux, which will subsequently lead to different effects on the
surface temperature in different cultivated reclamation regions. However, with the help of the
methodology, the impacts of cropland management practices can be analyzed and emphasized since
there will be likely substantial cultivated land change due to the land use management as the society
strives to meet growing food demands. For example, China as a large agricultural country plays a very
important role in the international grain market and has great demand for grain. As a result, the
cultivated land reclamation in Northeast China and Northern China has lasted for many years.
Among the four case studies, the grassland degradation has some slight effect on the regional
temperature in the next 40 years in Mongolia and the effects have spatial and temporal heterogeneity.
Annual average temperature will change significantly from April to September, and the maximum
change is in July. Additionally, results indicate that the WRF model can well simulate the spatial pattern
and change of temperature, although the simulated value is a bit lower than the observed value.
The results of this study can also provide an alert for other regions with widespread grasslands, e.g.,
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Inner Mongolia of China, which is located to the south of Mongolia. Compared to urban land and
cultivated land, the grassland in the world covers a much larger area and is generally more
continuously distributed with a large scale. Therefore, the grassland degradation is analyzed with the
resolution of 50 km × 50 km in the case studies of the grassland degradation in Mongolia.
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Figure A2. Simulated and observed values of the average near-surface temperature of
Brazilian Amazon in 2010.

Figure A3. Simulated and observed values of the monthly average near-surface
temperature of Brazilian Amazon in 2010.
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