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ABSTRACT: The impacts of land-use and land-cover change (LULCC) on
tropospheric temperatures are investigated in this study using the fully coupled
Community Earth System Model. Two simulations are performed using po-
tential and current vegetation cover. The results show that LULCC can induce
detectable changes in the tropospheric air temperature. Although the influence
of LULCC on tropospheric temperature is weak, a significant influence can still
be found below 300 hPa in summer over land. Compared to the global-mean
temperature change, LULCC-induced changes in the regional-mean air tem-
perature can be 2–3 times larger in the middle–upper troposphere and ap-
proximately 8 times larger in the lower troposphere. In East Asia and South
Asia, LULCC is shown to produce significant decreases (0.28 to 0.48C) in air
temperature in the middle–upper troposphere in spring and autumn due to the
largest decrease in the latent heat release from precipitation. In Europe and
North America, the most significant tropospheric cooling occurs in summer,
which can be attributed to the significant decrease in the absorbed solar radi-
ation and sensible heat flux during this season. In addition to local effects,
LULCC also induces nonlocal responses in the tropospheric air temperature
that are characterized by significant decreases over the leeward sides of LULCC
regions, which include East Asia–western North Pacific Ocean, Mediterranean
Sea–North Africa, North America–Atlantic Ocean, and North America–eastern
Pacific. Cooling in the leeward sides of LULCC regions is primarily caused by
an enhanced cold advection induced by LULCC.

KEYWORDS: Air temperatures; Seasonality; Nonlocal response; Temperature
advection

1. Introduction
Human activities have altered 42%–68% of the global land surface by trans-

forming natural vegetation into crops, pastures, and woods for harvesting from the
years 1700 to 2000 (Hurtt et al. 2006). The biogeophysical climate impacts of
human-induced land-cover change have been investigated using various general
circulation models (GCM), regional climate models, and observations (e.g., Pielke
et al. 2002; Fu 2003; Feddema et al. 2005; Bonan 2008). The Fifth Assessment
Report of the Intergovernmental Panel on Climate Change (IPCC; Myhre et al.
2013) noted that global land-use change has led to a change in radiative forcing by
20.15 6 0.10Wm22 due to the increased land surface albedo, which in turn
caused a decrease in the land surface temperature (LST). However, the non-
radiative influence of land-use change [e.g., changes in plant phenology and
evapotranspiration (ET)] led to an increase in the LST because of the decrease in
ET (Pitman et al. 2009; Lawrence and Chase 2010).

The influence of land-use and land-cover change (LULCC) on the LST is dif-
ferent at different latitudes. In tropical and temperate regions (e.g., South Asia and
East Asia), LULCC can lead to a surface warming of 18 to 28C via reduced
evapotranspiration (Shukla et al. 1990; Dickinson and Kennedy 1992; Polcher and
Laval 1994; Zhang et al. 1996; Chase et al. 1996; Pielke 2001; Niyogi et al. 2002;
Davin and de Noblet-Ducoudré 2010). In high-latitude regions, such as Europe and
North America, LULCC can result in a surface temperature cooling of 18 to 28C
primarily because of the increased land surface albedo (Brovkin et al. 1999; Betts
et al. 2007; Oleson et al. 2004; Bala et al. 2007; Davin and de Noblet-Ducoudré

Earth Interactions d Volume 20 (2016) d Paper No. 7 d Page 2



2010; de Noblet-Ducoudré et al. 2012). Lawrence and Chase (2010) found that
land-cover change results in a widespread regional warming and drying of the near-
surface atmosphere but has a limited global influence on near-surface temperatures
and precipitation. The LULCC-induced warming is significantly driven by changes
in surface hydrology due to reduced ET, while radiative forcing plays a secondary
role (Lawrence and Chase 2010).

Most previous studies focused on the influence of LULCC on the surface air
temperature, precipitation, and land–atmosphere fluxes (e.g., Brovkin et al. 1999;
Betts et al. 2007; Oleson et al. 2004; Douglas et al. 2006; Lobell et al. 2006; Bala
et al. 2007; Lee et al. 2009). Only a few studies have investigated the potential
impact of LULCC on the troposphere. For example, a GCM simulation with a
prescribed SST suggested that the impacts of terrestrial quantities (e.g., soil
moisture and sensible and latent heat fluxes) resulting from LULCC over South
Asia and Southeast Asia can rarely propagate into the atmosphere in a significant
way in summer (Findell et al. 2009). However, Narisma and Pitman (2003) in-
vestigated the influence of LULCC on regional climates using an RCM and noted
that LULCC has the potential to influence atmospheric circulation patterns over
Australia as well as the boundary layer temperature. In their simulations, the in-
fluence of LULCC on temperature propagates upward beyond the boundary layer
and reached a height of approximately 0.7-sigma level (Narisma and Pitman 2003).
A recent study using a fully coupled Community Earth System Model (CESM)
showed that LULCC could significantly affect atmospheric circulation at 850 hPa
in Asia during the monsoon seasons of spring and autumn (Xu et al. 2015). Given
the diverse results of the influence on the troposphere caused by LULCC, we revisit
this issue by investigating the influence of LULCC on tropospheric air tempera-
tures using a fully coupled Earth system model in this study.

In addition to studies of the local climatic responses to LULCC, the remote
climate response to LULCC has also been investigated in previous studies. For
example, the land-cover change in the tropics and Southeast Asia could affect
climate at higher latitudes by changing the position and strength of the Hadley and
Walker circulations (Zhao et al. 2001). A GCM simulation suggested that tropical
deforestation causes a weakening of deep tropical convection, which triggers the
northeastward propagation of a Rossby wave train and alters climates at higher
latitudes (Snyder 2010). A coupled ocean–atmosphere model simulation showed
that Southeast Asian deforestation can also induce teleconnections between the
tropics and the extratropics via the excitation of atmospheric waves (Schneck and
Mosbrugger 2011). Schneck and Mosbrugger (2011) also noted that remote effects
are sensitive to small initial changes, which suggests that the remote responses to
land-cover change contain high uncertainties. Findell et al. (2006) argued that the
extratropical response to complete tropical deforestation is difficult to distinguish
from natural climate variability. In this study, we further investigate the influence of
LULCC on tropospheric air temperatures and its nonlocal effects, which have not
been investigated thoroughly in previous studies.

This paper is organized as follows: The model description and experimental
design are outlined in section 2. Section 3 presents the influence of LULCC on
surface temperatures. Changes in the 850-hPa air temperature, the nonlocal re-
sponses of air temperatures to LULCC, and the change in the vertical profile of air
temperatures are addressed in section 4. Conclusions are last presented in section 5.
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2. Model introduction and experimental design

2.1. Model

This study uses the CESM developed by the National Center for Atmospheric
Research (NCAR) (Collins et al. 2006). The CESM is a fully coupled Earth system
model that includes four separate model components that can simultaneously
simulate Earth’s atmosphere, ocean, land surface, and sea ice physics. The at-
mosphere component of the CESM is the Community Atmosphere Model (CAM),
which uses a Lin–Rood finite-volume dynamic core. The horizontal resolution of
the CAM in this study is 2.58 3 1.8758 with 26 levels in the vertical direction (Lin
2004). The ocean model used in this study is version 2 of the Parallel Ocean
Program, which can simulate dynamic and thermodynamic processes in the ocean
(Smith et al. 2010). The land surface component of the CESM is the Community
Land Model, version 4 (CLM4), which is able to simulate biophysical, biochem-
ical, and hydrological processes. Land-cover types in the CLM include 15 vege-
tation types in addition to bare ground, lake, and glacier. Each vegetation type has
its own leaf area and stem area indices, root distribution, optical properties, and
canopy heights at its top and bottom (Dai et al. 2003). The improvements in the
CLM4 compared to its previous version include a refinement of the global plant
function type (PFT), a better description of wetland and lake distributions, and
more realistic optical properties for grasslands and croplands. In particular, more
sophisticated representations of soil hydrology and snow processes are im-
plemented in the CLM4. The sea ice component of the CESM, which is called the
Community Ice Code (CICE), is a dynamic–thermodynamic model that includes a
subgrid-scale ice thickness distribution (Bitz et al. 2001; Lipscomb 2001).

Like its predecessors, the current CESM can reasonably reproduce the annual
cycle of precipitation and temperature and diurnal temperature variation (e.g.,
Meehl et al. 2006; Xu et al. 2015). However, significant errors have also been
noted; for example, CCSM3 exhibits systematic SST errors that are associated with
regional precipitation errors in the monsoon regions of South America and West
Africa, although the coupled model showed some improvements in the monsoon
simulation compared to the SST-forced simulations, particularly for Asia (Meehl
et al. 2006). CCSM4 contains significant improvements compared to CCSM3,
including a smaller systematic rainfall error, a more realistic pattern of rainfall in
the Australian monsoon, and an improved simulation of El Niño (Meehl et al.
2012). The comparison of the CESM simulation, which is driven by realistic ex-
ternal forcings of greenhouse gas concentration, anthropogenic aerosol, and land-
cover change, with the NCEP–NCAR reanalysis shows a warmer temperature bias
in the annual mean of 850-hPa air temperature in most regions from the years 1979
to 2005. The CESM results show significant temperature biases (i.e., larger than
48C) at the North and South Poles, on the Tibetan Plateau, and over the south-
eastern Pacific Ocean. Conversely, the biases are generally less than 48C in East
Asia, South Asia, Europe, and North America (figure not shown). The vertical
profile of the simulated annual-mean air temperature also shows a warm bias of
approximately 18C below 300 hPa over East and South Asia and a bias of ap-
proximately 18 to 48C in Europe and North America. The maximum bias occurs in
the lower troposphere (figure not shown).
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2.2. Experimental design

To investigate possible influences of LULCC on tropospheric air temperature,
two experiments are conducted using the fully coupled CESM. The experiments
are the same as employed in Xu et al. (2015), and the following text is derived from
there with minor modifications. In the first experiment (i.e., PotVeg), we use po-
tential vegetation cover data that is available in the literature (Ramankutty and
Foley 1999; Lawrence and Chase 2010). This dataset was originally derived pri-
marily from a satellite-based global land-cover dataset with regions dominated by
land use filled using a simulated potential vegetation dataset from an equilibrium
terrestrial biosphere model (Haxeltine and Prentice 1996). The second experiment
(i.e., CurVeg) is driven by current vegetation cover data valid in 2000 from
Moderate Resolution Imaging Spectroradiometer (MODIS) data. Both experi-
ments were run for 100 years. Both the CAM and CLM were initialized from the
current climatological-mean state of 1 January. Present-day oceanic temperature
and salinity were used to initialize the ocean model. It is necessary to have the
upper ocean reach a reasonable state of equilibrium to investigate interannual
climate variability (Kantha and Clayson 2000). In our simulations, the annual-
mean SST takes approximately 10 to 20 years to reach equilibrium, which is
generally consistent with previous studies (Abe et al. 2003; Wohlfahrt et al. 2004;
Kitoh 2004). Deep soil moisture requires approximately 30 years to be in a rea-
sonable state of equilibrium. Therefore, in order to exclude spinup effects, the first
40 years of the simulations were discarded from the subsequent analysis. The
climatological-mean difference between the CurVeg and PotVeg experiments (i.e.,
CurVeg minus PotVeg) describes the effects of LULCC.

LULCC led to significant changes in tree, crop, shrub, and grass PFTs between
the current and potential vegetation covers considered (Figure 1). Tree PFTs
show the largest decrease in East Asia, South Asia, central Europe, and North
America, which is consistent with that in Lawrence and Chase (2010). In these
regions, the decreased tree PFTs are primarily converted into crop and grass
PFTs. Figure 2 shows the changes in the leaf area index (LAI), the surface
albedo, and the effective roughness length between the current and potential
vegetation covers. Following Maynard and Royer (2004), the effective rough-
ness length Ze

0 is computed by
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�
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��2, (1)

where fi is the fractional area of each land-use category i, Zi
0 is the roughness

length, and Zb is the height of the first atmospheric model level above the ground
(i.e., 65m). Although Zb varies with orography to a certain extent, the effective
roughness length shows a very low sensitivity to the change in Zb.

Generally, the LAI and effective roughness length show a significant decrease in
East Asia, South Asia, central Europe, and North America due to anthropogenic
LULCC (Figures 2a,c). Conversely, surface albedo shows a significant increase in
these regions (Figure 2b). The decrease in the LAI is larger in East Asia and South
Asia than that in Europe and North America (Table 1). Conversely, the changes in
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surface albedo and effective roughness length in East Asia and Europe are larger
than in South Asia and North America throughout the year (Table 2).

3. Impact of LULCC on the land surface temperature
For comparison, the response of the LST to LULCC is investigated (Figure 3)

prior to the response of tropospheric temperature to LULCC. The Student’s t test,
which takes serial correlation into account, is used to identify the statistically
significant differences between the results of these two experiments (Zwiers and
von Storch 1995). It is found that LULCC produces a significant increase of
18 to 38C in the LST over South Asia and East Asia throughout the year (Figure
3). LULCC leads to a significant decrease in the LST in North America and
North Africa throughout the year except in spring (Figure 3). LULCC-induced
changes in the 2-m air temperature are generally consistent with those in the
LST in all seasons (not shown). It is worth noting that LULCC can also lead to
some nonlocal responses in the LST (Figure 3), which will be described in
section 4.2.

Following Xu et al. (2015), we compute each individual term that contributes to
the land surface energy balance:

Figure 1. Land-cover change in the CLM plant functional types (PFTs; unit: %) be-
tween the current day and the potential vegetation parameters (i.e.,
CurVeg minus PotVeg).
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Ra2 (L " 2 L # )2H2 lE2G5 0. (2)

The longwave radiation emitted from the land surface can be written as

sT45Ra1 L # 2H2 lE2G, (3)

where s is the Stefan–Boltzmann constant, which equals 5.673 1028Wm22 K24;
T is the land surface temperature (i.e., the radiative temperature); Ra is the ab-
sorbed solar radiation (ASR) at the land surface; L " is the emitted longwave
radiation from the land surface; L # is the atmospheric longwave radiation (ALR);
H is the sensible heat (SH) flux; lE is the latent heat (LH) flux; and G is the ground

Figure 2. Differences in (a) annual-mean LAI, (b) land surface albedo (31021), and
(c) effective roughness length (unit: m) between the CurVeg and PotVeg
experiments (i.e., CurVeg minus PotVeg). The four regions are outlined by
black boxes.
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heat flux (GHF). Thus, we can determine which components of the surface energy
budget are responsible for the change of the land surface temperature by analyzing
the changes in the land surface fluxes.

Figure 4 shows the LULCC-induced changes in each component of the surface
energy budget in five regions. The GHF, SH, and LH have been multiplied by 21,
respectively, for comparison. Thus, a positive (negative) change favors the warming
(cooling) of the land surface, as shown in Equation (3). The total positive (negative)
changes are larger than the total negative (positive) changes in East Asia and South
Asia (Europe, North America, and North Africa), indicating a warming (cooling) of
the land surfaces in these regions (Figure 4). In East Asia, LULCC leads to an
increase in the seasonal-mean LST due to the significantly lower SH throughout the
year except in winter, although ASR decreases due to the increase in surface albedo
(Figures 3, 4a). The reduced LH accounts for the significant increase in the LST in
South Asia throughout the year (Figures 3, 4b). In Europe and North America, ASR
decreases due to the increase in surface albedo, which favors the land surface cooling.
However, the significant decrease in SH tends to warm the land surface, which largely
cancels out the cooling effect induced by albedo change (Figures 4c,d). As a result,
the cooling is weak in Europe and North America (Figure 3). There is a significant
cooling in North Africa due to the decreased ALR and the increased SH throughout
the year except in spring, although LULCC is not significant here (Figures 3, 4e). The
mechanism of the change in ALR and SH will be discussed in section 4.2.

4. Impact of LULCC on the upper air temperature

4.1. Changes in the 850-hPa air temperature

The influence of LULCC on the 850-hPa air temperature is different from that on
the LST. The air temperature shows an overall cooling at 850 hPa over LULCC
regions, including India and eastern China, where LULCC leads to a land surface

Table 2. Difference in land surface albedos between CurVeg and PotVeg experiments
(i.e., CurVeg minus PotVeg). Regional areas defined in Table 1.

Spring Summer Autumn Winter Annual

East Asia 0.028 0.022 0.037 0.045 0.033
South Asia 0.017 0.007 0.005 0.010 0.010
Europe 0.021 0.015 0.028 0.037 0.026
North America 0.013 0.007 0.016 0.030 0.016
Global mean 0.003 0.001 0.003 0.005 0.003

Table 1. Difference in LAI between CurVeg and PotVeg experiments (i.e., CurVeg
minus PotVeg). East Asia: 258–408N, 1108–1208E; South Asia: 108–308N, 708–908E; Eu-
rope: 408–608N, 08–408E; and North America: 308–458N, 708–1008W.

Spring Summer Autumn Winter Annual

East Asia 20.58 20.79 20.64 20.48 20.62
South Asia 20.48 20.53 20.78 20.73 20.63
Europe 20.15 20.36 20.27 20.18 20.24
North America 20.28 20.40 20.26 20.09 20.26
Global mean 0.00 20.01 20.01 20.01 20.01
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warming (Figures 3, 5). LULCC induces a significant decrease in the 850-hPa air
temperature in East Asia, Europe, and North America in spring, summer, and
autumn (Figure 5), but the influence of LULCC is less significant in winter in
Europe and North America (Figure 5d). As discussed in section 3, LULCC leads to
distinct decreases in the surface roughness, sensible heat flux, and latent heat flux
from evaporation (Figures 2c, 4), which generally tend to warm the land surface
and cool the atmosphere. Conversely, LULCC-induced increases in the land sur-
face albedo tend to reduce the energy absorbed by the land and results in surface
cooling (Figure 2b). In addition, the model results indicate that the atmospheric
precipitable water also decreases in response to LULCC, which is favorable for the
decrease in tropospheric air temperatures due to the reduced greenhouse gas effect
of water vapor in the atmosphere (Xu et al. 2015). Consequently, LULCC results in
an overall decrease in 850-hPa air temperatures in Europe, East Asia, North

Figure 3. LULCC-induced changes in surface temperature in (a) spring (March–
May), (b) summer (June–August), (c) autumn (September–November),
and (d) winter (December–February). The sitppled area denotes that the
difference reaches the significance level of 0.05. The four regions are
indicated by black boxes.
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Figure 4. LULCC-induced changes in seasonal-mean fluxes (Wm22) in (a) East Asia
(258–408N, 1108–1208E), (b) South Asia (108–308N, 708–908E), (c) Europe (408–
608N, 08–408E), (d) North America (308–458N, 708–1008W), and (e) North Africa
(208–408N, 08–408E). GHF, SH, LH, ASR, ALR, and the sum of the five variables.
GHF, SH, and LH have beenmultiplied by21, respectively, for comparison. A
positive (negative) change tends to warm up (cool down) the land surface.
The hatched (stippled) bars indicate that the differences reach the signifi-
cance level of 0.05 (0.10). The solid (open) circle indicates the difference in
the sum reaches the significance level of 0.05 (0.10), respectively.
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America, and the adjacent ocean areas (Figure 5). Conversely, changes in the LST
are determined by the relative importance of the two factors that have opposing
effects on the LST change: LULCC-induced increases in the land surface albedo
tend to cool the land surface, while decreases in the land surface roughness, sen-
sible heat, and latent heat fluxes tend to warm the land surface.

4.2. Nonlocal responses of air temperature to LULCC

In addition to local responses, we also found significant nonlocal responses of
tropospheric air temperatures to LULCC (Figure 5). The 850-hPa air temperature

Figure 5. LULCC-induced changes in 850-hPa air temperature in (a) spring (March–
May), (b) summer (June–August), (c) autumn (September–November),
and (d) winter (December–February). The stippled area denotes that the
difference reaches the significance level of 0.05. The four regions are in-
dicated by black boxes. The vector is the climatological wind in the
CurVeg experiment at 850hPa.
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shows a significant decrease over the leeward side of LULCC regions (e.g., East
Asia to the western North Pacific Ocean, the Mediterranean Sea to North Africa,
North America to the Atlantic Ocean, and North America to the eastern Pacific
Ocean; see Figure 5). Similar to the local responses, the nonlocal responses to
LULCC are also season dependent (Figure 5). In East Asia, the significant cooling
at 850 hPa extends to the western North Pacific in spring and summer, which is
likely related to the enhanced cold advection from eastern China to the western North
Pacific caused by westerly wind (Figures 5a,b). In autumn, significant cooling is
constrained to the East Asian continent, where a convergent zone of 850-hPa wind
exists (Figure 5c). Thus, LULCC-induced cooling cannot effectively propagate to the
western North Pacific in autumn. In winter, the change in the 850-hPa air temperature
is weak in the East Asia continent. Thus, no significant change is found in 850-hPa air
temperatures in the western North Pacific in winter, even though thewesterly winds in
this region are strong (Figure 5d). In the western North Pacific, the most significant
cooling occurs in spring and is characterized by a 0.48–0.68C decrease in 850-hPa air
temperatures (Figure 5a). The area with a significant decrease in air temperature tilts
eastward and extends to 1658E at 500 hPa in spring (Figure 6a).

In Europe, LULCC-induced cooling is brought to the Mediterranean Sea and
North Africa by a northerly wind, leading to a significant decrease in 850-hPa air
temperatures in this region in summer and autumn (Figures 5b,c). In summer, the
decrease in 850-hPa air temperatures can reach up to 0.48C in North Africa (Figure
5b). The decrease in 850-hPa air temperature leads to a significant increase in the
temperature gradient between land surface and low-level atmosphere, which in turn
causes a significant increase in SH (Figure 4e). On the other hand, the decrease in
850-hPa air temperature causes a significant decrease in ALR in North Africa
(Figure 4e). Both the decrease in ALR and increase in SH favor the land surface
cooling in North Africa (Figures 4e, 3). In North America, LULCC-induced
cooling propagates to the North Atlantic Ocean by the advection of southwesterly
winds and to the eastern Pacific Ocean by the advection of northeasterly winds. In
summer, the 850-hPa air temperature shows the strongest local and nonlocal re-
sponses to LULCC. A significant cooling of 0.68–0.88C is found in the northwest
Atlantic Ocean and eastern Pacific Ocean in summer. The cooling in summer is the
strongest compared to that in other seasons (Figure 5).

The significant cooling tilts westward with an increase in height in East Asian,
western North Pacific Ocean, North American, and North Atlantic Ocean regions,
where westerly winds prevail. It appears that ascending motion helps to propagate
significant cooling to the upper troposphere (Figures 6a,c). Conversely, cooling is
limited to the middle and lower troposphere in the eastern Pacific Ocean, where
descending motions dominate (Figure 6d). The 850-hPa air temperature signifi-
cantly decreases by 0.48–0.68C in the eastern Pacific Ocean region in summer, and
cooling can extend to 1408W (Figures 5b, 6d).

As shown in Figure 7, the LULCC-induced changes in the 850-hPa air tem-
peratures show a good linear relationship with the LULCC-induced changes in the
horizontal temperature advection over the leeward side of LULCC regions in East
Asia, Europe, and North America. Correlation coefficients of 0.71, 0.63, 0.50, and
0.72 are calculated for the western North Pacific Ocean, Mediterranean Sea–North
Africa, North America–Atlantic Ocean, and eastern Pacific Ocean regions, re-
spectively. All of these correlation coefficients can reach a significance level of
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0.01. All regression slopes are positive, and a larger regression slope corresponds to
a higher correlation coefficient. Given their high correlation coefficients, temper-
ature advection likely plays a more important role in determining the changes in
850-hPa air temperatures in the western North Pacific Ocean and eastern Pacific
Ocean regions than in the other two regions.

4.3. Changes in the vertical air temperature profile

To investigate the response of the upper air temperature to LULCC, we compute
the LULCC-induced changes in the air temperature as a function of pressure

Figure 6. LULCC-induced change in air temperature and climatological-mean wind
vector (the vertical wind multiplied by 100) averaged in (a) the western
North Pacific (308–408N), (b) Europe (08–408E), (c) northeast North America
(308–458N), and (d) eastern Pacific (208–408N) in different seasons. The
shaded area indicates that the difference in the air temperature between
the CurVeg and PotVeg experiments reaches the significance level of 0.05.
The heavy line indicates the regions where LULCC occurs.
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(Figure 8). An overall decrease in the global-mean air temperature is found
throughout the troposphere with the maximum decrease of 0.18C occurring in
summer (Figure 8a). The air temperature averaged over the global land area shows
a larger change than the global mean. The temperature change at the significance
level of 0.1 extends upward and reaches 300 hPa in summer (Figure 8b). In general,
cooling is more significant in the lower troposphere than in the upper troposphere, and
the strongest cooling of 20.188C occurs at 850 hPa in summer. The tropospheric-
mean air temperature decreases by 0.138C in summer and reaches the significance
level of 0.05, although the changes in each individual level cannot always reach the
same significance level (Table 4).

At the regional scale, LULCC-induced changes in air temperature are generally
larger than the global means and appear to be season and region dependent (Figures
8, 9). For example, in East Asia, LULCC leads to a 0.28–0.48C decrease in air

Figure 7. LULCC-induced changes in the 850-hPa horizontal advection of air temper-
ature and 850-hPa air temperature (a) in the western North Pacific (308–458N,
1208–1608E) in spring, (b) in the Mediterranean Sea and North Africa region
(258–408N, 208W–408E) in summer, (c) in North America and the Atlantic
Ocean (458–508N, 208–808W) in summer, and (d) in the eastern Pacific (208–
408N, 1008–1608W) in summer. The horizontal coordinate is the change of the
850-hPa horizontal advection and the unit is Kday21; the vertical ordinate is
the change of the 850-hPa air temperature, and the unit is in kelvins.
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temperature between 700 and 300 hPa with significant decreases in the upper tro-
posphere in spring and autumn. Conversely, changes in the air temperature over the
same region are small in summer and winter and cannot reach the significance level
of 0.1 between 700 and 200hPa. The maximum decrease in the upper troposphere
temperature in East Asia is likely related to the decrease in the latent heat release
caused by the reduced precipitation in spring and autumn (Figure 9a; Table 3). The
decrease of precipitation is 0.37 (0.28) mm day21 in spring (autumn) but only
0.07 (0.12)mmday21 in summer (winter). To illustrate the detailed changes in the
vertical profile of the atmospheric heating rate, we computed the sum of the heating
terms: the net shortwave and longwave heating rate, the heating due to the moist
convective processes, and the heating due to vertical temperature diffusion parame-
terizations (Figure 10). The heating profiles also show similar changes as the tem-
perature profiles (Figures 9, 10), suggesting that the tropospheric cooling likely
resulted from the decreases in atmospheric heating rate. At lower troposphere, the
decrease of air temperature is mainly caused by the vertical temperature diffusion. In
contrast, the moist processes show significant decrease at the upper troposphere, which
likely accounts for the upper-tropospheric cooling (not shown). The atmospheric
heating rate shows a larger cooling in East Asia in spring and autumn relative to
summer and winter, which is consistent with the changes in precipitation (Figure 10a;
Table 3). It should be noted that the precipitation and atmospheric heating rate show
more significant decreases in spring relative to autumn; however, the upper air tem-
perature shows a larger decrease in autumn than in spring. This result is partly related
to the climatological-mean wind speed. The upper wind speed is greater in spring than
in autumn in East Asia (not shown). The larger wind speed tends to reduce the upper
air cooling caused by the decrease in the atmospheric heating via stronger temperature

Figure 8. LULCC-induced changes in air temperature (a) over global and (b) over
land area. Solid and open circles indicate that the difference between the
CurVeg and PotVeg experiments reaches the significance levels of 0.05
and 0.1, respectively.
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advection. As a result, the decrease in the upper air temperature in East Asia in spring
is smaller than that in autumn. In addition, LULCC leads to a divergence and sub-
sidence anomalies due to the reduced land surface roughness in East Asia and a
decrease in the atmospheric moisture content. A decrease in the atmosphere moisture
content leads to further decreases in the air temperature due to the greenhouse effect
of water vapor. The positive feedback between the decreases in air temperature, the
abnormal subsidence, and the reduced atmospheric moisture content can be main-
tained and eventually results in distinct decreases in precipitation (Xu et al. 2015). As

Figure 9. LULCC-induced changes in air temperature over global and over land
area for (a) East Asia (258–408N, 1108–1208E), (b) South Asia (108–308N, 708–
908E), (c) Europe (408–608N, 08–408E), and (d) North America (308–458N,
708–1008W), respectively. Solid and open circles indicate that the differ-
ence between the CurVeg and PotVeg experiments reaches the signifi-
cance levels of 0.05 and 0.1, respectively.
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shown in Figure 11, the specific humidity exhibits larger decrease in autumn com-
pared to spring throughout the troposphere in East Asia, indicating that the positive
feedback appears to be stronger in autumn than in spring. In South Asia, the changes
in air temperature between 700 and 200hPa are also larger in spring and autumn than
in summer and winter, although the magnitudes of the decreases are smaller than
those in East Asia (Figure 9b).

In Europe and North America, the most significant change in air temperature
occurs in summer rather than in spring or autumn (Figures 9c,d). LULCC leads to a
significant decrease in air temperature throughout the troposphere below 300 hPa
(400 hPa) in Europe (North America) with the largest decrease of approximately
0.88C occurring at 925 hPa in summer. The vertical temperature diffusion shows its
maximum decrease at lower troposphere in summer in East Asia, Europe, and
North America (not shown), which accounts for the low-level cooling of the at-
mosphere. The largest decrease in the air temperature, which occurs in summer in
Europe and North America, is likely related to changes in the land–atmospheric
energy budget. LULCC generally leads to significant decreases in both the ASR at
the land surface and the SH (Figure 4). The decreases in ASR and SH favor the
cooling of the atmosphere. The largest decreases in ASR and SH occur in summer
in Europe and North America. Wind speed is also relatively weak in summer (not
shown); thus, the influence of LULCC can be accumulated and helps to maintain
low-level cooling. As a result, the tropospheric air temperature shows its largest
decrease in summer. The changes in ASR and SH have stronger influences on the
air temperature in the lower troposphere than in the upper troposphere. It is noted
that the LULCC-induced increases in the land surface albedo is smaller in summer
than in the other seasons in Europe and North America (Table 2). However, the
largest decrease in ASR still occurs in summer because the insolation is stronger in
summer than the other seasons. Europe is located at high latitudes, where solar
insolation has a stronger annual cycle than in lower latitudes. Summer is also the
dry season with less cloud cover in Europe, which allows more solar radiation to
reach the land surface. Thus, ASR still shows maximum decrease although the
change in land surface albedo is small in summer.

To quantify the influence of LULCC on the upper air temperature, we compute the
changes in the tropospheric-mean air temperature induced by LULCC (Table 4).
Although the LULCC-induced changes in the global-mean tropospheric temperature
appear to be small, they can still reach the significance levels of 0.05 and 0.01 in the
summer and autumn, respectively (Table 4). Changes in the air temperature in the four
typical regions with significant LULCC are shown to be significantly larger than that

Table 3. LULCC-induced changes in precipitation (mmday21) averaged over land
areas of East Asia (258–408N, 1108–1208E), South Asia (108–308N, 708–908E), Europe
(408–608N, 08–408E), North America (308–458N, 708–1008W), and global mean. Sta-
tistical significance alpha levels: a indicates 0.10 and b indicates 0.05.

Spring Summer Autumn Winter Annual

East Asia 20.37b 20.07 20.28 20.12 20.21b

South Asia 20.20a 20.19 20.38 20.13 20.23a

Europe 20.02 0.08a 20.00 20.07 20.00
North America 0.03 20.01 0.02 20.05 20.00
Global mean 20.00 0.01 0.01 20.01 0.00
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of the global-mean temperature. The changes in the regional air temperatures in East
Asia, South Asia, Europe, and North America can be 2 to 3 times larger than the global
mean (Table 4). In monsoon regions (i.e., East Asia and South Asia), the changes in
tropospheric air temperatures are larger in spring and autumn than in summer and
winter. In East Asia, the tropospheric-mean air temperature decreases by 0.248C in
spring and 0.288C in autumn, while the decrease is 0.218C in summer and 0.128C in
winter (Table 4). Similar to East Asia, the decrease in tropospheric air temperature is

Figure 10. LULCC-induced changes in the sum of solar heating rate, longwave
heating rate, vertical temperature diffusion and temperature tendency
moist processes (1026 K s21) in East Asia (258–408N, 1108–1208E), South
Asia (108–308N, 708–908E), Europe (408–608N, 08–408E), and North America
(308–458N, 708–1008W). Solid and open circles indicate that the differ-
ence between the CurVeg and PotVeg experiments reaches the sig-
nificance levels of 0.05 and 0.1, respectively.
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also the largest in spring and autumn in South Asia. Conversely, the tropospheric-mean
air temperature decreases significantly by 0.428 and 0.368C in summer in Europe and
North America, respectively (Table 4). Clearly, LULCC can lead to detectable changes
in tropospheric air temperatures in addition to the changes in the LST.

5. Conclusions
In this study, we examined the possible responses of the surface and upper air

temperatures to LULCC and their seasonality using the fully coupled Community

Figure 11. LULCC-induced changes in specific humidity (g kg21) in East Asia (258–
408N, 1108–1208E). Solid and open circles indicate that the difference
between the CurVeg and PotVeg experiments reaches the significance
levels of 0.05 and 0.1, respectively.

Table 4. LULCC-induced changes in the mass-weighted tropospheric-mean air
temperature between surface and 200-hPa averaged over land areas of East Asia
(258–408N, 1108–1208E), South Asia (108–308N, 708–908E), Europe (408–608N, 08–408E),
North America (308–458N, 708–1008W), and global mean. Statistical significance
alpha levels: a indicates 0.10, and b indicates 0.05.

Spring Summer Autumn Winter Annual

East Asia 20.24 20.21 20.28b 20.12 20.21b

South Asia 20.16 0.03 20.15 20.08 20.09
Europe 20.20 20.42b 20.20 0.24 20.15a

North America 20.27 20.36b 20.06 0.02 20.17
Global mean 20.07 20.13b 20.07a 20.04 20.08a
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Earth System Model (CESM). The primary conclusions of this study are briefly
summarized below.

Model results indicate that LULCC can lead to significant increases in the LST
by approximately 18– 38C in South Asia and 18C in East Asia throughout the year.
Conversely, LULCC can also lead to year-round significant decreases in LST in
North America and North Africa except in spring. These changes in the LST are
closely related to LULCC-induced changes in the land surface albedo, roughness
length, sensible heat flux, and latent heat flux. In East Asia, the increase in the LST
is primarily attributed to the reduced sensible heat flux. Conversely, hydrological
processes play a more important role in South Asia. In Europe and North America,
ASR decreases due to the increase in the surface albedo, which favors the land
surface cooling. However, the significant decrease in SH tends to warm the land
surface, which largely cancels out the cooling effect induced by the albedo change
(Figure 4). As a result, the cooling is weak in Europe and North America. In North
Africa, where no clear LULCC occurs, LST still shows a significant decrease due
to an enhanced cold advection from Europe to North Africa.

Compared with changes in the LST, the response of the upper air temperature to
LULCC is less region dependent and is characterized by an overall cooling at
850 hPa in LULCC regions and in their leeward regions. LULCC leads to decreases
in the surface roughness, sensible heat flux, and latent heat flux; these decreases
tend to warm the land surface but cool the upper atmosphere. However, the increase
in land surface albedo is favorable for the cooling of both the land surface and
troposphere. At the global scale, LULCC leads to a weak decrease in the
tropospheric-mean air temperature by 0.088C annually. At the regional scale,
changes in the tropospheric air temperature can be 2 to 3 times larger than the
global-mean temperature. In East Asia and South Asia, the upper-tropospheric
temperature shows a decrease of 0.248C (0.288C) in spring (autumn), which is
primarily due to the decrease in the latent heat release from precipitation. Similar
to East Asia, the tropospheric-mean air temperature also shows large decreases of
0.168 and 0.158C in spring and autumn in South Asia, respectively. Conversely,
LULCC leads to the maximum decreases in tropospheric-mean temperature (e.g.,
0.428 and 0.368C) in Europe and North America, respectively, in summer. Different
from monsoon regions, most significant cooling occurs in summer in Europe and
North America due to the greatest decreases in absorbed solar radiation and sen-
sible heat flux.

In addition to local responses to LULCC, nonlocal responses of upper air
temperature to LULCC can also be found in the model results. There is a significant
decrease in 850-hPa air temperatures over the leeward sides of LULCC regions,
including the western North Pacific, the Mediterranean Sea, North Africa, the
eastern Pacific Ocean, and the northwestern Atlantic Ocean. The 850-hPa air
temperature decreases by 0.48–0.68C in the western North Pacific in spring due to
the enhanced cold advection from East Asia. Similarly, the 850-hPa air temperature
decreases by approximately 0.48, 0.68, and 0.48C in summer in the Mediterranean
Sea and North Africa region, the eastern Pacific Ocean, and the North America and
Atlantic Ocean region, respectively, which can also be attributed to the LULCC-
induced changes in the horizontal temperature advection.

It should be noted that the results of this study are solely based on simulations of
a single Earth system model; different models may show different sensitivities to
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the LULCC. Thus, the results reported in this study are likely model dependent. In
addition, the model used in this study contained significant systematic errors that
could affect the conclusions in this study. Therefore, multimodel ensemble simu-
lations would help to validate the influence of LULCC on tropospheric air tem-
perature and warrant further studies.
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