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Abstract
To assess the influence of future land use and land cover change (LULCC) on temperature projections over East Asia, and 
quantify its contribution relative to the increased greenhouse gas (GHG), two simulations, with and without LULCC, are 
performed by 4th regional climate model (RegCM4) driven by two global climate models for the year 2041–2060 under 
the Representative Concentration Pathway4.5 (RCP4.5) scenario. Results show that LULCC induces about the changes of 
0.1–0.3 °C in surface air temperature over areas undergoing the conversion between forest and crop with clear regionality 
and seasonality. The responses of extreme temperature are more sensitive to LULCC than those of mean temperature, espe-
cially for the daily minimum temperature (Tmin)-related indices. Disagreements in the temperature responses between the 
two models are simulated during most of the years, particularly over east China during summer. Such uncertainties can be 
explained by the diversity responses of available energy, which is related to large scale atmospheric circulations produced 
by the RCM. The extent of LULCC can determine both the magnitude and sign of changes in temperature. LULCC-related 
changes of Tmax and Tmin can be as large as 25% of those by GHG. LULCC contributes less than 10% to the total projected 
warming under RCP4.5 when averaged over sub-regions but can reaches up to about 30% on local scales. Those results 
highlight the important role of LULCC in projecting the regional to local scale temperature changes, and emphasize the 
necessity of including LULCC forcing in future regional modeling studies.
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1 Introduction

Extensive land use/land cover changes (LULCC) have been 
noticed over the past several centuries, primarily through 
the conversion from natural ecosystems to agricultural areas 
(Hurtt et al. 2011). Several studies using observed and mod-
eled data have demonstrated the effects of LULCC on tem-
perature and precipitation (Peng et al. 2014; Xu et al. 2015; 
Wang et al. 2018), and recommended the LULCC as an 

important climate forcing. At regional scales, the impacts 
of LULCC on temperature and some hydrometeorologi-
cal variables can be as strong as those of atmospheric  CO2 
concentrations (Zhao and Pitman 2002; De Nobletducoudré 
et al. 2012) or other large-scale forcings (Findell et al. 2008). 
Therefore, the climatic consequence of LULCC is a key sci-
entific issue in climate change research, and has to be con-
sidered to fully assess future climate changes, especially in 
regions that are expected to experience extensive land cover 
changes in the future.

The impacts of LULCC on climate can be expressed in 
terms of different biogeochemical and biogeophysical pro-
cesses. Biogeochemical effects alter the carbon cycles via the 
emissions or absorptions of atmospheric greenhouse gasses, 
which, in turn, affects the climate system (Claussen et al. 
2001; Arora and Boer 2010). Biogeophysical mechanisms 
can affect the surface energy and water cycles by modifying 
the physical characteristics of the land surface (Pitman et al. 
2009; Davin and Nobletducoudré 2010). Previous studies 
have indicated that the impacts of LULCC on temperature 
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are regionally and seasonally dependent and exhibit large 
uncertainties in both sign and magnitude (Pitman et al. 2009; 
De Nobletducoudré et al. 2012). For example, Christidis et al. 
(2013) found that deforestation over Eastern North America 
led to a significant cooling of the warm daily temperature 
extremes, while warmings of both the maximum and mini-
mum temperatures in June over Eastern United States were 
shown by Strack et al. (2008) when forest areas were replaced 
by crops. Some models simulate a regional cooling caused by 
midlatitude deforestation and attribute this cooling to changes 
in albedo (Govindasamy et al. 2001; Matthews et al. 2003), 
while other models predict a warmer condition resulting from 
changes in the partitioning between sensible and latent heat 
flux (Findell et al. 2007, 2008). Such discrepancies in tem-
perature responses among models suggest that there is an 
urgent need for thorough and systematic research to quantify 
the effects of LULCC, especially at regional scales.

East Asia is one of regions with the most human-activity 
in the world and has experienced dramatic expansions of 
croplands in recent years (Goldewijk 2001). In reaction 
to this phenomenon, numerous research efforts have been 
devoted to analyzing the linkages between the LULCC and 
climate change over East Asia (Fu and Yuan 2001; Zhang 
et al. 2009; Xu et al. 2015), and the results show that the 
temperature extremes are very sensitive to LULCC (Wen 
et al. 2013; Li et al. 2017). As the relationships between 
LULCC and temperature extremes change with increasing 
greenhouse gas (GHG) forcing (Pitman et al. 2011), knowl-
edge of the role of LULCC in the projected temperature 
extremes over East Asia is still limited (Hua et al. 2015; 
Quesada et al. 2017). In particular, recent studies have dem-
onstrated the importance of including projections of land 
cover change in simulations of future climates (Feddema 
et al. 2005; Lawrence et al. 2016). Therefore, a careful 
assessment will be necessary to assess the future impacts of 
LULCC on projected changes in temperature extremes over 
East Asia and quantify its effects relative to other forcings.

Contrary to previous studies focusing on global climate 
models (GCM) or idealized land cover change scenarios, 
regional climate models (RCMs), which provide useful 
information at regional scales (Fu et al. 2005; Pal et al. 
2007), are used in this study to address the influence of 
LULCC on future climate projections. We use simulations 
from a regional climate model (RegCM4) driven by two 
GCMs to access the effects of a plausible future scenario 
of LULCC for the near future period over East Asia under 
the representative concentration pathway 4.5 (RCP4.5) and 
quantify the contributions of LULCC to climate projections.

This paper is organized as follows. The descriptions of 
models, the land use datasets and the experimental design 
are given in Sect. 2. Section 3 provides the likely changes 
in temperature extremes over East Asia attributed to future 
LULCC. In Sect. 4, we disentangle the temperature response 

among regions, models and the extent of LULCC, and also 
discuss the contribution of future LULCC to the tempera-
ture projections. Section 5 presents our conclusion with 
discussion.

2  Model description, experimental design 
and extreme indices

2.1  Model configuration and land use datasets

RegCM was developed by the Abdus Salam International 
Center for Theoretical Physics (ICTP) and has undergone 
major updates in 2010 (RegCM4, Giorgi et al. 2012). This 
model has been widely used in regional climate research, 
and can reasonably capture the mean and extreme climate 
characteristics over East Asia (Gao et al. 2006; Zou and 
Zhou 2016). In this study, we adopt the latest version of 
this model, RegCM4, to investigate future effects of LULCC 
over East Asia. The main physical options used in this study 
include the National Center for Atmospheric Research 
(NCAR) Community Climate Model version 3 (CCM3) radi-
ation scheme (Kiehl et al. 1993), the Massachusetts Institute 
of Technology (MIT)-Emanuel cumulus scheme (Emanuel 
1991), the Holtslag planetary boundary layer scheme (Holt-
slag and Boville 1993) and the subgrid explicit moisture 
(SUBEX) scheme for large-scale clouds and precipitation 
(Pal et al. 2000). The Community Land Model version 3.5 
(CLM; Oleson et al. 2008) is adopted for the land surface 
model, with 15 plant functional types (PFT), bare ground, 
lakes and glaciers (Dai et al. 2003).

The lateral boundary conditions (LBCs) affect not only 
the simulation of climatic conditions (Niu et al. 2015; Hui 
et al. 2018) but also the simulated climate change signals (Yu 
and Wang 2014; Saini et al. 2015). Considering that the cli-
mate responses to LULCC in RCM simulations may depend 
on the LBCs, we choose two GCMs, including the Institute 
Pierre Simon Laplace-Climate Model version 5A (IPSL-
CM5A) (Dufresne et al. 2013) and EC-EARTH (Hazeleger 
et al. 2010), to provide the initial and LBCs for RegCM4 in 
this study. The two GCMs basically reproduce the observed 
spatial distributions of temperature and precipitation over 
East Asia, although they underestimate the temperature and 
overestimate the precipitation over most areas. In the future, 
the GCM of IPSL-CM5A projects much warmer than EC-
EARTH under RCP4.5, and inconsistent changes in precipi-
tation projections between the two models are generated over 
Northwest China and Sichuan Basin (Hui et al. 2017; 2018).

The land cover datasets with 0.5° resolution are generated 
by land-use harmonization (LUH) project (Hurtt et al, 2011), 
which provides the annual variations of land cover types and 
annual land use transitions for the periods of 1500–2100 
(http://luh.umd.edu/). In our study, two land cover datasets 

http://luh.umd.edu/
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for the years 1990 and 2050 are used to represent the present 
and future land cover conditions. Figure 1 shows the frac-
tional changes in forest, crop and grass lands in 2050 with 
reference to the coverage in 1990, which are calculated as 
the sums of all types of forests, crops and grasses, respec-
tively. Agricultural expansion will occur over most of China 
at the expense of forests and grasses, while over central Rus-
sia and northern India, higher percentages of croplands will 
converted to forests and grasses in the future.

2.2  Experimental setup

We designed three experiments focusing on the impacts of 
future LULCC and the contributions of LULCC to future cli-
mate projections (Table 1). The first experiment, named RF, 
spans the 1979–2000, and the land cover in this experiment 
remains constant with the configuration in 1990. RF is per-
formed as a baseline simulation for comparisons. Two sets 
of future climate simulations are carried out. One is RCP45, 
which lasts from 2039 to 2060 using the land cover patterns 
of 2050 under the RCP 4.5 scenario; the other is L2A45, 
which is the same run with identical RCP45 atmospheric 
forcing while keeping the land cover patterns constant with 
the present conditions.

All simulations are integrated over East Asia at a reso-
lution of 50 km (Fig. 1). The simulation domain consists 
of 124 × 112 grid points, with the center located at 36.5°N, 
102°E. All simulations run for 22 years, and the last 20 years 
of simulations are analyzed in this study. The performances 
of the RegCM4 driven by the two GCMs in simulating 
the climatology of extreme temperature indices are good 
(Hui et al. 2017). Thus, we use the results from RegCM4 to 
explore the potential impacts of future LULCC on tempera-
ture extremes over East Asia.

In this study, the differences between the RCP45 and 
L2A45 simulations (RCP45-L2A45) are considered as the 
biophysical effects of future LULCC, and the contributions 
of future LULCC to climate projections are calculated by 
using the effects of future LULCC relative to future projec-
tions with all forcings ((RCP45-L2A45)/(RCP45-RF)). The 
future LULCC mainly occurs over four subregions (Fig. 1a), 
that is, northeast China (NEC, 38–54°N, 120–130°E), east 
China (EC, 30–35°N, 105–123°E), central Russia (CR, 
50–58°N, 80–98°E) and northern India (NI, 18–30°N, 
85–98°E). Thus, this study focuses on these regions to inves-
tigate the temperature responses to the conversions between 
forests and crops.

2.3  Temperature extreme indices

Eight out of the 27 climate indices recommended by the 
CCI/CLIVAR/JCOMM Expert Team on Climate Change 
Detection and Indices (ETCCDI, Alexander et al. 2006) are 
selected in this study to represent temperature extremes. 
These indices including four absolute indices and four 

Fig. 1  Changes in plant functional types (unit: %) between future 
and present land cover (LU2050-LU1990) over East Asia: a forest, 
b grass and c crop. Four black boxes are used to identify the sub-
regions with substantial LULCC: Northeast China, East China, Cen-
tral Russia and northern India

Table 1  List of model 
experiments

Experiment name Year of vegetation 
map

Atmospheric GHGs Simulated years

RF 1990 1979–2000
RCP45 2050 Transient scenario(RCP45) 2039–2060
L2A45 1990 Transient scenario(RCP45) 2039–2060
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percentile-based indices can assess the changes in intensity 
and frequency of extreme temperature events, respectively 
(Table 2). The period of 1981–2000 in the RF experiment is 
used as the reference period to obtain the frequency indices.

3  Results

3.1  Surface air temperature response to LULCC

Unlike greenhouse gasses which generate irrebuttable warm-
ing effects on the global and regional climate, the effects 
of the future LULCC on the mean temperature (T2m) in 
IPSL-RegCM4 vary regionally and seasonally, with stronger 
responses in summer (Fig. 2a, b). Overall, the coolings 
and warmings from different land cover conversion can-
cel each other, which finally lead to negligible responses 
in seasonal T2m (− 0.01 to 0.01 °C) over East Asia. How-
ever, local warming or cooling reaching up to 0.1–0.3 °C 
is directly associated with deforestation or afforestation. 
Significant cooling is found over NI in both seasons due to 
the conversion of agricultural land to forest. This cooling 
effect is associated with the domination of the impacts of 
evapotranspiration and surface roughness, although albedo 
decrease partly offsets the cooling effect (Davin and Nob-
letducoudré 2010). However, over higher latitudes, changes 
in T2m due to vegetation feedback vary from season to sea-
son. For instance, the seasonality of T2m changes over CR 
manifests a cooling effect in summer and warming effect in 
winter because of afforestation. The deforestation over NEC 
generates increased temperatures in summer and decreased 
temperatures in winter.

Different responses of the maximum temperature (Tmax) 
between higher-latitude areas and lower-latitude areas are 
simulated (Fig. 2c, d) due to crops are replaced by forests, 
with a warming effect over higher-latitude areas and a cooling 
effect over lower-latitude areas in all seasons. This phenom-
enon may be caused by different dominant bio-geophysical 
processes between two regions. A decrease of approximately 
0.1–0.3 °C in Tmax is found over the deforestation areas in 
China. The spatial patterns of the changes in the minimum 

temperature (Tmin) resemble those in T2m (Fig. 2e, f), sug-
gesting that the nighttime temperature plays a more important 
role than the daytime temperature in determining T2m. The 
magnitudes of the Tmin changes are larger and more sig-
nificant than the responses of Tmax, especially during sum-
mer. Most of the areas to the north of 35°N exhibit opposite 
signs in Tmin between summer and winter. For example, 
significant warming of 0.3–0.5 °C in Tmin during summer 
is found over areas of NEC that underwent deforestation, 
while a slight cooling effect occurs in there during winter. As 
short vegetation can be covered by snow during winter, the 
difference in surface albedo between the deciduous/evergreen 
forest and the crops is substantial, which would result in a 
warming effect when crops or grasses are replaced by forests 
(Alexandru and Sushama 2016).

The above results show that Tmin is more sensitive to 
LULCC than Tmax. Thus, the diurnal temperature range 
(DTR) is strongly affected by LULCC (figure not shown). 
The DTR is largely reduced (approximately 0.5–1 °C) in 
summer over deforestation areas in China and significantly 
increased over CR, where crops are replaced by forests. 
During winter, significant changes in the DTR are mostly 
detected over the areas south of 35°N due to LULCC, such 
as the increase over northeast India and decrease over south-
east China.

As most significant temperature responses occur over 
the areas with conversions between forests and crops, and 
those responses show seasonal variation characteristics, 
we select four regions (Fig. 1a) and analyze the seasonal 
cycle of the changes in temperature indices to better under-
stand the time dependence of temperature changes induced 
by LULCC (Fig. 3). The seasonal cycle of the simulated 
changes in T2m basically follows that of Tmin, no matter 
the sign of the tree fraction change. However, each region 
has its own regional characteristics. For example, the for-
est warming over CR in winter persists through May, with 
the largest changes (approximately 0.14 °C) occurring in 
March. Over NI, the simulations show a cooling signal with 
afforestation throughout the year with little seasonality. The 
roles of the forests over NEC and EC are similar with those 
over CR and NI, respectively. For Tmax, the forests generate 

Table 2  The temperature 
extreme indices recommend by 
ETCCDI and used in this study

Type Index name Definition Unit

Intensity TXx Monthly maximum value of daily Tmax ℃
TXn Monthly minimum value of daily Tmax ℃
TNn Monthly minimum value of daily Tmin ℃
TNx Monthly maximum value of daily Tmin ℃

Frequency TX90p Number of days when Tmax > 90th percentile Days/season
TX10p Number of days when Tmax < 10th percentile Days/season
TN90p Number of days when Tmin > 90th percentile Days/season
TN10p Number of days when Tmax < 10th percentile Days/season
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warming effects over CR, NEC and EC, while causing a 
cooling effect over NI. The largest response of Tmax to for-
est changes always occurs in summer over all regions except 
CR, where the maximum increase (approximately 0.2 °C) 
occurs in April. The differences in the DTR are always posi-
tive throughout the year over the afforestation areas, and 
negative trends are present over the deforestation areas. 
The characteristics of the annual cycle of the DTR over NI 
are different from those in other regions, as this area shows 
the maximum increase in winter and minimum increase in 
summer.

These T2m responses in the future are broadly consistent 
with the analyses in the present, which built on overlap-
ping satellite retrievals of surface radiometric temperature 
and of variations in forest cover (Alkama and Cescatti 2016; 
Findell et al. 2017). Their results show that a clear warming 

with deforestation is observed in the temperate zone and 
tropics, while in boreal zone in northern hemisphere winter, 
deforestation leads to a cooling signal which persists through 
April. Nevertheless, the responses of Tmax and Tmin are 
not in agreement with the observations. Such discrepancies 
may be related with different GHG scenarios, as scenarios 
with the same general direction of LULCC differ in their 
climatic effects (Brovkin et al. 2013). Additional sensitivity 
experiments should be designed to further investigate the 
underlying mechanisms responsible for the inconsistences.

3.2  The response of extreme temperatures to LULCC

Figure 4 depicts the effects of LULCC on the absolute tem-
perature indices over East Asia by IPSL-RegCM4. Com-
pared to the Tmax responses, the changes in the hottest daily 

Fig. 2  Changes in T2m (unit: ℃, a, b), Tmax (unit: ℃; c, d) and Tmin (unit: ℃; e, f) due to future LULCC during summer (left column) and 
winter (right column) in IPSL-RegCM4. Note that yellow dots (black slash) denote significance at the 90% (80%) confidence level
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maximum temperature (TXx) and coldest daily maximum 
temperature (TXn) show similar spatial distributions but 
tend to be amplified in summer. For example, significant 
cooling (approximately 0.3–0.5 °C) in TXx occurs dur-
ing summer over most of the deforestation areas and NI. 
Compared to the responses of TXx to LULCC, changes 
in TXn are larger over NEC and CR during winter, while 
the changes are smaller over lower-latitude areas. Addi-
tionally, few areas with negligible LULCC are simulated 
to experience significant changes in TXn, such as approxi-
mately 0.5–0.8° warming over areas located at (37–42°N, 
100–110°E). Previous studies suggested that LULCC would 
affect large-scale circulations by modifying geopotential 
heights and atmospheric winds, and then alter temperature 
over other areas (Quesada and Arneth 2017).

The results for the coldest daily minimum temperature 
(TNn) and hottest daily minimum temperature (TNx) are also 
consistent with those for Tmin, with larger magnitudes in 
TNn and smaller in TNx (Fig. 4e–h). In detail, the responses 
of TNn to LULCC are approximately 0.5–0.8 °C over the 
regions north of 35°N during summer, larger than those over 
areas south of 35°N by about 0.2–0.5 °C. However, the effects 
of LULCC on TNn arestronger over lower latitudes during 
winter. The spatial distributions of changes in TNx resemble 
to those in TNn, but with smaller magnitude.

The influences of LULCC on the frequencies of the 
percentile-based temperature indices, including TX90p, 
TX10p, TN90p and TN10p, are also present in Fig. 5. 
Clearly, the magnitudes of the changes in TX90p and 
TN90p are far larger than those in TX10p and TN10p, and 
the signs of the changes in the indices exceeding the 90th 
percentile are in contrast to those in the indices below the 
10th percentile. In detail, LULCC broadly reduce the value 
of TX90p over East Asia, particularly over NEC and NI in 
summer (more than 2 days per season). During winter, a 
significant decrease in TX90p is simulated over only NI. 
Deforestation in summer leads to a substantial increase of 
approximately 5 days per season in TN90P but a decrease 
of up to 1–2 days per season in TN10p. However, signifi-
cant influences of LULCC can be detected over only lower-
latitude regions during winter.

4  Discussions

Based on our results, we conclude that the impact of future 
LULCC is relatively larger for temperature extreme than 
that for the mean temperature projections. Moreover, the 
Tmin-related indices are more sensitive to LULCC than 
the Tmax-related indices, and the sensitivities of the 

Fig. 3  Annual cycle of the LULCC-induced changes in Tmax (circle), Tmin (square), T2m (asterisk) and DTR (triangle) over four sub-regions. 
Red and blue lines represent IPSL-RegCM4 and EC-RegCM4, respectively
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temperature differ across regions. In this section, the pos-
sible mechanisms of changes in Tmax and Tmin and the 
influences of LBCs on temperature responses are discussed, 
and the contributions of LULCC to temperature projections 
are also presented.

4.1  Controlling factors of temperature responses

Previous studies have noted that the forests, which have 
lower albedos than other types of vegetation, absorb more 
incoming shortwave radiation and release it as sensible heat 

Fig. 4  Changes in the absolute temperature indices (unit: ℃; TXx: a, 
b; TXn: c, d; TNn: e, f; TNx: g, h) due to future LULCC during sum-
mer (left column) and winter(right column) in IPSL-RegCM4. Note 

that yellow dots (black slash) denote significance at the 90% (80%) 
confidence level
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to warm the air temperature (Bala et al. 2007). On the other 
hand, forests can also obtain water from soil and release it 
back to the atmosphere through latent heat flux, resulting 
in a cooling effect (Feddema et al. 2005). Furthermore, 
the higher roughness of forests induces greater turbulence, 

which increases the capacity of the land to exchange energy 
with the atmosphere and potentially enhances convection, 
cloud cover and rainfall (Alexandru and Sushama 2016).

LULCC modifies the surface energy balance by chang-
ing the biogeophysical processes mentioned above, and the 

Fig. 5  Changes in the frequencies of the percentile-based tem-
perature indices (unit: day; TX90p: a, b; TX10p: c, d; TN90p: e, f; 
TN10p: g, h) due to future LULCC during summer (left column) and 

winter(right column) in IPSL-RegCM4. Note that yellow dots (black 
slash) denote significance at the 90% (80%) confidence level
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interactions among these mechanisms vary with latitude. 
Thus, to investigate the regional differences in air tempera-
ture changes induced by LULCC, a decomposed tempera-
ture metric proposed by Juang et al. (2007) is employed 
in this study. This method, which has been widely used to 
attribute temperature changes to surface energy compo-
nents (Boisier et al. 2012; Xu et al. 2015; Li et al. 2017), 
is based on the land surface energy balance equation:

where all fluxes are in watts per square meter, QASR refers to 
the absorbed solar radiation at the land surface (ASR); QLd

indicates the surface downward longwave radiation (DLR); 
QLu is the surface upward longwave radiation; QSH ,QLH and 
QG represent the sensible heat flux (SH), latent heat flux 
(LH) and ground heat flux (GHF), respectively. After intro-
ducing the Stefan–Boltzmann law and Taylor series expan-
sion, Eq. (1) can be computed as follows:

where �and T refer to the Stefan–Boltzmann constant 
(5.67 × 10− 8Wm− 2K− 4) and land surface temperature, 
respectively, QLu_1990 refers to the mean value of the upward 
longwave radiation in the L2A45 simulation. Consequently, 
the factors that are responsible for the changes in the Tmax 
(Tmin) can be detected by analyzing the terms on the right-
hand side of Eq. (2) and examining the responses of surface 
energy fluxes during the daytime (nighttime). Detailed infor-
mation about this method can be found in the appendix of 
Li et al. (2017).

Figure 6 shows the changes in surface energy compo-
nents induced by LULCC. In the figure, the SH, LH and 
GHF are multiplied by -1 to provide a convenient inter-
pretation. During the daytime, the ASR, which is closely 
related to albedo, tends to decrease over the deforestation 
areas and increase over the afforestation areas, and these 
trends are accompanied by cooling effect over NEC and 
EC and warming effect over CR and NI. The reductions 
in the DLR induced by LULCC are simulated over both 
deforested and reforested areas. Thus, the sum of ASR 
and DLR, which is considered as the available energy 
(ASR + DLR) at the land surface, favors cool tempera-
tures over deforested areas and warm temperatures over 
reforested areas. For the turbulent fluxes (SH + LH), the 
changes show consistent trends with those for available 
energy, and their influence on temperature compensates for 
the effect of the available energy. Compared to the change 
in SH, the response of LH is relatively weak over the four 
sub-regions, with the exception over NI. The enhancement 
in LH (about 4–6 W/m− 2), which is the largest change 
among the five components over NI, is the main factor 
that cools the surface. The simulated changes in GHF are 

(1)QASR + QLd − QLu = QSH + QLH + QG

(2)
ΔT =

1

4
�
−

1

4QLu_1990

−
3

4 (ΔQASR + ΔQLd − ΔQSH − ΔQLH − ΔQG)

used to cool the deforestation areas and warm the affor-
estation areas. Finally, the sum of the five components 
(Sum) shows a negative trend over the four regions, which 
favors a decrease in Tmax. The nonsignificant change in 
Tmax (Table 3) over CR may be explained by the LULCC-
induced increase in SH, which accentuate the energy trans-
fer of energy from the ground to the atmosphere and warm 
the air temperature (Xu et al. 2015).

As ASR can be neglected during the nighttime, Tmin is 
determined by other terms. Generally, the effects of the other 
four components at night are always opposite to those dur-
ing the day, except for the DLR over afforested areas. The 
strongest response to LULCC among the four components at 
night is GHF, which may dominate the changes in Tmin over 
the four sub-regions. As is shown in Fig. 6, the diurnal cycle 
of GHF is enhanced over the deforested areas and dampened 
over the afforested areas, thereby reducing DTR over NEC 
and NC and increasing DTR over CR and NI. Deforestation 
leads to a direr soil condition (figures not shown), which is 
benefit effective heat transfer between the land surface and 
deeper soil, and increase the downward GHF during the day-
time and the upward GHF at night (Xu et al. 2015). These 
mechanisms of LULCC-induced changes in DTR are also 
found over North Africa and global monsoon areas (Zhou 
et al. 2007; Notaro et al. 2011).

Clearly, the effect of LULCC on temperature can mostly 
be explained by the changes in surface energy fluxes. How-
ever, disadvantages still exist in the interpretation of the 
changes in Tmax and Tmin over some regions. For instance, 
the changes in daytime surface energy favor a decrease in 
Tmax over CR, while a small warming effect is simulated 
over there. Those unexpected responses can possibly be 
explained as follows: (1) the surface energy components 
have 3-h temporal resolutions, which is too coarse to diag-
nose the instantaneous variables of Tmax/Tmin; (2) the 
occurrence times of Tmax/Tmin may mismatch the times 
we selected in our study; (3) the climatic mean upward long-
wave radiation, which should be contained in the equation, 
is not considered in this study.

4.2  The effect of the LBCs on the temperature 
response to LULCC

Since the LBC that derived from GCMs is one of the uncer-
tainty sources in the long-term simulation when using RCM, 
and can modulate the simulated climate change signal, it is 
helpful to understand the effect of the LBCs on the tempera-
ture response to LULCC by comparing the results between 
the two models. Compared to IPSL-RegCM4, similar spatial 
patterns of the temperature responses to LULCC are found 
in EC-RegCM4, but with different magnitude (Supplemen-
tary Fig. 1–3). The inter-model differences in temperature 
responses are more pronounced in summer than in other 
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seasons over the four sub-regions, and the discrepancies 
are more common over EC than other regions (Fig. 4). For 
instance, the two models even simulate opposite changes 
of T2m over the summer months in EC. Such uncertainties 
mainly arise from the discrepancies in producing the large-
scale circulation by GCMs. Same LULCC under different 
large-scale circulation in RCM can trigger various precipita-
tion changes, which largely control the impacts of LULCC 
on local temperatures, particularly in summer over the areas 

where the latent heat flux is strongly limited by moisture 
(Pitman et al. 2011).

In order to further investigate the possible mechanism 
responsible for the inter-model differences in temperature 
responses, the region (30–35°N, 105–110°E), where a 
cooling effect for Tmax is simulated in EC-RegCM4 while 
warming effect in IPSL-RegCM4, is selected. As is shown 
in Fig. 7, the differences in Tmax responses can mostly 
explained by diversity changes in the available energy, espe-
cially in DLR. These differences are attributed to negative 
changes in Sum in EC-RegCM4 and positive changes in Sum 
in IPSL-RegCM4, which result in a decrease in Tmax in 
EC-RegCM4 and an increase in Tmax in IPSL-RegCM4.

4.3  Responses of temperature to the extent 
of LULCC

The effects of LULCC on climate are largely dependent 
on the spatial scale of the change (Lawrence and Vandecar 
2014; Pitman and Lorenz 2016). However, the relationship 

Fig. 6  Changes in the components of land surface energy (unit: 
 Wm− 2) induced by LULCC over four sub-regions during daytime 
and nighttime. ASR and DLR represent absorbed solar radiation and 
downward longwave radiation at surface, SH, LH and GHF indicate 
sensible heat flux, latent heat flux and ground heat flux, respectively. 

Sum means the sum of all components. Three components including 
SH, LH and GHF are multiplied by − 1 for convenient comparison. 
Note that daytime (nighttime) is set to UTC 06 (UTC 18) for NEC 
and EC, UTC 09 (UTC 21) for CR and NI

Table 3  Four sub-regions averaged mean changes in Tmax and Tmin 
(unit: ℃) induced by LULCC

NEC EC CR NI

Tmax EC-RegCM4 − 0.06 − 0.10 0.05 − 0.09
IPSL-RegCM4 − 0.08 − 0.07 0.04 − 0.11

Tmin EC-RegCM4 0.19 0.06 − 0.11 − 0.10
IPSL-RegCM4 0.21 0.08 − 0.12 − 0.15
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between the temperature responses and the extent of 
LULCC is not fully understood. Here, the extent of LULCC 
( ΔForestFrac ) is defined as the net forest fraction changes 
simulated between the years 2050 and 1990. To explore this 
relationship, temperature changes averaged on grid points 
over the four sub-regions with different degrees of LULCC 
during the growing season are shown in Fig. 8.

Generally, the more drastic the forest change is, the larger 
the temperature responses are. However, the relationships 
between the extent of LULCC and temperature responses 
are nonlinear, which is consistent with the results in Que-
sada et al. (2017). For the deforestation areas, the responses 
of Tmax and Tmin to LULCC over NEC resemble to those 
over EC, with a decrease in Tmax and an increase in Tmin. 
However, the changes in temperature are regionally depend-
ent. Compared to Tmax, Tmin is more sensitive to each unit 
of forest degradation over NEC. However,the sensitivity of 
Tmin is smaller than that of Tmax over EC when the forest 
degradation is lower than 10% while is stronger when the 
forest degradation is larger than 10%. Moreover, for EC the 
largest ranges in temperature responses between two models 
locate the grids with forest change larger than 15% while 
occur the grids with forest change between 10% and 15% 
for NEC.

For the afforestation areas,the opposite Tmax responses 
between CR and NI are found when the forest change larger 
than 5%, and Tmin responses to each unit of forest change 
show same direction over the two regions. Furthermore, the 
sensitivity of Tmin over CR is larger than that over NI for 
each unit of forest change, while the sensitivity of Tmax over 
NI is stronger when the forest change larger than 10%. Note 
that different extents of LULCC may have diverse impact on 

temperature change. For example, opposite Tmax responses 
are found between the grids with slight LULCC (less than 
5%) and the grids with substantial LULCC (larger than 5%) 
over NI.

4.4  Contribution of LULCC to future climate change

Figure 9 shows the ratio of the temperature responses due 
to LULCC over those due to the increasing GHGs. Simi-
lar to the spatial distributions of temperature responses to 
LULCC, the large ratios exceeding 25% are mainly located 
over the areas that experienced conversions between forests 
and crops. The ratios from IPSL-RegCM4 are smaller than 
those from EC-RegCM4 by 5–10% for Tmax and approxi-
mately 5% for Tmin. The ratios for the absolute temperature 
indices are greater than 30% over the locations with substan-
tial LULCC (figures not shown). These results indicate that 
the GHG effects dominant the temperature changes and are 
modulated locally by the influence of LULCC, particularly 
for the temperature extremes.

Future LULCC would either amplify or suppress the 
warming effect induced by CO2 and ultimately affect the 
temperature projections over East Asia. The potential 
role of LULCC in Tmax during summer presents nega-
tive contributions over NEC (approximately 3.0–3.6%), 
EC (approximately 3.0–10.1%) and NI (approximately 
6.2–7.1%), and positive contributions approximately 
1.3–2.9% over CR (Fig.  10). For Tmin, the effects of 
LULCC enhance the warming effect over deforested areas 
by 6.3–8.5% in NEC and 2.8–4.1% in EC and weaken the 
increase in Tmin over afforested areas by 4.3–7.0% in 
CR and 7.4–8.3% in NI. Although the averaged regional 

Fig. 7  As in Fig. 6 but only for 
Tmax during daytime (UTC 06) 
over selected areas (30–35°N, 
105–110°E)
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contribution is not pronounced, the effects of LULCC can 
contribute approximately 30% to the temperature pro-
jections at local scales (Supplementary Figure S4). We, 
therefore, conclude that the impacts of LULCC should be 
accounted for in detection and attribution studies over East 
Asia, and neglecting the feedbacks related to LULCC can 
lead to miscalculated attributions of climate forcing fac-
tors to the observed trends in the regional or local climate 
projections (Pitman et al. 2011).

Driven by different LBCs, the contributions of LULCC 
to the temperature projections are in similar magnitude 
between two simulations, except for Tmax over East China. 
The contribution of LULCC in EC-RegCM4 is three times 
larger than that in IPSL-RegCM4, which demonstrates the 
importance of the roles of large-scale atmospheric circula-
tions in the temperature responses to LULCC. Pitman et al. 
(2011) noted out that increased greenhouse-gas-driven 
changes in snow and rainfall would affect snow-albedo feed-
back and the supply of water, which largely control the net 
impact of LULCC on regional climate though hydrometeor-
ology. They also emphasized that the capacities of climate 
models to simulate the geographic positions of regional 

climate changes due to increased  CO2 are important for 
capturing the impacts of LULCC in future projections.

5  Conclusions

Using RegCM4 driven by IPSL-CM5A and EC-EARTH, 
two transient climate change simulations are generated 
over East Asia. The effects of plausible future LULCC on 
temperature extremes are investigated for the time period 
of 2039–2060 under the RCP4.5 scenario by using both 
future and current maps of LULCC in regional climate 
projections.

The results show that over large areas of East Asia, the 
influences of LULCC on surface temperature projections 
are negligible due to the different signs of the impacts of 
regional LULCC. However, significant changes in tempera-
ture are detected over the areas with substantial LULCC, 
and these changes are characterized by seasonality and 
regionality. For example, the warming effect induced by 
forests is simulated for Tmin over CR during winter and 
persists through May, with the largest change of up to 

Fig. 8  Box-and-whisker plot for change in Tmax and Tmin with dif-
ferent degrees of LULCC over four sub-regions. On each box, the 
central mark shows the median, and the bottom and top edges of the 
box indicate the 25th and 75th percentiles, respectively. The circle 

shows the positions for the mean change and the plus signs indicate 
the outlier. Different degrees of LULCC means the net forest fraction 
changes (i.e ΔForestFrac > 0%, 5%, 10%, 15% orΔForestFrac < 0%, 
− 5% <− 10%, − 15%)
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0.14 °C occurring in March. Afforestation produces a cool-
ing signal in Tmin over NI throughout the year with little 
seasonal fluctuation. The responses of temperature extremes 
to LULCC are stronger than those of mean temperature, and 
LULCC exert more prominent influences on Tmin-related 
indices than Tmax-related indices. Disagreements in the 
temperature responses are simulated by the two models dur-
ing most of the year, particularly in summer. Such disparities 
indicate that the effects of LULCC on temperature exhibit 
large uncertainties and are deeply influenced by large-scale 
atmospheric circulation.

Further analyses suggest that changes in the surface 
energy flux that are induced by LULCC can control the 
characteristics of the responses of Tmax and Tmin and lead 
to diverse sensitivities across regions. Changes in ASR, SH 
and GHF play dominant roles in determining Tmax over the 
four subregions, while the sensitivity of Tmin is mainly con-
trolled by GHF. The role of LH over NI cannot be neglected 
during the day. Our results also show that the large differ-
ences in the temperature responses to LULCC between the 
two models may be attributed to the uncertainty in the avail-
able energy responses. The extent of LULCC determines 
not only the magnitude of the sensitivity of the temperature 
change but also the sign. Thus, when assessing the impacts 
of LULCC, the spatial scale of LULCC, the conversion type 
and the extent of LULCC should all be considered. Moreo-
ver, the relative impacts of LULCC to GHG concentrations 

can reach up to 25% for Tmax and Tmin over the areas with 
conversion between forests and crops. The ratio of the effects 
of LULCC to GHG effects in our study is larger than the 
ratios calculated in previous studies (Voldoire 2006; Hua 
et al. 2015), which may be attributed to the various land 
use scenarios and model sensitivities. Moreover, the effect 
of LULCC contributes approximately less than 10% to the 
regional averaged temperature projections, but it could sub-
stantially modify future temperature changes by approxi-
mately 30% at the local scale. These results demonstrate the 
necessity of including LULCC in future climate projections.

Our results are comparable to the results of previous 
studies (Feddema et al. 2005; Xu et al. 2015; Li et al. 2017), 
and aim to provide some insights and clues for understand-
ing the impact of future LULCC on extreme temperature. 
There are still limitations in the current work. Firstly, the 
systematic biases in the RegCM4 would affect the model 
responses to LULCC. Hagos et al. (2014) examined the 
relationship between the model responses to LULCC 
and climatologists of the control simulations in Africa, 
and found that models with wet or dry biases are likely 
to underestimate the responses due to LULCC. There-
fore, the model errors are a potential source of uncertainty 
for results in our study and the responses to LULCC and 
related conclusions may be model dependent. Secondly, 
the diverse changes in Tmax-related indices between the 
models indicates that the responses to LULCC in an RCM 

Fig. 9  ratio of the magnitude of Tmax and Tmin induced by LULCC to that by GHGs (unit: %), which calculated by (RCP45−L2A45)
(L2A45−RF)

∗ 100
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may depend on the LBCs. However, the use of only two 
GCMs may not be sufficient to assess the impact of LBCs 
on the role of LULCC in regional climate. Thus, investigat-
ing the biogeophysical effect of LULCC over East Asia is 
new challenge we are facing in future research, and a multi 
RCM-GCM ensemble matrix driven with multiple scenar-
ios of LUCC is required to fully investigate and understand 
the effects of LULCC on the climate at different scales.
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