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Abstract

Earlier studies of land use land cover change (LULCC) normally used only a

specified LULCC map with no interannual variations. In this study, using an

Atmospheric General Circulation Model (AGCM) coupled with a land surface

model, biophysical impacts of LULCC on global and regional climate are

investigated by using a LULCC map which covers 63 years from 1948 to 2010

with interannual variation. A methodology has been developed to convert a

recently developed LULCC fraction map with 1� × 1� resolution to the AGCM

grid points in which only one dominant type is allowed. Comprehensive evalu-

ations are conducted to ensure consistency of the trend of the original LULCC

fraction change and the trend of the fraction of grid point changes over differ-

ent regions. The model was integrated with a potential vegetation map (CTL)

and the map with LULCC, in which a set of surface parameters such as leaf

area index, albedo and other soil and vegetation parameters were accordingly

changed with interannual variation. The results indicate that the interannual

LULCC map simulation is able to reproduce better interannual variability of

surface temperature and rainfall when compared to the control simulation.

LULCC causes negative effect on global precipitation, with the strongest signif-

icant signals over degraded regions such as East Asia, West Africa and South

America, and some of these changes are consistent with observed regional

anomalies for certain time periods. LULCC causes reduction in net radiation

and evapotranspiration which leads to changes in monsoon circulation and

variation in magnitude and pattern of moisture flux convergence and subse-

quent reduction in precipitation. Meanwhile, LULCC enhances surface

warming during the summer in the LULCC regions due to greatly reduced

evapotranspiration. In contradiction to the surface, upper troposphere temper-

atures are cool because of less latent heat released into the upper troposphere,

which leads to weaker circulation in LULCC regions.
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1 | INTRODUCTION

Human activities over the last three centuries had a sig-
nificant impact on Earth's environment. While the effect
of greenhouse gases has been comprehensively studied,
the effects of human-induced land use land cover
changes (LULCCs) are still elusive (Pitman et al., 2009;
Boone et al., 2016; Sy et al., 2017). Increased human pop-
ulation and per capita consumption of resources in the
last three centuries has led to a widespread modification
of Earth's biosphere and atmospheric composition
(Vitousek et al., 1997; Wackernagel et al., 1999). One of
the primary exercises causing LULCC is the conversion
of natural ecosystems to agriculture, rangeland, industrial
land and urban areas. There has been increasing recogni-
tion of these changes and the consequent environmental
damage, as well as of the rapid depletion of natural
resources (Marsh, 1864; Thomas, 1956; Pielke et al., 2011;
Duveiller et al., 2018). LULCC leads to an adverse effect
on the environment such as water resource deterioration,
soil degradation and poor air quality (Borrego et al., 2006;
Cho and Choi, 2014; Cárdenas Rodríguez et al., 2016;
Sun et al., 2016). LULCC plays a vital role in surface
energy, momentum, heat, water and biogeochemical bal-
ances. It affects regional weather and climate through
impacts on the surface albedo, surface roughness and
other vegetation and soil properties, as well as par-
titioning of available energy between latent and sensible
heat and partitioning of rainfall between evaporation and
runoff (Xue, 1997; Pitman, 2003; Xue, De Sales, Vasic,
et al., 2010; Pielke et al., 2011). The fifth assessment
report of the Intergovernmental Panel on Climate
Change (IPCC; Myhre et al., 2013) highlighted that global
land-use change has led to a change in radiative forcing
due to increased land surface albedo, which in turn cau-
ses variations in the land surface temperature (LST). As
such, accurate representation of LULCC is necessary to
improve understanding of its effect.

Previous studies have shown that LULCC has played
a significant role in decreasing moderate rainfall events
in monsoon regions (Schilling et al., 2009; Halder
et al., 2016; Rodgers et al., 2018). Halder et al. (2016)
noted that LULCC contributed to the increase in extreme
rainfall and temperature events over India. Similarly,
land degradation in Mongolian and inner Mongolian
grasslands and the Sahel have an effect on the northeast
Asian monsoon and the West African monsoon, respec-
tively (Xue and Shukla, 1993; Xue, 1996, 1997; Xue and
Shukla, 1996). Using a hypothetical land cover change
map over the Sahel region, Xue (1997) shows that in the
degraded areas surface temperature increased and rain-
fall decreased, whereas the rainfall increased to the south
of the degraded areas. Changes in latent heat and

moisture convergence play a dominant role and radiative
cooling is a secondary effect over degraded areas
(Xue, 1997; Clark et al., 2001). A Northern African study
has shown that surface warming and weakening of the
hydrological cycle over tropical Africa is mainly due to
land degradation when compared to the greenhouse gas
effect (Paeth et al., 2009). In a recent study using a hypo-
thetical LULCC map, Bamba et al. (2018) explored the
effect of reforestation location on West African climate. It
revealed that replacing standard vegetation with a hypo-
thetical reforestation belt around 15�N latitude over the
West African monsoon region increased rainfall and
induced cooler temperatures over that region compared
to the incorporation of a reforestation belt around 10�N
latitude, highlighting the importance of land-atmospheric
interactions and their complex feedbacks. Also, there are
some controversies regarding the LULCC effect on sur-
face temperature. The impact of LULCC on LST may
vary with location. In tropical and temperate regions,
LULCC can lead to a surface warming via reduced evapo-
transpiration, whereas in high-latitude regions, such as
Europe and North America, LULCC can result in surface
cooling primarily because of increased land surface
albedo (Shukla et al., 1990; Niyogi et al., 2002; Davin and
de Noblet-Ducoudre, 2010; De Noblet-Ducoudré
et al., 2012; Sy et al., 2017; Winckler et al., 2019). Over
South America, a conversion of grass to agriculture leads
to cooler and wetter near-surface atmospheric conditions,
and conversion of wooded grasslands or forest to agricul-
ture leads to warmer temperatures (Beltrán-Przekurat
et al., 2012).

Moreover, in addition to the local climatic response,
LULCC can influence the remote climate by inducing a
circulation change (Zhao et al., 2001; Lauwaet
et al., 2009; Devaraju et al., 2018). A general circulation
model (GCM) simulation study suggests that tropical
deforestation causes a weakening of deep tropical convec-
tion which triggers the northeastward propagation of a
Rossby wave train and alters climate at higher latitudes
(Snyder, 2010). A coupled ocean–atmosphere model sim-
ulation also showed that Southeast Asian deforestation
can induce teleconnections between the tropics and the
extra tropics via the excitation of atmospheric waves
(Schneck and Mosbrugger, 2011). A multi-model inter-
comparison study by Pitman et al. (2009), as part of the
international effort “Land—Use and Climate, Identifica-
tion of robust impacts” (LUCID), verified the LULCC
impact on global climate using seven climate models
with a potential map and a specified LULCC map. How-
ever, they found disagreement between the models in
simulating the LULCC effect. The models had a disagree-
ment in simulating the precipitation and temperature
response. These differences were attributed to lack of
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consistency in implementing LULCC representation in
the models. Another study by Lawrence et al. (2018)
showed that LULCC can modulate the global carbon
cycle. All these studies highlight the important role of
land surface conditions in regional and global climate
simulations. Apart from historical studies, a number of
researchers also studied the impact of LULCC in future
projections under different representative concentration
pathway (RCP) scenarios (Feddema et al., 2005; Quesada
et al., 2017; Lawrence et al., 2018) and highlighted the
significant role of LULCC in modulating monsoonal rain-
fall and global temperature.

All these studies demonstrate the importance of
LULCC in the climate system. However, most of the ear-
lier LULCC studies are based on hypothetical assump-
tions or without implementation of interannual variation
of the LULCC map (Xue and Shukla, 1993; Xue and
Shukla, 1996; Brovkin et al., 1999; Betts, 2001; Fu, 2003;
Feddema et al., 2005; Betts et al., 2007; Pitman
et al., 2009; Lawrence and Chase, 2010; Niyogi
et al., 2018; Huang et al., 2019). In a recent study, Boone
et al. (2016) used a LULCC map based on historical land
use data (Hurtt et al., 2006, 2011) with five GCMs to
study the impact of LULCC on West African regional cli-
mate. There is an agreement among the models regarding
rainfall reduction in degraded areas. Boone et al. (2016)
found that over degraded areas increased Bowen ratio
resulted in less moisture convergence, causing reduction
of convective heating rates linked to reduced latent heat
flux (LHF) and moisture flux convergence. They also
found that the LULCC model simulations are able to cap-
ture the southward shift of rainfall peak in the Sahel
region when compared to the control (CTL) simulation;
however, this study only considered the LULCC between
two decades with no interannual variability.

Klein et al. (2017), using a regional Weather Research
and Forecast (WRF) model, have shown improvements
in rainfall prediction of the West African summer mon-
soon by incorporating the interannual vegetation fraction
and LAI data; however, their study did not consider
changes in the vegetation category. Similarly, Meng
et al. (2014), assessing the influence of realistic inter-
annual vegetation incorporation in the WRF model in
simulating the climate variables over southeastern
Australia, found significant improvement in air tempera-
ture simulation when compared to the simulation with
climatological vegetation. The Land Use Model
Intercomparison Project (LUMIP) (Lawrence et al., 2016),
as part of the Coupled Model Intercomparison Project
Phase 6 (CMIP6) experimental design, also suggested
LULCC simulations with interannual vegetation. Moti-
vated by these studies and the opportunity provided by
recently compiled historical land use data (Hurtt

et al., 2006, 2011) as part of the CMIP6, in this study, we
have implemented the LULCC map based on the Hurtt
et al. (2006, 2011) data with interannual variability,
which is a more realistic representation of LULCC in the
current context of LULCC impact studies. In long-term
simulations, specifying land surface conditions without
interannual variations may lead to unrealistic LULCC
effect assessment. By adopting realistic LULCC data with
interannual variability into an AGCM, this article
assesses the impact of LULCC, identifies processes that
control the interaction between land surface processes
and climate, and evaluates the sensitivity of seasonal var-
iability of rainfall and surface temperature to LULCC.
This article is organized as follows: model description
and experimental design and methodologies are summa-
rized in Section 2; results are discussed in Section 3; and
the conclusions are presented in Section 4.

2 | MODEL DESCRIPTION,
EXPERIMENTAL DESIGN AND
METHODOLOGY

In this study, we have adopted the National Centre for
Environmental Prediction (NCEP) Global Forecast Sys-
tem (GFS) (Kalnay et al., 1990; Kanamitsu et al., 1991)
model as an AGCM. The NCEP GFS model includes the
Moorthi and Suarez (1992) convection scheme, the
Chou (1992) and Chou and Suarez (1994) radiation
scheme and the Hong and Pan (1996) non-local planetary
boundary layer scheme. We set the spectral discretization
of the NCEP GFS model at T62L28, which has about
200 km of grid spacing with 28 vertical levels. The NCEP
GFS model is coupled with the second version of the Sim-
plified Simple Biosphere land surface model (SSiB2). The
SSiB2 is a state-of-the-art vegetation biophysical model
that includes photosynthesis in land surface processes
while preserving energy, water and momentum conserva-
tion at the atmosphere–land surface interface (Xue
et al., 1991; Zhan et al., 2003). This model is used for
operational forecasting at NCEP and has been extensively
validated by NCEP and other researchers around the
world (Yuan et al., 2011; Peng et al., 2013; Saha
et al., 2014; Ramu et al., 2016; Pillai et al., 2017). In our
previous studies this model performance was extensively
validated for East Asian monsoon (Xue et al., 2004),
South American monsoon (Xue et al., 2006), and global
precipitation over many regions (Xue, De Sales, Vasic,
et al., 2010). This model also validated in the West Afri-
can Monsoon Modeling and Evaluation (WAMME) pro-
ject first and second model intercomparison experiments
(Xue, De Sales, Lau, et al., 2010; Xue et al., 2016). Because
of these and other (Xue et al., 2004, 2006; Xue, De Sales,
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Vasic, et al., 2010; Lee et al., 2018; Huang et al., 2019)
evaluation studies, we do not emphasize model perfor-
mance validation in this study.

LULCC is a gradual change with significant effect on
regional and global weather and climate. As mentioned
earlier, previous modelling studies implemented LULCC
without gradual change, which may lead to unrealistic
assessment of LULCC effect. In this study, we have
implemented LULCC gradually (potential vegetation
map updated annually) to assess the merits of this meth-
odology. We have conducted two experiments, one with a
potential vegetation map (Figure 1a; only one potential
vegetation map used for the entire simulation) without
interannual variability (hereafter referred to as CTL
experiment) and another one with an annually varying
vegetation map (hereafter referred to as LULCC experi-
ment). In the LULCC experiment, the potential vegeta-
tion map is updated annually based on historical land
use land cover re-constructed data. Figure 1b shows a
snapshot of degraded areas in the year 2010 when com-
pared to the potential vegetation map. As part of the
CMIP6 Land Use Model Intercomparison Project

(LUMIP), Hurtt et al. (2006, 2011) generated LULCC
datasets with the aim of addressing the effects of LULCC
on climate, biogeochemical cycling (past–future), and
land management strategies to help mitigate climate
change. Hurtt et al. (2006, 2011) produced the LULCC
datasets using multiple models and other estimation data
sets such as wood harvest statistics, potential biomass
rate, and so on, as inputs. The uncertainty in these inputs
affects the quality of the datasets; in particular, assump-
tions and inherent errors/uncertainties from other
models (e.g, the HYDE, Miami-LU ecosystem model)
may affect the quality of the datasets. More details can be
found in Hurtt et al. (2006, 2011). The LULCC data sets
are available annually for the time period 850–2,100; in
this study, data from 1948 to 2010 are used to create the
LULCC vegetation map.

During the period of the study data (1948–2010),
there have been significant increases in pasture and crop-
lands globally (Figure 1c) except for over the Eastern
United States and Western Europe where there is a clear
decrease in the amount of land devoted to crops or pas-
tures. Distinguishing between pasture and crops is

Legend:
1.Tropical rainforest
2.broadleaf deciduous trees
3.broadleaf and needle leaf trees
4.needle leaf evergreen trees
5.needle leaf deciduous trees
6.broadleaf trees with ground cover
7.Grass land
8.broadleaf shrubs with ground cover
9.broadleaf shrubs with bare soil
10.dwarf trees with ground cover
11.bare soil
12.Crops
13.Ice

(a)

(b)

(c)

Potential vegetation map

Degraded areas 2010

LULCC fraction Dif.(2010–1948)

FIGURE 1 Potential vegetation

map used in this study (a), degraded

areas in the year 2010 in the LULCC

experiment (b) and LULCC fraction

difference between 1948 and 2010 (c).

Rectangular boxes in upper panel denote

the regions used to verify the

degradation areas in Figure 2 [Colour

figure can be viewed at

wileyonlinelibrary.com]
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difficult, since in reality farmers let their animals graze
on croplands after the harvest. Therefore, we have added
crops and pastures together to obtain an estimate of the
total land cover change. The combined change in crop
and pasture fraction relative to the year of 1948 are con-
sidered as a LULCC fraction. A methodology was devel-
oped to convert Hurtt's LULCC fraction map with 1�

resolution to the GCM grid points. In this methodology,
total crop and pasture fraction (referred to as LULCC
fraction) are calculated at each model grid point from
Hurtt's data. Once the LULCC fraction exceeds a thresh-
old value of 75% or increases to 25% relative to the 1948
value, the area (model grid) is specified as degraded in
the original GFS-SSiB2 potential vegetation map (see
Figure 1a), which is referred to as the CTL run in this
article. Based on these criteria we have updated the
potential vegetation map annually in the LULCC experi-
ment. Every year at each grid point, if the LULCC frac-
tion value satisfies the above mentioned criteria, those
grid's original vegetation is replaced (vegetation classes
1–6 in Figure 1a) with low vegetation (vegetation class 9),
while we replace (degraded) low vegetation (vegetation
class 7 to 10 from Figure 1a) with bare soil (land use class
11). Other land surface types such as bare soil, crops, and
ice were unaltered in the LULCC experiment.

Since the model grid point can only be assigned one
vegetation type, we can assign a grid point only with or
without land cover change no fractional change is allowed.
Our strategy is to ensure the consistency of the trends of
the original LULCC fraction change and the trends of
change of the fraction of model grid points over different
regions in the AGCM LULCC map. Comprehensive evalu-
ations were conducted to make sure the thresholds as

discussed in the previous paragraph were properly
assigned. Figure 2 shows the fraction of LULCC in Hurtt's
data and the number of degraded/replaced points in the
vegetation map in each region. As the amount of degrada-
tion LULCC fraction in Hurtt's data increases in each
region, the degraded grids in the AGCM potential vegeta-
tion map increase accordingly, and there is a large degra-
dation over Euro-Asia and Africa because of intense
agricultural activity. Because the entire Mexico region was
degraded during 1950 to 1960, the number of degraded
grids over that region cannot be increased afterwards.
Australia experienced a significant amount of degradation
during 1960 to 1980; the degradation area then is substan-
tially reduced after 1980. The black line in Figure 2
denotes the LULCC variability over Australia and shows
such a LULCC trend there. It is observed that there is no
further increase in land degradation globally after the year
2000. In this study, we only focused on human induced
(anthropogenic) LULCCs and their effect on regional and
global climate.

By replacing plant function types (PFTs), a set of sur-
face parameters including leaf area index (LAI; Figure 3),
short wave reflectance and transmittance on plant leaf
surface, greenness, fractional coverage, vegetation height,
displacement height, roughness length, soil parameters
and all other parameters associated with vegetation are
changed to show the degradation effects (Figure 3).
Albedo, which is simulated by the SSiB2 based on vegeta-
tion conditions, significantly increased in degraded areas
(Figure 3) in all seasons because reflection of grass or
bare soil is greater than that of tall trees. The model sim-
ulations start from January 1948 and are integrated for
63 years to 2010. Two experiments (LULCC and control,

FIGURE 2 Time series of LULCC fraction difference (left panel) relative to the 1948 for each area specified in the Figure 1 and changes

in the number of grid points degraded in each region (right panel) from 1950 to 2010 [Colour figure can be viewed at

wileyonlinelibrary.com]
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CTL) were conducted. Each experiment (LULCC and
CTL) has four simulations, and an ensemble mean from
these simulations is discussed in the results to reduce
model uncertainty. The boundary conditions and initial
conditions, including sea surface temperature (SST) and
sea ice extent data, are from NCEP reanalysis 1. NCEP
Reanalysis datasets were provided by the NOAA/OAR/
ESRL PSD, Boulder, CO, and obtained from their web
site at https://www.esrl.noaa.gov/psd/. To validate the
rainfall simulation, the 1� × 1� observed rainfall dataset
from GTS (Chen et al., 2002) and the LST dataset from
Climate Research Unit (CRU; Harris et al., 2014)
are used.

3 | RESULTS

We have evaluated the prescribed LULCC simulation
with respect to the control (CTL) simulation in both
hydrological cycle and energy balance. Apart from the
impact analysis, surface temperature and precipitation
simulations are compared with observations to assess the
merits of interannual LULCC map representation in the
model. In this study, we focused on the LULCC impact
over land regions and found that the impact of LULCC
was largest during the peak monsoon months. As such,
the regional analysis emphasis will be on the respective
summer season for each hemisphere. Climate sensitivity
over monsoon regions such as East Asia, West Africa and
South America (domains are defined in Table S1) is

highlighted in the article for better understanding of the
LULCC impact and mechanisms. A two-tailed Student's
t-test is adopted to test for significance of the results pres-
ented in this study.

3.1 | Impact of LULCC on surface energy
balance and temperature

The land surface conditions play a pivotal role in par-
titioning of available surface energy between sensible
heat and latent heat and the partitioning of water
between evaporation and runoff. Any changes in the land
surface condition can significantly alter the LAI, albedo,
surface roughness, vegetation coverage, greenness, and
then surface fluxes. LAI is decreased and albedo signifi-
cantly increased in all seasons over the degraded areas
(Figure 3). The global mean albedo difference between
the degradation (LULCC experiment) run and the control
run was about 3% over the degraded area (Table 1). The
increased albedo caused the reduction in net shortwave
radiation (Figure 4g–i) and thereby decreased the net
radiation (Figure 4a–c). Net longwave radiation also
decreased in all seasons with peak decrease in summer
(Figures 4d–f) due to less cloud cover and high surface
temperature. The total net radiation decreased more than
10 W/m2 over the degraded areas in all seasons with peak
decrease in the summer season (Figure 4b). The variation
in surface radiation affected the partitioning of surface
fluxes, surface temperature and other associated land

FIGURE 3 LULCC simulated

Albedo difference (%; left column)

and leaf area index (LAI) (m2/m2)

difference (LULCC – CTL; right

column) for annual, JJA and DJF

seasons averaged from 1948 to 2010.

The stippled region in the figure

indicates that the anomalies are

significant at 95% based on two tailed

Student's t-test [Colour figure can be

viewed at wileyonlinelibrary.com]
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variables. The LHF decreased more than 9 W/m2 over
the degraded areas (Figure 5) during the summer season,
which can be attributed to the decrease in net radiation
and LAI. The reduced LAI, surface roughness, vegetation
coverage and greenness in the LULCC experiment
resulted in two direct impacts on the surface energy bal-
ance. First, albedo over degraded areas increased
throughout the whole year with similar magnitude for
each season (Figure 3), leading to more shortwave

radiation back into space and a decrease in net radiation
fluxes absorbed by the land surface. Meanwhile,
decreased roughness length and other vegetation condi-
tions after land degradation reduced the efficiency of
momentum transport and latent heat transport from the
surface to the atmosphere, resulting in more heat stored
at the surface. Reduction in LAI led to the decrease of
canopy interception loss and transpiration from the sur-
face. The sensible heat flux (SHF) increased over East

TABLE 1 Annual mean surface variables and their difference between LULCC and CTL averaged from 1948 to 2010 over global land

Variable name Units Mean (CTL simulation) Diff (LULCC − CTL)

Annual Albedo % 27.66 3.24

Leaf area index m2/m2 2.12 −1.0

Net surf. radiation W/m2 93.68 −10.9

Latent heat W/m2 47.38 −8.91

Sensible heat W/m2 39.92 −2.11

Ground heat W/m2 0.48 0.12

Surf. temperature K 289.78 0.44

Precipitation mm/day 2.76 −0.32

FIGURE 4 LULCC simulated net radiation (left column), net longwave radiation (middle column) and net shortwave radiation (right

column) differences (LULCC − CTL) for annual, JJA and DJF season averaged from 1948 to 2010. Units are in W/m2 for all variables. The

stippled region in the figure indicates that the anomalies are significant at 95% based on two tailed Student's t-test [Colour figure can be

viewed at wileyonlinelibrary.com]
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FIGURE 5 Latent heat flux

(LHF), sensible heat flux (SHF) and

ground heat flux (GHF) differences

(LULCC − CTL) for JJA (left

column) and DJF (right column)

season averaged from the 1948 to

2010. Units are in W/m2 for all

variables. The stippled region in the

figure indicates that the anomalies

are significant at 95% based on two

tailed Student's t-test [Colour figure

can be viewed at

wileyonlinelibrary.com]

FIGURE 6 Left column:

Surface temperature (K) anomalies

(LULCC − CTL) for annual (upper

panel), JJA (middle panel) and DJF

(lower panel) seasons averaged from

1948 to 2010. Right column: Same as

left column but for rainfall anomalies

(mm/day). The stippled region in the

figure indicate that the anomalies are

significant at 95% based on two tailed

Student's t-test [Colour figure can be

viewed at wileyonlinelibrary.com]
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Asia and West Africa during the boreal summer season
(Figure 5) to balance the surface energy budget. Simi-
larly, an increase of SHF was observed over South Amer-
ica and South Africa during austral summer. In these
areas, the reduction of LHF was larger than the decrease
in net radiation. However, sensible heat decreased in
summer over north India, central Asia and a few pockets
over Mexico and South America, apparently due to the
large albedo increase in those regions. There was an
increase in ground heat flux (GHF) over degraded areas
(Figure 5).

The LULCC-induced changes in the surface energy
balance affect surface temperature. Land degradation led
to an annual mean surface temperature warming of
0.44 K and an increase of GHF of 0.12 W/m2 (Figure 5;
Table 1) over degraded areas. Over global land the
warming effect was dominant, although there were some
regions with a colder surface temperature, such as in

central Asia (Figure 6). The spatial pattern of warming
was widespread over large parts of the global land with
the strongest signals over degraded areas (Figure 6). The
annual warming signal in some regions was substantial,
especially over South America and West Africa.

Over degraded areas in East Asia, LULCC caused a
strong summer warming of 0.56 K and a winter cooling of
0.32 K. In winter, an increase in albedo by 3% led to a net
surface radiation flux decrease, of which 50% was balanced
by reduced LHF. In summer, a similar increase in albedo
led to a net surface radiation flux decrease of ~13 W/m2.
However, the decrease in vegetation caused a larger decrease
in LHF, ~17 W/m2, which outweighs the albedo cooling
effect, leading to an increase in GHF (0.25 W/m2) and
warmer surface temperature. Over degraded area in West
Africa, LULCC caused a strong surface warming of 0.82 K
during summer (JJA) when compared to the control (CTL)
simulation, resulting from a decrease in the net surface

TABLE 2 Seasonal mean of surface variables and their difference between LULCC and CTL averaged from 1948 to 2010 for various

regions

Region Variable

Mean (CTL simulation) Diff (LULCC − CTL)

JJA DJF JJA DJF

East Asia Albedo (%) 24.93 28.45 3.01 3.02

Leaf area index (m2/m2) 2.82 1.71 −1.14 −0.51

Net surf. radiation (W/m2) 148.92 33.39 −12.8 −5.18

Latent heat (W/m2) 102.57 22.91 −16.71 −2.89

Sensible heat (W/m2) 43.15 7.99 3.66 −2.5

Ground heat (W/m2) 1.6 −0.14 0.25 0.21

Surf. temperature (K) 295.03 272.02 0.56 −0.32

Precipitation (mm/day) 8.83 1.08 −1.11 −0.16

West Africa Albedo (%) 27.66 28.99 2.11 1.36

Leaf area index (m2/m2) 1.15 1.37 −0.47 −0.46

Net surf. radiation (W/m2) 120.23 59.52 −7.64 −5.35

Latent heat (W/m2) 51.23 15.53 −10.33 −3.06

Sensible heat (W/m2) 72.53 43.84 2.46 −2.17

Ground heat (W/m2) −3.27 0.39 0.23 −0.12

Surf. temperature (K) 302.82 296.31 0.82 0.71

Precipitation (mm/day) 3.69 0 −0.72 0

South America Albedo (%) 22.2 21.51 5.58 5.78

Leaf area index (m2/m2) 3.28 3.31 −1.63 −1.83

Net surf. radiation (W/m2) 92.06 171.56 −17.01 −24.23

Latent heat (W/m2) 43.51 93.34 −11.21 −21.56

Sensible heat (W/m2) 42.34 58.84 −5.62 −2.61

Ground heat (W/m2) 0.82 −0.84 −0.18 −0.06

Surf. temperature (K) 293.22 298.36 0.34 1.61

Precipitation (mm/day) 0.7 6.48 −0.13 −1.2
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radiation caused by albedo increase and a larger magnitude
of decrease in LHF, which led to an increase in the GHF,
0.23 W/m2, in summer. Over degraded area in South Amer-
ica, which was close to the tropics, LULCC showed a strong
summer warming of 1.61 K (Table 2). The similar warming
patterns are also found in the spring and fall (figure not
shown). The increase in albedo caused a net radiation flux
decrease of 24.23 W/m2 in summer. Both LHF and SHF
were reduced. Although the GHF did not change much in
the summer, the strong warming effect resulted in a dra-
matic GHF increase of 0.93 W/m2 in the spring season. The
heat stored in the thick soil layer of the Amazon during the
summer season was slowly released during the spring

season. These results were consistent with similar analysis
conducted by Song (2013) for the recent period of
1980–2009.

As discussed earlier, decrease in canopy interception
loss and transpiration dominated the change in energy
budget and caused warmer temperatures, as shown in
Figures 6a–c for the respective summer season in each
region. The increasing temperature trends were stronger
over East Asia and South America (Figures 7a–d) in the
summer season. It should be pointed out that our previ-
ous study Kang et al. (2007) has shown that by introduc-
ing realistic LAI in the GFS, there was significant
improvement in surface air temperature and rainfall over

FIGURE 7 Annual global land mean surface temperature difference (LULCC – CTL) (a); the summer surface temperature difference

(LULCC – CTL) over East Asia (b), South America (c) , West Africa (d), respectively. The red line in the figures a–d denotes 11 year running

mean of anomalies. The comparison of global annual land surface temperature simulation with observation (e) [Colour figure can be viewed

at wileyonlinelibrary.com]
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East Asia, North America and West Africa. In this study,
with more realistic LULCC data, the LULCC simula-
tion shows significant improvement in interannual
temperature prediction when compared to the CTL
simulation (Figure 7e). We have compared the tem-
perature simulations with observations over the globe
and several regions and found a decrease in tempera-
ture biases in the LULCC simulation. Table 3 shows
the statistics of the simulated annual mean LST

compared with CRU (Harris et al., 2014) observations
from 1948 to 2010. The LULCC simulation improves
the correlation coefficients over global land and sev-
eral sub monsoon domains. The spatial correlation
coefficient was increased from 0.29 to 0.47 over East
Asia. Although imposing LULCC increased the root
mean square error (RMSE) over West Africa by about
10%, it decreased RMSE dramatically (46%) over
South America. This improvement suggests that

TABLE 3 Comparisons of annual mean surface temperature (K) from 1948 to 2010 between CRU data and simulations over different

regions

Region CTL correlation (R) ΔR (LULCC − CTL) CTL RMSE (σ) Δσ (LULCC − CTL)

Annual Global Land .77 .06 0.27 −0.06

East Asia .29 .18 0.86 −0.01

West Africa .58 .07 0.59 0.06

South America .65 .11 1.08 −0.49

FIGURE 8 Left column: Zonal

mean of temperature (K) anomalies

(LULCC − CTL) for annual (upper

panel), JJA (middle panel) and DJF

(lower panel) seasons averaged from

1948 to 2010. Right column: Same as

left column but for long wave heating

rate (0.1 K/day) anomalies. The

stippled region in the figure indicate

that the anomalies are significant at

95% based on two tailed Student's t-

test. The black horizontal line

represents the 850 hPa level [Colour

figure can be viewed at

wileyonlinelibrary.com]
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LULCC is an important factor in climate prediction
and supports our interannual LULCC specification.
The magnitude of the annual surface temperature dif-
ference (LULCC minus control) over global land
increases with the increase in degradation (Figure 7).
The increasing trend was stronger in each region's
summer (Table 2), with the strongest trend in South
America's summer.

Furthermore, we evaluated the column temperature
changes in the troposphere. The zonally averaged annual
temperature differences (LULCC − CTL) at the lower tro-
posphere (below 800 hPa) show significant warming in
the tropics (Figure 8a). The warming effect was reduced
with increasing elevation. There was a cooling above the
middle and upper troposphere, with the maximum cooling
anomalies above 500 hPa (Figure 8a–c). Due to land degra-
dation, evaporation is less in the LULCC simulation when
compared to CTL, which has limited the transport of mois-
ture from surface to upper troposphere and led to a
decrease in condensation. The reduced condensation in
the upper troposphere led to a decrease in convective
heating rate. Meanwhile, the longwave radiation emitted
from the land surface warmed the overlying atmosphere
up to 800 hPa (Figure 8d–f), causing surface warming.

3.2 | Impact of LULCC on precipitation

The LULCC simulations show significant reduction in
global rainfall in all seasons (Figure 6d–f). Over
degraded area, precipitation was substantially reduced.
The most notable changes in precipitation over land
were in monsoon regions over East Asia, West Africa,
Mexico and South America (Figure 6d–f). The monsoon
regions have been identified as the areas that are most
sensitive to land-atmosphere interactions (Xue, De
Sales, Vasic, et al., 2010). To evaluate LULCC impact on
the interannual rainfall simulation, we compared the
temporal evolution of surface precipitation anomalies
(LULCC − CTL) over global land and regional areas
from 1950 to 2010 (Figure 9). The LULCC simulations
show more realistic interannual variability and have
reduced the model wet biases globally and regionally—
especially wet biases over East Asia, which again sup-
ports the usage of the interannual LULCC map for this
study. The magnitude of annual surface precipitation
difference increases as degradation increases over
global land (Figure 9). The reduction in magnitude is
stronger in each region's summer than in other seasons
(Table 2).

FIGURE 9 Annual global land mean precipitation difference (mm/day) between LULC and CTL (a); the summer precipitation

difference (LULCC – CTL) over East Asia (b), South America (c) West Africa (d), respectively. The red line in the figures a–d denotes 11 year

running mean of anomalies [Colour figure can be viewed at wileyonlinelibrary.com]
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East Asia and South America exhibited increased
reduction of precipitation with increasing magnitude of
LULCC, and the strongest reduction was in South Ame-
rica's summer. Meanwhile, West Africa shows a strong
rainfall reduction from 1950 through 1990 and the dry
anomalies were reduced in the recent decade. The expan-
sion of LULCC led to an annual global mean surface pre-
cipitation reduction of 0.32 mm/day over degraded area
(Table 1). Over Asia during the JJA season, rainfall
reduced significantly. Over Southeast China, rainfall
reduced nearly 2 mm/day and the Mongolian and sur-
rounding regions experienced significant reduction by
about 1 mm/day when compared to the CTL simulation
(Figure 6e). Similarly, rainfall also reduced 1–2 mm/day
over West Africa, Sudan, Colombia, and Mexico
(Figure 6e). During the austral summer season, South
America and southern Africa experienced a reduction of
rainfall in monsoon regions except Peru and South
Argentina, which received slightly increased rainfall
compared to the CTL simulation (Figure 6f). The reduc-
tion in precipitation is mainly confined within the
LULCC regions.

The precipitation reduction in the LULCC experiment
is related to the reduction in surface evaporation and

relative moisture flux divergence. The reduction in vege-
tation (Figure 1) led to a reduction in water released into
the atmosphere from the surface through a reduction in
transpiration and canopy evaporation. Over West Africa
in the summer, the southeasterly airflow from the Indian
Ocean, driven by the Indian Ocean high pressure,
became southwesterly after crossing the equator in Cen-
tral Africa and formed the convergence zone over the
Sahel, which was relevant to the summer monsoon in
that region. In the LULCC experiment, lower surface
pressure over the Sahel (Figure 10h) than in the CTL
experiment led to a stronger low-level southwest wind.
However, the lack of evaporation outweighed the impact
of the pressure gradient change, which caused a precipi-
tation reduction over the convergence centre. Over
degraded areas, LHF reduced more than 10 W/m2 in both
JJA and DJF (Figure 5) seasons. In addition, moisture
transport from the surrounding oceans was also altered
by LULCC. In the summer, the low-level southwest air-
flow brings moisture to Asia, which has a low surface
pressure, and a counterclockwise turning circulation is
formed. The monsoonal flow (850 hPa wind), which
transports moisture to the Asian landmass during the JJA
season, is relatively weak (Figure 10b) over north India

FIGURE 10 Left column: 850 hPa wind (m/s) anomalies (LULCC − CTL) averaged over the 1948–2010 for annual (upper), JJA
(middle) and DJF (lower) seasons. Middle column: Same as left column but for moisture flux convergence (mm/day) anomalies. Right

column: Same as left column but for Sea level pressure (Pa) anomalies. The stippled region in the figure indicate that the anomalies are

significant at 95% based on two tailed Student's t-test [Colour figure can be viewed at wileyonlinelibrary.com]
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and south China in the LULCC simulation. The moisture
convergence over south China significantly reduced by
about 2 mm/day (Figure 10e), consistent with strong dry

anomalies over that region. The LULCC experiment pro-
duced higher surface pressure over East Asia
(Figure 10g–i) compared to that simulated in the CTL

FIGURE 11 LULCC simulated deep convective heating rate (K/day) seasonal mean (left column) and difference (0.1 K/day,

LULCC − CTL; right column) averaged from 1948 to 2010. The stippled region in the figure indicate that the anomalies are significant at

95% based on two tailed Student's t-test. The black horizontal line represents the 850 hPa level [Colour figure can be viewed at

wileyonlinelibrary.com]
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experiment, which led to a weaker low-level southwest
airflow.

To further understand the weakening of circulation
over monsoon regions, we analysed the zonal mean of
deep convective heating rate throughout the atmospheric
column. Deep convective heating rate was reduced in
LULCC experiments (Figure 11) when compared to the
CTL simulation in all seasons in tropical regions where

convection is dominant from the surface to 200 hPa. The
reduction in convective heating rate led to a decrease of
tropospheric temperature gradients, which caused wea-
ker wind circulation. Apart from this, we also observed
the subsidence of air (Figure 12) in those regions. The
subsidence caused increase of surface pressure, and these
positive feedbacks led to reduction of rainfall in monsoon
dominant regions. The reduction in rainfall over

FIGURE 12 LULCC simulated zonal mean of vertical motion (10–4 hPa/s, left column) and difference (10–5 hPa/s, LULCC − CTL,

right column) averaged from 1948 to 2010. The stippled region in the figure indicate that the anomalies are significant at 95% based on two

tailed Student's t-test. The black horizontal line represents the 850 hPa level [Colour figure can be viewed at wileyonlinelibrary.com]
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degraded area further led to reduction in soil moisture
and runoff in the LULCC simulation (Figure 13). The
reduction in soil moisture in degraded areas led to less
water evaporation from soil and less moisture availability
in those regions and formed a positive feedback.

4 | CONCLUSION

In this study, we have evaluated the impact of LULCC
on temperature and precipitation from 1948 to 2010 by
specifying LULCC in a GCM with the most recent
LULCC data, which has relative realistic interannual
variability, instead of specifying one fixed hypothetical
LULCC map as in many previous studies (e.g., Xue and
Shukla, 1993; Pitman et al., 2009; Boisier et al., 2012).
We have degraded (replacing original land use category
with another category) the potential vegetation

classification map progressively relative to the vegeta-
tion distribution conditions in 1948 based on LULCC
fraction data. The simulated results with this LULCC
map with interannual variation show improvement in
interannual temperature and precipitation variability
and reduction in bias, which suggests the role of LULCC
in the climate system.

LULCC alters the surface energy balance by modify-
ing albedo, roughness length, and LAI. In the LULCC
experiment, changes in vegetation category increased
albedo because of decrease in the LAI index, which led to
the decrease of net shortwave radiation. Evapotranspira-
tion also reduced because of reduction in vegetation frac-
tion which led to less cloud fraction due to less moisture
availability in the atmosphere which led to decrease
(by allowing more longwave radiation to escape) in net
longwave radiation at the surface. We found that LULCC
increased land surface temperatures in tropical regions

FIGURE 13 Left column: Second layer (10–40 cm) soil moisture (kg/m3) anomalies (LULCC − CTL) averaged over 1948–2010 for
annual, JJA and DJF seasons. Right column: same as left column but for surface runoff anomalies (LULCC − CTL; kg/m2). The stippled

region in the figure indicate that the anomalies are significant at 95% based on two tailed Student's t-test [Colour figure can be viewed at

wileyonlinelibrary.com]
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primarily due to decrease of evapotranspiration which
outweighed the cooling effect of the decrease in net radia-
tion, with peak values in the summer season and cooler
surface temperatures at middle and high altitudes where
lost convective heating plays a dominant role. At regional
scale, the LULCC effect varied with locations and sea-
sons. Over East Asia, during summer (JJA) there was a
strong surface warming (0.56 K) and moderate cooling in
winter (DJF) because increased albedo dominates the
LHF heating effect. LULCC caused significant warming
over South America (1.61 K) and Africa in all seasons
with peak warming in the respective summer seasons.
The results suggest that LULCC could amplify ongoing
surface warming (in addition to greenhouse gas
warming) over the land degradation regions, which could
further warm the surface in the future with increased
population and associated agriculture intensification.

Reduction in vegetation and increase in surface
albedo in the LULCC experiment caused less evapotrans-
piration and changes in moisture convergence, which led
to precipitation reduction globally, with the strongest sig-
nals over the degraded regions. Decrease in evapotranspi-
ration led to less moisture availability in the upper
atmosphere, and limited latent heat release in the upper
troposphere led to a cooler upper atmosphere, which in
turn narrowed the tropospheric temperature gradient,
which plays a significant role in transporting the mois-
ture from adjacent sea regions to monsoon regions during
the summer season. Convective heating rate significantly
reduced in the LULCC experiment when compared to
the CTL experiment, which caused weaker wind circula-
tion due to a weaker tropospheric temperature gradient.
The subsidence in the degraded areas led to increase of
surface pressure and decrease of rainfall in those regions.
The reduction in rainfall over degraded area caused fur-
ther decrease of soil moisture and in turn led to decrease
of evaporation and evapotranspiration in that region, for-
ming a positive feedback. Precipitation reduction was
strongest in South America (−1.2 mm/day) and East Asia
(−1.1 mm/day) due to the largescale degradation over
that region. The expansion of LULCC led to an annual
mean surface precipitation reduction of −0.32 mm/day
over degraded areas. The reduction in rainfall magnitude
increased globally with increasing LULCC fraction, and
the strongest reduction was in South America's summer.

Due to the coarse resolution of this experiment, it is
hard to identify the spatial pattern of temperature and
rainfall or the vertical structure of heating rates at
regional scales, especially over coastal or mountain
regions, in detail. Since the experiment uses specified
SST, the ocean feedbacks/responses are missing. There-
fore, it is necessary to extend the LULCC study using
coupled ocean–atmosphere-land general circulation

models. Apart from this, in the beginning of 21st century
many countries adopted the better land use management
policies to mitigate the climate change. For instance, the
Green for Grain (Hua et al., 2016) is one of the initiative
by China's reforestation scheme. Similar programs were
adopted by many countries to restore the vegetation
(Chen et al., 2019). Most of these program's reforestation
effect felt is in recent years when the trees are grown
up. Hence, further study is required to comprehensively
investigate this reforestation effect by extending the study
period to recent years. Furthermore, there are several
other issues that need to be addressed in the future
LULCC studies. For instance, the photosynthesis process
is not included in the SSiB version that is used for this
study; therefore, the effect of LULCC on the carbon bud-
get is not included. The model does not include a
dynamic vegetation component and aerosol emission,
which is also a limitation and produces some uncertainty
in assessing the LULCC effect. In addition, the results
presented in this study also depend on the quality of the
LULCC fraction data produced by Hurtt et al. (2006, 2011).
Further LULCC studies are necessary to address these
issues.
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