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Abstract Reliable land cover data are important for
improving numerical simulation by regional climate
model, because the land surface properties directly affect
climate simulation by partitioning of energy, water and
momentum fluxes and by determining temperature and
moisture at the interface between the land surface and
atmosphere. China has experienced significant land cover
change in recent decades and accurate representation of
these changes is, hence, essential. In this study, we used a
climate model to examine the changes experienced in the
regional climate because of the different land cover data in
recent decades. Three sets of experiments are performed
using the same settings, except for the land use/cover (LC)
data for the years 1990, 2000, 2009, and the model default
LC data. Three warm season periods are selected, which
represented a wet (1998), normal (2000) and a dry year
(2011) for China in each set of experiment. The results
show that all three sets of land cover experiments simulate
a warm bias relative to the control with default LC data for
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near-surface temperature in summertime in most parts of
China. It is especially noticeable in the southwest China
and south of the Yangtze River, where significant changes
of LC occurred. Deforestation in southwest China and to
the south of Yangtze River in the experiment cases may
have contributed to the negative precipitation bias relative
to the control cases. Large LC changes in northwestern
Tibetan Plateau for 2000 and 2009 datasets are also asso-
ciated with changes in surface temperature, precipitation,
and heat fluxes. Wind anomalies and energy budget
changes are consistent with the precipitation and temper-
ature changes.

1 Introduction

Recent literature clearly illustrates the important role that
land cover plays in land-surface interactions. It has been
shown that the state of the land cover can impact convective
system development, atmospheric circulation, regional-scale
moisture fluxes, precipitation, and temperature (Barlage and
Zeng 2004; Beljaars et al. 1996; Chang and Wetzel 1991;
Chen and Avissar 1994; Clark and Arritt 1995; Mahmood
and Hubbard 2002; Mahmood et al. 2010, 2011, 2014,
McPherson 2007; Ookouchi et al. 1984; Piclke 2001). As a
result, it is expected that land cover changes (LCC) would
also modify the existing characteristics of land—surface
atmosphere interactions and weather and climate. Many
regional and large-scale studies support this understanding
(e.g., Abiodun et al. 2008; Beltran-Przekurat et al. 2008;
Chase et al. 2000; Cui et al. 2006; Davin and de Noblet-
Ducoudré 2010; Fan et al. 2015a, b; Feddema et al. 2005;
Gero and Pitman 2006; Hoffmann and Jackson 2000; Lee
et al. 2011; Li and Smith 2010; Li et al. 2009; Pielke et al.
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2007a, b; Puma and Cook 2010; Roy et al. 2007, 2011). It is
found that even when we use the same model physical
parameters and force by the same atmospheric boundary
conditions, different land surface properties can still result in
notably different surface fluxes (Chen et al. 2012). There-
fore, using more accurate and reliable land cover data can
lead to reductions of regional climate model uncertainties
(Giorgi et al. 2000). In recent decades, China has experi-
enced significant LCC (Liu et al. 2003). China is one of the
largest countries in the world and home of 1.4 billion people
with a rapidly expanding economy (United Nations,
Department of Economic and Social Affairs, Population
Division 2015). In the context of these dynamic socioeco-
nomic conditions (which drives LCC), it is critical that we
assess recent LCCs in China and their impacts on climate.
However, the quality of the current land cover data used in
regional climate models are always not up to date and not
accurate, especially for China (Sertel et al. 2010). To this
end, land cover data sets from different periods are essential
to understand the impacts of LCC on weather and climate.
Because land cover data sets may come from different
sources as well as with different classification schemes, it is
important to investigate the sensitivity of regional climate
models to the land cover data sets.

Specifically, the purpose of this study is to investigate
the sensitivity of the weather research and forecasting
(WRF) model to land cover data sets from three different
periods including 1990, 2000, and 2009. Simulations were
conducted for three hydroclimatic regimes, which include a
wet year (1998), a dry year (2011), and a ‘normal’ year
(2000), as well as year 2001. The WRF model simulation
with 2001 LC data set is used as baseline simulation. These
LC data sets from different periods also provide an
assessment of potential climatic impacts of LCC over the
last two decades in China.

The 1990 LC data set was developed from data collected
by the advanced very high-resolution radiometer (AVHRR)
sensor of the National Oceanographic and Atmospheric
Administration (NOAA) satellite. Data sets for later years
(2000, 2001, and 2009) were from the moderate-resolution
imaging spectroradiometer (MODIS) sensors. Since
MODIS data were not available before 2000, AVHRR land
cover product was used for the 1990 LC data set. MODIS
global land cover classification at 1-km resolution (Friedl
et al. 2002), created using data between July and December
2000, was used to represent the Earth’s ecosystems in the
WREF land surface parameterization scheme. This classifi-
cation is thought to be composed of higher-quality data
than previous sensors and has the most detailed land-use
map to date. Validation of MODIS land products is
undertaken over a range of conditions. For example, a
study by Hansen et al. (2002) shows that MODIS data is a
substantial improvement over AVHRR in mapping tree
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cover. The MODIS land-use map was produced based on a
global digital database of land-use type images (e.g.,
Landsat TM) updated every 16 days. The MODIS land
cover supplies an International Geosphere—Biosphere Pro-
gram (IGBP) land cover classification (Belward et al. 1999;
Scepan 1999) with 17 different land cover types, including
major natural vegetation types, agricultural land use, and
several categories of land surfaces with little or no plant
cover (i.e., bare ground, urban areas, and permanent snow
and ice). Again, the data from these three periods and two
different types of sensors provide two opportunities at the
same time: (a) model sensitivity to these data sets and
(b) impacts of LCC over the last two decades. One caveat
of this investigation is that all three data sets were not from
the same satellite platforms. Note that our study focuses on
years before 2012, because unavailability of MODIS data
after 2012 hindered the investigation of LCC in China over
the recent years and the identification of the impacts of
these changes on weather and climate.

A limited number of modeling studies have been con-
ducted focusing on LCC in China and their potential
impacts on climate (e.g., Fu 2003; Sen et al. 2004; Zhang
et al. 2009; Zheng et al. 2002). A few studies were focused
on impacts of urbanization on temperature in China (e.g.,
Yang et al. 2011). On the other hand, a relatively larger
number of studies on LCC were conducted based on
satellite and other socioeconomic data (Ramankutty and
Foley 1998). However, there has been no attempt to use
MODIS data for the estimation of LCC in China. More-
over, LCC in China and their impacts on climate need to be
improved. Hence, this study links MODIS data-based
LCCs and their climatic impacts in China through regional
climate modeling.

2 Materials and methods
2.1 Model description

This research is based on the analysis of the model simu-
lations performed by a widely used regional climate model
WREF version 3.6.1. The WRF can be used for spatial scales
ranging from a few meters to thousands of kilometers and is
suitable for both operational forecasting and atmospheric
research (Skamarock and Klemp 2008). In this work, the
following configuration is used for the experiments: the
ARW version of WRF, NOAH land surface model (Chen
and Dudhia 2001), the new Kain—Fritsch convective
parameterization scheme (Kain 2004), WSM6 (Hong and
Lim 2006) microphysics scheme, the Yonsei University
counter-gradient boundary layer turbulence transfer
scheme (Hong et al. 2006), and the community atmospheric
model radiative transfer scheme (Collins et al. 2004).
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2.2 Experimental design

In this study, three sets of simulations were conducted for
the years 1998, 2000, and 2011. In other words, WRF
simulations used the data from these 3 years as the initial
and boundary conditions. These years are considered as our
experimental simulations (EXP). These 3 years represented
a wet (1998), ‘normal’ (2000), and a dry year (2011) in
China. Each set of simulations includes four model runs
with data sets of 1990, 2000, 2009, and WRF CTL. For
example, for the 1998 surface conditions, simulations with
1990, 2000, and 2009 (Fig. 2c, d) LC data sets and control
(CTL) land cover data (2001) (Fig. 2a) constitute one set of
experiments. In other words, 12 simulations are conducted
for entire China for all three hydroclimatic conditions (i.e.,
1998, 2000, and 2011) and three LC data sets (1990, 2000,
and 2009) along with CTL simulations (Table 1). CTL LC
data for 2001 provided by WREF is used as the default
option. The model is integrated over a domain covering the
entire area of China with a central point at 37°N and
102.5°E. The horizontal resolution is 30 km with 175 grid
points in the east—west direction and 151 grid points in the
north—south direction. There were 37 vertical atmospheric
levels with the model top at 50 hPa (Fig. 1). The time step
is 180 s. Atmospheric lateral boundary conditions and
initial atmospheric fields are obtained from ERA-Interim
Re-analysis. The WREF runs started at 0000 UTC 1 April
and ended at 0000 UTC 1 September for each simulation
with the first 2 months treated as spin-up period.

2.3 Land cover data
As noted above, the LC data (1990, 2000, and 2009) for
each atmospheric boundary condition (1998, 2000, and

2011) are from the Earth Observation Of Climate Change
(EOCCQC) (http://green.tea.ac.cn/, Hao and Gen-Suo 2012;

Table 1 Experiment design

EXP sets EXP name LC data Simulation year
WET WO CTL LC 1998
W1 1990 LC 1998
w2 2000 LC 1998
W3 2009 LC 1998
NOR NO CTL LC 2000
N1 1990 LC 2000
N2 2000 LC 2000
N3 2009 LC 2000
DRY DO CTL LC 2011
D1 1990 LC 2011
D2 2000 LC 2011
D3 2009 LC 2011

5000
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3000

SO 2500

2000
— 1500
1000

20°N

¢

90°E 105°E 120°E

Fig. 1 The WRF model domain and the model topography (units: m)

Hu and Jia 2010). WRF’s land-use classifications are given
by the US Geological Survey (USGS) global land cover
characteristics database with 24 vegetation categories. This
land-use data set is derived from 1-km AVHRR data in a
12-month period spanning from April 1992 to March 1993.
The goal was to provide long-term LC data sets for climate
models to improve the model simulation accuracy and
surface parameterization. Multi-source land cover prod-
ucts, including USGS, MODIS land cover data sets and
China land use data sets (CLU), derived from satellite
platforms are used to investigate in detail the accuracy of
land cover classification for land cover data fusion. Three
periods (1990, 2000, and 2009) are considered as important
turning points for land surface change influenced by human
activities over the last decades in China. IGBP land cover
classification scheme is adopted in this data set, which is
validated by high-resolution images (Landsat TM/ETM+)
to ensure its suitability and accuracy with the fraction cover
value of each class aggregated from 1-km resolution land
cover products. Three levels of spatial scale (3.3, 10, and
30 km) are available to provide nesting input for climate
model simulation over China and its main megacity areas
with the final format in NetCDF. In this paper, 30-km
resolution LC data sets are used. Note, LC data for 1990,
2000, and 2009 is only produced for China; such data for
surrounding countries are not available. The LC data for
surrounding countries of China are from WRF default
MODIS LC data.

The changes in the main physical properties due to the
modified land cover types compared to CTL experiments
are presented in Figs. 2a—d and 3. Most of the differences
among the LC data sets are in transitional zones and
mountainous regions. There are fairly good agreements in
the plains, deserts, and large areas of croplands. There are
10,242 model grids in total among the territories of China.
Compared with the CTL simulation (Fig. 3), 2616 grid
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Fig. 2 Land cover/land use
maps for each set of the
simulation experiments.

a Vegetation use in the CTL
experiments. b—d The three new
land cover/land use data (1990,
2000, 2009); only grid cells with
changes in land cover are
shown. / Evergreen needleleaf
forests. 2 Evergreen broadleaf
forests. 3 Deciduous needleleaf
forests. 4 Deciduous broadleaf
forests. 5 Mixed forests. 6
Closed shrublands. 7 Open
shrublands. 8§ Woody savannas.

(a) WRF MODIS

(b) Land Cover 1990

Nbrth East

Seuth West

Lo ®p NG N b

9 Savannas. /0 Grasslands. 11
Permanent wetlands. 12

(c) Land Cover 2000

Cropland. /3 Urban and built-up
land. /4 Cropland/Natural
vegetation mosaics. /5 Snow
and ice. 16 Barren. 17 Water
bodies

50°N
40°N

30°N/...

(d) Land Cover 2009

20°N
N \ N \
90°E 105°E 120°E 90°E 105°E 120°E
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
cells in the 1990 data set are changed to three LC cate- 0.30
gories, namely evergreen broadleaf, mixed forests, and 0254 ™CTRL
bare lands. In the 2000 LC data set 2613 grid cells are 0.20 - :;(9)28
changed to three land cover categories: mixed forests, open 0154 m2009
shrublands, and croplands. In the 2009 data set, 2704 grid 0.10
cells are changed to mixed forests, open shrublands, and 0.05 -
croplands.

For the LC data of 1990, the area of bare lands is less
than CTL, while the area of croplands is greater. In
northeast China, it is very different from the WRF default
MODIS data with about 20 % croplands converted to
mixed forests, 9 % croplands to the cropland/nature veg-
etation mosaic, 9.7 % croplands to wooded savanna, and
13 % grasslands to croplands. In other words, there are
more trees in the 1990 LC data than the WRF default
MODIS data in northeast China. For the LCC data of 2000
and 2009, the main features are the replacement of mixed
forests by croplands, and shrublands by grasslands, in
southern China. For land cover data in 2000, the pattern of
land cover in northeast China is very similar to the WRF
default MODIS data, except that about 10 % croplands are
changed to grasslands. In east China and southwest China,
many areas of mixed forest in the CTL data are changed to
woody savannas; in other words, there are fewer trees in
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Fig. 3 The fraction of each land cover category for the four LCC
datasets (CTL, 1990, 2000, and 2009)
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these areas. For the 2009 LC data set, there are more areas
of grasslands category in the northeast and even less trees
in the southwest, as more mixed forests in CTL are chan-
ged to “woody savannas” and “cropland/natural vegetation
mosaics”. It can be seen from Fig. 3 that most of the LC
are under barren and sparsely vegetated cropland and
grassland category. In addition, there is a steady increase in
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area covered (fractional coverage) by ‘barren and sparsely
vegetated’ and a decrease in cropland category in newer
LC data sets (Fig. 3). There is also a significant expansion
of urban area in 2009 data set around the megacities of
China, especially in the Yangtze River Delta, Pearl River
Delta, and Bohai Sea Ring area. This is consistent with the
high growth of population and economy, urbanization, and
industrialization during 1990-2009 in these regions.

Though the WRF default LC data set is based on
MODIS data from 2001, which is very close to the 2000
data set based on multi-sources including MODIS. There
are still many noticeable differences in LC categories in
southwest China, Tibetan Plateau, and transitional zones
between forest and grasslands in the north and northeast.
These differences are unlikely from actual changes of LC
on the ground, but rather stem from differences in data
sources and classification schemes used in these data sets.
However, they can make differences in regional climate
simulations as different representation of LC in models can
alter the land surface—atmosphere interactions.

The ERA-Interim reanalysis from the European Centre
for Medium-Range Weather Forecasts (ECMWF), with a
0.7° horizontal resolution, is used for the initial and lateral
boundary conditions in all simulations. China monthly
surface mean temperature and monthly precipitation
0.5° x 0.5° gridded data sets (available at http://cdc.cma.
gov.cn) are used for model validation.

2.4 Methods

To better understand the climatic impacts of LCC and
impacts due to different land cover data sets, we have
selected five different eco-geographical regions based on
the LC changes (Fig. 2). Our discussions will highlight
changes in different variables in these regions. The results
discussed below are the differences between W1 (W2, W3)
and WO; N1 (N2, N3) and NO; and D1 (D2, D3) and DO. As
shown in Table 1, W denotes a wet year (1998), N a nor-
mal year (2000), and D a dry year (2011). Numbers 0-3
correspond to control run with default WRF LC (0) and
three LC data sets from 1990, 2000, and 2009, respectively.
The discussion in this paper focuses on the summer seasons
(June—August), because they represent growing seasons
when land atmosphere interactions are more vigorous. In
addition, we have calculated the average results for the
simulations for these 3 years (1998, 2000, and 2011) for
each of the land cover data sets (1990, 2000, 2009, and
2001). We have also completed the calculations of simu-
lated differences between the averages of 3 years (1998,
2000, 2011) for each land cover data set (1990, 2000, and
2009) and 3 years average for the control land cover data
set (2001). The averages of the three hydroclimate regimes
somewhat represents long-term climatology, since they

include all wet, normal, and dry phases of the system. This
approach also allowed us to be computationally efficient.

3 Results
3.1 Evaluation of the control run simulated climate

The model’s performance was evaluated in terms of 2-m
temperature (T2m) and precipitation in summer. Figure 4
presents the 1998 (wet), 2000 (normal), and 2011 (dry)
summer (JJA) average T2m distributions for observations,
the model control runs (W0, NO, and DO0), and the differ-
ence between model control runs and observations. The
WREF control simulations reproduce T2m distribution for
the three typical simulations in warm seasons with the
spatial correlation coefficient of 0.93 with observations.
The overall patterns of the observed and model-simulated
temperatures bear a resemblance to the observed structure
of the northwest—southeast gradients, though the model
simulations tend to exceed the observations by 1-2 °C over
North China Plains and are colder than observations in
south China. Figure 5 presents the 1998 (wet), 2000 (nor-
mal), and 2011 (dry) summer (JJA) average precipitation
distributions for observations and the model control runs.
The simulated summer precipitation in the control runs
agree well with the observations, the spatial correlation
coefficients for 1998 (wet), 2000 (normal), and 2011 (dry)
are 0.66, 0.63, and 0.74. The summertime precipitation
field from the CTL simulations can capture the observed
large-scale pattern, but the magnitude is underestimated in
Yangtze River region and northeast China, but overesti-
mated in south China, in general.

On regional scales, there are some biases in simulated
temperature and precipitation relative to observations.
Some persistent biases in the simulated temperature and
precipitation in the wet, normal, and dry years for CTL
simulations seem to co-locate with areas where significant
LC differences occur in the newer data sets. The CTL
simulation for all years have a negative temperature bias
south of Yangtze River where a large area of mixed forest,
in the CTL LC data set, is replaced with woody savannas or
cropland and natural vegetation mosaic in the experiment
data sets. There are also cold biases relative to observation
near the northwest brim of the Tibetan Plateau where large
areas of open shrublands are replaced by the category of
barren land in the 2000 and 2009 data set. In terms of
precipitation, it tends to simulate greater precipitation
south of Yangtze River for both the wet year (1998) and
dry year (2011) in the CTL, with higher precipitation in
northeast China for all the years. Both regions see signifi-
cant LC difference when we compared the CTL LC data set
and the newer data sets. In the following section, the
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Fig. 4 Mean summer near-
surface air temperature (°C) for
1998, 2000, and 2011: a—

¢ observed, d—f simulated CTL
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improvements in simulation over CTL due to better-vali-
dated LC data in several regions are discussed.

3.2 Effects of LCC and LC data sets on temperature
and precipitation

The mean differences between the EXP and CTL simula-
tions (e.g., W1 — WO0) during wet, normal, and dry sum-
mers are analyzed to understand the possible effects of
different land cover data on the surface air temperature and
precipitation over China (Figs. 6, 7). All three sets of land
cover experiments simulate a warmer near-surface summer
temperatures in most areas of China, especially in south-
west China and south of Yangtze River where large dif-
ferences of LC exist between EXP and CTL, as mentioned
in the last section. For the LCC data in 1990, in the wet
year, the decreases of T2m are found in northeast China. In
the normal year, the decreases of T2m are found in both the
northeast and lower reach of Yellow River areas. But in the
dry year, the decreases of T2m shift to only north China.
For LCC data in 2000 and 2009, which are very similar to
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each other, the LCCs have similar effects on regional cli-
mate, but with different intensities. Though warming
effects are found in most parts of China, especially in south
China, the cooling effects were found in the Tibetan Pla-
teau and Yellow River basin, which is possibly related to
the land cover changes in these areas in the experiment
data sets. For simulations using 2009 LC data sets (W3,
N3, D3), the areas with megacities, namely Yangtze River
Delta, Pearl River Delta and Bohai Sea Ring area, simulate
warmer surface temperatures than CTL and other experi-
mental cases. This may be related to LC representing urban
areas in these regions.

The summer precipitation differences for each of the
land cover experiments are shown in Fig. 7 and Tables 2,
3, 4. Significant changes in precipitation are found between
the LCC experiments and CTL experiment. The largest
absolute changes between 54 and 83 mm were found in
southeastern China for the summer season. In southeastern
China, the main difference in experiment LCs relative to
the default land cover is deforestation. Many grid cells are
shifted from trees to croplands (1990) and trees to savannas
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Fig. 5 Mean summer
precipitation (mm day_l) for
1998, 2000, and 2011: a—

¢ observed, d—f simulated CTL
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(2000 and 2009), which cause large changes in roughness
length values. Significant changes in precipitation were
found in southern China. All three sets of experiments
simulated less precipitation than CTL simulations. Forest
aerodynamic roughness causes turbulence and enhances the
exchange of sensible heat and moisture from the surface to
air (Rotenberg and Yakir 2010; Peng et al. 2014). Also, the
moisture content above tree-covered areas is larger than
cropland/grassland, which could enhance convection, cloud
formation, and rainfall. Better representation of the defor-
estation in southwest China and east China in recent years
in the experiment data sets may cause the decrease in
simulated precipitation, which is closer to the observed
precipitation than CTL.

For the wet year, compared with the observation, CTL
simulation has a deficiency of precipitation in the region
between the Yellow River and Yangtze River and a posi-
tive bias in north China. Compared to W0, W1 simulated
more precipitation in the south of Yangtze River and
Huaihe River Valley, but for W2 and W3, regions with
higher precipitation are found between the Yellow River

-3 -2 -1
and Yangtze River region. Relative to WO, less precipita-
tion is simulated for North China Plain for W1, W2 and
W3. W1 with 1990 LC data seems to reduce the dry bias
around the middle and upper reach of the Yangtze River
and Huaihe River. However, W2 with the most up-to-date
LC only reduces the dry bias in the CTL in the Huaihe
River Valley. Though the 2000 LC is based on measure-
ment close to 1998, there was a significant forestry policy
shift in China in the fall of 1998 affecting the region around
the upper and middle reaches of Yangtze River. After
1998, the “Grain-for-Green Plan” as a countermeasure for
the severe flooding event in 1998 converted large areas of
farmlands to forest, especially in the steep terrains of
Guizhou and Sichuan Provinces. Due to the sudden change
in afforestation trend in the region around 1998, the 2000
LC may not be a better representation of LC in 1998
(compared to the 1990 LC).

For the normal year, CTL simulation produced less pre-
cipitation over the Huaihe River Valley and southeast China
compared to observation and more precipitation in the
eastern part of southwest China. For N1, less precipitation is

@ Springer
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Fig. 6 Spatial changes (LCC-
CTL) of near-surface air
temperature (°C) for the three
simulated years 1998, 2000, and
2011 for summer (JJA): a W1 —
W0, b W2 — W0, ¢ W3 — WO,
d N1 — NO, e N2 — NO, f N3 —
NO, g DI — DO, h D2 — DO,

i D3 — DO
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found in the south of the Yangtze River, in eastern part of
southwest China and the southeast coast; higher precipita-
tion is simulated in north China, Huaihe River Valley, and
upper reach of Yellow River. For N2 and N3, less precipi-
tation is simulated in the Yangtze River region and south
China and higher precipitation is found in the Huaihe River
Valley, coastal area of southeast China, and Bohai Sea Ring
area. Compared with N1, N2 with the most up-to-date LC
produced much improved precipitation distribution pattern
in southwest China and Tibetan Plateau where significant
LC changes occurred between 1990 and 2000.

For the dry year, the spatial distribution of the precipi-
tation difference is similar to that of the normal year. CTL
simulation overestimates the precipitation in south China
compared to the observation. For D1, higher precipitation
is estimated to the south of Yangtze River, especially in the
eastern part of southwest China and southeast China. For
D2 and D3, greater precipitation is found in southeast
China, whereas less precipitation is found in other areas to
the south of Yangtze River. Though the precipitation pat-
terns of D2 and D3 are similar, D3 as the most recent LC
data set for 2011 produced better temperature simulation in
the megacity areas where large LC changes occurred due to
the rapid urban expansion during the first decade of the
twenty-first century.

@ Springer

3.3 Effects of LCC and LC data sets on energy
budget and circulation

Figure 8 shows the spatial changes of the surface energy
budget in the summer of the normal year 2000. For the
LCC data in 1990, the replacement of bare soil by savannas
and savannas by grasslands in the western Tibetan Plateau
caused the sensible heat flux (SH) to increase in this area
for summer compared to the WRF default MODIS land
cover data. In east China, replacement of mixed forests by
crops caused the SH to significantly decrease in north
China and south of Yangtze River and to increase in the
Yellow River region (Fig. 8d).

For the LCC data in 2000 and 2009, the two land cover
data sets seem very similar except that the urban areas
expanded in 2009. Compared to the default land cover data,
in the western part of the Tibetan Plateau, a replacement of
savannas by bare soil and grasslands by bare soil also
causes the SH to increase significantly. Besides this
change, SH in most of China decreased, especially in
northeast, Bohai Sea Ring Area, and Pearl River Delta
Region (Fig. 8b, c¢). The changes in latent heat flux (LH)
show the opposite pattern of SH changes in these areas
with LC changes (Fig. 8). The albedo increases in south-
west and south China led to higher SH and lower LH. In
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Fig. 7 Spatial changes (LCC-
CTL) of precipitation (%) for
the three simulated years 1998,
2000, and 2011 for summer
JJA): a W1 — W0, b W2 —
WO, ¢ W3 — W0, d N1 — NO,
e N2 — NO, f N3 — NO, g DI —
DO, h D2 — DO, i D3 — DO
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most areas of China, LH increases. It is especially notice-
able in the eastern part of China due to the significant
changes in LC. The replacement of mixed forests by woody
savannas, croplands, and urban areas over the southern
China and expansion of grasslands and croplands in the
northern and northeastern China has resulted in higher
partition of energy into SH. Over the Tibetan Plateau, SH
increases steadily for the newer data sets. Overall, con-
sidering the differences in SH over the Tibetan Plateau,
north and northeastern China, most noticeable changes in
SH are found in simulations for the 2000 and 2009 data
sets, which suggests they are caused by the land cover
changes. Lower SH compared to CTL in some regions in
the experiments also results in more energy to be parti-
tioned into LH. For example, some areas of northern China
experienced up to 25 W m ™2 higher LH compared to NO
for N2 and N3 (Fig. 8c, g, k). Overall, it is evident that due
to LCC and the use of associated LC data sets, changes in
LH is more widespread compared to the CTL for some
areas of northern China.

Though it is difficult to separate climate regime’s impact
and LC data’s impact, the magnitude of the differences in
SH and LH between different LC data sets and CTL data
set for the normal year of 2000 suggests that northeastern,
north China, and lower-middle reaches of the Yangtze

River regions are more sensitive to the 2000 LC data set.
On the other hand, the magnitude of the differences in SH
and LH suggests that the southwest, sorthwest, and Tibetan
Plateau regions are more sensitive to 2009 LC data sets
during summer season where we see many changes in land
cover compared with the default WRF LC data set.

The results from the experimental simulations for the
normal year show that higher SH in many areas, particu-
larly over northern China, southwest China, south of
Yangtze River in east China, and Tibetan Plateau, com-
pared to the CTL. Expansion of grasslands in the Tibetan
Plateau and increase of urban areas, woody savannas, and
closed shrublands in the north China influenced energy
partitioning and increased SH. Comparison of LC data sets
suggest that expansion of croplands in northeast results in
reduced SH. In the upper reaches of Yellow River, which is
relatively closer to the desert areas, both shrublands and
croplands (irrigated) can be found. As expected for the heat
flux changes induced by changes in the vegetation cover,
regions of higher and lower SH experienced lower and
higher LH, respectively.

In terms of net radiation (NR), in north China, east
China and northeast China, where plains and cropland
dominate, the differences are the least between W2 and
WO, N2 and NO. This is consistent with the fact that
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Table 2 Differences [experiment (EXP) — control (CTL)] in fluxes,
temperature, and precipitation for a wet year (1998) for five regions of
China (see Fig. 1)

Table 3 Differences [experiment (EXP) — control (CTL)] in fluxes,
temperature, and precipitation for normal year (2000) for five regions
of China (see Fig. 1)

Differences 1998 summer (JJA) Differences 2000 Summer (JJA)
RN SH LH T2 m PR RN SH LH T2m PR

Northeast Northeast

W1 — W0 1.19 0.37 3.01 -0.2 21.5 NI — NO 26.24 7.30 14.56 1.6 —47.6

W2 — W0 0.33 1.42 —1.24 0.1 13.5 N2 — NO 18.91 5.33 10.10 1.2 —12.3

W3 — W0 7.27 3.78 0.52 0.4 6.1 N3 — NO 20.60 5.39 9.14 1.3 —233
North China North China

W1 — W0 3.47 0.98 4.46 0.3 —-21.2 N1 — NO 2.77 4.94 —0.46 0.9 —-37.5

W2 — W0 0.46 2.94 2.83 —0.1 34 N2 — NO 1.70 2.82 —2.88 0.5 —43.8

W3 — W0 1.61 0.83 5.49 —0.1 12.9 N3 — NO 5.87 4.99 2.48 0.5 —24.5
East China East China

W1 — W0 4.19 2.28 —1.41 0.5 34.1 NI — NO 12.33 10.04 -3.03 0.3 —53.6

W2 — W0 0.01 3.38 —9.85 0.3 1.5 N2 — NO 9.73 12.07 —10.48 0.2 —82.5

W3 — W0 791 5.51 —4.23 0.4 —15.8 N3 — NO 16.32 12.98 —4.46 04 —61.6
Southwest Southwest

W1 — W0 0.03 1.93 —3.30 0.4 —4.8 N1 — NO 0.27 2.20 —4.07 —-0.4 2.5

W2 — W0 1.46 3.23 —6.27 0.3 -359 N2 — NO 1.05 2.80 -7.29 -0.6 —22.6

W3 — W0 1.34 3.18 —6.19 0.3 —19.0 N3 — NO 2.18 2.52 —5.44 -0.5 —29.6
Tibetan Plateau Tibetan Plateau

W1 — W0 0.84 —0.91 —2.81 0.2 —1.4 NI — NO 1.09 0.73 —2.26 —-0.2 94

W2 — W0 4.03 —0.67 —-3.23 -0.6 —-9.8 N2 — NO 1.25 0.29 —2.74 -1.0 —-9.7

W3 — W0 3.11 —0.35 —1.78 —-04 —4.3 N3 — NO 1.84 1.08 —1.00 —0.8 —-1.7

Calculations are based on land cover datasets from three periods,
including, 1990, 2000, and 2009. The WRF-provided default land
cover dataset for 2001 was used as CTL

RN net radiation (W m’z), SH sensible heat flux (W m~2), LH latent
heat flux (W m™2), T2m two-meter temperature (°C), and PR pre-
cipitation (mm)

satellite-based LC data sets agree well with multi-source
LC data sets in these LC types and these 2 years are very
close to each other.

There are large differences between 2000 LC and CTL
(MODIS 2001) in southwest China, south China, and
Tibetan Plateau even though these two data sets are very
close to each other in time. The 2000 LC data set are
compiled with multiple sources including in situ and
ground validation. In transitional zones and regions with
topography, the differences between 2000 LC and CTL are
large (Fig. 2). Therefore, the differences of simulated LH,
SH, NR, temperature, and precipitation are not always
smallest between these two data sets, especially in the
transitional zones and mountainous regions.

Figure 9 shows the 850 hPa wind field and geopotential
height changes in summer for the three sets of simulations.
We focus on lower atmospheric geopotential height,
because we are interested in determining the direct effects
of the LC data sets on the lower atmosphere. For the wet
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Calculations are based on land cover datasets from three periods,
including, 1990, 2000, and 2009. The WRF-provided default land
cover datset for 2001 was used as CTL

RN net radiation (W m’z), SH sensible heat flux (W m~2), LH latent
heat flux (W m™2), T2m two-meter temperature (°C), and PR pre-
cipitation (mm)

year, compared to WO, there is a cyclonic wind anomaly
over eastern China for W1. The anomalous winds indicate
a strengthened summer monsoon over eastern China, which
contributes to the increased precipitation over east China
and northeastern China. For W2 and W3, there are very
minor anticyclonic wind anomalies over northeastern
China, which might contribute to the reduced precipitation
over northern and northeastern China. For the normal year,
the N1 and N3 LC data sets simulations show anticyclonic
wind anomalies over northeastern China. Other than the
above common features, several anomalies are also found
for N1 and N3: a cyclonic wind anomaly for N1 over
southern China; a cyclonic wind anomaly for N3 over
Bohai Sea Ring Area and Pearl River Delta Region; and an
anticyclonic wind anomaly for N3 over east China and
south China. For the dry year, D1 shows an anticyclonic
wind anomaly over northeastern China, while D2 and D3
show an anticyclonic wind anomaly over southern China
and a cyclonic wind anomaly over northeastern China.
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Table 4 Differences [experiment (EXP) —control (CTL)] in fluxes,
temperature, and precipitation for dry year (2011) for five regions of
China (see Fig. 1).

Differences 2011 Summer (JJA)
RN SH LH T2m PR

Northeast

D1 — DO 27.11 0.71 14.56 0.3 —6.3

D2 — DO 22.62 —1.57 10.10 0.3 —6.7

D3 — DO 27.03 2.34 9.14 0.3 —-0.3
North China

D1 — DO 1.80 222 —0.46 -0.0 1.0

D2 — DO —0.87 —0.83 —2.88 —-0.4 3.7

D3 — DO 3.58 2.28 2.48 -0.2 6.8
East China

D1 — DO 0.58 7.20 -3.03 0.5 —-30.0

D2 — DO —2.17 6.64 —10.48 0.3 -42.9

D3 — DO 2.05 8.41 —4.46 0.3 -37.9
Southwest

D1 — DO 4.12 1.76 —4.07 0.7 -9.0

D2 — DO 4.02 3.45 —7.29 0.4 —34.9

D3 — DO 5.14 342 —5.44 04 —26.8
Tibetan Plateau

D1 — DO 2.51 —0.95 —2.26 0.2 —4.3

D2 — DO 3.88 —1.34 —2.74 -0.7 —6.5

D3 — DO 4.49 —0.45 —1.00 —-04 —1.6

Calculations are based on land cover datasets from three periods,
including, 1990, 2000, and 2009. The WRF-provided default land
cover datset for 2001 was used as CTL

RN net radiation (W m’z), SH sensible heat flux (W m~2), LH latent
heat flux (W m™2), T2m two-meter temperature (°C), and PR pre-
cipitation (mm)

These wind anomalies were consistent with the precipita-
tion and temperature changes as higher precipitation lowers
surface temperature by decreasing insolation and increas-
ing evaporative cooling (Figs. 6, 7). The spatial distribu-
tions of the geopotential height anomalies at 850 hPa are
also consistent with the wind fields.

4 Summary and discussion

A regional climate model, the WREF, is used to examine
how the new LC data could potentially affect near-surface
energy fluxes, temperature, and precipitation over the
entire China domain. Three new land cover data sets (LC
data in 1990, 2000, and 2009) were used for this study.
Compared to the WRF default MODIS LC data, there are
more forests in 1990 LC data in northeastern China. In the
newer data sets (2000, 2009), there is a steady increase in
the area covered (fractional coverage) by ‘barren and
sparsely vegetated’ and cropland category. Many areas of

mixed forest in the WRF default LC data set in southwest
China and south of the Yangtze River are replaced by
woody savannas in the new LC data sets. In central Tibetan
Plateau, open shrublands are replaced with grasslands in all
of the new data sets. In the northwestern part of the Tibetan
Plateau, open shrublands are replaced with barren land in
the new data sets of 2000 and 2009. All of these changes
are collocated with changes in simulated surface temper-
ature, precipitation, and fluxes in the experiments with the
new LC data sets.

Three periods were selected to represent a wet (1998), a
normal (2000) and a dry year (2011) for China. The CTL
simulations for all the years agree well with the observation
in large-scale patterns. However, there are some regional-
scale differences noted in temperature and precipitation.
There is a consistent cold bias for all hydroclimatic regimes
to the south of the Yangtze River and southwest China and
in the northwest of the Tibetan Plateau. Higher precipita-
tion was simulated in the central part of east China (south
of the Yangtze River).

The experiments with new LC data sets show differ-
ences in temperature, precipitation, and energy fluxes
compared with CTL simulations in regional scales.
Because climate system is complex and non-linear, small
change in initial or boundary condition can result in drift
from the mean condition. Due to complexity of interac-
tions, at this point it is difficult to discern which difference
is directly related to LC changes. Such assessment would
require a separate study beyond the scope of this research.
However, some of the differences are co-located with
regions with significant LC changes and strongly suggest
an improvement over CTL simulation. For example, in the
new LC data sets, southwest China and the region to the
south of the Yangtze River see large areas of mixed forest
replaced by woody savannah compared with CTL LC data
set, which is consistent with higher surface temperature and
less precipitation in the experiment simulations for all
years. Compared to CTL, experiments with new LC data
sets improved temperature and precipitation simulation, as
the new LC data sets are more accurate because of inte-
gration of remote sensing data and ground reference [Hu
and Jia 2010). Using newer data sets also reduces the
temperature and precipitation bias in the northwest Tibetan
Plateau where significant LC changes between CTL and
experiment data sets. The urbanization in China’s three
megacity areas over the Yangtze River Delta, Pearl River
Delta, and Bohai Sea Ring are captured by the LC differ-
ence between 2009 LC and other data sets. Correspond-
ingly, all simulations using the 2009 data set simulate
warmer surface temperature in these regions than its
counterparts using other LC data sets. The expansion of
croplands in northeast resulted in reduced SH. The north-
eastern and north China and the lower—middle reaches of
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Fig. 8 Spatial changes in
summer (JJA) for a normal year
(2000): a the surface albedo
(units: 10’2) changes

(N1 — NO), b the net radiation
(units: W m_z) changes

(N1 — NO), c the surface latent
heat flux (units: W m’z)
changes (N1 — NO), d the
sensible heat flux (units:

W m~?) changes (N1 — NO);

e same as a but for (N2 — NO),
f same as b but for (N2 — NO),
g same as ¢ but for (N2 — NO),
h same as d but for (N2 — NO);
i same as a but for (N3 — NO),
j same as b but for (N3 — NO),
k same as ¢ but for (N3 — NO),
1 same as d but for (N3 — NO)

Fig. 9 Spatial patterns of the
changes (LCC-CTL) in wind
vectors (units: m s_l) and
geopotential height (units:
geopotential meter) at 850 hPa
in summer (JJA)
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the Yangtze River regions are more sensitive to the 2000
LC data set, while the southwestern, northwestern, and
Tibetan Plateau regions are more sensitive to the 2009 LC
data set during summer. The changes of near-surface fluxes
then lead to changes in near-surface temperature.

As demonstrated by numerous previous research by
others and result presented in this paper, regional weather
and climate are highly sensitive to LCC. The large changes
in LC due to the fast-paced socioeconomic transformation
in China during recent decades require realistic LC datasets
to simulate the regional climate change. The first stage of
future work is to conduct decadal climate simulation using
latest realistic LCC when these datasets are available for
the past 30 years. In the background of global climate
change, the corresponding LCC will also greatly affect the
regional climate in China. The next stages of future
research will be directed toward regional climate projec-
tion/downscaling using future LC datasets.
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