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Abstract: The grazing exclusion program used by the Tibetan government to protect the ecological environment
has changed the vegetation and impacted the surface heat balance in North Tibet. However, little information is
available to describe the influences of the current grazing exclusion program on local surface heat balance. This
study uses the records of fenced grassland patch locations to identify the impact of grazing exclusion on surface
heat balance in North Tibet. The records of fenced grassland patch locations, including the longitude, latitude, and
elevation of the vertices of each fenced patch (polygon shapes), were provided by the agriculture and animal hus-
bandry bureaus of the counties where the patches were located. ArcGIS 10.2 was used to create polygon shapes
based on patch location records. Based on satellite data and the surface heat balance system determined by the
model, values for changes in land surface temperature (LST), albedo and evapotranspiration (ET) induced by
grazing exclusion were obtained. All of these can influence surface heat balance and alter the fluctuation of LST in
the northern Tibetan Plateau. The LST trends for day and night showed an asymmetric diurnal variation, with a
larger magnitude of warming in the day than cooling at night. The maximum decrease in absorbed shortwave of
LST (-0.5 — -0.4 C per decade) occurred in the central region, while the minimum decrease (-0.2 — -0.1 C per
decade) occurred in the eastern region. The decreased latent heat lead to the LST increased maximum (>1 'C per
decade) occurred in the central region, The eastern region increased at a rate of 0.2-0.5 ‘C per decade, while the
minimum increase (0-0.1 'C per decade) occurred in the northwestern region.
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Introduction

Many recent studies have focused on vegetation feedback to
climate systems in sensitive areas like the Qinghai-Tibetan
Plateau. Providing allowances and awards to households
engaged in animal husbandry that practice grazing exclusion
to restore degraded grassland is an important eco-compen-
sation policy effort in China. Grazing exclusion influences
grassland variations (Cai et al., 2015). Numerous observa-
tional and modelling studies have confirmed that land sur-
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face conditions play a crucial role in climate change (Pielke
et al., 2002; Kalnay and Cai, 2003; Feddema et al., 2005;
Pitman and Narisma, 2005; Seneviratne et al., 2006; Pielke
et al., 2007). Land surfaces impact the atmosphere through
the exchange of energy, momentum, water, carbon dioxide
and other gases with the atmospheric boundary layer (Cox
et al., 2000; Bounoua et al., 2002).

The earth’s climate system tends to be in equilibrium
between the absorption of solar radiation and the reflection
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of surface radiation (Mauritsen et al., 2013). Changes of
land cover can affect surface energy distribution by influ-
encing land surface albedo, hydrology and boundary layer
roughness. Moreover, changes of land cover types result in
different types of changes to the climate. For example, the
conversion of large areas of the Amazon rainforest to pas-
ture has resulted in a significant increase in surface tem-
perature and a significant decrease in evaporation and pre-
cipitation (Shukla et al., 1990; Malhi et al., 2008). The re-
placement of natural grassland by irrigated farmland can
result in more evapotranspiration and lower surface tem-
perature (Bonfils and Lobell, 2007; Kueppers et al., 2007,
Diffenbaugh, 2009; Lobell et al., 2009).

The ecological environment of the northern Tibetan Pla-
teau is very fragile, and the surface heat balance in this re-
gion has great significance for changes in the climate of
Asia and even globally (Yang et al., 2014). Studying the
effects of changes in land surface characteristics on the sur-
face heat balance in this region can provide an important
basis for making predictions about global climate change.
Remote sensing data can be used not only to evaluate vege-
tation changes (Fu et al., 2017; Wu, 2018), but also to as-
certain the effect of surface albedo and evapotranspiration
on surface heat balance. The various components of an eco-
system have different feedback mechanisms and effects on
climate. Land surface conditions can affect convective pre-
cipitation by affecting the state of the planetary boundary
layer, and the movement of water and energy between land
surfaces and the atmosphere (Meng et al., 2014). The posi-
tive feedback of vegetation to temperature is related to the
feedback of vegetation to albedo in physical properties
(Kucharski et al., 2013). Research into the dynamic rela-
tionship between the terrestrial biosphere and the atmos-
phere over a short period of time found that vegetation had
positive feedback on climate change by rapidly releasing
stored carbon (King and Neilson, 1992). The Tibetan gov-
ernment constructed metal fences to implement grazing ex-
clusions seasonally or year-round to support the recovery of
degraded grasslands. Many studies have examined the ef-
fectiveness of fencing for grazing exclusion, but find it
challenging to understand the effect of mechanisms that
impact the surface heat balance. In order to quantify the
impact of grazing exclusions on surface heat balance in Ti-
betan alpine grasslands, satellite data is commonly used.
Vegetation can change surface heat balance by affecting
albedo and evapotranspiration (Zeng et al., 2017). Therefore,
we use data for LST, ET, and albedo, which comprehensive
response heat conditions and indicate the changing feedback
dynamics caused by grazing exclusions.

2 Methods and datasets
2.1 Study area

The northern Tibetan Plateau is located in the northwestern
hinterlands of the Qinghai-Tibet Plateau, covers approxi-

mately 5.95x10° km”, and accounts for nearly 25% of the
Qinghai-Tibetan Plateau and 50% of the Tibet Autonomous
Region in China. The area is surrounded by the Kunlun,
Gangdisi, Tanglha, and Nyaingntanglha mountains. Mean
temperature is —11.3 ‘C in the coldest month and 8.4 °C in
the warmest month in most parts of the northern Tibetan
Plateau. Alpine grasslands, including meadows dominated
by Kobresia pygmaea, K. humilis and Carex moorcroftii,
steppes dominated by Stipa purpurea, S. capillacea and S.
subsessiliflora var. basiplumosa, and desert-steppes domi-
nated by S. purpurea, Ceratoides lateens and S. glareosa,
are widely distributed on the northern Tibetan Plateau. Al-
pine grasslands occupy about 70% of the plateau grassland,
and are located mostly in the central region (Editorial Board
of Vegetation Map of China, 2001).
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Fig. 1 Spatial distribution of exclosures for grazing exclusion

on the northern Tibetan Plateau

2.2 Datasets

The MODIS data for LST, ET and albedo products was taken
from LP DAAC (Land Processes Distributed Active Archive
Center) (https://lpdaac.usgs.gov/get data/data_pool), The
MODI11A2 LSTs, MOD16A2 ETs, and MCD43_GF albedos
were taken for the months of May to September in the years
2006 to 2013. A 1 km spatial resolution was used in this
study. TIMESAT 2.3 6 was used to calibrate all satellite data
for errors caused by adverse atmospheric, radiometric, and
geometric conditions. The records of fenced grassland patch
locations (Fig. 1), including the longitude, latitude, and ele-
vation of the vertices of each fenced patch (polygon), were
provided by the agriculture and animal husbandry bureaus
of the counties where the patches were located. ArcGIS 10.2
Desktop was used to create polygon shapes based on patch
location records.

2.3 Data analysis

In each dataset, a temporal trend across the entire five year
study period was calculated with Egs. (1) and (2) (Stow et

al., 2003). slope is the temporal trend of factors, s is the
average trend of factors over the years, x; is the raster data
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The land surface heat balance was calculated with Eq. (3):
Sn+ln=AE+H+G 3)
where S, is the net surface downward shortwave radiation,
L, is the net surface downward longwave radiation, A is the
sensible heat flux due to evapotranspiration, E is the surface
evapotranspiration, H is the latent heat flux, and G is the
soil heat flux.
The land surface short-wave radiation was calculated
with Eq. (4):

M

slope; =

Sn=8Sx7tx(1-a) 4
where S is the net solar radiation flux at the top of the at-
mosphere, 7 is the transmission of the solar shortwave
waves through the atmosphere, and a is the land surface
albedo.

The latent heat flux was calculated with Eq. (5):

AXE=Ax[xEp %)
where £, is the potential evapotranspiration, £ is the index
of evapotranspiration (between 0 and 1), and f is also mean
the ratio of actual evapotranspiration to potential evapo-
transpiration.

The sensible heat flux was calculated with Eq. (6):

Ts—Ta ©)
ra

where p is the air density, C; is the specific heat of air at
constant pressure, and r, is the aerodynamic resistance at 2
m height.

The longwave radiation downward( L ! ) was calculated
with Eq. (7):

H = pxCax

Li=égaxoxT,! (7)
where ¢ is the Stephan—Boltzmann constant, 7, is the land
surface atmospheric temperature, and &a is the factors
affected by moisture and cloud cover in the atmosphere.

The longwave radiation upward( L T ) was calculated
with Eq. (8):

Lt=(-gs)xgaxoxT,* +esxox T} ®)
where ¢sis the surface reflectance, 7, is the atmospheric
temperature, and T is the land surface temperature.

Through the analysis and integration of Eqs (3) to (8), the
surface energy balance was calculated with Eq. (9):
Stx(l-a)-AxE
Ts—Ta
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The main factors that vegetation can cause to change

were « , E, 7 ; and the influence of vegetation change on
land surface temperature can be rewritten into Eq. (10):
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where f; is the factor that can impact energy redistribution,
mean the sensitivity of land surface temperature to changes
in radiation intensity of 1 W m™, was calculated with Eq.

(11):
fs=p><Cd/ra-|r4><e;"sxo'><Ts4 (11)

The change of land surface temperature was calculated
with Eq. (12):

ATs=(4xexox T, ) x (= Rsix Aa+Sx(1-a) 1)
X ARsi + ARli — Ax AE = AH — Al — o x T, x Ag)

where Rsi is the downward shortwave radiation, and RIi is
the downward longwave radiation. From the above equa-
tions (Zeng et al., 2017), the change of land surface tem-
perature can be obtained by calculating the change of sur-
face energy channel.

3 Results

3.1 Changes in the LST (Day and Night) of the
fenced patches

Fig. 2 illustrates the changes of daytime and nighttime LST
at the fenced patches on the northern Tibetan Plateau. Day-
time LST increased noticeably across the northern Tibetan
Plateau except in the southwestern area. The warming mag-
nitude of daytime LST in the central region (>1 ‘C per
decade) was the greatest, and that in the eastern region (0.2—
0.5 C per decade) was lower. There were large differences
in nighttime LST changes, with cooling in the eastern region
(=0.2—0.1 'C per decade) and warming in the western re-
gion (0.2-0.5 °C per decade). In general, the daytime and
nighttime LST trends showed an asymmetric diurnal varia-
tion, with a larger magnitude of warming during the day
than cooling during the night.

3.2 Changes in the albedo and evapotranspiration in
the fenced patches

Fig. 3 summarizes the changes of albedo and evapotranspi-
ration on the northern Tibetan Plateau. The albedo noticea-
bly increased by 10% per decade across the northern Ti-
betan Plateau. The greatest increase (>10% per decade) oc-
curred in the central region. There were large differences in
the amounts of ET changes, with ET noticeably decreasing
across the northern Tibetan Plateau, except in the south-
western area.
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Fig. 2 The changes of LST during Day (a) and Night (b) in

fenced patches on the northern Tibetan Plateau from May to
September in 2006-2013
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Fig. 3 Changes of albedo (a) and ET (b) in the fenced
patches on the northern Tibetan Plateau from May to Sep-
tember in 2006-2013.

3.3 Changes of LST caused by the absorption of
shortwave radiation

The effects of albedo changes on surface energy absorption,
and especially on the absorption of shortwave radiation,
are very important to the surface heat balance. Due to in-
creases of albedo, the absorption of shortwave radiation
decreased, and LST decreased on the northern Tibetan
Plateau. According to the results of Equation (10), absorp-
tion of shortwave radiation led to a maximum LST de-
crease of —0.5 ——0.4 C per decade in the central region.
The minimum decrease (—0.2— —0.1 C per decade) oc-
curred in the eastern region. The spatial distribution pattern
was characterized by a gradual decrease from the center of
the region to the peripheries.

Absorbing shortwave

35°N A
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-1-0.5-0.4-0.3-0.2-0.1
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Fig. 4 The changes of LST caused by the absorption of
shortwave radiation in the fenced patches on the northern
Tibetan Plateau from May to September in 2006-2013

3.4 Changes of LST caused by latent heat

Due to decreases of ET, the LST increased across the north-
ern Tibetan Plateau, except in the southwestern area. The
decrease in ET led to an increase in LST. According to the
results of Eq. (10), decreased latent heat led to the central
region having the maximum increase of LST (>1 C per
decade). The spatial distribution pattern of increased

Latent Heat

35°N -

30°N -

C per decade
—0.5-0.2-0.1 0 0.1 0205 1

T T
80°E 90°E

Fig. 5 Changes of LST caused by latent heat in fenced
patches on the northern Tibetan Plateau from May to Sep-
tember in 2006-2013
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LST resulting from decreased ET was characterized by a
gradual decrease moving from the center of the region to the
peripheries. The eastern region increased at a rate of 0.2—
0.5 'C per decade, while the minimum increase of 0-0.1 C
per decade occurred in the northwestern region. In the south-
western area, LST decreased (—0.2— —0.1 ‘C per decade).

4 Discussion

4.1 Effects of land surface characteristics on surface
heat balance

The Tibetan government has implemented a grazing exclu-
sion program by enclosing large areas of the northern Tibet
Plateau with metal fencing. While many studies have fo-
cused on the impact this has on biomass and plant diversity
(Wu and Fu, 2018), further research using methods such as
nonlinear modeling is needed to determine the effectiveness
of the fencing (Wu et al., 2017). There has been little re-
search about the effects of fences on surface features. Thus,
as a core parameter, land surface control the climate system.
Vegetation greening is widely considered to be a major fac-
tor influencing changes to the surface heat balance and
variability. Vegetation affects land surface albedo, emissiv-
ity and soil moisture content, and variations of these factors
will change the absorption rate of solar energy and the flux
of latent and sensible heat. An earlier study from Kala et al.
(2014) argued that the biophysical feedback of vegetation
on the surface heat balance was mainly constrained by LAI
intensity, and this can control the amount of solar radiation
absorbed by land surfaces by changing the surface albedo,
and can influence the order of evapotranspiration by vegeta-
tion activity (Kala et al., 2014; Zeng et al., 2017). In-
creased LAI causes both increased evapotranspiration
(cooling effect) and decreased albedo (warming effect) to
produce opposite results; more indirect feedback comes
from changes in cloud cover (Wang et al., 2009), atmos-
pheric circulation and water circulation. The specific effects
of vegetation changes on land surface temperature in dif-
ferent regions are the results of various feedback pathways.

4.2 Vegetation feedback to the surface heat balance

Vegetation is a regulator of climate change that can dra-
matically mitigate factors that change climate. Vegetation
affects local climates by altering the surface energy budget
and water cycle, more changes push climate factors change
in vegetation’s favor. Zeng et al.(2017) used model data to
analyze the feedback of global vegetation activities on tem-
perature over the past 30 years, and obtained the feedback
strength of vegetation on temperature through various en-
ergy paths. However, due to the diversity of vegetation
changes, the feedback of vegetation to temperature is not
significant in some areas (Zeng et al., 2017).

Vegetation cover is affected by precipitation fluctuations,
and changes in vegetation cover affect the surface heat bal-

ance and the allocation of available energy from sensible
heat and latent heat (Matsui et al., 2005; Zaitchik et al.,
2005; Meng et al., 2014). In one study, the enhancement of
vegetation activity produced a large amount of evapotran-
spiration, which had the effect of cooling land surfaces
(Jeong et al., 2009). This study also found that increased
vegetation activity (e.g., increased plant growth) may slow
warming by absorbing more carbon and reducing the rate of
increase in CO, concentrations. Generally, feedback from
vegetation amplifies or restrains climate changes made by
nature or humans (Jeong et al., 2012). Changes in vegetation
albedo, radiation and evapotranspiration intensity play an
important role in deciding its comprehensive performance
on climate (Collatz et al., 2000; Chapin et al., 2000; Field et
al., 2007; Zhou et al., 2007; Pearson et al., 2013). Land sur-
face cooling may be due to excess heat being dissipated by
transpiration and thermal advection (Rotenberg and Yakir,
2010). But the effects of biophysics on heat flow are com-
plex and depend on the climatic background (Pitman et al.,
2011). The regulating effect and feedback mechanisms of
vegetation on climate are also different in different regions
and under different climatic backgrounds.

4.3 The characteristics of vegetation feedback on
surface energy balance in sensitive areas

The feedback of vegetation on climate was more pro-
nounced and noticeable in sensitive areas. When vegetation
replaces a snow-covered or desert surface, albedo decreases,
and the increase in the absorption of solar radiation leads to
higher surface temperatures (Bonan et al., 1992; Foley et al.,
1994; Chapin et al., 2005). This increased temperature is
more suitable for the growth of vegetation. Some research-
ers have used an asynchronously coupled regional cli-
mate-vegetation model (Alo and Wang, 2010) to estimate
future climate changes with increased carbon dioxide (with
or without vegetation feedback), confirming the importance
of vegetation feedback for climate change.

Climate models that do not take into account vegetation
feedback are problematic for regions like the Tibetan Pla-
teau where hydrological environments are sensitive to cli-
mate change or climate is sensitive to vegetation change.
Slowdowns of warming are largely due to increasing evapo-
transpiration caused by more vegetation, the effect growing
seasons for vegetation that begin earlier have on spring
temperatures, and the cooling effect enhanced by the
interaction between vegetation and evapotranspiration
(Jeong et al., 2009). In some regions where large areas of
land have been altered by human design, the feedback of
vegetation activities to climate suggests that human activi-
ties can interfere in the management of climate change.

5 Conclusions

In summary, daytime LST noticeably increased across the
northern Tibetan Plateau, except in the southwestern area.
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Nighttime LST changes were different, with cooling in the
eastern region (0.1 °C per decade), and warming in the
western region (0.2 ‘C per decade). In general, the daytime
and nighttime LST trends showed an asymmetric diurnal
variation, with a larger magnitude of daytime warming than
nighttime cooling. The spatial distribution pattern of LST
induced by albedo and ET was similar, and was character-
ized by a gradual decrease moving from the center of the
plateau to the peripheries. The absorption of shortwave ra-
diation led to the maximum decrease in LST (-0.5 — -0.4 'C
per decade) occurring in the central region. The minimum
decrease (—0.2— —0.1 C per decade) occurred in the eastern
region. A decrease in latent heat led to an increase in the
LST maximum (>1 ‘C per decade) in the central region.
The eastern region increased at a rate of 0.2-0.5 C per
decade, while the minimum increase (0—-0.1 ‘C per decade)
occurred in the northwestern region. LST in the southwest-
ern area decreased (—0.2— —0.1 ‘C per decade). The rela-
tively higher increasing LST by decreasing ET was on the
eastern region. The decrease in energy loss caused by the
decrease in ET exceeded the decrease in energy input
caused by the increase in albedo.
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