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Abstract: The micrometeorological elements, radiation budget, and surface energy distribution at four
sites with land cover types of vegetable, orchard, maize, and desert in the Heihe River basin (HRB)
from June 2012 to September 2012 are compared to investigate the differences in the land-atmosphere
interaction between different surface types and the biophysical effects of land use and land cover
change on surface temperature. The desert site has the highest soil surface temperature during
both daytime and nighttime. The strongest cooling effects of maize, orchard, and vegetable are
—20.43, —19.35, and —16.42 K, respectively, during daytime, and the average cooling effects are
—1.38, —2.52, and —0.93 K, respectively, at nighttime. The differences in the surface cooling effects of
the non-desert sites relative to the desert are attributed to the differences in albedo and incoming
shortwave radiation, emissivity and incoming longwave radiation, sensible heat flux, latent heat
flux, and soil surface heat flux, according to the direct decomposed temperature metric theory. The
radiation terms have negative feedbacks on the cooling effects in the non-desert sites. Latent heat
flux plays a key role in the differences in the surface temperature among the four sites during both
daytime and nighttime, and the soil surface heat flux is also a main factor at night.

Keywords: land use and land cover change; soil surface temperature; latent heat flux; soil surface
heat flux; land—atmosphere interaction

1. Introduction

Human activities affect more than 80% of the land surface on the earth [1]. Urbaniza-
tion, industrialization, forest degradation, and land desertification have certain impacts
on the local climate, ecosystem, and environmental process [2]. The Chinese government
has launched several projects aimed at converting farmlands to forests and mitigating
land desertification to improve the balance of the local ecosystem and the environment [3].
Land-use-land-cover change (LULCC) affects climate mainly through biochemical and
biophysical effects [4-9]. The biochemical effects of LULCC are mainly reflected in its
carbon sequestration potential, which depend on different conversion types of LULCC.
For example, the reduction of carbon sinks caused by the conversion of forest to farmland
is much higher than that from grassland to farmland [10]. In addition, LULCC can also
affect the energy distribution and water cycle between the surface and the atmosphere
through biophysical effects, that is, by influencing surface parameters such as surface
albedo, evapotranspiration (ET), roughness, and leaf index, thereby affecting the regional
and even global climate [11,12]. The biophysical effects on local climate can be much larger
than the cooling effect resulted from the uptake of CO, [13-15].

The biophysical effects of LULCC on temperature have been widely investigated in the
past few decades. He et al. [16] analyzed temperature records from a grass—shrub transition
zone in the Northern Chihuahuan Desert and showed that the nighttime air temperature
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observed in the shrubland is 2 K higher than in the grassland during winter. Climate model
simulations have shown that the conversion of natural forests to croplands in the United
States has a cooling effect and the cooling is greater for the daily maximum temperature
than for the daily minimum temperature, resulting in a reduced diurnal temperature
range [17]. Lee et al. [11] showed that deforestation generally warms the surface in tropical
areas but cools it in boreal regions. Peng et al. [3] used satellite measurements of soil
surface temperatures from planted forests and adjacent grasslands or croplands in China to
understand how afforestation affects soil surface temperature. Their results showed that
afforestation reduced the surface temperature by about 1.1 °C (£0.5 °C) in the daytime and
increased the surface temperature by about 0.2 °C (£0.5 °C) in the nighttime.

Changes in albedo directly affect the amount of absorbed solar energy [9]. The albedo
effect dominates the biophysical effects of deforestation in the boreal zone, especially
during winter because of the snow cover [18-20]. In tropical regions, the change in ET
dominates [19,21,22]. The changes in surface roughness also have important implications
for the energy redistribution process [20,23-26]. Unlike the biochemical effects, the bio-
physical effects are dependent on regional climate conditions [12,27]. Although there are
many related studies, the sign and magnitude of the exchange of surface energy and water
vapor still remain largely uncertain [10].

The use of satellite data with high resolution, continuous observation time, and wide
range coverage, combined with the “space-for-time approach,” is a common way to quantify
the biophysical effects of LULCC [11,28]. However, the lack of sensible heat flux and soil
surface heat flux measurements precludes a detailed investigation of the biophysical effects.
Using sensitive experiments based on climate models is another method [9,29,30]. However,
the approximation in the parameterization of the land surface processes in the climate
models often cause great uncertainties in the sign, magnitude, and spatial distribution
characteristics of the biophysical effects in the model output [12,31]. One method to
solve this problem is to verify the model and parameterization schemes using the in situ
observational data. Adjacent sites have similar background climate, therefore, the local
differences of surface temperature and other surface properties between adjacent sites
could be attributed to the land cover change [17,27,32,33]. In order to understand the
impacts of LULCC on regional climate, it is very important to study the differences in
surface temperature caused by the transformation of different land types [10,25,34-36] and
then provide a reliable basis for improving the land surface parameterization scheme in
climate models [37-39].

The Heihe River basin (HRB) is located in the arid regions of northwestern China that
features severe water shortages and a vulnerable environment, and it is sensitive to climate
change and anthropogenic disturbance, such as desertification, afforestation, and irriga-
tion [40-43]. In northwestern China, the land desertification situation is still very serious.
Moreover, rapid urbanization, industrialization, and agricultural development have led to
complicated instances of LULCC. Therefore, it is important to study the biophysical effects
of LULCC in this region. Considering the above aspects, this study compares the microm-
eteorological elements, radiation budget, and surface energy distribution between four
sites with different land cover types in the HRB. Moreover, the mechanisms of biophysical
effects of LULCC on surface temperature are discussed. This paper aims to provide a useful
basis for improving the land surface parameterization scheme in climate models and for
future land cover management strategies and mitigation warming policies.

2. Data and Methods
2.1. Observation Sites and Data

Heihe Watershed Allied Telemetry Experimental Research (HIWATER) was designed
as a comprehensive eco-hydrological experiment to improve the observability of hydro-
logical and ecological processes, to build a world-class watershed observing system, and
to enhance the applicability of remote sensing in integrated eco-hydrological studies and
water recourse management at the basin scale [44]. The first thematic experiment launched
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in HIWATER was the MultiScale Observation Experiment on Evapotranspiration over
heterogeneous land surfaces 2012 (HiIWATER-MUSOEXE), which deployed a flux observa-
tion matrix in the middle reach of the Heihe River Basin between May and September in
2012 [45]. The HIWATER-MUSOEXE consisted of two nested matrices: a large experimental
area (30 km x 30 km) and a kernel experimental area (5.5 km x 5.5 km) [44—46]. Overall,
there were 22 eddy covariance systems and 21 automatic weather stations in this experi-
ment. The detailed results for this experiment can be found in the research conducted by
Xu et al. [45], Li et al. [44], and Liu et al. [46]. The HIWATER-MUSOEXE provides valuable
data for us to investigate the biophysical effects of LULCC on soil surface temperature.

This paper selects four adjacent stations with different land cover types to study
temperature differences and associated forcing factors using the observation data from
June 2012 to September 2012. The four sites are referred to as Site 1, Site 14, Site 17, and
Shenshawo site (Figure 1). The four sites are among the 21 HIWATER-MUSOEXE sites and
are selected according to their approximate location (latitude and longitude), approximate
altitude, and different land cover types. The corresponding land cover type of Site 14
(100.3° E, 38.8° N) is maize with an altitude of 1570.23 m. The corresponding land cover
type of the Shenshawo station (100.49° E, 38.7° N) is desert with an altitude of 1594.00 m.
The corresponding land cover type of Site 17 (100.36° E, 38.8° N) is orchard with an altitude
of 1559.63 m. The corresponding land cover type of Site 1 (100.35° E, 38.89° N) is vegetable
with an altitude of 1552.75 m.
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Figure 1. The location of the four sites and the terrain height.

Both the eddy covariance system and automatic weather station were installed to
observe sensible heat flux (H), latent heat flux (LE), and meteorological elements in each
site. The air temperature and humidity were measured at a height of 5 m at Sites 1, 14, and
17 and at heights of 5 m and 10 m in the Shenshawo site. The wind speed and direction
were measured at a height of 10 m in Site 1, 14, and 17, and at heights of 5 m and 10 m
in Shenshawo site. For consistency, the air temperature and humidity measured at the
height of 5 m and wind speed measured at the height of 10 m were selected in this study.
Soil temperature profile (0, 2, 4, 10, 20, 40, 60, 100 cm), soil moisture profile (2, 4, 10, 20,
40, 60, 100 cm), and soil heat flux (6 cm, three plates) were also used in this study. Two
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soil heat flux plates were buried under the bare soil between the plants and one plate
was buried under the plant in Sites 1, 14, and 17. Shenshawo station, which is on bare
land, also had three plates to measure the soil heat flux. In addition to the variables
above, the automatic weather station measured the surface upward/downward shortwave
and longwave radiation fluxes at a height of 6 m. Sensible and latent heat fluxes were
measured by the eddy-covariance system at 4.6 m in Site 14 and Shenshawo, at 7 m in
Site 17, and at 3.8 m in Site 1. The sampling frequency of the turbulent data was 10 Hz,
and necessary corrections and quality controls of the turbulent fluxes, such as eliminating
spikes, coordinating rotation, sonic temperature correction, WPL correction (correction for
density fluctuations), test of stationary, and integral turbulent characteristics, were applied
to the obtained 30-min average fluxes. The micrometeorological elements observed by the
automatic weather station at 10-min intervals were averaged to data at half-hour intervals.
The detailed instrument information are shown in Table 1.

Table 1. Micrometeorological elements, instrument models, frame height, and site.

Observation Items Type, Manufacturers Height (m) Site
03002,
RM Young, USA 10 !
. . 03001,
Wind speed/direction RM Young, USA 5/10 Shenshawo
034B,
Met One, USA 10 14,17
HMP155, 5 1
Vaisala, Finland
HMP45D, 5 14
Air temperature and Vaisala, Finland
humidity HMP45C, 5 o
Vaisala, Finland
HMP45AC,
Vaisala, Finland 5/10 Shenshawo
CNR4,
Kipp&Zonen, 6 1,14
Netherland
Radiation ctherian
CNR1,
Kipp&Zonen, 6 17, Shenshawo
Netherland
109ss-L, 1
Campbell, USA
Soil t t AV-10T, Ob_lo'oé'z_o'gt 14
oil temperature Avalon, USA -0.1, -0.2, —04,
—0.6, —1
109,
Campbell, USA 17, Shenshawo
SM300, 1
Delta-T Devices, UK
ECH20-5, —0.02, —0.04,
Soil moisture Decagon Devices, —0.1, —0.2, —0.4, 14
USA —0.6, —1
CS6le, 17, Shenshawo

Campbell, USA
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Table 1. Cont.
Observation Items Type, Manufacturers Height (m) Site
HEFPO01,
Hukseflux, 1,17, Shenshawo
Soil heat flux Netherland —0.06
HFT3, 14
Campbell, USA
CSAT3 and Li7500,
Campbell/Li-cor, 4.6 14, Shenshawo
USA
Sensible heat flux, CSAT3 and EC150
latent heat flux Campbell, USA ! 7 17
Gill and Li75004, 38 1

Gill, UK; Li-cor, USA

2.2. Analysis Methodology
2.2.1. Soil Surface Heat Flux

The soil surface heat flux is an important component of the surface energy balance.
The soil heat flux plates are buried at a depth of 0.06 m in this study, and the heat storage
between the plate and the surface is one of the main causes of the surface energy imbal-
ance [47,48]. Therefore, obtaining the soil surface heat flux has great significance. The soil
thermal diffusion equation is:
opscsT  0G
ot oz M
where ¢ is time (s), T is soil temperature (K), z is the soil depth (m, positive downward), G
is the soil heat flux (Wm™2), and psCs is the soil heat capacity (J m~3 K1), which can be
calculated as:

PsCs = Pdcd(l — Osat) + PwCwb )

where p;c; is dry soil heat capacity (J m~3 K1), which is determined according to soil
observation data, 0,4 is the soil porosity, pwcy is the heat capacity of liquid water (4.2 X
106 ] m—3 K1), and 6 is the soil volumetric water content (m®> m~3). Integrate Equation (1)
and discretize:

O[T(zi, t+ AH)—[T(z;,t)] Az (3)
6

PsCs =
At &

Go = Gg + Ssoit = Ge +

where Gy is the soil surface heat flux, S, represents the heat storage from the plate at a
depth of 6 cm from the surface of the ground, and T(z;, t) is the soil temperature at the
depths of 2 cm, 4 cm, and 6 cm at different times. The soil temperature and moisture at a
depth of 6 cm is interpolated from the data at 10 cm and 4 cm due to a lack of observation
at the 6-cm depth.

2.2.2. Surface Energy Balance Equation

The surface energy budget can be expressed as:
Rn=H+LE+ Go+ Re 4)

where H is sensible heat flux, LE is the latent heat flux, Gy is the soil surface heat flux,
and Re is the residual energy that is associated with the photosynthesis and respiration of
plants as well as vegetation and soil thermal storage, etc. [49]. Rn is net radiation, which
can be calculated by:

Rn=S(1—a)+L —eoT} — (1—e)L; (5)
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1 /o
AT~ s (T4 T) = Lo T3

S

where « is the surface albedo, S| is the incoming shortwave radiation, L is the incoming
longwave radiation, ¢ is the surface emissivity, ¢ is the Stephen-Boltzmann constant, and
Ts is the surface temperature.

According to the Taylor expansion and omitting the higher order terms:

T4 ~ T4 + 473 (Ts’ - TS) ©)
Without considering the residual term (Re), the surface temperature perturbation can

be mathematically expressed as:

: 1
(0Tt —eoT) = 13 A[SI (1= )] +A(eLy) —ALE — AH = AGo}  (7)
S

4

where T, and T, represent the surface temperature of different land cover types and A
denotes the differences in a variable between different land cover types. Equation (7) is a
direct decomposed temperature metric theory. The changes in the soil surface temperature
among the different sites are attributed to the differences in albedo and incoming shortwave
radiation, emissivity and incoming longwave radiation, sensible heat flux, latent heat flux,
and soil surface heat flux.

2.2.3. Aerodynamic Roughness Length

Aerodynamic roughness length is an important parameter to study the surface proper-
ties of different underlying surfaces. According to the Monin-Obubhov similarity theory,
the vertical wind profile in the surface layer can be expressed as:

= In——yu(l) ®)

where u is the horizontal wind speed (m/s) at the height of z (m) from the ground, u. is
the friction velocity (m/s), k is the von Karman constant (the empirical value is 0.4), zg is
the aerodynamic roughness length, and ,;({) is the stability correction function, which
becomes 0 under neutral conditions. The stability parameter is { = 7, where L is the
Monin-Obukhov length.

We used the independent method [50,51] to calculate zy. The relationship between
the dimensionless wind velocity % and stability parameter ( is identified in the log-log

coordinate to determine the value of ’%‘ under neutral conditions ({ = 0). Then, the value
of zp can be obtained according to the wind profile equation under neutral conditions:

ku z

=2 _mE 9
3. Results
3.1. Differences in the Micrometeorological Elements

Figure 2 shows the diurnal variation of the soil temperatures at the four sites in seven
layers. For all the sites, the soil temperatures at shallow depths increased after sunrise and
reached the maximum in the afternoon and then gradually decreased. The minimum values
of the shallow soil temperature occurred at 08:00 LST, and the maximum values occurred
in the afternoon. Only the soil layers close to the surface (e.g., 2 cm, 4 cm, and 10 cm) had
obvious diurnal variations. Moreover, the variations in the soil temperature in deep layers
lagged behind those in the shallow soil. This is because the shallow soil temperature is
directly warmed through absorption of the solar radiation and cooled through emission of
longwave radiation. In contrast, the deep soil temperatures mainly rely on the heat transfer
between different soil layers. The shallow soil layers obtain and transfer heat to the deeper
layers during daytime, and the heat transfer from deeper layers to the surface layer occurs
during nighttime.
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Figure 2. Diurnal variations in soil temperature at four sites in HRB from June 2012 to September 2012
with (a) maize (b) desert (c) orchards, and (d) vegetable. Time is Beijing Time (here and hereafter).

Comparing the soil temperatures at the four sites, the soil temperatures in the desert
site were the highest and the shallow layer (2 cm) had the largest diurnal soil temperature
range of 14.56 K, while at the vegetable site, the soil temperature was the lowest and its
diurnal soil temperature range was also the lowest with 4.59 K.

Besides the soil temperature, other micrometeorological elements also showed sig-
nificant differences between the four sites, as shown in Figure 3. The desert site had the
highest surface temperature during both daytime and nighttime, and the diurnal surface
temperature range was 30.86 K, which was the maximum among the four sites. The diurnal
surface temperature ranges were 14.78, 14.25, and 11.84 K for the vegetable, orchard, and
maize sites, respectively. The vegetable site had higher daytime and nighttime surface
temperatures than those of the orchard and maize sites. The maize site had a higher surface
temperature than that of the orchard site, except during 13:00-17:00 LST. Moreover, the
differences in the surface temperature between the four sites during daytime were greater
than those in the nighttime. The mechanisms of the differences of the surface temperature
between different land cover types will be discussed in Section 3.3. The diurnal variations
in the near-surface air temperature at the four sites were consistent with those of the soil
surface temperature (Figure 3b). While the diurnal surface temperature range was larger
than the diurnal air temperature range, the variation in the air temperature lagged than
that of the soil surface temperature. The underlying reason is because land surfaces are
directly affected by solar and longwave radiation, while the near-surface air temperature
mainly responds to the soil surface temperature.
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Figure 3. Diurnal variations in (a) soil surface temperature, (b) near-surface air temperature, and
(c) relative humidity at four sites in HRB from June 2012 to September 2012.

Relative humidity is also an important meteorological element, which affects the
occurrence and intensity of precipitation and processes such as radiation and energy
exchange. As shown in Figure 3c, the daily variations in the relative humidity were
opposite to those in the air temperature and surface temperature. Daily maximum relative
humidity occurred at around 07:00 in the morning, and the minimum value occurred at
about 16:00 in the afternoon. The smallest relative humidity was at the desert site, which
had the highest surface and air temperatures, and the largest relative humidity was at the
orchard site, which had the lowest surface temperature. Since the adjacent four sites can
be considered to share the same background climate, the differences observed between
the four sites can be attributed to land cover change. It can be seen from Figures 2 and 3
that different land use types impose significantly different effects on surface temperature
and other micrometeorological elements such as air temperature, soil temperature, and
relative humidity.

3.2. Differences in Surface Energy Budget
3.2.1. Surface Radiation Energy

Surface radiation can affect the local surface temperature. Figure 4 displays the diurnal
variations in the four components of surface radiation energy, including the downward
shortwave radiation (DSR), upward shortwave radiation (USR), downward longwave
radiation (DLR), and upward longwave radiation (ULR). It can be seen that the maximum
values of DSR at the four stations were around 800 W m~2 and the DSR were similar at the
four sites due to the same climate background. The USR depends on the surface albedo.
The desert site had the highest albedo and the orchard site had the lowest albedo (Figure 5).
The albedo difference between the desert and orchard sites was 0.056 at 14:00, when the
DSR were the strongest. The differences in albedo between the vegetable and maize sites
were negligible. The maximum daily USR were 141.39, 123.87, 120.97, and 103.89 W m~2at
the desert, vegetable, maize, and orchard sites, respectively, which is consistent with the
differences between their albedos. The desert site received the least DLR, while the other
three land cover types had a similar magnitude. This is because the desert site had less
water vapor and cloud cover, which caused a decrease the DLR. The ULR mainly depends
on the surface temperature. The maximum daily ULR were 557.34, 473.61, 460.22, and
461.58 W m~2 at the desert, vegetable, maize, and orchard sites, respectively.
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Figure 4. Diurnal variations in (a) downward shortwave radiation (DSR), (b) upward shortwave
radiation (USR), (¢) downward longwave radiation (DLR), and (d) upward longwave radiation (ULR)
at four sites in HRB from June 2012 to September 2012.
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Figure 5. Diurnal variations in albedo at four sites in HRB from June 2012 to September 2012.

3.2.2. Land Surface Fluxes

Soil surface heat flux plays a critical role in explaining the soil surface temperature
differences between different land cover types [16,52]. The soil surface heat flux is obtained
using the soil heat flux at a depth of 6 cm and the soil temperature profile in this study.
The soil heat fluxes at depths of 6 cm and the soil surface heat fluxes were positive during
daytime and negative during nighttime at the four sites (Figure 6). A positive value means
that the heat transferred from the surface to the deep soil and vice versa. The soil heat fluxes
at 6-cm depth were weaker and lagged more behind the soil surface heat fluxes during
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both daytime and nighttime due to the soil heat storage. During daytime, part of the soil
surface heat flux heat the soil while transferring heat to the deep layers. During nighttime,
the heat stored in the soil during the daytime is released at night, which enhances the
upward heat flux transferred from deep layers. The soil surface heat flux in the desert site
was strongest in the afternoon. The maximum values over the orchard and maize sites
exceeded 100 W m~2, which were larger than that of the desert site. The vegetable site
had the smallest daily maximum soil surface heat flux of 68.29 W m~2. The nighttime
soil surface heat fluxes were —44.54, —40.17, —35.26, and —28.74 W m 2 at the desert,
vegetable, maize, and orchard sites, respectively.

120 T T T T T T T
100 - maize _
desert
orchard
sl vegetable
& = = =6cm maize
£ 607 - - —6cm desert |
E - = =6cm orchard
% 40 [ - = =6cm vegetable g
=
s 20 1
=
]
Z 0f |
5}
DO 5 e e 1
-40 J
_60 1 1 L 1 1 1 1 1
0 3 6 9 12 15 18 21 24

Time (h)

Figure 6. Diurnal variations in soil heat flux at four sites in HRB from June 2012 to September 2012
(the solid lines represent the soil surface heat fluxes, and the dotted lines represent the soil heat fluxes
at depths of 6 cm).

The distribution of the available energy between the sensible heat flux and latent
heat flux has significant effects on the temperature and moisture within the planetary
boundary layer [53-55]. The diurnal variations in the latent heat flux and sensible heat
flux at the four sites showed that both were positive during daytime and the maximum
values occurred at around 14:00 (Figure 7). The nighttime latent heat fluxes were much
less than that during daytime and the sensible heat fluxes were negative at night. The
desert is a special underlying surface with little soil moisture, air humidity, and vegetation
fraction. Therefore, the latent heat flux in the desert site approximated 0 Wm™2, even
during daytime (Figure 7a). On the contrary, the sensible heat flux in the desert site was
the highest among the four sites and the maximum value was 185.3 W m~2. The maximum
values of latent heat flux were 452.89, 369.45, and 352.06 Wm ™2 in the maize, vegetable,
and orchard sites, respectively. The maximum values of sensible heat flux were 73.11, 73.68,
and 60.25 W m 2 in the orchard, vegetable, and maize sites, respectively. The differences
in the latent heat flux and the sensible heat flux between the orchard and vegetable sites
were negligible. The maize site had the largest latent heat flux and the smallest sensible
heat flux, which was completely opposite with that of the desert site.
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Figure 7. Diurnal variations in (a) latent heat flux (b) sensible heat flux at four sites in HRB from June
2012 to September 2012.

Surface roughness affects the turbulent exchange between the surface and atmosphere.
It can be seen from Figure 8 that different land types have different surface roughness. The
desert site without any vegetation had the smallest roughness (0.04 m), which created the
weakest turbulent flux (the sum of latent and sensible heat flux was the least). The height
of the vegetable site was lowest among the non-desert sites and the roughness was also
lower than those of the maize and orchard sites. The roughness length of the maize site
was larger than those of the vegetable and desert sites, promoting a stronger turbulent
flux in the maize site than the vegetable and desert sites. However, the orchard site had
larger roughness length and weaker turbulent flux than the maize site. This is because the
distribution of the available energy to sensible heat and latent heat fluxes depends on not
only the roughness length, but also the available energy and the Bowen ratio (the ratio of
sensible heat flux and latent heat flux). The orchard site had weaker upward shortwave
radiation and stronger downward longwave radiation than the maize site. Therefore, the
net radiation was stronger in the orchard site than the maize site. Moreover, the soil surface
heat flux had negligible differences between these two sites. The orchard site should have
more available energy than the maize site without considering the residual energy Re,
which is opposite with the results. Therefore, we speculate that the larger residual energy
makes the orchard site have less available energy than the maize site. The Bowen ratio
of the maize, vegetable, and orchard sites were relatively small and the available energy
distributed to the latent heat flux were more efficient.
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Figure 8. Monthly variations in surface roughness length at the four sites in HRB from June 2012 to
September 2012.

3.3. Radiative and Non-Radiative Effects on the Differences of Surface Temperature

Northwestern China is located in the arid and semi-arid regions, where the vegetation
fraction is low. Studying the effects of land use types on local surface temperature is
significant for revealing the importance of selection of the plant types for formulating
policies of land cover management and mitigation warming. Herein, we used the direct
decomposed temperature metric theory (Equation (7)) to investigate the mechanism of the
effects of land cover type on surface temperature. The desert site had the highest surface
temperature, and non-desert sites had cooling effects relative to the desert, as shown in
Figure 9a. The strongest cooling effects of maize, orchard, and vegetable were —20.43,
—19.35, and —16.42 K during daytime, and the average cooling effects were —1.38, —2.52,
and —0.93 K at nighttime. There were significant differences in the cooling effects in the
non-desert sites on the surface temperature relative to the desert site, and the differences
can be attributed to the differences in albedo and incoming shortwave radiation, emissivity
and incoming longwave radiation, sensible heat flux, latent heat flux, and soil surface heat
flux at the four sites according to Equation (7). These biophysical effects can be divided
into radiative (Figure 9e,f) and non-radiative effects (Figure 9b—d).

The differences in the net shortwave radiation between the non-desert sites and the
desert site (A [(1 — «)S, ]) were positive (Figure 9¢). According to Equation (7), the positive
A[(1—a)S;] promotes the positive AT, therefore, the net shortwave radiation term
in the HRB regions had warming effects, which is opposite with the negative values of
AT (Figure 9a). The product of the downward longwave radiation and emissivity term
(A(eL})) is similar with A[(1 — «)S |. Therefore, the non-desert sites had warming effects
relative to the desert through the radiative effects.

The latent heat flux differences (ALE) and sensible heat flux differences (A H) were
positive and negative, respectively. Moreover, both the ALE and A H were more significant
during daytime. The differences in soil heat flux (AGp) were mainly negative during
daytime except for the orchard and maize sites before 13:00 and were positive during
nighttime. The positive values of the non-radiative terms promoted the negative AT;. In
other words, the latent heat flux term had a cooling effect on the surface temperature at the
non-desert sites and the cooling effects were stronger during daytime. The sensible heat
flux term had a warming effect and was also stronger during daytime. The soil surface heat
flux term mainly had warming effects in the afternoon and cooling effects at night.
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Figure 9. Diurnal variations in the difference of (a) soil surface temperature, (b) sensible heat flux,
(c) latent heat flux, (d) soil surface heat flux, (e) net shortwave radiation, (f) the product of downward
longwave radiation and emissivity between the desert site and other three sites in HRB from June
2012 to September 2012.

For the three non-desert sites, Figure 9a shows that the cooling effects in the vegetable
site was the weakest among these three sites. The AGy of the vegetable site was larger than
other two sites between 15:00 and 21:00 and promoted stronger cooling effects. However,
the smaller ALE at the vegetable site made weaker cooling effects and offset the effects of
AGy. During other times, the vegetable site had smaller AGy and thus, weaker cooling
effects of vegetable. The maize site had the strongest cooling effects (as high as 20 K)
among the three sites in the afternoon and the orchard site had the strongest cooling effects
during other times. The ALE of the maize site were largest and can be up to 410 Wm™2,
which promoted strong cooling effects. Moreover, both the A[(1 —«)S, ] and A(eL)) of
the maize site were the smallest, which also promoted the cooling effects of the maize site.
The large differences in sensible heat flux and soil surface heat flux between the maize
and desert sites had warming effects at the maize site. The strongest cooling effects of the
orchard site during nighttime were mainly due to the largest AGy among these three sites.
Therefore, the soil surface heat flux is an important influencing factor during the nighttime.

The daytime (09:00-21:00) and nighttime (00:00-09:00 and 21:00-24:00) average values of
the biophysical effects in Equation (7) (— -5 ALE, — —>AH, — —5 AG, D[S (1 a)]

4e0T3 4e0 T3 a 4e0 T3

and A(eL})) are shown in Figure 10. Both the shortwave and longwave radiation

terms had warming effects at the non-desert sites. The latent heat flux term and sensible
heat flux term had cooling and warming effects, respectively, which were stronger during
daytime. The soil heat flux term had warming and cooling effects during daytime and
nighttime, respectively. The non-desert sites had cooling effects relative to the desert site,
therefore, the warming (cooling) effects of above biophysical terms had negative (positive)
feedbacks on the cooling effects of the non-desert sites. The variation in the latent heat
flux at these sites was the main factor causing the differences of their surface temperatures
during the daytime. Although the differences in latent heat flux at night was smaller than
in daytime, it was still an important driving factor for the nighttime cooling effects at the
non-desert sites together with the soil surface heat flux. Therefore, the highest surface
temperature of the desert relative to the non-desert sites was mainly caused by the weakest
latent heat flux during both daytime and nighttime, and the strongest soil surface heat flux
was at night.
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Figure 10. Partition of the biophysical effects according to Equation (7) in (a) daytime and
(b) nighttime in HRB from June 2012 to September 2012.

4. Discussion

The micrometeorological elements, radiation budget, and surface energy distribution
at the four sites with land cover types of vegetable, orchard, maize, and desert in the
HRB from June 2012 to September 2012 were compared to investigate the differences
in the land-atmosphere interaction between different surface types and the biophysical
effects of LULCC on surface temperature. The four land use types at the selected sites had
significantly different effects on surface temperature, air temperature, soil temperature,
and relative humidity. Compared with the desert site, the non-desert sites had average
surface cooling effects of —17.8 K and —1.8 K during daytime and nighttime, respectively.
Based on the space-for-time method, the four sites shared the same climate background.
The radiative forcing, the turbulent fluxes of latent and sensible heat, and the soil surface
heat flux jointly determine the surface cooling effects of the non-desert sites.

Ge et al. [28] investigated the local impact of afforestation by comparing adjacent forest
and open land pixels using satellite observations between 2001 and 2012. Guo et al. [32]
and Wang et al. [33] used observational data to compare the land—atmosphere interaction
at different surface types and quantify the contribution of land use change to surface
temperature in the lower reaches of the Yangtze River valley. These research have shown
that the non-radiative effects are stronger than the radiative effects. In the arid regions
of northwestern China, we have similar results that non-radiative effects dominate the
cooling effects of the non-desert sites relative to the desert site. Both the shortwave and
longwave radiation terms had negative feedbacks on the cooling effects of the non-desert
sites. However, some research have shown the changes in surface albedo result in changes
in the radiative forcing that can also dominate the local cooling effects of deforestation at
high latitudes [19,20]. This further demonstrates that the biophysical effects of LULCC
depend on background climate and reveals the importance of conducting this research in
different climate regions.

The latent heat flux and sensible heat flux terms had positive and negative feedbacks
on the cooling effects, respectively, which were stronger during daytime. The variation
of the latent heat flux at these sites was the main factor causing the differences of their
surface temperatures during both daytime and nighttime. The non-desert sites had less
upward and stronger downward sensible heat flux than the desert site during daytime and
nighttime, respectively. The heat transfers to the upper atmosphere during daytime and the
warmer air transfers downward to the surface in the stable atmosphere during nighttime.
Therefore, the sensible heat flux in non-desert sites transferred less heat upward during
daytime and transferred more heat downward during nighttime, which both warmed the
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non-desert surface (Figure 10). Schultz et al. [56] found that the nighttime AT; response
to deforestation was related to the strength of nocturnal temperature inversion, however,
the daytime ATs; were influenced by the latent heat flux and absorbed solar radiation.
Hence, they said the sensible heat flux mainly affect nighttime AT, which is opposite of our
results. In their research, the forest with larger roughness generated stronger turbulence
and transferred heat upward and downward during daytime and nighttime. The daytime
effects of sensible heat flux were less than latent heat flux and radiative forcing. Our
research shows that the differences in sensible heat flux during nighttime between the four
sites were negligible, therefore, the sensible heat flux had stronger negative feedback on
the cooling effects during daytime than nighttime.

The soil heat flux term had negative and positive feedbacks during daytime and
nighttime, respectively. It is an important driving factor for the nighttime cooling effects
at the non-desert sites together with latent heat flux. He et al. [16,52] also found that
the shrubland had higher nighttime temperature than grassland mainly due to the larger
surface soil heat flux in shrubland transferred more heat downward from the surface to the
deep soil during daytime and released it at night.

It should be noted that the LULCC had different effects on the surface temperature
and near-surface air temperature (Figure 3). Even though the near-surface air temperature
depends on surface temperature, it is affected by other factors such as air advection. Hence,
it can be said the surface temperature is more sensitive to LULCC than near-surface air
temperature [10,12,57,58]. Winckler et al. [59] have shown that near-surface air temperature
was affected by the LULCC only about half as much compared to surface temperature in
climate models.

5. Conclusions

The effects of LULCC on the surface temperature were studied using enhanced ob-
servation at four sites, featuring land uses of vegetable, orchard, maize, and desert, in the
Heihe River basin (HRB), an arid region of northwestern China. The desert site had the
highest surface temperature during both daytime and nighttime. The strongest cooling
effects in the maize, orchard, and vegetable sites were —20.43, —19.35, and —16.42 K, re-
spectively, during daytime, and the average cooling effects were —1.38, —2.52, and —0.93 K,
respectively, at nighttime. Based on the direct decomposed temperature metric theory, the
radiative forcing and sensible heat flux had negative feedback on the cooling effects of the
non-desert sites. The latent heat flux was the main factor causing the cooling effects of the
non-desert sites during both daytime and nighttime. The soil surface heat flux was also an
important driving factor for the nighttime cooling effects at the non-desert sites together
with latent heat flux.

Our study compared the micrometeorological elements, radiation budget, and surface
energy distribution at four sites with different land cover types in the HRB and discussed
the mechanisms of biophysical effects of LULCC on surface temperature. This research
provides a useful basis for improving the land surface parameterization scheme in climate
models and for future land cover management strategies and mitigation warming policies.
Several study aspects can be improved in future work. The vegetation maturity may
have some effects on the surface properties, such as the albedo and vegetation fraction,
that may influence the soil surface temperature. Moreover, the dry and wet conditions
may influence the cooling effects of the vegetation relative to desert. Therefore, longer-
period and more observational data and quantitative analysis at more sites are needed
to generalize the empirical results about the magnitude of vegetation cooling effects and
address future work.
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