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Abstract Land surface albedo is a significant parameter for maintaining a balance in surface energy. It is
also an important parameter of bare soil surface albedo for developing land surface process models that
accurately reflect diurnal variation characteristics and the mechanism behind the solar spectral radiation
albedo on bare soil surfaces and for understanding the relationships between climate factors and spectral
radiation albedo. Using a data set of field observations, we conducted experiments to analyze the variation
characteristics of land surface solar spectral radiation and the corresponding albedo over a typical Gobi
bare soil underlying surface and to investigate the relationships between the land surface solar spectral
radiation albedo, solar elevation angle, and soil moisture. Based on both solar elevation angle and soil mois-
ture measurements simultaneously, we propose a new two-factor parameterization scheme for spectral
radiation albedo over bare soil underlying surfaces. The results of numerical simulation experiments show
that the new parameterization scheme can more accurately depict the diurnal variation characteristics of
bare soil surface albedo than the previous schemes. Solar elevation angle is one of the most important fac-
tors for parameterizing bare soil surface albedo and must be considered in the parameterization scheme,
especially in arid and semiarid areas with low soil moisture content. This study reveals the characteristics
and mechanism of the diurnal variation of bare soil surface solar spectral radiation albedo and is helpful in
developing land surface process models, weather models, and climate models.

1. Introduction

Almost one quarter of the Earth’s total land surface consists of arid and semiarid areas distributed across
every continent. These areas are nearly completely covered by a representative bare soil underlying surface.
Moreover, climate change in these areas has become an important and essential factor in global change
because of the sensitivity and fragility of these terrestrial ecosystems (Huang et al., 2012; Rotenberg & Dan,
2010). Land surface processes in arid and semiarid areas significantly influence local and regional weather
and climate (Huang et al., 2012, 2013; Rotenberg & Dan, 2010; Xue & Shukla, 1993). However, a striking
warming trend in arid and semiarid areas has become evident over the past century. This enhanced semi-
arid warming trend may cause these regions to become drier and warmer (Huang et al., 2012). Using histori-
cal data to bias-correct CMIP5 projections, dryland expansion will be augmented unless greenhouse gas
concentrations are controlled (Huang et al., 2015). The increasing aridity, enhanced warming, and rapidly
expanding human population will exacerbate the risk of land degradation and desertification in the near
future in the drylands of developing countries (Huang et al., 2015, 2017).

Land surface albedo is an important parameter for land surface energy and water balance and for the for-
mation and evolution of weather and climate (Charney, 1975; Charney et al., 1977; Trenberth & Fasullo,
2009; Trenberth et al,, 2009; Wang et al., 2001, 2002a, 2002b; Zheng et al, 2012, 2014, 2015). Many previous
studies have reported that the deviations in calculating land surface albedo can lead to land surface and air
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temperature biases, which then result in the changes to weather and climate forecasts (Charney, 1975;
Charney et al,, 1977; Lean & Rowntree, 1993; Trenberth & Fasullo, 2009). Albedo is an important parameter
in land surface process models (LSMs; Bonan, 1996; Dai et al., 2003; Dickinson et al., 1993; Oleson et al.,
2010, 2013; Sellers et al., 1986; Xue et al,, 1991, 1996). Soil texture, soil color, and soil moisture are the key
factors that affect bare soil surface albedo calculation in LSMs. So far, however, the parameterization
schemes available for bare soil surface albedo are unsatisfactory. The schemes adopted in LSMs include the
energy ratio values of spectral radiation that account for global radiation, the initial values of spectral radia-
tion albedos, the failure to consider effect factors, and so on (Henderson-Sellers et al.,, 1993; Zheng et al.,
2014, 2015).

Several studies have reported that the diurnal variation characteristics of bare soil surface albedo are closely
related to solar elevation angle (Idso et al.,, 1975; Liu et al.,, 2008; Paltridge & Platt, 1981; Roxy et al., 2010;
Tsvetsinskaya et al., 2002; Wang et al., 2004; Zhang & Huang, 2004a, 2004b; Zheng et al., 2014). Solar eleva-
tion angle has much more important effect on the diurnal variation characteristics of bare soil land surface
albedo than the soil moisture in arid and semiarid areas with low soil moisture content (Bao et al., 2007;
Idso et al,, 1975; Zheng et al,, 2014). However, the parameterization scheme of bare soil surface albedo con-
siders only the influence of surface soil moisture. A single-factor scheme that considers only surface soil
moisture cannot depict the diurnal variation characteristics of bare soil surface albedo, especially in arid and
semiarid areas with low soil moisture content (Bao et al., 2007; Zheng et al., 2014). In this study, using a data
set of field observations at a typical Gobi site, we analyzed the variation characteristics of land surface solar
spectral radiation and the corresponding albedo and found out the relationships between land surface solar
spectral radiation albedo, solar elevation angle, and surface soil moisture. Based on both solar elevation
angle and soil moisture simultaneously, a two-factor set of parametric formulas for bare soil surface solar
spectral radiation albedo were proposed. Numerical simulation experiments were performed to investigate
the performance of the new parametric formulas.

The rest of this paper is organized as follows. Section 2 introduces the field observation experiment site, the
data sources, the model, and the design of the numerical simulation experiments. Section 3 presents the
results, including the analysis of the variation characteristics of bare soil surface solar spectral radiation and
the corresponding albedo, the relationships between spectral radiation albedo, solar elevation angle, and
surface soil moisture; and a comparative analysis of the numerical simulation results using the new parame-
terization schemes and the previous schemes. A discussion is provided in section 4, and section 5 concludes
the paper.

2. Data and Methods

2.1. Field Observation Experiment and Data Sources

The Field Experiment on Air-Land Interaction in the Arid Area of Northwest China (NWC-ALIEX) has been
ongoing continuously for the past 15 years (Huang et al,, 2013; Zhang & Huang, 2004a; Zhang et al., 20023,
2002b, 2005). NWC-ALIEX is used for scientific research into land-air interactions at typical underlying surfa-
ces in the arid and semiarid areas in northwestern China. The Gobi landscape is a typical representative of
the geomorphic features of large area in northwestern China, which covers a vast area. A field observation
experiment was conducted at the Gobi site during the intensive observation period (IOP) from 20 Septem-
ber to 23 October 2010. The data set of from 22 September to 21 October 2010 was used for the analysis in
this paper. The study area was located at 94°31’E, 40°10’N to the west of Dunhuang City, Gansu Province,
Northwestern China at an altitude of 1,150 m, as shown in Figure 1. The Gobi site has a high frequency of
clear sky conditions and a mixture of sand and gray-gravel plains form an open and unobstructed land-
scape. The environment surrounding the site is characterized by bare, flat, and homogeneous surface that
represent the larger Gobi area. The upper surface of the Gobi site is predominantly composed of small
stones, while fine sand composes the lower surface. The site’s climate type is typical of a continental
drought zone. Much more detailed information about the field observation site, its climate type, and its
environment can be found in Wei et al. (2006), Huang et al. (2013), and Zheng et al. (2015, 2017).

Land surface downward and upward global radiation (GR) (280-2,800 nm) and spectral radiation (SR),
including both ultraviolet radiation (UV) (285-395 nm) and visible radiation (VIS) (400-700 nm) were mea-
sured on a horizontal plane simultaneously with soil moisture at different depths (5, 10, 20, and 80 cm). The
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Figure 1. Spatial distribution of the field observation Gobi site.

GR and SR used to calculate the bare soil surface albedo were measured by high precision solar radiometers
manufactured by Eppley Laboratory, Inc.,, Newport, Rl, mounted on a 1.5 m high horizontal platform, as
shown in Figure 1. The soil moisture was measured by a QP-SS (accuracy: +1% m>/m?>, Elemental Scientific
Inc, Omaha, NE). Measurements were taken every 1 min. The data were then averaged over 30 min to
reduce noise. All the data were recorded using a DT600 data logger (DataTaker Inc., Scoresby, VIC, Australia)
fitted with a Personal Computer Memory Card International Association memory card. Data were down-
loaded, inspected for quality, and processed into daily files. Over the course of the field observation experi-
ment, the radiometer sensors were checked and cleaned every day to remove water droplets, dust, and
other materials from the radiometer sensor domes. Detailed information about the specifications of the
measurement instruments and the technical parameters of the land surface solar spectral radiation used at
the Gobi site during the IOP can be found in supporting information Table S1.

First, data sets containing the land surface solar spectral radiation and the 5 cm depth surface soil moisture
measurements from 22 September to 21 October 2010 were used to analyze the variations in land surface
solar spectral radiation and the corresponding albedo as well as the relationships between the albedos of
GR and SR and other factors. The other data sets (from 1 to 30 August 2009), including the land surface tem-
perature, surface downward and upward shortwave and longwave radiation, and sensible heat flux, were
used to verify the model simulation results. Note that near-infrared radiation (NIR) was not measured
directly because the NIR radiometer was unavailable. Based on methods used in previous studies (Escobedo
et al,, 2011; Zheng et al., 2015), the missing NIR radiation irradiance can be indirectly estimated from the
other waveband measurement irradiances. Hence, the NIR (700-2,800 nm) irradiance values used in this
work were indirectly estimated using the equation NIR = GR - UV - VIS. Some tiny errors were ignored here.

Based on previous studies (Canada et al., 2000; Fligge et al., 2001; Foyo-Moreno et al,, 1998; Geiger et al.,
2002; Igbal, 1983; Koronakis et al., 2002; Ogunjobi & Kim, 2004; Shi et al., 2008; Wang et al., 2010; Zheng
et al,, 2015), quality control (QC) for the field observation experiments data sets was guaranteed. Much
more detailed information concerning the methods for QC and the NWC-ALIEX data quality were described
in previous studies (Wang et al,, 2010; Zheng et al,, 2015, 2017; Zhou & Huang, 2011). All the measurement
instruments used in this study were calibrated by standard procedures both before and after the field
observation experiments. Calibration of all measurement instruments was performed by a professional
engineer from the China Meteorological Administration (CMA), which is the calibration agency in China offi-
cially authorized by the World Meteorological Organization (WMO) to ensure the precision of measurement
instruments before conducting field observation experiments.
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Table 1

Model Configuration Information

2.2. Model and Numerical Simulation Experiment Design
The Weather Research and Forecasting Model version 3.7.1

Grid Center
ID lon-lat

Domain
dimension

(WRFv3.7.1) with the Community Land Model version 4.0 (CLM4.0) as
its land surface processes scheme was utilized to verify the simulation
result. A three-nested grid system whose center was located at

Model
resolution Time Data
(km) step (s)  resolution

1 94.52°E, 40.17°N
2 94.52°E, 40.17°N
3 94.52°E, 40.17°N

100 X 100
88 X 88
76 X 76

94.52°E, 40.17°N was used in this study. In the vertical dimension, 35
9 54 5m .
3 = >m unevenly spaced full eta levels were defined. Based on a series of
1 54 30s tests, a set of physical options was selected within the WRF. The sur-

face layer processes were resolved with the Revised MM5 surface layer
scheme (Jiménez et al., 2012). The Community Land Model Version
4.0 (CLM4.0; Oleson et al., 2010) with 10 soil layers was used to resolve
the land surface processes within the WRF. The planetary boundary layer processes were resolved with the
Yonsei University scheme (YSU; Hong et al., 2006). The microphysics was calculated using the Lin scheme
(Lin et al., 1983). The cumulus clouds were simulated with the Grell 3-D ensemble cumulus method (Grell
et al,, 2013). The Rapid Radiative Transfer Model (RRTMG; lacono et al., 2008) was used to calculate long-
wave and shortwave radiation and their transfer within the atmosphere. The 6 h, 1° X 1° National Centers
for Environmental Prediction Final Analysis (NCEP-FNL) from the Global Forecast System (GFS) was used to
provide the initial and lateral boundary conditions for the WRF model. The model configuration, which
includes center longitude-latitude, domain dimensions, spatial resolutions, and time steps, are listed in
Table 1. In this paper, the selected simulation time for analysis extended from 0000 UTC 1 August 2009 to
1800 UTC 30 August 2009.

Three cases were designed that included different parameterization schemes of the bare soil land surface
spectral radiation albedo. Case 1 considers only the soil moisture in the parameterization scheme of the
bare soil surface albedo as prescribed for the CLM4.0 (Oleson et al., 2010). Case 2 is the new two-factor
parameterization scheme based on both solar elevation angle and soil moisture simultaneously. Case 3 is a
parameterization scheme that considers only the solar elevation angle. A comparative analysis of the GR
albedo between the observed data and the simulated data of the Cases 1-3 is provided in section 3.

3. Results

3.1. Diurnal Variation Characteristics of Bare Soil Surface Spectral Radiation

and the Corresponding Albedo

Based on the rule for separating different radiation wavebands in CLM4.0 (Oleson et al., 2010), the 700 nm
wavelength is selected as the threshold to distinguish between visible radiation (less than 700 nm) and
near-infrared radiation (greater than 700 nm). Hence, the observed UV (285-395 nm) and VIS (400-700 nm)
were combined into a new VIS band (approximately 285-700 nm) as prescribed for CLM4.0. The NIR wave-
length ranges from 700 to 2,800 nm.

Figure 2 shows the temporal evolution of the observed diurnal variation and daily-averaged VIS, NIR, and
GR albedos at the Gobi field observation site during the IOP. As shown in Figure 2a, the diurnal variation
characteristics of the VIS, NIR, and GR albedos are pronounced, showing approximately a U-shape. The VIS,
NIR, and GR albedos are asymmetric matching the results of Song (1998), Wen et al. (2009), and Zheng et al.
(2012, 2015). Morning albedos are larger than those in the afternoon (Figure 2a). The daily-averaged albe-
dos were calculated according to a weight factor (the surface reflected radiation flux); therefore, the
weighted averaged surface albedos were calculated according to the equation used in Zhang and Huang
(2004b). The daily-averaged VIS, NIR, and GR albedos are essentially constant (Figure 2b), with values of
0.22, 0.26, and 0.24, respectively. More detailed statistical characteristics of the daily-averaged VIS, NIR, and
GR albedos at the Gobi field observation site during the IOP can be found in Table 2. Note that the observed
values of the Gobi bare soil surface albedo for the NIR are not twice those of the VIS over bare soil underly-
ing surfaces as prescribed in most LSMs (Bonan, 1996; Dai et al., 2003; Dickinson et al., 1993; Oleson et al.,
2010, 2013; Sellers et al.,, 1986; Xue et al., 1991, 1996). These results match the results from our previous
studies (Zheng et al., 2012, 2015).

Figure 3 shows the temporal evolution of the diurnal variation and daily-averaged energy ratios of VIS and
NIR account for GR at the Gobi field observation site during the IOP. The diurnal variations of energy ratios
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Figure 2. Temporal evolution of the observed albedos of GR, VIS, and NIR at the Gobi field observation site during the IOP, (a) each measured albedo and (b) the
daily-averaged albedo, respectively.

of VIS/GR and NIR/GR are pronounced, as shown in Figure 3a. The diurnal variation curve of the NIR/GR
energy ratio has a single apex: high at midday and low in the morning and evening. In contrast to the diur-
nal variation characteristics of energy ratio of the NIR/GR, the diurnal variation of the VIS/GR energy ratio
shows opposite variation characteristics; it is high in the morning and evening and low at midday. This
result occurs because different atmospheric compositions absorb different wavelengths of solar radiation.
The daily-averaged VIS/GR and NIR/GR energy ratio are almost constant at the Gobi site (Figure 3b), with
values of approximately 46.3% and 54.7%, respectively. Figure 3b shows that the VIS/GR and NIR/GR energy
ratios do not account for 50% of the total as prescribed by some LSMs (Bonan, 1996; Dai et al., 2003; Dickin-
son et al, 1993; Oleson et al.,, 2010, 2013; Sellers et al., 1986; Xue et al, 1991, 1996). Instead, the VIS/GR
energy ratio is less than 50%, but the NIR/GR ratio is greater than 50%. More detailed statistics of the charac-
teristics of the daily-averaged VIS/GR and NIR/GR energy ratios at the Gobi site are summarized in Table 3.

3.2. Relationships Between Bare Soil Surface Albedo, Solar Elevation Angle,

and Land Surface Soil Moisture

As described in the study of Zheng et al. (2015), bare soil surface albedo is a function of specific soil color
classes and land surface soil moisture but independent of solar elevation angle in many LSMs (Bonan, 1996;
Dai et al., 2003; Dickinson et al., 1993; Oleson et al., 2010, 2013; Sellers et al., 1986; Xue et al., 1991, 1996).
Soil moisture has been accepted as one of the most important external effect factors for the variation char-
acteristics of bare soil surface albedo. The relationship between bare soil surface albedo and soil moisture

Table 2
Statistical Characteristics of the Daily-Averaged VIS, NIR, and GR Albedo Values at the Gobi Field Observation Site During
the IOP

Statistical characteristics of the values of daily-averaged albedo

Min. value Max. value Avg. value Var. value Std. dev. value
VIS 0.187 0.228 0.217 0.00007 0.0087
NIR 0.251 0.276 0.264 0.00003 0.0063
GR 0.221 0.253 0.243 0.00004 0.0069
ZHENG ET AL. BARE SOIL SURFACE SPECTRAL ALBEDO 3073
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Figure 3. Temporal evolution of the energy ratios of VIS and NIR account for GR at the Gobi field observation site during the IOP, (a) each measured energy ratio
and (b) the daily-averaged energy ratio, respectively.

has attracted the attention of many researchers (Guan et al., 2009; Liu et al.,, 2008; Roxy et al., 2010; Zhang
et al,, 2003; Zhang & Huang, 2004b; Zheng et al., 2014). Moreover, many previous studies have discussed
the relationship between bare soil surface albedo and solar elevation angle and revealed that the solar ele-
vation angle also has a significant effect on bare soil surface albedo variation characteristics and trends,
especially on diurnal variation characteristics (Idso et al., 1975; Liu et al., 2008; Roxy et al., 2010; Zhang et al,,
2003; Zhang & Huang, 2004b; Zheng et al., 2014). However, thus far, solar elevation angle has not been con-
sidered in some land surface process model (CLM/CoLM) in the albedo parameterization scheme for bare
soil land surfaces. As shown in Figure 2a, the diurnal variation characteristics of SR and GR surface albedos
have a pronounced approximately U-type-shaped curve at the Gobi site. At 5 cm depth, the surface soil
moisture is very low at the Gobi site because of its drought climate. The surface water content was nearly
zero during the IOP, as shown in supporting information Figure S1. According to the parameterization for-
mula of bare soil surface albedo in the CLM4.0 (Oleson et al., 2010), there is no obvious U-shape of the diur-
nal variation of albedo (Figure 2a); instead, the graph shows a line with a constant slope because the soil
moisture at surface is always low. Hence, the parameterized formula cannot exactly depict the diurnal varia-
tion characteristics of the bare soil surface albedo at a given moment. In other words, a parameterization
scheme that considers only surface soil moisture will not reflect the essential physical mechanism of the
diurnal variations of surface albedo at bare soil underlying surfaces. Apparently, for one kind of bare soil
underlying surface in an area over a brief period, soil moisture is not the only significant effect factor con-
trolling the diurnal variation characteristics and trends of bare soil surface albedo. Solar elevation angle may
be another important effect factor controlling the diurnal variation characteristics and trends of bare soil

Table 3
Statistical Characteristics of the Daily-Averaged VIS/GR and NIR/GR Energy Ratio Values at the Gobi Field Observation Site
During the IOP

Statistical characteristics of the values of energy ratio

Min. value Max. value Avg. value Var. value Std. dev. value
VIS/GR 0.450 0.491 0.463 0.00008 0.0093
NIR/GR 0.509 0.550 0.547 0.00008 0.0093
ZHENG ET AL. BARE SOIL SURFACE SPECTRAL ALBEDO 3074
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Figure 4. Relationships between the ground surface VIS, NIR, and GR albedos and the solar elevation angle, and between the albedos and the surface soil moisture
at 5 cm depth at the Gobi field observation site during the IOP, (a) and (b) the VIS, (c) and (d) the NIR, and (e) and (f) the GR, respectively. The solar elevation angle

is shown in degree units, and the soil moisture at a 5 cm depth is shown in m>/m? units.

surface albedo, especially in arid and semiarid areas with low soil moisture content. To precisely depict the
diurnal variation characteristics of bare soil surface albedo, a new two-factor parameterization scheme
based on both solar elevation angle and surface soil moisture simultaneously is necessary.

We hypothesize that the solar elevation angle and soil moisture are independent of each other. When we
investigate the impact of solar elevation angle on albedo, the influence of soil moisture must be removed,
and vice versa. According to previous studies (Zhang et al., 2003; Zheng et al,, 2014), the data that surface
soil moisture values were below 1.5% m?/m? (which is regarded as a dry bare soil condition) were selected
to analyze the influence of solar elevation angle on bare soil surface albedo. By the same token, the data
that the solar elevation angle was greater than 40° were selected to discuss the variation characteristics and
trends of bare soil surface albedo affected only by the soil moisture. Figure 4 shows the relationships
between the VIS, NIR, and GR bare soil surface albedos and the solar elevation angle, and the relationships
between the albedos and the surface soil moisture at 5 cm depth. As shown in Figures 4a, 4¢, and 4e, the
VIS, NIR, and GR bare soil surface albedos decrease as the solar elevation angle increases and tend to remain
constant when the solar elevation angle is greater than 40°. There are exponential relationships between
the bare soil surface albedos and the solar elevation angle, which accords with the results of Idso et al.
(1975), Zhang et al. (2003), Liu et al. (2008), and Zheng et al. (2014). Surface albedos decrease as the surface
soil moisture at a 5 cm depth increases, and they show a linear dependence on soil moisture (Figures 4b,
4d, and 4f), which also accords with the results of some previous studies (Zhang et al., 2003; Zheng et al.,
2014). Based on Figure 4, the VIS, NIR, and GR fitted formulas are achieved using the least squares method,

as listed below.

The relationships between the bare soil surface albedos and the solar elevation angle are

av,5_1=0.22+0,22><exp(—0.15><h(;), (1)
ocN,R_1:O.26+O.26Xexp(—O.lS th), (2)
dgp_1=0.24+0.24 X exp (—0.15 X hy), 3)

where ay;s—1, anr—1, and ogr—1 are the VIS, NIR, and GR bare soil surface albedos, respectively, when only
the solar elevation angle is considered, and hy is the solar elevation angle in degree units. The correlation
coefficients of equations (1)-(3) are 0.449, 0.503, and 0.609, and the root mean square errors are 0.012,
0.039, and 0.026, respectively.
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Similarly, the relationships between the bare soil surface albedos and the surface soil moisture at 5 cm
depth are

oys—2=0.22—0.45 X ws, (4)
onp—2=0.26—0.45 X ws, (5)
o%Gr—2=0.24—0.45 X ws, (6)

where oys—2, anr—2, and ogr—> are the VIS, NIR, and GR bare soil surface albedos, respectively, when only
the surface soil moisture is considered only, and ws is the surface soil moisture at a 5 cm depth in m3/m?
units. The correlation coefficients of equations (4)-(6) are 0.622, 0.621, and 0.619, and the root mean square
errors are 0.0037, 0.0080, and 0.0056, respectively. The fitted formulas (1)-(6) are only single-factor parame-
terization formulas; in the real word, however, both solar elevation angle and soil moisture influence on the
bare soil surface albedo at the same time. Land surface soil moisture is almost always equal to zero (ws=0)
in bare soil underlying surfaces in arid and semiarid areas. When ws=0 in the fitted formulas (4)-(6), these
fitted formulas are equal to a constant (oys—>=0.22, anp—2=0.26, agr—» =0.24). Hence, using these formulas,
the bare soil surface albedo will be a constant in dry soil conditions and will not exhibit the U-shaped diur-
nal variation characteristics and trends as shown in Figure 2a. Obviously, this result is irrational. Instead,
when the soil moisture is equal to zero (ws=0), the diurnal variation characteristics of bare soil surface
albedo are controlled only by the solar elevation angle, as shown in the fitted formulas (1)-(3). Then, the
diurnal variation characteristics of bare soil surface albedo show a U-shape as shown in Figure 2a. Therefore,
we used the fitted formulas (1)-(3) to replace the constant result from the fitted formulas (4)-(6) as Zhang
et al. (2003) and Zheng et al. (2014) done. Finally, the new two-factor parameterization scheme for bare soil
surface albedos based on both solar elevation angle and soil moisture simultaneously are obtained as
follows:

o5 =0.22+0.22 X exp (—0.15 X hy)—0.45 X ws, 7)
onp=0.26+0.26 X exp (—0.15 X hy)—0.45 X ws, (8)
aGr=0.24+0.24 X exp (—0.15 X hy)—0.45 X ws, 9)

where ays, anr, and o are the VIS, NIR, and GR bare soil surface albedos, respectively, when the solar ele-
vation angle and surface soil moisture are considered simultaneously. The fitted formulas (7)-(9) are the
two-factor parametric equations required for accurate calculation.

3.3. Numerical Simulation Verification

In section 3.2, the two-factor parametric equations were proposed based on both solar elevation angle and
soil moisture measurement simultaneously. A verification simulation was performed to evaluate the perfor-
mance of the new two-factor parameterization scheme. The design of the model and the numerical simula-
tion experiments design were introduced in section 2.2.

Figure 5 shows a comparative analysis of the diurnal variation of the albedos of GR between the observed
measurements and those simulated by Cases 1-3. As shown in Figure 5a, the value of the bare soil surface
albedo of GR simulated by the original parameterization scheme prescribed in the CLM4.0 (Case 1) is
greater than the observed value. Moreover, the diurnal variation trend of GR albedo is approximately a
straight line rather than a U-shape. When the solar elevation angle and surface soil moisture are considered
in the parameterization scheme simultaneously (Case 2), the U-shape of the diurnal variation characteristics
of the bare soil surface albedo of GR can be reproduced successfully, but the value of the GR albedo is less
than the observed value (Figure 5a). The low GR albedo simulated by Case 2 is shown because the simu-
lated surface soil moisture at 5 cm depth is greater than the observed soil moisture, as shown in Figure 6.
Higher surface soil moisture leads to lower bare soil surface albedo, but the U-shape diurnal variation char-
acteristics and trends are consistent with the observations. Because the observed surface soil moisture at
the 5 cm depth is zero (Figure 6), soil moisture has no impact on the bare soil surface albedo. If we consider
only the impact of the solar elevation angle in the parameterization scheme as in Case 3, both the GR value
and the diurnal variation characteristics of the bare soil surface albedo are very similar to the observed
measurements, as shown in Figure 5b.
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Figure 5. Comparative analysis of the diurnal variation of GR albedos between the observed measurements and those simulated by Cases 1-3.
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Figure 7 shows a comparative analysis of the temporal evolution of USR between the observed measure-
ments and those simulated by Cases 1-3. As shown in Figure 7, the simulated values and the variation char-
acteristics and trends of USR are much better simulated in Case 3 than in the other cases. Figure 8 shows a
comparative analysis of the differences in the daily-averaged upward shortwave radiation (USR) and sensi-
ble heat flux (Hs) between the observed values and those simulated by Cases 1-3. The results indicate that
the simulated values of the parameterization scheme based on solar elevation angle and soil moisture
simultaneously (Case 2) are closer to the observed values than the values using the parameterization
scheme that consider only soil moisture (Case 1). However, when the simulated soil moisture value is equal
to the observed value, the USR values simulated by Case 3 will be much closer to the observed value than

1 === Observed === Case 1 Case 2 === Case 3

1 1 1
218 223 228 233 238 242
DOY,2009/Gobi site

Figure 6. Comparative analysis of the temporal evolution of surface soil moisture at 5 cm depth between the observed measurements and those simulated by
Cases 1-3. The soil moisture at a 5 cm depth is shown in m3*/m? units.
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Figure 7. Comparative analysis of the temporal evolution of USR between the observed measurements and those simulated by Cases 1-3. The USR and Hs meas-

urements are shown in W/m? units.

those simulated by Cases 1 and 2, as shown in Figure 8. The parameterization schemes that consider solar
elevation angle can obtain better simulation results than the scheme that considers only the soil moisture
for bare soil surface albedo. A comparative analysis of the temporal evolution of USR and Hs between the
observed measurements and those simulated by Cases 1-3 shows similar conclusions to those depicted in
Figure 8, as shown in supporting information Figure S2.
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Figure 8. Comparative analysis of the differences of daily-averaged USR and Hs between the observed measurements and those simulated by Cases 1-3, (a) the
USR irradiance, and (b) the sensible heat flux. The USR and Hs are shown in W/m? units.
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In conclusion, the new two-factor parameterization scheme based on both solar elevation angle and soil
moisture simultaneously can better reproduce the diurnal variation characteristics of the bare soil surface
albedo than the previous single-factor scheme based only on soil moisture as prescribed for the CLM4.0,
especially in arid and semiarid areas with low soil moisture content. Solar elevation angle is an important
factor for bare soil surface albedo parameterization, and it must be considered in parameterization schemes
in land surface process models, weather models, and climate models.

4, Discussion

In section 3, based on the data sets of field observation experiment during the IOP at the Gobi site in north-
western China, we discussed the diurnal and daily-averaged variation characteristics and trends of bare soil
surface solar spectral radiation and the corresponding albedo and provided a two-factor parameterization
scheme for calculating bare soil surface spectral albedo. The new two-factor parameterization scheme was
implemented in the land surface process model (CLM4.0). Subsequently, model simulation results indicated
that the solar elevation angle is a significant factor for determining the diurnal variation characteristics of
bare soil surface albedo. This result is very important. However, the timescale of the data sets used in this
study was relatively short. Consequently, our results may have some uncertainties. Moreover, the Gobi land-
form is only one type of bare soil underlying surfaces in arid and semiarid areas in northwestern China.
Desert and bare loess are also representative bare soil underlying surfaces, as mentioned in our previous
work in Zheng et al. (2015). Therefore, another longer-timescale field observation experiments should be
conducted to consider different kinds of bare soil underlying surfaces in arid and semiarid areas in the
future. Such studies would be helpful to enrich and improve the parameters and parameterization schemes
of bare soil surface albedo in land surface process models.

The WRF with CLM4.0 as its land surface processes scheme was utilized to conduct the simulation verifica-
tion in this study. Here, we analyzed only the USR and Hs differences between the new parameterization
schemes and the original scheme. In the future work, we are going to plan to investigate additional influen-
ces from atmospheric circulation, precipitation, air humidity, land and air temperature, land surface energy,
and water balance, and to discuss local and regional weather and climate. The new two-factor parameteri-
zation scheme also will be ported into offline land surface process models, such as CLM or CoLM to check
the simulation results using the single point site. In conclusion, much more effort is required to improve
land surface process models in the future.

5. Conclusions

In this study, using the data sets acquired through field observation from the NWC-ALIEX in northwestern
China, we analyzed the diurnal and daily-averaged variation characteristics of bare soil surface solar spectral
radiation and the corresponding albedo and proposed a new two-factor parameterization scheme for calcu-
lating bare soil surface albedo based on both solar elevation angle and soil moisture simultaneously. The
main results are summarized as follows.

The global and spectral radiation albedos have obvious daily and diurnal variation characteristics. The diurnal
variation characteristics of the VIS, NIR, and GR albedos show an approximate U-shape. The VIS, NIR, and GR
albedos are asymmetric, and the values of the VIS, NIR, and GR daily-averaged albedos are 0.22, 0.26, and 0.24,
respectively, and the daily-averaged albedos remain almost constant. The actual observed value of the bare
soil surface albedo for the NIR is not twice that of the VIS as prescribed for bare soil underlying surfaces in
some LSMs; instead, the daily-averaged energy ratios of VIS/GR and NIR/GR are almost constant at the Gobi
site. The values of the daily-averaged energy ratios of VIS/GR and NIR/GR were approximately 46.3% and
54.7%, respectively. This result means that the energy ratios of VIS/GR and NIR/GR do not account for 50% of
the total as prescribed in some LSMs. These results constitute two large discrepancies between the observed
values and that the values prescribed in LSMs that should be given more attention in the future.

Using the field observation experiment data sets, we analyzed the relationships between the bare soil sur-
face albedos of GR and SR and the solar elevation angle as well as the relationships between the albedos
and soil moisture. We proposed a new two-factor parameterization scheme for calculating bare soil surface
albedo based on both solar elevation angle and soil moisture simultaneously. The results of numerical
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simulation experiments verified that the new two-factor parameterization scheme can reproduce the true
values and diurnal variation characteristics of the bare soil surface albedo. The upward shortwave radiation
and sensible heat flux values simulated by the two-factor parameterization scheme are also greatly
improved over those that simulated by the single-factor scheme that considers only the influence of soil
moisture.

Our results imply that the solar elevation angle is also a significant factor that should be included in bare
soil surface albedo parameterization scheme over typical bare soil underlying surfaces, especially in arid
and semiarid areas with low soil moisture content. Clarifying the importance of solar elevation angle not
only provides a useful approach to understanding bare soil surface albedo but also a possible way to reduce
biases in simulations of bare soil surface albedo, land surface energy, and water balance. This work reveals
the characteristics, rules, and mechanism of diurnal variation of bare soil surface solar spectral radiation and
the corresponding albedo, and it will be helpful for developing land surface process models, and may even
benefit weather and climate models.
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