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Abstract In situ albedo measurement over sloped surfaces is pivotal to a wide range of remote sensing
applications, such as the estimation and evaluation of surface energy budget at regional and global scales.
However, existing albedo measurements over rugged terrain are limited and controversial and remain a
major challenge. In this paper, two commonly measured broadband albedos, which depend on
incoming/outgoing geometric conditions, were characterized over sloped surfaces and illustrated. These
albedos are the horizontal/horizontal sloped surface albedo (HHSA) and inclined/inclined sloped surface
albedo (IISA). The 3-D Discrete Anisotropic Radiative Transfer (DART) model simulations over varying slopes
were utilized to quantify differences in the albedos. In particular, the effects of the slope, aspect, the solar
zenith angle, and the proportion of diffuse skylight were investigated. The results show that absolute
(relative) biases between HHSA and IISA are significant, reaching up to 0.026 (61.8%), 0.134 (62.4%), and 0.114
(62.3%) in the visible, near-infrared, and shortwave broadbands, respectively. In addition, the diurnal cycle
differences between HHSA and IISA were also compared using DART simulations and in situ observations
over four typical slopes. Comparisons reveal that topographic parameters (e.g., slope and aspect) and
atmospheric conditions (e.g., diffuse skylight and atmospheric visibility) are the primary factors, while the
optical and structural parameters have a smaller effect.

1. Introduction

Surface albedo, defined as the ratio of radiation reflected from the target surface to the incident radiation on
the surface (Liang et al., 1999), is well documented as one of the essential climate variables that control
Earth’s surface radiation and energy budget (Govaerts et al., 2008; Schaaf et al., 2009) and water and heat
exchanges within the land surface-atmosphere system (Anderson et al., 2011; Liang et al., 2010; Mattar
et al., 2014). Surface albedo is also a crucial indicator of regional and global climate change (Wang et al.,
2007; Wang & Zeng, 2010), weather conditions (Boussetta et al., 2015; Stensrud, 2009), and agricultural pro-
duction (Georgescu et al., 2011; Houspanossian et al., 2017).

Surface albedo is usually estimated from the integration of a surface reflectance anisotropy model character-
ized by the bidirectional reflectance distribution function (BRDF) (Schaepman-Strub et al., 2006) in hemisphe-
rical space (Lucht et al., 2000); Albedo is a function of surface optical and structural properties, terrain
characteristics, wavelength, atmospheric conditions, and illumination geometry. Among these primary fac-
tors, the effect of heterogeneous topography creates great challenges, as the terrain impacts the surface
albedo retrieved from airborne and satellite observations at both a fine spatial scale, such as a spatial resolu-
tion of tens of meters (Mayer et al., 2010; Painter et al., 2013; Schaaf et al., 1994; Wen et al., 2009), and a coarse
spatial scale, such as kilometer-scale spatial resolution (Cherubini et al., 2017; Helbig & Löwe, 2012; Wen et al.,
2014). Many studies have revealed that surface albedo is highly sensitive to terrain parameters (e.g., eleva-
tion, slope, aspect, and terrain shadow). For a snow-covered surface, as the elevation ranges from 3,200 to
4,200 m, surface albedo might increase from 0.27 to 0.67 due to the drop in the light-absorbing impurities
(Painter et al., 2013). In a highly undulated terrain, surface albedo is dominated by subpixel topographies
and shadows. For example, sloped surface with northern aspects have albedos that are smaller than those
of southern slopes in winter and spring, as northern slopes are prone to be covered by shadows
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(Cherubini et al., 2017). On the other hand, current routine satellite albedo retrieval algorithms always imply
that Earth’s surface is horizontally homogeneous (Schaaf et al., 2002; Diner et al., 2005; Qu et al., 2014). Some
satellite sensors, such as the Multiangle Imaging SpectroRadiometer, directly exclude steep slopes greater
than 20° using a topographic mask (Diner et al., 1999). Therefore, an accurate estimation of surface albedo
over rugged terrain remains greatly challenging.

To evaluate the accuracy and uncertainty of airborne and satellite albedo products, the ground-based mea-
surements are required as the direct or intermediate reference values (Román et al., 2010; Wu et al., 2017).
As a physical parameter that is indirectlymeasured, surface albedo is usually approximated by the ratio of out-
going and incoming irradiances from the target surface using a radiometer with two back-to-back pyran-
ometers (Wu et al., 2017). For a horizontally homogeneous surface, albedo is directly calculated as the ratio
of two recorded irradiances. However, for a sloped surface, the incident and reflected irradiances are complex
since these terms might be interpreted as horizontal or slope-parallel radiation depending on the radiometer
orientation. Therefore, the measured surface albedo is greatly affected by sloped surfaces (Georg et al., 2016),
which result in significant seasonal and diurnal surface radiative fluxes (Hoch &Whiteman, 2010; Serrano-Ortiz
et al., 2016; Stiperski & Rotach, 2016; Weiser et al., 2016). Many studies reported that slope-parallel measured
albedos provide consistent physical observations with respect to the surface energy budget (Georg et al.,
2016; Hoch & Whiteman, 2010; Matzinger et al., 2003; Mayer et al., 2010; Weiser et al., 2016). However, almost
all automatic weather stations and tower-based observations use horizontal radiometers to record long time
series flux data sets (Mannstein, 1985), and most all albedo validation efforts focus on regions with horizontal
surfaces (Román et al., 2010; Wang & Zeng, 2010; Wu et al., 2017). The differences in the interpretation of stan-
dard surface albedos result in great challenges for conducting albedo retrieval and validation, surface energy
budget estimation, and climate model assessment over ruggedmountainous areas (Van Angelen et al., 2012).
Thus, it is necessary to investigate the albedo biases that arise fromdifferent interpretations of surface intrinsic
reflectivity characterized by different radiometer orientations during the in situ measurements.

In this paper, we presented two common interpretations of measured albedos over sloped surfaces. These
interpretations are named in terms of the orientation of the pyranometer that collects incident irradiance, fol-
lowed by that of the pyranometer that observes reflected irradiance: horizontal/horizontal sloped surface
albedo (HHSA) and inclined/inclined sloped surface albedo (IISA). The physical understandings and mathema-
tical quantifications of measured albedos were provided. To illustrate and analyze topographic effects on sur-
face albedos, 3-D Discrete Anisotropic Radiative Transfer (DART) simulations over varying slopes and in situ
measurements over four typical slopes were used. Particularly, the diurnal cycle patterns of surface albedo asso-
ciated with different slopes, aspects, structural parameters and atmospheric conditions were explored.

2. Albedo Mathematic Quantifications Over a Sloped Surface
2.1. Common Albedo Definitions Used by Remote Sensing Community

Surface albedo a(Ωs, λ) is expressed as

a Ωs; λð Þ ¼ Er Ωs; λð Þ
Ei Ωs; λð Þ (1)

where subscripts i and r represent the incidence and reflection, respectively. Ωs is the solar geometry defined
by the solar zenith angle (SZA) θs and the solar azimuth angle φs. Ei(Ωs, λ) and Er(Ωs, λ) are the incident and
reflected irradiances (W/m2) at wavelength λ, respectively.

As shown in Figure 1a, for a horizontal surface, the incident irradiance includes three parts: (1) the direct solar
radiation Es, which is determined by the latitude, the solar hour angle, the elevation, and the exact ground
location relative to the Sun; (2) the diffuse skylight Ed, which is affected by the atmospheric clouds, the water
vapor content, and the aerosol particles (Chen et al., 2006); and (3) the adjacency effect Ec that comes from
adjacent objects. Consequently, surface albedo in equation (1) is quantified as

a Ωs; λð Þ ¼ Ers þ Erd þ Erc
Es þ Ed þ Ec

(2)
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When only direct solar radiation is involved, the calculated albedo is referred to as directional-hemispheric
reflectance (also known as black-sky albedo; Schaepman-Strub et al., 2006). If only diffuse skylight is
considered, the derived albedo is referred to as bihemispherical reflectance (also known as white-sky
albedo; Schaepman-Strub et al., 2006). Under realistic conditions, if the direct solar radiation and diffuse
skylight are both considered as downward radiation, the retrieved albedo is known as blue-sky albedo.

Similarly, the surface albedo of a sloped surface (Figure 1b) is modeled as

a Ωs;DEM; λð Þ ¼ Etrs þ Etrd þ Etrc
Ets þ Etd þ Etc

(3)

where subscript t represents the local geometry over a sloped surface. DEM indicates the topographic para-
meters provided by digital elevation or terrain models. Compared with a horizontal surface, the direct solar

Figure 1. Schematic representation of radiative flux components over a (a) horizontal and (b) sloped surface.

Table 1
Radiometer Orientations in Surface Albedo Measurements

Note. First and second columns represent the incidence and reflection, respectively. Dashed radiometers in CASE 1, CASE 2, and CASE 5 indicate single-beammodes.

10.1029/2018JD028283Journal of Geophysical Research: Atmospheres
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radiation Ets of a sloped surface is regulated by an altered local incident geometry, and topographic occlu-
sions cause the diffuse skylight Etd to decrease and adjacent slope-reflected irradiance Etc to increase.
Thus, an accurate quantification of radiative components is a prerequisite for albedo characterization for
sloped surfaces.

2.2. Radiative Flux Components Over a Sloped Surface

As shown in Figure 1b, Ets over a sloped surface is modeled as the product of solar irradiance Es and
local SZA θts.

Ets ¼ ΘsEs
cosθts
cosθs

(4)

where Θs is a binary quantity that indicates whether the target slope is sunlit.

Etd over a sloped surface is modeled as

Etd ¼ EdVd (5)

where Vd is the sky-view factor, which is usually approximated as 1
2 1þ cosαð Þ with isotropic diffuse skylight

(Dozier & Frew, 1990), where α is slope.

Similarly, Etc over a sloped surface is calculated as

Etc ¼ EcVc (6)

where Vc is the terrain-view factor, which is complementary to the sky-
view factor and estimated as 1

2 1� cosαð Þ (Dozier & Frew, 1990) with the
isotropic irradiance reflected from adjacent slopes.

2.3. Surface Albedo Measurements Over a Sloped Surface

Table 1 lists five radiometer orientations that might occur in surface
albedo measurements. For a horizontal surface (CASE 1), albedo is expli-
citly estimated by the ratio of downwelling and upwelling irradiances
collected by a horizontal radiometer. This measured albedo is called
the horizontal/horizontal flat surface albedo (HHFA). For a sloped sur-
face, when the radiometer is horizontally positioned (CASE 2), the mea-
sured albedo is named the HHSA. When the radiometer is inclined to
slope-parallel (CASE 5), the measured albedo is named the IISA. These
albedos are usually measured during field observations by a single-
beam mode (Milton et al., 2009) using a radiometer with two opposing
pyranometers (e.g., CNR4 net radiometer, Kipp & Zonen, Netherlands),

Figure 2. Spatial reference frames for albedomeasurement over a sloped surface with (a) oblique and (b) side views.O-UVN
and P-XYZ are the slope and horizontal coordinates, respectively.

Figure 3. Schematic representation of a radiometer field of view. h is the pyr-
anometer height, and d is the effective diameter. The h ≈ 8.7 d to account for
95% of surface reflected irradiance (Sailor et al., 2006).

10.1029/2018JD028283Journal of Geophysical Research: Atmospheres
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such as the flux tower networks. According to the interpretations of in field observations incoming and
outgoing irradiances, sloped surface albedo also may be measured by another two horizontal/inclined
radiometers (CASE 3) or two inclined/horizontal instruments (CASE 4). Under this circumstance, a
double-beam mode (Matzinger et al., 2003) with two separate pyranometers (e.g., CMP21, Kipp &
Zonen, Netherlands) is required to simultaneously measure the downwelling and upwelling irradiances.
In this study, we focus on HHSA and IISA, as they are directly linked with the current satellite products
or the surface intrinsic reflection property.

One of the effects of radiometer orientation on surface irradiance is that it separates the whole sky (4π) into
two parts, that is, upward and downward sloped hemispheres for a sloped surface and upward and down-
ward horizontal hemispheres for a horizontal surface. These spatial separations are consistent with two space
reference frames: slope coordinates O-UVN and horizontal coordinates P-XYZ (Figure 2a), which include three
subdivisions, ΩI, ΩII, and ΩIII (Figure 2b). In particular, ΩII is shared by P-XYZ and O-UVN. The upward sloped
hemisphere 2π(S) includes ΩII above the horizon and ΩIII under the horizon (i.e., 2π(S) = ΩII + ΩIII), and the
upward horizontal hemisphere 2π(H) contains ΩI and ΩII (i.e., 2π(H) = ΩI + ΩII).Similarly, the downward hemi-
spheres have the same subdivisions. Thus, we treat them like we treat the upward hemispheres in the
following sections.

The field of view (FOV) of a pyranometer (e.g., CASE 1 in Table 1) is required to be 180° to ensure that the
radiation is collected from the whole hemisphere. However, owing to limitations in manufacturing, radio-
meters usually have downward pyrgeometers with much smaller FOVs (e.g., 150° in Figure 3), which collect
approximately 95% of the surface reflected irradiance (Sailor et al., 2006). In this study, we still assume that
radiometer FOV is 180° because surface reflected irradiance within the missing FOV has a small contribution
(<5%) to the global radiation due to the cosine effect, and these underestimations are compensated in the
calibration procedure.
2.3.1. Horizontal/Horizontal Flat Surface Albedo
The measured albedo in CASE 1 (Table 1) is consistent with current remote sensing albedo retrieval algo-
rithms, which assume that the target surface is horizontally homogeneous and smooth. Considering that
the adjacent effect (Figure 4) is relatively small, approximately 5% in the global incident irradiance (Ryu et al.,

2018), this component is usually neglected. Thus, the downwelling radiance arriving at radiometer LHHFi Ωið Þat
solid angle Ωi is expressed as

LHHFi Ωið Þ ¼ Lsδ Ωi � Ωsð Þ þ Ld Ωið Þ (7)

where Ls and Ld(Ωi) are the direct solar radiance and the sky radiance, respectively. The term δ(Ωi � Ωs) in
equation (7) is the Dirac delta function. It is a selector function for mathematical integral, which is 0 every-
where except at the solar direction Ωs(θs, φs) where it is infinite, to ensure a parallel beam of incident solar
radiation.

Figure 4. Radiative flux components of a horizontal radiometer over a horizontal surface in the (a) incidence and (b) reflec-
tion. Ls, Ld, Lc, and Lsurf are the direct, sky, adjacent target-reflected, and target surface-reflected radiances, respectively.

10.1029/2018JD028283Journal of Geophysical Research: Atmospheres
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δ Ωi � Ωsð Þ ¼ ∞

0

Ωi ¼ Ωs

Ωi≠Ωs

and ∫2π Hð Þδ Ωi � Ωsð ÞdΩi ¼ 1

(
(8)

Thus, the hemispheric downwelling irradiance EHHFi Ωsð Þ and hemispheric upwelling irradiance EHHFr Ωsð Þ
reaching the radiometer are calculated as

EHHFi Ωsð Þ ¼ ∫2π Hð ÞLHHFi Ωið Þ cosθidΩi ¼ ∫2π Hð Þ Lsδ Ωi � Ωsð Þ þ Ld Ωið Þð Þ cosθidΩi (9)

EHHFr Ωsð Þ ¼ 1
π
∫2π Hð Þρ Ωi;Ωrð ÞEHHFi Ωið Þ cosθrdΩr

¼ 1
π
∫2π Hð Þ∫2π Hð Þρ Ωi;Ωrð Þ Lsδ Ωi � Ωsð Þ þ Ld Ωið Þð Þ cosθi cosθrdΩidΩr (10)

where ρ(Ωi,Ωr) is the bidirectional reflectance factor (BRF), which is equal to πBRDF.

HHFA, defined as the ratio of the radiative flux reflected by a horizontal surface to incident radiative flux, is
modeled as

HHFA ¼ αHHF Ωsð Þ ¼ EHHFr Ωsð Þ
EHHFi Ωsð Þ ¼

1
π ∫2π Hð Þ∫2π Hð Þρ Ωi;Ωrð Þ Lsδ Ωi � Ωsð Þ þ Ld Ωið Þð Þ cosθi cosθrdΩidΩr

∫2π Hð Þ Lsδ Ωi � Ωsð Þ þ Ld Ωið Þð Þ cosθidΩi

¼
1
π ∫2π Hð Þ∫2π Hð Þρ Ωi;Ωrð ÞLsδ Ωi � Ωsð Þ cosθi cosθrdΩidΩr

∫2π Hð ÞLsδ Ωi � Ωsð Þ cosθidΩi þ ∫2π Hð ÞLd Ωið Þ cosθidΩi

þ
1
π ∫2π Hð Þ∫2π Hð Þρ Ωi;Ωrð ÞLd Ωið Þ cosθi cosθrdΩidΩr

∫2π Hð ÞLsδ Ωi � Ωsð Þ cosθidΩi þ ∫2π Hð ÞLd Ωið Þ cosθidΩi
(11)

Compared with the isotropic diffuse skylight, a slight improvement will occur (e.g., 0.1–2.0% relative error for
the Moderate Resolution Imaging Spectroradiometer product; Román et al., 2010) when anisotropic diffuse
illumination is adopted, except under high SZAs or extremely turbid atmospheres (e.g., 10% relative bias,
Román et al., 2010). Thus, it is reasonable to adopt isotropic sky radiance to simplify equation (11), where
Ed = ∫2π(H)Ld(Ωi) cos θidΩi = πLd. Owing to the sampling property of the Dirac delta function, Es = ∫2π(H)
Lsδ(Ωi � Ωs) cos θidΩi = Ls cos θs. Consequently, HHFA is estimated as

HHFA ¼ αHHF Ωsð Þ ¼
1
π Es∫2π Hð Þρ Ωs;Ωrð Þ cosθrdΩr

Es þ Ed
þ

1
π2 Ed∫2π Hð Þ∫2π Hð Þρ Ωi;Ωrð Þ cosθi cosθrdΩidΩr

Es þ Ed

¼ 1� fð Þ 1
π
∫ΩIþΩII

ρ Ωs;Ωrð Þ cosθrdΩr þ f
1
π2

∫ΩIþΩII
∫ΩIþΩII

ρ Ωi;Ωrð Þ cosθi cosθrdΩidΩr

¼ 1� fð ÞαHHFbs Ωsð Þ þ fαHHFws (12)

where f represents the fraction of diffuse skylight. αHHFbs Ωsð Þ and αHHFws are the black-sky and white-sky albedos,
which adhere to the following equations:

αHHFbs Ωsð Þ ¼ 1
π
∫ΩIþΩII

ρ Ωs;Ωrð Þ cosθrdΩr (13)

αHHFws ¼ 1
π2

∫ΩIþΩII
∫ΩIþΩII

ρ Ωi;Ωrð Þ cosθi cosθrdΩidΩr (14)

2.3.2. Horizontal/Horizontal Sloped Surface Albedo
As shown in CASE 2 (Table 1), when the radiometer is positioned horizontally over a sloped surface, the
incident irradiance includes three parts (Figure 5) similar to those in equation (7) but with topographic

occlusion. Similarly, the downward radiance LHHSi Ωi;DEMð Þ at solid angle Ωi is modeled as

LHHSi Ωi;DEMð Þ ¼ ΘsLsδ Ωi � Ωsð Þ þ VdiLd Ωið Þ þ VciLc Ωið Þ (15)

where the binary quantity Θs is set to 1 or 0 as sunlight falls into ΩII (unobstructed case, Figure 5a) or ΩI

10.1029/2018JD028283Journal of Geophysical Research: Atmospheres
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(obstructed case, Figure 5a), respectively. Vdi and Vci are the binary coefficients that indicate whether sky
radiance and slope-reflected radiance can be observed in Ωi and adhere to the following relationship:

Vdi ¼
1

0

Ωi⊆ΩII

Others
and

1
π
∫2π Hð ÞVdi cosθidΩi ¼ Vd

(
(16)

Vci ¼
1

0

Ωi⊆ΩI

Others
and

1
π
∫2π Hð ÞVci cosθidΩi ¼ Vc

(
(17)

The downwelling irradiance EHHSi Ωs;DEMð Þ on a horizontal radiometer is

EHHSi Ωs;DEMð Þ ¼ ∫2π Hð ÞLHHSi Ωi;DEMð Þ cosθidΩi

¼ ∫2π Hð Þ ΘiLsδ Ωi � Ωsð Þ þ VdiLd Ωið Þ þ VciLc Ωið Þ½ � cosθidΩi (18)

As the target-reflected irradiance EHHSsurf Ωs;DEMð Þ (ΩII) occupies only a certain part of the radiometer FOV

(Figure 5b), the adjacent slope-reflected irradiance EHHSc (ΩI) without surface interaction is also included in

the upward irradiance EHHSr Ωs;DEMð Þ reaching the downward pyranometer.

Figure 5. Radiative flux components of a horizontal radiometer over a sloped surface in the (a) incidence and (b) reflection.
Ls, Ld, Lc, and Lsurf are the direct, sky, adjacent slope-reflected, and target slope-reflected radiance, respectively.

Figure 6. Radiative flux components of a slope-parallel positioned radiometer over a sloped surface in terms of the (a) inci-
dence and (b) reflection. Ls, Ld, Lc, and Lsurf are the direct, sky, adjacent slope-reflected, and target slope-reflected radiance,
respectively.
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EHHSr Ωs;DEMð Þ ¼ EHHSsurf Ωs;DEMð Þ þ EHHSc (19)

where EHHSsurf Ωs;DEMð Þ is modeled as

EHHSsurf Ωs;DEMð Þ ¼ 1
π
∫2π Hð Þ∫2π Sð Þρ Ωti;Ωtrð ÞLsurf Ωti;Ωtrð ÞΘr cosθtidΩti cosθrdΩr (20)

where Θr is the binary quantity, similar to Θs but in the reflecting geometry, and Lsurf(Ωti,Ωtr) repre-
sents the radiance reflected from the target surface. The difference in the integral subscripts between
the incidence and reflection occurs because the sloped surface receives irradiance from the upward
sloped hemisphere, whereas the radiometer collects irradiance from the downward horizontal hemi-
sphere. Lsurf(Ωti,Ωtr) is modeled similar to the radiance in equation (15) but with local geometry:

Lsurf Ωti ;Ωtrð Þ ¼ ΘiLsδ Ωti � Ωtsð Þ þ VdiLd Ωtið Þ þ VciLc Ωtið Þ (21)

EHHSc in equation (19) is equal to Etc in equation (6). Thus, EHHSr Ωs;DEMð Þ is expanded as

EHHSr Ωs;DEMð Þ ¼ 1
π
∫2π Hð Þ∫2π Sð Þρ Ωti;Ωtrð Þ ΘiLsδ Ωti � Ωtsð Þ þ VdiLd Ωtið Þ þ VciLc Ωtið Þ½ �

Θr cosθtidΩti cosθrdΩr þ EcVc

(22)

Similar to HHFA, HHSA is modeled as the ratio of the hemispheric radiative flux reflected from a horizontal
radiometer to incident radiative flux, which is horizontally positioned over a sloped surface.

HHSA ¼ αHHS Ωs;DEMð Þ ¼ EHHSr Ωs;DEMð Þ
EHHSi Ωs;DEMð Þ

¼
1
π ∫2π Hð Þ∫2π Sð Þρ Ωti ;Ωtrð Þ ΘiLsδ Ωti � Ωtsð Þ þ VdiLd Ωtið Þ þ VciLc Ωtið Þ½ �Θr cosθtidΩti cosθrdΩr

∫2π Hð Þ ΘiLsδ Ωi � Ωsð Þ þ VdiLd Ωið Þ þ VciLc Ωið Þ½ � cosθidΩi

þ þEcVc

∫2π Hð Þ ΘiLsδ Ωi � Ωsð Þ þ VdiLd Ωið Þ þ VciLc Ωið Þ½ � cosθidΩi
(23)

Compared with the direct solar radiation and diffuse skylight, the adjacent slope-reflected irradiance, includ-
ing those that first arrive at the target surfaces and are then reflected back to the radiometer (ΩII in Figure 5b)
and those that directly enter the radiometer with surface interaction (ΩI in Figure 5b), is relatively small

Figure 7. Nadir and perspective views of the 3-D DART simulations. (a, e) Continuous forest. (b, f) Sparse discontinuous forest. (c, g) Medium discontinuous forest.
(d, h) Dense discontinuous forest.
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except over snow-covered surfaces or steep slopes. It is reasonable to neglect this radiative component in
practical applications. Consequently, HHSA is quantified as

HHSA ¼ αHHS Ωs;DEMð Þ≈
1
π ∫2π Hð Þ∫2π Sð Þρ Ωti;Ωtrð Þ ΘiLsδ Ωti � Ωtsð Þ þ VdiLd Ωtið Þ½ �Θr cosθtidΩti cosθrdΩr

∫2π Hð Þ ΘiLsδ Ωi � Ωsð Þ þ VdiLd Ωið Þ½ � cosθidΩi
(24)

Furthermore, if the isotopic diffuse skylight is adopted, HHSA can be simplified to

HHSA ¼ αHHS Ωs;DEMð Þ≈ΘsLs cosθs cosθts
cosθs

1
π ∫2π Hð Þρ Ωti;Ωtrð ÞΘr cosθrdΩr

ΘsLs cosθs þ πLd 1
π ∫2π Hð ÞVdi cosθidΩi

þ πLd 1
π2 ∫2π Hð Þ∫2π Sð Þρ Ωti;Ωtrð ÞVdiΘr cosθtidΩti cosθrdΩr

ΘsLs cosθs þ πLd 1
π ∫2π Hð ÞVdi cosθidΩi

¼ ΘsEs
cosθts
cosθs

1
π ∫ΩII

ρ Ωti;Ωtrð Þ cosθrdΩr

ΘsEs þ VdEd
þ Ed 1

π2 ∫ΩII
∫ΩII

ρ Ωti;Ωtrð Þ cosθtidΩti cosθrdΩr

ΘsEs þ VdEd

¼ Θs 1� fð Þ cosθts
cosθs

1
π ∫ΩII

ρ Ωti;Ωtrð Þ cosθrdΩr

Θs 1� fð Þ þ f Vd
þ f 1

π2 ∫ΩII
∫ΩII

ρ Ωti;Ωtrð Þ cosθtidΩti cosθrdΩr

Θs 1� fð Þ þ f Vd
(25)

Equation (23) provides a physical expression of HHSA. Almost all current tower-based flux network observa-
tions over sloped surfaces belong to this case. Although the topographic effects are usually neglected in the
operational airborne and satellite albedo retrieval algorithms, the derived products are similar to this quan-
tity, as the reference plane in the reflectance characterization is horizontally positioned.
2.3.3. Inclined/Inclined Sloped Surface Albedo
As shown in CASE 5 (Table 1), when the instrument is positioned slope-parallel to simultaneously measure the
downwelling and upwelling irradiances of a sloped surface (Figure 6), the radiometer-detected downward
and upward irradiances conform with those impinging on and reflected by the target surface. Therefore,
themeasured albedo under this radiometer orientation is consistent with the true albedo quantifying the sur-

face intrinsic reflection property. The downwelling irradiance EIISi Ωs;DEMð Þ is calculated as

EIISi Ωs;DEMð Þ ¼ ∫2π Sð ÞLsurf Ωti;Ωtrð Þ cosθtidΩti

¼ ∫2π Sð Þ ΘiLsδ Ωti � Ωtsð Þ þ VdiLd Ωtið Þ þ VciLc Ωtið Þ½ � cosθtidΩti (26)

The upwelling irradiance EIISr Ωs;DEMð Þ is completely reflected from the target slope

EIISr Ωs;DEMð Þ ¼ 1
π
∫2π Sð Þ∫2π Sð Þρ Ωti;Ωtrð ÞLsurf Ωti;Ωtrð Þ cosθtidΩti cosθtrdΩtr (27)

Figure 8. Component spectra selected from the Ground Object Spectral Library.
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IISA is modeled as the ratio of the hemispheric radiative flux reflected from a slope-parallel radiometer to inci-
dent radiative flux, which is positioned parallel to the target slope.

IISA ¼ αIIS Ωs;DEMð Þ ¼ EIISr Ωs;DEMð Þ
EIISi Ωs;DEMð Þ

¼
1
π ∫2π Sð Þ∫2π Sð Þρ Ωti;Ωtrð Þ ΘiLsδ Ωti � Ωtsð Þ þ VdiLd Ωtið Þ þ VciLc Ωtið Þ½ � cosθtidΩti cosθtrdΩtr

∫2π Sð Þ ΘiLsδ Ωti � Ωtsð Þ þ VdiLd Ωtið Þ þ VciLc Ωtið Þ½ � cosθtidΩti
(28)

Similar to HHSA, if the adjacent slope-reflected irradiance is neglected, and the sky radiance is assumed to be
isotropic, IISA can be simplified as

IISA ¼ αIIS Ωs;DEMð Þ

≈
Θs 1� fð Þ cosθts

cosθs
1
π ∫ΩIIþΩIII

ρ Ωts;Ωtrð Þ cosθtrdΩtr þ f 1
π2 ∫ΩIIþΩIII

∫ΩII
ρ Ωti;Ωtrð Þ cosθtidΩti cosθtrdΩtr

Θs 1� fð Þ cosθts
cosθs

þ f Vd

(29)

3. Data Sets
3.1. Surface Albedo Simulated by 3-D DART Model

Although considerable efforts have been devoted to in situ albedomeasurements over sloped surfaces in the
last decades (Georg et al., 2016; Hoch & Whiteman, 2010; Mannstein, 1985; Matzinger et al., 2003; Serrano-
Ortiz et al., 2016), there are still scarce data sets available to thoroughly explore topographic effects on sur-
face albedo. Additionally, the airborne and satellite albedo products associated with topographic effects have
not yet become accessible. Thus, a quantitative comparison between measured albedos with different radio-
meter orientations remains a great challenge. The 3-D ray tracing models offer an effective method to this
issue, as they are accurate and efficient in the reproduction of near-realistic scenarios. The DART model is
acknowledged as one of the most accurate 3-D ray tracing models evaluated by the four successive
Radiation Transfer Model Intercomparison experiments (Gastellu-Etchegorry et al., 2015; Widlowski et al.,
2007). DART provides an effective tool to generate and import varying landscape configurations, including
land cover types, topographic characteristics, and atmospheric conditions.

DART provides both HHSA and IISA products. HHSA is simulated as the ratio of the upward scattered radiation
to the total incident radiation on a horizontal projection above the scene. IISA is simulated by one minus the
ratio of the radiation absorption to the total intercepted radiation through a global extrapolation method.
This algorithm considers all scattered radiation (i.e., upward and downward) along the slope. To capture
realistic plant cover, one homogeneous vegetation and three discontinuous forests (sparse, medium, and
dense) were generated by DART (Figure 7). The crown counts of the discontinuous forests were 20, 50,
and 80 with the same ellipsoid shapes (6 m along the vertical axis and 4 m along the horizontal axis,
Table S1 in the supporting information). The leaf index area of continuous forest and the crown leaf index
of discontinuous forest are 4.0. The leaf and background optical properties, as shown in Figure 8, were
selected from the Chinese Ground Object Spectral Library (Zhang et al., 2017). The surface albedo in
the visible (VIS, 400–700 nm), near-infrared (NIR, 700–2,500 nm), and shortwave (SW, 400–2,500 nm)
broadbands were simulated. Seven slopes (0° to 60° in increments of 10°), 13 aspect orientations (0° to
360° in increments of 30°), and 7 SZAs (0° to 60° in increments of 10°) were input into DART.
Additionally, in order to further investigate the difference in albedo diurnal cycle patterns under different
vegetation structures and atmospheric conditions, sloped surface albedos of homogeneous continuous
forest under 10 leaf area indexes (0.5 to 10 in increments of 0.5), 4 different atmospheric visibilities
(clear-sky, 0.5 km, 5 km, and 23 km), and 6 standard atmospheric profiles (midlatitude summer, subarctic
summer, tropical, midlatitude winter, subarctic winter, and 1976 U.S. standard) were simulated by DART.

3.2. In Situ Albedo Measurements

To further explore the differences in the albedo diurnal cycle patterns, in situ observations over four typical
slopes were also used, where surface albedo was calculated from the observed downwelling and upwelling
irradiance. Table 2 summaries the geographic and topographic characteristics of these four sites. Albedo
measurements of a steep slope located at the Dayekou watershed (38°26013″–38°34026″N, 100°13010″–Ta
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100°18052″E) in the Qilian Mountains of northwest China were carried out under a clear-sky day on 14
September 2016. The target slope was approximately 30 m × 20 m in size and was predominantly covered
by grassland vegetation. Two horizontal and slope-parallel CNR4 net radiometers were mounted on the tar-
get surface to simultaneously measure the downwelling and upwelling SW fluxes (Figure 9a). The footprints
of the pyranometers are resolved in the slope extent. The observations were taken from 9:30 to 17:30, and the
signals were recorded at 1-min intervals by a data logger. The CNR4 radiometer was calibrated, and the
cosine error was within 2‰ according to the manufacturer.

Surface radiation data collected in the Riviera Valley in southern Switzerland during the period of the
Mesoscale Alpine Program Riviera subproject were selected (Matzinger et al., 2003). The valley width is
approximately 1.5 km, with a mean slope of 30–35°. Various vegetation covers (e.g., forest, meadow, and agri-
cultural land) are present in this valley owing to the varying solar radiation over different surface topogra-
phies. The radiation fluxes of seven sloped surfaces were measured, among which the upwelling and
downwelling irradiances of the eastern slope with meadows (ESM) and the eastern slope with ridges (ESR)
were simultaneously measured by two horizontal leveled Kipp & Zonen CM21 (CM11) and two slope-parallel
leveled Kipp & Zonen CNR1, respectively. The measurements were conducted at half-hour intervals from 8:30
to 18:30 local standard time from 27 July to 11 October 1999 for ESM site and from 20 August to 9 October
1999 for ESR site. A description of these measurements was given in a previous study (Matzinger et al., 2003).

The Innsbruck Box (i-Box) project was conducted at the University of Innsbruck, which resides over Inn Valley
in western Austria. It is an ongoing long-term experiment that aims to investigate the characteristics of tur-
bulent structures and exchange processes for complex topography. The Inn Valley is a U-shaped valley in the
Alps and has a valley floor width of approximately 2–3 km. The valley depth is approximately 1,700–2,100 m.
The horizontal and slope-parallel radiation observations from a medium slope site (CS-NF27) from 8 to 14
April 2017 were used. The underlying surface is dominated by an Alpine meadow (Figure 9b). More details
are provided in the previous literature (Rotach et al., 2017).

4. Results and Discussion
4.1. Topographic Effects on Surface Albedo

Figure 10 shows simulated black-sky broadband albedos over slopes facing toward the sun. Slopes are infinite
so that the irradiances reflected fromadjacent slopes are small. Similar surface albedopatterns associatedwith
the slope are observed at different broadbands and decrease in the order of NIR, SW, and VIS broadbands,
respectively. However, distinct patterns are caused by different radiometer orientations. The

horizontal/horizontal flat surface black-sky albedo (αHHFbs ) is independent of slope and has higher values at large
SZAs than those at small SZAs due to multiple scattering effects (Liu et al., 2009). The horizontal/horizontal

sloped surface black-sky albedo (αHHSbs ) exhibits different patterns. When the SZA is 0°, αHHSbs decreases with

the slope. When the SZA is 60°, as the slope increases from 0° to 40°, αHHSbs first increases to a local maximum

then decreases as the slope further increases to 60° (Figures 9d–9f). As shown in equation (25),αHHSbs is the pro-
duct of the cosine of the ratio of local and global SZAs and the integral of surface BRF within the effective

Figure 9. Horizontal and slope-parallel albedo measurements at (a) Dayekou and (b) CS-NF27.
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region (ΩII) that receives the target surface reflected irradiance. For a horizontal radiometer over a sloped
surface, the SZA remains constant. However, the cosine value of local SZA (Figure 10a) exhibits a decreasing
trend under small SZAs and an increasing trend under large SZAs, and the effective exposure ΩII (Figure 5b)

decreases with slope. Consequently, αHHSbs shows two distinct patterns at small and large SZAs, respectively.

Conversely, the inclined/inclined sloped surface black-sky albedos αIISbs (Figures 10g–10i) over different
slopes exhibit symmetric patterns at nearly 30° SZA, which is opposite to the cosine value of the local SZA in

Figure 11a. This result is because αIISbs characterizes the surface intrinsic reflection property that is related to

incident solar zenith, as αHHFbs depends on the SZA over the horizontal surface. Although some different

patterns occur at the αIISbs of sparse discontinuous forest over a large slope due to the canopy gap effect
(Webster et al., 2017), similar surface albedo patterns are observed for medium and dense forests

(Figures S1–S3). The maximum absolute (relative) differences between αHHSbs and αIISbs are up to 0.026 (61.8%),
0.134 (62.4%), and 0.114 (62.3%) in the VIS, NIR, and SW broadbands over a 60° sloped surface.

Figure 12 shows the effects of various aspects on the surface albedo of a 30° medium slope. αHHFbs is indepen-

dent of the aspect. αHHSbs has typical concave-up shapes over different slope orientations, which is consistent
with the cosine values of the local SZAs shown in Figure 11b. The missing value at 180° aspect in the curve of

60° SZA is attributed to the unexpected local SZA (90°). Conversely, as shown in Figures 12g–12i, αIISbs exhibits

dome-shaped patterns over varying aspects. These opposite patterns observed in αHHSbs and αIISbs are because
the incident irradiances collected by horizontal and slope-parallel radiometers are positively correlated with

Figure 10. Effects of slope on (a–c) HHFA, (d–f) HHSA, and (g–i) IISA under clear-sky days in the VIS, NIR, and SW broadbands. Dashed curves indicate that HHFA is
independent of slope. VIS = visible; NIR = near infrared; SW = shortwave; SZA = solar zenith angle; HHFA = horizontal/horizontal flat surface albedo;
HHSA = horizontal/horizontal sloped surface albedo; IISA = inclined/inclined sloped surface albedo.

10.1029/2018JD028283Journal of Geophysical Research: Atmospheres

WU ET AL. 8610

 21698996, 2018, 16, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2018JD

028283 by C
ochrane France, W

iley O
nline L

ibrary on [17/07/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



the cosine value of SZA and local SZA, respectively. The aspect induces similar effects on the surface albedo of
discontinuous forests (Figures S4–S6).

4.2. Illumination Effects on Sloped Surface Albedos

Figure 13 shows the comparisons between black-sky albedos of sloped surfaces under three SZAs (0°, 30°,
and 60°). Obvious discrepancies are revealed in the surface albedos of steep slopes at small and large

Figure 11. Cosine of local SZA on sloped surfaces with different (a) slopes and (b) aspects. SZA = solar zenith angle.

Figure 12. Effects of aspect on (a–c) HHFA, (d–f) HHSA, and (g–i) IISA under clear-sky days in the VIS, NIR, and SW broadbands. Dashed curves indicate that HHFA is
independent of aspect. VIS = visible; NIR = near infrared; SW = shortwave; SZA = solar zenith angle; HHFA = horizontal/horizontal flat surface albedo;
HHSA = horizontal/horizontal sloped surface albedo; IISA = inclined/inclined sloped surface albedo.
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SZAs. When the Sun is at nadir, the albedos decreased in the order of αIISbs, α
HHF
bs , and αHHSbs , while for a 60° SZA,

the albedos decreased in the order ofαHHSbs ,αHHFbs , andαIISbs. Effects of SZA on black-sky albedos for the SW broad-
band are illustrated in Figure 14. Albedos have a typical concave-up shape as the SZA increases because solar
radiation penetrates into deeper vegetation at smaller SZAs, which are more likely to be captured and

absorbed by the vegetation. (Liu et al., 2009). As the slope increases, the rate of increase in αHHSbs increases,

while αIISbs decreases, creating a concave-down shape. The result is because that αHHSbs is determined by cosθts
cosθs

and the integral of surface BRF within ΩII in equation (25), while αIISbs depends on the integral of surface BRF
within 2π(S) in equation (29).

In contrast to black-sky albedo, where sunlight hits the surface at a specific solar geometry, the sky radiance
occupies the whole hemisphere for white-sky albedo. However, due to the topographic obstruction, the
effective FOVs of horizontal and slope-parallel radiometers (Figure 5a and 6a) are reduced to ΩII, which leads
to an identical incident diffuse irradiance arriving at the target slope when the diffuse radiance is isotropic.
Therefore, the differences in white-sky albedo are caused by the effective FOVs in the reflection that collect
surface reflected irradiance. As shown in equation (25) and Figure 5b, ΩII in the reflection of the

horizontal/horizontal sloped surface white-sky albedo (αHHSws ) decreases with the slope angle. Therefore,

αHHSws decrease with the slope (Figure 15). The effective exposure of a slope-parallel radiometer is close to

the downward sloped hemisphere, and the inclined/inclined sloped white-sky albedo (αIISws) is relatively inde-
pendent of the slope. αIISws is close to the HHFA (αHHFws ) although slight smaller values are revealed. Similar pat-
terns are observed for the discontinuous forest canopy (Figure S7). The effects of diffuse skylight on surface

Figure 13. Effects of slope on black-sky albedos for (a–c) 0°, (d–f) 30°, and (g–i) 60° solar zenith angles. VIS = visible; NIR = near infrared; SW = shortwave.

10.1029/2018JD028283Journal of Geophysical Research: Atmospheres

WU ET AL. 8612

 21698996, 2018, 16, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2018JD

028283 by C
ochrane France, W

iley O
nline L

ibrary on [17/07/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



albedos are illustrated in Figure 16. Given a slope, as the diffuse skylight proportion increases, the shape of
the blue-sky albedo curve becomes smoother.

4.3. Comparison Between Horizontal and Slope-Parallel Measured Albedos

The differences in the daily patterns of horizontal and slope-parallel albedo will give rise to differences in the
surface energy budget. For example, Figure 17 displays the daily incoming and outgoing irradiances simulta-
neously observed by a horizontal and a slope-parallel radiometer at CS-NF27 under a clear-sky day on 9 April
2017. The incoming and outgoing irradiances of a horizontal radiometer are symmetric along local solar noon.
However, the peak of incoming irradiance collected by a slope-parallel radiometer is approximately 2 hr ahead
of local solar noon due to the northwestern orientation with an advanced local SZA (Figure 18d). Owing to the
differences in the measured surface albedo (Figure 18d), the peak of outgoing irradiance of a slope-parallel
radiometer is delayed approximately 1 hr comparedwith that of a horizontal radiometer. Therefore, it is essen-
tial to investigate the differences between and drivers of αHHS and αIIS.

Figure 14. Effects of solar zenith angle on black-sky albedos for (a) 0°, (b) 20°, (c) 40°, and (d) 60° slopes. SW = shortwave.

Figure 15. (a–c) Effects of slope on surface white-sky albedos. VIS = visible; NIR = near infrared; SW = shortwave.
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The comparisons between observed albedo diurnal courses under clear-sky conditions at four slopes are
represented in Figure 18, where the diurnal changes in global and local SZAs are also illustrated. The DART
simulations over the same sites during the same observation time are compared (Figure S8). It is noted that
the blank areas at DYK in 12:00–12:30 and 16:30–17:00 local standard time are due to missing records. The
DART simulations are highly correlated with the in situ measurements (coefficient of determinations [R2] of
αIISbs
αHHSbs

at DYK, ESR, ESM, and CS-NF27 are 0.99, 0.94, 0.96, and 0.90, respectively. p < 0.05, Figure S9), indicating

that DART is able to accurately capture surface albedo patterns.

As shown in Figure 18, due to the similar southeastern orientations, αHHS of DYK, ESM, and ESR have similar
patterns that increasemonotonically with local standard time, while αIIS decreases with local standard time. In

contrast, αHHS and αIIS of CS-NF27 have inversed trends. The daily patterns of αHHS are explained by cosθts
cosθs

in

equation (25), as f is close to 0, and the effective FOVΩII remains constant in this case. This conclusion is quite
different from a previous study, which attributes the increased αHHS to an increase in anisotropic diffuse irra-
diance in the afternoon and a predominantly forward surface reflectance (Matzinger et al., 2003). As shown in
equation (29), as f approaches to zero, αIIS is determined by the integral of surface BRF within 2π(S). Thus, the
decreased αIIS is due to the daily variation in local SZA and surface BRF. Although the illuminations are close to
those for a clear sky, a diffuse sky occurs between astronomical and local sunrise, during which time the
signal-to-noise ratio of the pyranometer is low. Thus, smaller surface albedos are observed at ESM before
08:30 local standard time and at ESR before 09:30 local standard time.

Figure 16. Effects of diffuse skylight on (a–c) horizontal and (d–f) slope-parallel blue-sky albedos. SW = shortwave.

Figure 17. Diurnal cycles of (a) incoming and (b) outgoing irradiance over horizontal and slope-parallel radiometers at CS-NF27 under a clear-sky day on 9 April 2017.
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Considering the distinct difference between αHHS and αIIS, a transformation relationship between these two
albedos is important for determining the surface energy budget with the intrinsic surface albedo (Jonsell

et al., 2003; Sicart et al., 2001; Weiser et al., 2016). For a clear-sky day, a cosine equation ( cosθtscosθs
) is frequently

used to correct αHHS to αIIS. Based on this method, the interaction position where αHHS is equal to αIIS should
be the same as the interaction position where cosθs is equal to cosθts. However, an approximately half-hour
lag is observed between these two interaction positions over the steep slopes of DYK (Figure 18a) and ESR
(Figure 18c). These biases result from different effective exposures to the sloped surface in the reflection
(equations (25) and (29)). As shown in Figures 5b and 6b, the effective FOV of a horizontally positioned radio-
meter (ΩII) is smaller than that of a slope-parallel radiometer (ΩII +ΩIII). Additionally, as slope DYK and ESR are
far fromadjacent slope, the reflected irradiance is smallerwithinΩI inα

HHS (Figure 5b) comparedwithαIIS. Thus,
the lag offsets at DYK and ESR are larger than that at ESM because of the larger slope. The difference between
αHHS and αIIS is larger in the early morning and later afternoon than that at local solar noon. This result is
explained by the difference in cosθs and cosθts and the measurement error due to low-energy availability.

To further investigate topographic effects on albedo daily patterns, surface albedos over varying slopes and
orientations were simulated under a clear-sky day using the same solar geometry from DYK on 14 September

2016. α
IIS

αHHS and
cosθts
cosθs

over a medium slope (20°) and a steep (40°) slope are shown in Figure 19. When the slopes

are north or south facing, αIIS
αHHS seems to be steady during the daytime period due to a stable cosθts

cosθs
. As the slope

Figure 18. Comparison between observed diurnal courses of horizontal and slope-parallel albedos at (a) DYK on 14 September 2016, (b) ESM on 25 August 1999,
(c) ESR on 14 September 1999, and (d) CS-NF27 on 9 April 2017. ESM = eastern slope with meadows; ESR = eastern slope with ridges; SW = shortwave;
SZA = solar zenith angle.

Figure 19. Simulated diurnal courses of albedo ratio for (a) 20° and (b) 40° slopes. Bold curve represents the albedo ratio. Dashed curve represents the cosine ratio of
local and global solar zenith angles. HHS = horizontal/horizontal sloped surface; IIS = inclined/inclined sloped surface.
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moves toward east or west, αIIS
αHHS displays varying patterns, which increases monotonously with local standard

time at the western slopes but decreases at the eastern slopes. The interaction position between αIIS
αHHS with

dashed line y = 1 indicates the situation where αIIS is equal to αHHS. The aspect determines whether the
albedo interaction position is early or delayed compared to the local solar noon. For example, for a medium
slope with a 60° aspect, the interaction point is located at 11:20 local standard time, approximately 2 hr ahead
of the local solar noon (13:20 local standard time). An additional hour ahead of the local solar noon is

observed for steeper slopes with the same aspect (Figure 19b). It is interesting to find that αIIS
αHHS is not exactly

equal to cosθts
cosθs

, as reported in a previous study (Weiser et al., 2016), especially at a large slope or in the early

morning and late afternoon. These results can be explained by the different radiometer exposures and the
low cosine response of the radiometer at large SZAs (Dirmhirn & Eaton, 1975).

Figure 20. Effects of (a and b) optical and (c and d) structural properties on the diurnal courses in albedo. SW = shortwave.

Figure 21. Simulated albedo diurnal changes at DYK under (a) clear-sky, (b) partly cloudy, (c) cloudy, and (d) overcast conditions. SW = shortwave.
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The effects of component structural and optical properties on diurnal courses in surface albedos are shown in
Figure 20, where a total of 30 soil spectra was selected from the Ground Object Spectral Library, and leaf area
index ranges from 0.5 to 5.0 with an increment of 0.5. Although different component optical properties lead
to varying surface albedos, the daily albedo have relatively stable patterns (Figure 20a and 20b). Particularly,
αIIS
αHHS appears to be independent of component spectral properties. This reason explains the similar albedo

diurnal courses between the in situ measurements and DART simulations (Figures 18 and S8), even though
leaf and soil spectra were selected from the spectral library. Similarly, as shown in Figures 20c and 20d, the
structural property also presents a small effect on albedo diurnal cycle. These findings reveal that the trans-

formation between αHHSbs and αIISbs is independent of the optical and structural parameters.

Figure 22. Observed albedo diurnal changes at ESR under (a) clear-sky, (b) cloudy, and (c) overcast conditions. SW = shortwave.

Figure 23. Simulated albedo diurnal changes at DYK with varying atmospheric profiles under (a and b) 5-km and (c and d) 23-km atmospheric visibilities.
SW = shortwave; MLS = midlatitude summer MLW = midlatitude winter; US = U.S. standard; TRO = tropical; SAS = subarctic summer; SAW = subarctic winter.
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Diffuse skylight is another crucial factor for surface albedo (Román et al., 2010). Albedo diurnal changes
at DYK under four atmospheric visibilities (clear sky, 23, 5, and 0.5 km) were simulated with the mid-
latitude summer atmospheric profile and rural aerosol model. As shown in Figure 21a, when only direct
solar radiation exists, albedo occurs between local sunrise and local sunset, and αHHS and αIIS match at
approximately 14:00 local standard time. On a partly cloudy day (Figure 21b), albedo begins near astro-
nomical sunrise and continues until astronomical sunset. In the morning hours between astronomical
and local sunrise, albedo is attributed to the diffuse skylight contribution. Compared with clear-sky
days, αIIS and αHHS interaction location is delayed by approximately a half hour at 14:30. As the atmo-
spheric visibility reduces to 5 km, the moment of albedo matching is further delayed to 15:50 local
standard time. When the sky is completely overcast with diffuse skylight, both αIIS and αHHS exhibit
stable and similar diurnal changes without SZA dependence. This systematic difference is explained
by the different effective exposures in the reflection. Similar daily albedo patterns are observed at
ESR under clear-sky, cloudy, and overcast conditions (Figure 22). The albedo patterns were similar
under different atmospheric profiles (Figure 23). However, the patterns of albedo ratios show slight
dependence on atmospheric profiles. This result is because similar diffuse skylight proportions are
shared by a specific atmospheric visibility.

5. Conclusions

Over the past few decades, global satellite albedo products with varying spatial resolutions and temporal fre-
quencies have become available from the remote sensing community. However, surface albedo retrieval
algorithms accounting for topographic effects are still limited and are popular topics in ongoing studies. In
situ albedo measurements are critical for albedo product validation, algorithm calibration and improvement,
and surface energy budget estimation. However, efforts to improve albedo measurements face great chal-
lenges because the appropriate interpretations of surface albedo are still lacking. This study characterized
and analyzed two commonly used sloped surface albedos associated with different radiometer orientations.
HHSA is measured by a horizontal radiometer and is usually used in the tower-based flux network observa-
tions and current remote sensing albedo retrieval algorithms. IISA is measured by a slope-parallel radiometer
and conforms with surface intrinsic reflectivity since the incidence and reflection are consistent with those of
the target surface.

From 3-D DART simulations with continuous and discontinuous forest canopies, surface broadband albe-
dos show similar patterns over different slopes and aspects and decreased in the order of NIR, SW, and
VIS broadbands. For the varying slopes, aspects, and illumination conditions, HHSA and IISA exhibit dis-
tinct patterns because their primary topographic factors are different. HHSA relies on local and global
SZAs and sky-view and terrain-view factors. IISA relies on the local SZA and sky-view and terrain-view fac-
tors. The difference between HHSA and IISA lies on the effective FOVs, which lead to different irradiances
in the incident and reflected geometry. For the incident irradiance, HHSA horizontally collects direct solar
radiation, diffuse skylight, and irradiance reflected from the slope and adjacent slopes, while slope-parallel
radiometer observes direct solar radiation, diffuse skylight, and irradiance reflected from adjacent slopes.
For the reflected irradiance, HHSA includes two components, surface reflected irradiance, and adjacent
slope-reflected irradiance, while IISA only observes surface reflected irradiance. For a 60° sloped surface,
the maximum absolute (relative) biases between HHSA and IISA reached up to 0.026 (61.8%), 0.134
(62.4%), and 0.114 (62.3%) in the VIS, NIR, and SW broadbands, respectively, exceeding the absolute accu-
racy (0.02–0.05) required by climate models (Sellers et al., 1995). Compared with the continuous canopy,
the albedo of discontinuous forest is more complicated due to its horizontal and vertical structural het-
erogeneity. In particular, the effects of canopy gap might give rise to some uncertainties in surface albedo
estimation (Figure S1).

Changing albedo daily patterns are observed due to the different responses of HHSA and IISA to the topogra-
phy, illumination geometry, and atmospheric conditions. For the southeastern slopes DYK, ESR, and ESM,
HHSA increases, while IISA decreases with the local standard time. In contrast, HHSA and IISA of northwestern
slope CS-NF27 exhibit the opposite daily trend. These difference cause different patterns in the outgoing SW
irradiance collected by the horizontal and slope-parallel radiometers (Figures 17 and S10). For example, the
slope-parallel measured outgoing irradiance peak at CS-NF27 lags behind that measured horizontally, and a
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maximum absolute bias of 38 W/m2 occurs at DYK. It should be emphasized that IISA is suggested to be
adopted in the surface energy budget, as it is physically consistent with the surface intrinsic reflectivity
(Matzinger et al., 2003; Weiser et al., 2016). It is also recommended as the standardized albedo in the
remote sensing retrievals and in situ measurement. However, the slope-parallel placements are usually
restricted at a local scale due to the safety and stability requirements of the radiometer. For example, a
horizontal radiometer instead of slope-parallel radiometer is used in the tower-based flux network,
especially when measuring the albedo of tall forest canopies or slopes with several resolved subslopes. In
this case, the transformation between HHSA and IISA is suggested. Previous studies reveal that a
Lambertian correction is a good solution for clear-sky days (Joerg et al., 2015). However, our result shows
that this strategy might cause some biases over those steep slopes that are far away from surrounding
mountainous since the FOV effect of a horizontal radiometer in the reflection is smaller than that of a
slope-parallel radiometer. Due to the stable albedo transformation relationship and high signal-to-noise
ratio of pyranometer at solar noon, the ground measurements are suggested to be carried out near local
solar noon to evaluate remote sensing albedo products (Sicart et al., 2001). Additionally, the measurements
are usually collected in remote areas, creating a great challenge for regular maintenance. For example, the
geometry of a radiometer over glaciers or seasonal snow fields may change due to the slope movements
(e.g., landslide, snow melting, refreezing, and riming). The general method proposed in this paper to
correct broadband albedo affected by unknown slope and sensor tilts is promising (Weiser et al., 2016).

When diffuse irradiance exists, surface albedo and its daily variations are more complicated. In this case, the
full albedo expressions in equations (23) and (28) are suggested where both the diffuse skylight and adjacent
slope-reflected irradiance are considered (Figures S11 and S12). In our simulations, the adjacent slope-
reflected irradiance is neglected. Thus, three slopes (20°, 40°, and 60°, Figure S13) with four adjacent slopes
(0°, 20°, 40°, and 60°) were designed to investigate slope-reflected irradiance on black-sky and white-sky sur-
face albedos. The results are shown in Figures 24 and 25. HHSA seems unaffected by the adjacent slope at the
VIS broadband (a maximum relative bias of 2.75%) but increases with the slope of the adjacent terrain at the
NIR and SW broadbands with maximum absolute (relative) biases of 0.015 (16.0%) and 0.010 (13.3%), respec-
tively. These results can be explained by a decreased direct solar radiation or sky radiance withinΩII_2 (Figure
S11a) possibly being comprised by the increased slope-reflected irradiance within ΩI and ΩII in the reflection
(Figure S11b and equation (23)). Conversely, IISA decreases with the slope of adjacent terrain since the
increased slope-reflected irradiance is smaller than the reduced direct solar radiation or sky radiance
(Figure S12). The maximum absolute (relative) bias values of a 60° slope are up to 0.016 (39.3%), 0.082

Figure 24. Effects of adjacent slope-reflected irradiance on αHHSbs and αIISbs at nadir illumination. VIS = visible; NIR = near infrared; SW = shortwave.
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(38.4%), and 0.070 (38.7%) at the three broadbands. Nevertheless, adjacent slope-reflected irradiance should
be considered in the albedo characterization for steep slopes, especially for snow-covered or ice-covered
surfaces that have high reflectivity (Sirguey, 2009).

Compared with the previous studies, this paper thoroughly characterizes and quantifies three radiative flux
components associated with their effective exposure to a radiometer in the albedo calculation. For example,
previous studies usually neglect adjacent slope-reflected irradiance and imply that the effective exposure of a
radiometer to the target surface in the reflected geometry is the same for both horizontal and slope-parallel
radiometers (Weiser et al., 2016). These assumptions are not true since capturing effective exposure to a target
surface is challenging in the course of a day, and it is therefore weighted by the radiometer with respect to the
cosine law (Mannstein, 1985). On the other hand, this paper does not require the assumptions of isotropic sur-
face reflection and isotropic illuminations, which are frequently used in current topographic corrections on
albedo. Therefore, the surface anisotropic reflectance property and atmospheric radiative transfer model
can be coupled in the albedo quantification by a surface BRDFmodel, such as the Li-Ross kernel-basedmodel
(Wanner et al., 1995) and vector linearized discrete ordinate RT atmospheric model (Huang et al., 2017).
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The second institutional affiliation has been corrected to “College of Resources and Environment,
University of Chinese Academy of Sciences, Beijing, China” since the paper was originally published.
This updated version may be considered the authoritative version of record.
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