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Exploring Topographic Effects on Surface
Parameters Over Rugged Terrains
at Various Spatial Scales
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Abstract— Topography is an inevitable factor when processing
remote sensing data. Slope and aspect are sufficient for describing
topographic conditions within a fine-scale pixel (e.g., 30 m); the
resulting schematic is referred to as a sloping terrain and is
modeled as a solo slope. A composite slope, which contains many
solo slopes that are collectively referred to as rugged terrain,
is needed for coarse-scale pixels (e.g., 1 km). However, many
parameter estimation algorithms use topographic approximation
methods, such as the assumption of a flat surface, assumption of
a solo slope, omission of contributions from adjacent slopes, and
usage of the terrain view factor (TVF) to approximate adjacent
contributions. These topographic approximations can induce
significant errors over mountain areas; however, errors caused
by various approximation methods have not been comprehen-
sively analyzed. This study summarizes radiative transfer (RT)
processes over rugged terrains, proposes composite-slope models
for surface parameters, and analyzes the influences of different
topographic approximation methods on surface reflectance (p),
directional brightness temperature (7,), surface net radiation
(E,), slope downward radiation (E;), absorbed photosyntheti-
cally active radiation (APAR), total emitted solar-induced chloro-
phyll fluorescence (SIF) by all leaves (F,), SIF observed at the
top of the canopy (F,), broadband albedo (), and broadband
hemispherical emissivity (¢) at a series of spatial resolutions
30, 90, 270, 540, 1080, and 5400 m). Three surface types are
tested: vegetation, soil, and snow. The results demonstrate that:
1) assumptions of a flat surface or a solo slope and the use
of the TVF method induce significant errors (1%-58%) in all
aforementioned parameters; 2) adjacent contributions can be
neglected when simulating ¢, APAR, F,, F,, and low-reflective
p; and 3) adjacent contributions should be considered for E,,
E,, and high-reflective p, and they are also significant when
simulating o« using fine-resolution data or over snow surfaces.
These findings and the composite-slope models developed in this
study benefit those who intend to conduct forward modeling and
parameter estimation studies over rugged terrains.

Index Terms— Adjacent effects, radiative transfer (RT), rugged
terrain, solar-induced chlorophyll fluorescence (SIF), terrain
radiation, topography.

I. INTRODUCTION

EMOTE sensing is the only way to monitor the earth sys-
tem on a global scale. Satellite observations, such as the
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1-km Advanced Very High Resolution Radiometer (AVHRR)
and the 500-m MODerate Resolution Imaging Spectrora-
diometer (MODIS), have provided data support for various
studies in recent decades. With the advancement of sensor
techniques, an increasing number of high spatial resolution
satellite observations (e.g., 30-m Landsat and 10-m Sentinel)
have become available in recent years. Simultaneously, studies
on the effects of topography on surface parameters have
received great interest since this effect is inevitable for high
spatial resolution data.

The topography changes the incoming and outgoing radia-
tion of targeted pixels through three aspects [1], [2]: 1) topog-
raphy alters sun-target-sensor geometries, and thus, the direct
radiation received by a pixel is changed; 2) the incom-
ing (from the sky) and outgoing diffuse irradiance from a
pixel are different from those over flat surfaces due to the
obstruction of surrounding topography; and 3) the radiation
reflected/emitted from adjacent pixels to a target pixel is
another source of diffuse radiation, referred to as terrain
radiation. Consequently, the observed radiance over a terrain
surface is also different from that over a flat surface, and
this difference causes errors in parameter estimation when
ignoring the effect of topography. Many studies have demon-
strated that ignoring topographic effects induces significant
errors in the estimation of surface reflectance [3]-[5], sur-
face temperature [6]-[8], surface long-wave and short-wave
radiation [9]-[13], surface albedo [14], [15], and biophysical
vegetative variables [16]-[18]. Therefore, introducing topog-
raphy into remote sensing models and parameter estima-
tion algorithms is essential to characterize earth properties
accurately.

Topography modeling can be classified into solo-slope and
composite-slope modelings according to the size of the target
pixel [19]. For fine-scale pixels (e.g., 30 m), a single slope
surface, or a solo slope, may be good enough to represent
terrain conditions. The term “solo slope” is used to emphasize
the topographic characteristic of a pixel. It also indicates that
the spatial resolution of the digital elevation model (DEM)
used is the same as the sensor’s resolution. In contrast,
a composite slope indicates that the pixel is large (e.g., 1 km).
It covers many solo slopes, and a DEM, the spatial resolution
of which is (much) finer than the sensor’s resolution, is needed
to describe the terrain conditions precisely. Composite-slope
modeling is an inherent upscaling procedure [19]. Surface vari-
ables at a fine-resolution scale (i.e., solo slope) are firstly cal-
culated; then, the corresponding variables at coarse-resolution
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scales (i.e., composite slope) can be generated using upscaling
procedures. The accuracy of the solo-slope model determines
the accuracy of the composite-slope model.

Most terrain models have been developed for solo slopes.
Based on radiative transfer (RT) and/or geometric opti-
cal (GO) theories, several studies have developed various
forward models for simulating sensor observations over terrain
surfaces [2], [20]-[27]. In addition to these models for sim-
ulating sensor observations, terrain models for estimating
surface albedo [5], [28], surface radiation [10], [29]-[32],
solar-induced chlorophyll fluorescence (SIF) [33], and the
fraction of absorbed photosynthetically active radiation
(FAPAR) [18] have also been developed. Among these studies,
topographic effects on direct and diffuse radiation are well
modeled. However, terrain radiation is usually neglected or
modeled through approximation algorithms. The reasons for
neglecting terrain radiation are: 1) its contributions are usually
small except over highly reflective surfaces or in areas with
deep valleys [2], [8], [34], [35] and 2) the calculation of terrain
radiation can be computationally expensive when using fine-
resolution (e.g., 30 m) DEM. The Proy algorithm [1], which
is a radiosity method [36], has been widely used to calculate
terrain radiation and proven very accurate [2], [8], [12], [13],
[36]-[38]. However, for each pixel, this algorithm requires
calculating contributions from surrounding pixels within a
search radius (e.g., 0.5-1.5 km), and the visibility (0 or
1) between any two pixels is also needed to be calculated.
What is more, this process has to be iterated until reaching
a convergence point (e.g., the difference between two itera-
tions is less than 0.1%). Therefore, it takes a long time to
simulate terrain radiation for fine-resolution DEM using the
accurate Proy algorithm [2]. The detailed calculation process
of terrain radiation using the Proy algorithm is described in
Section II-Al.

Once radiation is accurately calculated at a fine-resolution
scale (i.e., solo slope), the corresponding variables at coarse-
resolution scales (i.e., composite slope) can be generated
using upscaling procedures. Currently, most relevant studies
are focused on thermal regions. Several studies have used
this upscaling method to estimate surface temperature [6],
[71, [371, [39] and surface long-wave radiation [12], [13] for
composite slopes. In short-wave bands, parameterization of
solar radiation is often adopted in land surface models to
accelerate calculations [11], [40]-[42] but with the sacrifice
of accuracy. In addition, the concept of an equivalent slope
model is proposed and applied to find the equivalent slope and
aspect for composite slopes [19], [43], [44]. Wen et al. [14]
converted fine-scale albedo to coarse-scale albedo in a rugged
terrain using a simulated DEM. Wu et al. [36] defined surface
reflectance quantities for rugged terrains from the perspec-
tive of bidirectional reflection distribution function, which
provides bases for composite-slope modeling at short-wave
bands.

In summary, there exist accurate models and algorithms to
simulate RT processes over both solo and composite slopes.
However, this simulation can be computationally expensive,
as explained above, when using the accurate Proy algo-
rithm to calculate terrain radiation over fine-resolution DEM.

IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING

Therefore, various approximation methods are adopted to
accelerate the calculation.

1) The calculation of terrain radiation is approximated
since it is the most computationally expensive part.
Using fewer iterations instead of waiting for the con-
vergence point reduces the computation time. Besides,
using the terrain view factor (TVF), which was proposed
to approximate surrounding topographic conditions and
radiation fluxes, not only avoids iterations but greatly
reduces computations within the search radius. These
two methods (fewer iterations and TVF method) are
from the perspective of approximating terrain radiation.

2) The assumption of a solo slope for a coarse-scale pixel
(composite slope) can be made, indicating that the
spatial resolutions of the DEM and target parameter
are identical. In addition, many studies do not consider
topographic effects on coarse-resolution data at all,
which means that the surface is assumed to be flat. These
two methods (solo-slope and flat-surface assumptions)
are from the perspective of reducing within-pixel calcu-
lations.

Details of the four approximation methods are further
explained in Section II-B.

Finally, it is worth noticing that topographic and
atmospheric effects are actually coupled, and correcting these
combined effects is also an important topic. However, current
study focuses on the influences of topography only; thus,
all the models, simulations, and analyses are conducted at
the surface level. Readers interested in the correction of
combined atmospheric and topographic effects can refer to
the references [3]-[5], [45]-[53].

This study aims to analyze the errors associated with
the four topographic approximation methods in simulating
various surface parameters at a series of spatial resolutions
(i.e., solo and composite slopes). These surface parameters
include surface reflectance, directional brightness temperature,
surface radiation, absorbed photosynthetically active radiation
(APAR), SIF, surface albedo, and surface emissivity. Surface
models for these parameters over composite slopes were first
proposed. Then, three typical land covers (vegetation, soil, and
snow) were assumed and tested, and the wavelength ranged
from the optical to thermal regions. The surface parameters
were simulated and analyzed at different spatial scales (30,
90, 270, 540, 1080, and 5400 m) because the influences of
topography on surface parameters can be very different at
multiple spatial scales [54]-[56]. The surface models provided
in this study can be used for estimating surface parameters over
rugged terrains. Also, the analyses of topographic effects on
various surface parameters provide advice on which method
is appropriate (considering accuracy and computational time)
when estimating a particular parameter.

II. METHODOLOGY

A. Terrain Models

The related terrain models at the surface level are first devel-
oped to calculate surface reflectance, directional brightness
temperature, surface albedo, surface emissivity, APAR, SIF,
and surface net radiation.
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1) Solo-Slope Models: As reviewed in Section I, vari-
ous solo-slope models are available for different parameters.
However, such studies have focused on specific parame-
ters; thus, the multiparameter modeling framework developed
in [57] is adopted in this study. In [57], an optical-thermal
RT model coupling framework that considered topographic
effects was developed. This framework can simulate surface
radiance/reflectance, surface downward/upward/net radiation,
surface albedo/emissivity, and FAPAR/APAR over solo slopes.
Evaluation of this framework using the 3-D ray-tracing DART
model and field measurement demonstrates that it is highly
accurate.

Three surface types (vegetation, soil, and snow) are tested
in this study, of which the canopy RT model over terrains
(4SAILT) [27], the SIF model over terrains (SIFT) [33],
the Walthall soil model [58], and the asymptotic radiative
transfer (ART) snow model [59] are used. The 4SAILT is an
extension of the 4SAIL canopy RT model [60]; the SIFT is an
RT model for SIF simulations, which is an extension of the
well-known SCOPE-SIF model [61]. Both the 4SAILT and
SIFT are designed for solo slopes, and they consider topo-
graphic effects on direct solar radiation, surrounding topog-
raphy obstruction of hemispherical radiation, and gravitropic
influences on the leaf angle distribution (LAD). The Walthall
model is an empirical soil model that accounts for anisotropic
surfaces, and a soil spectrum is needed to drive the model.
The ART snow model simulates the optical properties of snow,
and it utilizes two main parameters: the snow grains diameter
and the pollutant proportion. The imaginary part of the ice
refractive index is also needed in ART, and its values came
from [62] in this study. The Walthall and ART models are
adapted to be used for solo slopes using the topographic
algorithm in [27]. Without a loss of generality, the leaf and
soil spectra (0.35-15 um) used in [27] were taken as input in
this study.

In general, radiance observed by a sensor at the bottom of
the atmosphere (BOA) from a solo slope can be expressed as
follows:

LZOIO — Ll 4 L4 — e + rdoEadj/n' (1)

where L'® is the radiance from the target pixel only (without
interaction with adjacent slopes)

1
Ll ;[rsoFsunEdir + 740 Vsky (Edit + Eam)] + €,B(T) (2)

and LY is the radiance contributed by adjacent pixels. ry, and
r4o are the bidirectional reflectance factor and hemispherical-
directional reflectance factor of the target slope, respectively.
&, is the directional emissivity in the viewing direction. Eg;,
Egf, and E,, represent downward solar direct radiation,
downward solar diffuse radiation, and downward atmospheric
thermal radiation, respectively, at the BOA. B is Planck’s
function, and 7 is the temperature in Kelvin. Fy, is the
transformation factor for direct radiation [27]

Fyn = ¢ cosb;s/ cosby 3)

where ¢ is a binary factor (0 or 1) that indicates whether the
pixel is self-shadowed or shielded by other pixels; cos6; is

(b)

Fig. 1. Schematic for calculating terrain radiation using the Proy algorithm.
M represents the slope associated with the target pixel, and P represents an
adjacent slope. dSp is the area of slope P; Ty and 7p are the angles of points
M and P between the normal vector of the inclined surface and the line MP;
and ryp is the distance between M and P. (a) Example of the situation that
P is visible to M. (b) Example of the situation that P is invisible to M.

the solar zenith angle referring to the horizontal plane; and
cos @ is the solar zenith angle referring to the slope surface.
Viky is the sky view factor (SVF), which can be calculated for
isotropic radiation [63] as follows:

N
1
Vay = ~ Z [cos Bsin® H,, + sin B cos(p; — ¢7)
i=1
x(H,, — sin Hy, cos Hy)|  (4)

where N is the number of discretized search directions; ¢;
is the azimuth angle of direction i; and H,, is the horizon
angle in direction i. DEM data are needed to accurately
calculate Viy.

E™i is the irradiance from adjacent slopes (P), which is
visible from the current slope (M) and is accurately calculated,
as shown in Fig. 1, using the Proy algorithm [1]

Ny
gadi _ Z G cos Tym czos Tpd Sp Li(h) )
i=1 "mp

where N, is the number of surrounding pixels of M; (¥p
(1 or 0) indicates whether P is visible to M or not; dSp is
the area of slope P; Ty and Tp are the angles of points M and
P between the normal vector of the inclined surface and the
line MP; ryp is the distance between M and P; and LY is the
reflected/emitted radiance of P. The search radius of 1 km is
adopted in this study.

It should be noted that the Proy algorithm is a radiosity
method. An iteration process is needed to calculate LZ‘”O in (1)
with the consideration of adjacent contributions. E2 is set
to 0 at the zero iteration (zero instead first is used here to
indicate there are no adjacent contributions at now), and ij’"’
is calculated. At the first iteration, the calculated Lf)‘)lo is served
as L™ in (5) to calculate E*Y for every pixel, and then,
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Fig. 2. Schematic of the topographic effects on sensor observations and
surface radiation fluxes. The red arrow indicates sunrays, the brown arrow
is the view direction, and the purple arrow represents terrain radiation from
adjacent slopes. The blue arc represents the percentage of the visible sky
from the target slope, while the green arc indicates the upper hemispherical
space that refers to the slope surface. The horizontal and slope-parallel sensors
measure radiation fluxes in reference to the horizontal plane and radiation
fluxes in reference to the slope surface, respectively. A, and A; are the size
of the pixel and slope surface, respectively. f is the slope value.

the calculated E*Y is input to (1) to update L°°. The sensor
radiance calculated at this point includes adjacent contributions
(one-iteration result). At the second iteration, L2°1° in the last
iteration is input to (5) to update E*Y, which is then inputted
to (1), the get new LZ"'O (two-iteration result). The iterations
continue until the results of two iterations barely change (e.g.,
less than 0.1%). In this study, four iterations are good enough
for all pixels over the study area (described in Section II-C)
to achieve that. Also, as we can see, this iteration process can
be computationally expensive for high-resolution DEM (e.g.,
the 30-m DEM used in this study) because there are hundreds
of pixels within the 1-km search radius.

A schematic is used to illustrate the differences between
radiation referring to the slope surface and radiation referring
to the horizontal plane before performing the following steps.
As shown in Fig. 2, the radiation received by the target
slope includes the direct solar radiation (red arrow), diffuse
sky radiation (downward gray arrows), and terrain radiation
from adjacent slopes (purple arrow). Due to the obstruction of
the surrounding topography, the solid angle of downward sky
radiation is less than 2z (blue arc). In contrast, the upward
reflected/emitted radiation distribution in the upper 2z hemi-
sphere refers to the slope surface (green arc). If horizontal and
slope-parallel sensors (as shown on the left side of Fig. 2)
are placed in the slope, the measured downward (upward)
radiation that refers to the slope surface would be different
from the measured downward (upward) radiation that refers
to the horizontal plane. Detailed modeling of these parameters
can be found in [57].

Therefore, the downward radiation on the solo slope
(EYS,)s the upward radiation from the solo slope (E}°S,),
the radiation absorbed by vegetation that referred to the
slope (EZOI"), the downward radiation on the horizontal plane
(E5% ), and the upward radiation from the horizontal plane

(Ejfllfor) can be expressed as follows:

¢ dj t; i
E;(ils(ip = Edg,eslp + E;,Jslp = Ed}ieslp + EadJ (63)
dj ;
E;(:ls(ip = E;g_ilp + Ez_Jslp = E:iilp + rga E™¥ (6b)
EZOIO — E;ge + E;idj — E(t}ge +(ZdEadj (60)
dj i
E;(ilf(l)or = Etdg,ehor + E;,Jhor = Egiehor + VSkyE o (6d)
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Fig. 3. Schematic of upward and downward radiation fluxes for a composite
slope. This composite slope contains five solo slopes. The gray and blue
arrows indicate downward and upward radiation fluxes, respectively. The solid
purple line indicates the horizontal plane, and the green arc represents the 2z
hemisphere. Horizontal downward and upward radiation fluxes of the com-
posite slope are illustrated by the large green arc. Slope downward (upward)
radiation fluxes are the sum of downward (upward) radiation fluxes on (from)
the five solo slopes.

By = Efr + Eihor = Ef5or + VayTaa BV (60)

where
Eg = FanEair + Vo (Edit + Eam) (7a)
E;ﬁlp = Fya Foun Edic +7da Veky (Edgit + Eam) + w4 B(T) (7b)
Eg£ = a; FunEagir + 0aVeky(Edgit + Eam) (7¢)
Efo = CEai + Vay(Edgit + Eam) (7d)
Efer = VayESp (7e)

and rgy and ryzy are the directional-hemispherical reflectance
and the bihemispherical reflectance, respectively. &; is the
hemispherical emissivity of the surface. a; and a, are the
absorptances of vegetation for direct and diffuse radiation [64],
[65], respectively, and they both equal O for nonvegetated
pixels. The contribution of E,m in (7¢) can be neglected at
the visible spectrum range.

Similar to L5, calculations of E;}‘:‘;{p, Effils‘l’p, EXl, EXP
and E°° = also require iteration processes, and the steps are
the same as the calculation of Lff’l". Also, four iterations are
adopted for calculating these radiation parameters over the
study area (as described in Section II-C).

At this point, the fine-scale surface parameters are calculated
with the consideration of adjacent contributions using the Proy
algorithm.

2) Composite-Slope Models: Sensor radiance and surface
radiation at coarse spatial resolution scales (i.e., composite
slope) can be generated once the corresponding values have
been calculated at a fine spatial resolution (i.e., solo slope).
However, radiation on slopes and the horizontal plane still
need to be discriminated against that over composite slopes.
As shown in Fig. 3, the downward and upward radiation
fluxes that refer to the horizontal plane (purple line) for
the composite slope are illustrated by the large green arc
and are labeled horizontal downward and upward radiations
in this study. In contrast, the sum of downward (upward)
radiation fluxes on (from) the solo slopes, which is labeled
as slope downward (upward) radiation, is different from the
horizontal downward (upward) radiation. Slope and horizontal
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parameters may play different roles according to practical
applications. For example, slope absorbed radiation is needed
when exploring the amount of solar radiation absorbed by
vegetation, while horizontal radiation is needed when studying
the surface energy balance.

The equations used to calculate sensor radiance, slope
radiation, and horizontal radiation of a composite slope are
given as follows:

Lcomp — ZZLO LSOIO cos eiIzJ)deAf (8)
Eg:o cosOf crdAY
N
Ecomp Zpéo E:loplodAlp
S VT ©)
> =0 dA;
N
Ecomp Zp;0 E}igerdAiI: 10
hor = N P ( )
Ep:O dAh

where N is the number of fine-scale pixels (solo slopes)
within one coarse-scale pixel (composite slope); cos6/ is the
view zenith angle referring to the slope surface; (7 is a binary
factor that indicates whether the current fine-scale pixel can
be observed ((” = 1) or not ((? = 0); dA} is the area of
pixel p, while dA! is the area of the corresponding sloping
surface; and dA? = d Al cos 7, where f? is the slope value
of pixel p.

Similarly, the total emitted SIF by all leaves (F,) that refers
to the slope surface and the SIF observed at the top of the
canopy (F,) are calculated as follows:

o _ Syl Fipedal o
e = N—p ( )
Zp:(] dAt
Ny solo p P
Lo F3°°cosO ¢ PdA
Fo — pro o wC t (12)

Sh_ocosOhcrdAl

122

where F52° and F:°° are the total emitted SIF referring to
the slope surface and the observed SIF for a solo slope,
respectively. Fsslgl" and F3°° are derived from the actual solar
radiation received by a solo slope, i.e., E;}‘:‘;{p, and the detail
modeling process can be found in [33].

The surface net radiation of a composite slope (E,) can be

calculated by the following formula:

A2
E, :/ [
A1

where E;’\ and E, o represent the downward and upward

radiations, respectively. 4 is the wavelength, and 4; and 4,
are the upper and lower bounds of integration, respectively.
The slope downward radiation fluxes (E,;) and slope APAR
are calculated as follows:

() = E;hn(2)]d A

u_hor

13)

A2
E; = / ES G (2)d A (14)
Al
A2
APAR = A ES™ ()d) (15)
1

where Eg’gb and E. ) represent the downward and absorbed
radiation fluxes that refer to the slope surface, respectively. 4,

and A, are 0.4 and 0.7 um, respectively, for APAR.

The surface broadband albedo (a) can be calculated by (16)
if thermal emissions are neglected, while the surface broad-
band hemispherical emissivity (¢) can be calculated by (17) if
neglecting solar radiation

2 £SO (7)d ]

A1 u_hor

= A2 g-comp (16)
[ B (A)d.
72 ECOMP (1)d A

£ = Ji Bilva 2 (17)

7[> B, T)d)

Correspondingly, the surface reflectance (p) and directional
brightness temperature (7}) are calculated as follows:

p = m L™ /Epoa
T, = B~'(L®™) —273.15

(18)
19)

where Egoa 1S the total downward radiation at the BOA,;
B~! is the inverse form of Planck’s function; and T, is
quantified in Celsius degree in this study.

B. Approximation Methods

As described in Section II-A, the calculations of terrain
radiation using the Proy algorithm (i.e., the solo-slope and
composite-slope models presented above) are accurate but
can be computationally expensive for fine-scale DEM (e.g.,
the 30- and 90-m DEM used in this study). Hence, four
different approximation methods are often used to accelerate
the computation process.

1) Fewer [Iterations: As described in Section II-Al,
the accurate calculation requires iterative processing until a
particular criterion is achieved. However, this is the most
time-consuming step during a simulation. As summarized in
Section I, many studies do not conduct the iteration process,
which means that E,q; is set to O since the iteration process is
used for calculating adjacent contributions. As a compromise
between efficiency and accuracy, performing fewer iterations
(like only once) seems like a good option, but which number
of iterations is appropriate still lacks evaluation.

2) TVF Method: Instead of neglecting terrain irradiance,
the approximation method used to simulate adjacent contri-
butions implements the TVF [2], [63], which is calculated as
follows:

1 4 cos g?
2
and the adjacent contributions are approximated by

Vterr = Vsky (20)

adj —adj
E* = 1 Vien L

(2D
where Z'Y is the average of radiance reflected/emitted from
surrounding slopes.

It should be noted that the TVF method is used to approx-
imate the adjacent contributions only, and a fine-resolution
DEM is still required.

3) Solo-Slope Assumption: For composite-slope modeling,
the solo-slope assumption can be used to avoid looping over
fine-scale DEM pixels, which means that the spatial resolution
of the DEM used is the same as the target parameter.
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Fig. 4. Terrain parameters of the study area. (a) Elevation in meter. (b) Slope in degree. (c) Aspect in degree. (d) SVE.

4) Flat-Surface Assumption: The assumption of flat-surface
pixels, meaning that topography is not considered at all, is also
an option. This assumption has been widely adopted in the
retrieval of surface parameters from coarse spatial resolution
data.

C. Study Area and Data

The study area (38.5°N-39.0°N, 100.0°E-100.5°E) is
located at the northeastern edge of the Tibetan Plateau.
As shown in Fig. 4, it was chosen because mountains and
plains occupy approximately 50% of the area; it contains ter-
rains in various conditions (from gentle slopes to steep slopes).
Therefore, the influences of topography can be demonstrated
in a contrastive way.

The ASTER Global Digital Elevation Model (ASTGTM)
global 1-arc-second dataset [66] is used, and it is further used
to calculate the slope, aspect, and SVF [63], [67], [68]. The
spatial resolution of ASTGTM is approximately 30 m; this
spatial resolution is taken as the finest resolution (solo slope) in
this study. The DEM data are then resampled to 90, 270, 540,
1080, and 5400 m, respectively. These five spatial resolutions
are used for composite-slope simulations in this study.

It should be noted that this study only uses the DEM
of this area. The actual surface conditions (e.g., land cover
and vegetation growth) are not used. A detailed experimental
scheme is described in Section II-D.

D. Experimental Scheme

A simulation-based experimental scheme is designed in
this study. Three surface types (vegetation, soil, and snow)
are assumed. Then, three independent simulation tasks are

conducted, which assumes that all of the study areas are
covered by vegetation, soil, and snow, respectively. In this
way, we can get more comprehensive datasets than using actual
surface conditions. This strategy is usually adopted to diagnose
the influences of interested variables (i.e., topography in this
study).

The errors of the topographic approximation methods pre-
sented in Section II-B are analyzed using multiple simulated
parameters at a series of spatial resolutions (30, 90, 270,
540, 1080, and 5400 m). These parameters include surface
reflectance (p) and/or directional brightness temperature (7})
at the center wavelength of Landsat-8 channels (0.44, 0.48,
0.56, 0.65, 0.87, 1.61, 2.2, 11.1, and 12.0 xm), slope down-
ward radiation (E,), surface net radiation (E,), slope APAR,
observed (F,) and total emitted (F,) SIF at 760 nm, surface
broadband albedo (&), and surface broadband hemispherical
emissivity (¢). These approximation methods are tested over
the three surface types mentioned above.

Parameters for each surface type and observational geom-
etry are fixed, and BOA irradiance is also fixed. The terrain
parameters of the study area are used. Therefore, differences
in the data images are caused only by topography. The solar
zenith angle and the solar azimuth angle are 30° and 150°,
respectively, and the sensor is nadir-viewed. A leaf area index
of 3 and a spherical LAD are assumed for the vegetated-
surface simulation, and a leaf and soil spectrum covering
0.35-15 um in [27] is used for 4SAILT. A leaf chlorophyll
content of 60 ug/cm? is used for SIF simulations, and the
fluorescence quantum efficiencies of photosystems I and II are
0.002 and 0.01, respectively. This soil spectrum is also used
as the input for the Walthall soil model in the soil-surface
simulation. The snow grains diameter, which is used for the
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(a) Bidirectional reflectance factor and directional emissivity spectra of vegetation, soil, and snow. Solar zenith angle is 30°, the solar azimuth angle

is 150°, nadir-viewing, and the slope is 0. The gray vertical lines represent the center wavelength of Landsat-8 channels. (b) Downwelling irradiance spectra

at the BOA used in this study.

ART model, is assumed to be 400 um for the snow-surface
simulation. The surface temperature is set to 20 °C and 25 °C
for the vegetation and soil simulations, respectively, while it
is set to 0 °C for the snow simulation. As an illustration,
the reflectance and directional emissivity spectra simulated
by the three models (4SAILT, Walthall, and ART) over a flat
surface are shown in Fig. 5(a). The center wavelengths of the
Landsat-8 channels are also plotted. Fig. 5(b) shows the BOA
irradiance used in simulations. The detailed parameter settings
of these four RT models (4SAILT, Walthall, ART, and SIFT)
are given in Table L.

III. RESULTS AND ANALYSES

A. Topographic Effects on Surface Reflectance and
Directional Brightness Temperature

As an illustration and example, the simulated surface
reflectances (0.87 um; i.e., ps) of the vegetated surface at
a series of spatial resolutions (30, 90, 270, 540, 1080, and
5400 m) are shown in Fig. 6. Each row of Fig. 6 includes data
representing a specific resolution. The subplots with the title
“solo” represent data that are simulated with the solo-slope
assumption, and the subplots with the title “tvf” indicate that
the TVF method is used. “Lj” (j = 1, 2, 3, 4) indicates the
use of the iteration method, and j is the number of iterations.
Specifically, the LO images do not consider adjacent contri-
butions, i.e., terrain radiation. As j increases, the simulation
results become more accurate. Therefore, the L4 images have
the highest accuracy and are taken as the benchmark for further
evaluation. The L2 and L3 images are not plotted because
they do not show notable differences from L4 in Fig. 6.
In addition, images made with the assumption of flat surfaces

only contain one value since all parameters are fixed except
topography; thus, they are also not plotted. Errors induced
by different topographic assumptions are shown in Fig. 7,
in which the L4 images are taken as references. Discrepancies
between the images with various assumptions (flat surface,
solo slope, TVF, and fewer iterations) and the reference images
are shown in different columns, where the absolute values of
the corresponding errors are plotted.

The surface reflectance at 0.87 um over the flat vege-
tated surface is 0.376, and topography changes it obviously,
as shown in Fig. 6. It can be seen from Figs. 6 and 7 that:
1) details in the images are lost with decreasing of spatial
resolution; 2) topography does not exert significant influences
over the plane areas (upper triangle part), where the SVF
values are large and the slope values are small; 3) both the flat-
surface and solo-slope assumptions induce significant errors
over mountain areas for all spatial resolutions; 4) terrain radi-
ation cannot be ignored for small-SVF areas when using high
spatial resolution data; 5) the TVF method does not perform
well in simulating adjacent contributions, and it may introduce
additional uncertainties; and 6) one iteration is sufficient when
considering adjacent contributions over the vegetated surface,
and more iterations do not add considerable value.

In order to avoid repetitive descriptions, statistical tables
contain the mean percentage error (MPE) over the mountains
of the study area (lower triangle part) for each surface parame-
ter are used, and the threshold of 0.1% is taken as a criterion.

The statistics of MPE for p and 7, over vegetation, soil,
and snow coverages are given in Table II. Numbers in
blue indicate that the corresponding approximation method is
acceptable (MPE <= 0.1%), while the red color represents the
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accuracy of the corresponding method is beyond the threshold
(MPE > 0.1%). Table II demonstrates that both the solo-
slope and flat-surface assumptions induce significant errors
(1%—-58%) in p1—ps. It also shows that topography has more
influences on highly reflective areas/bands (e.g., ps for veg-
etation and p;—p4 for snow) than on areas/bands with a
low reflectively (e.g., p; for vegetation). Similarly, adjacent

Simulated surface reflectance (0.87 um) for the vegetated surface. Each row includes data at a specific resolution (30, 90, 270, 540, 1080, and
5400 m). “solo” represents data simulated with the assumption of a solo slope, and “tvt” represents results with the TVF used. “Lj” (j = 1, 2, 3, 4) indicates
the fine-resolution DEM method, where topography within one pixel is considered, and j is the number of iterations. As j increases, the simulation results
become more accurate. Therefore, the L4 images are used as the benchmark. Images for L2 and L3 are not shown.

contributions are more important in highly reflective
areas/bands than in areas/bands with low reflectivity. For
example, ignoring adjacent contributions has little effect
on soil and vegetation simulations in low-reflective bands
(LO numbers for p;—p4 in the Vegetation and Soil columns
are all blue), while adjacent contributions are significant for
snow simulations (LO numbers for p;—p4 in the Snow column
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Fig. 7. Discrepancies between the simulated surface reflectance (0.87 um) and the benchmark (L4 image) for the vegetated surface. Each row includes
data at a specific resolution (30, 90, 270, 540, 1080, and 5400 m). “|flat-L4|” represents errors induced by ignoring topography, “|solo—L4|” represents errors
induced by the assumption of a solo slope, and “|tvf-L4|” represents errors induced by using the TVFE. “|Lj-L4|” (j = 1, 2, 3) indicates errors by using
fewer iterations. Images for “|L2-L4|” and “|L3-L4|” are not shown.

are red). In contrast, adjacent contributions are significant
for the estimation of brightness temperature unless the sur-
face is a blackbody. The reason is that a high emissivity
means that the surface is closer to a blackbody than low
emissivity areas and, thus, is less influenced by geometric
angles.

The statistics of maximum error (MME) for p and T}, over
vegetation, soil, and snow coverages are given in Table S1 in
the supplemental file. Table S1 provides the same findings
as in Table II. As an example, the directional emissivity
value of snow at band 8 is 1.0, and it can be seen from
both Tables II and S1 that the corresponding B are barely
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TABLE I

PARAMETER SETTING OF THE RT MODELS FOR THE EXPERIMENTAL
SCHEME (FQE = FLUORESCENCE QUANTUM EFFICIENCY)

Model Parameter Values Units
Solar zenith angle 30 degrees
Solar azimuth angle 150 degrees
View zenith angle 0 degrees
View azimuth angle 90 degrees
) Slope from DEM degrees
Aspect from DEM degrees
Sky view factor from DEM -
BOA irradiance see Fig. 5(b) -
Leaf area index 3 m?/m?
Leaf and soil spectra from [27] -
4SAILT  Leaf angle distribution spherical -
Hotspot parameter 0 -
Leaf temperature 20 °C
Soil temperature 25 °C
Soil spectrum from [27] -
Walthall Soil tgmperature 25 °C
S Snow grain diameter 400  um
ART Pollutants proportion 0 -
Snow temperature 0 °C
Leaf area index 3 m?/m?
Leaf angle distribution spherical -
Hotspot parameter 0 -
Leaf chlorophyll content 60 ,ug/cm2
Leaf carotenoids content 10 uglem?
SIFT Leaf water content 0.012 cm
Leaf dry matter content 0.01 g/cm2
Leaf anthocyanins content 0 /,tg/cm2

Leaf structure parameter 1.8 -
FQE of photosystem I 0.002 -
FQE of photosystem 11 0.01 -
Soil spectrum from [27] -

affected by topography; while the directional emissivity val-
ues of the vegetated and soil surfaces are 0.992 and 0.978,
respectively, and neglecting adjacent contributions can induce
errors exceeded 0.1 °C.

B. Topographic Effects on Surface Net Radiation, Slope
Downward Radiation, and APAR

The statistics of MPE in different topographic approxi-
mation methods on surface net radiation E, (0.35-15 xm),
slope downward radiation E; (0.35-15 um), and APAR
(0.4-0.7 um) are summarized in Table III. It can be seen that
ignoring topography (flat-surface assumption) induces an error
of approximately 3%—44% in surface net radiation, an error
of 15%-28% in slope downward radiation, and 17%-26% in
APAR. Errors induced by the solo-slope assumption increase
with decreasing of pixel size because the topographic infor-
mation is gradually lost with decreasing of spatial resolution.
These findings tell us that both the flat-surface and solo-
slope assumptions are inaccurate, which means that a fine-
resolution DEM is required to estimate surface radiation fluxes
accurately. Otherwise, significant errors would be induced
even for coarse spatial resolution data. For example, ignoring
topography for data obtained at a 5400-m resolution can cause
an error of 17% in APAR. The TVF method does not perform
well in estimating radiation fluxes, and its error is larger than
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the error produced by the LO images (LO does not consider
adjacent contributions at all).

The statistics of MME for E,, E;, and APAR are given
in Table S2 in the supplemental file, which provides similar
conclusions. However, it should be noticed that Table III
shows that one iteration is sufficient for adjacent contributions,
which is the averaged results over the mountains. In contrast,
as demonstrated in Table S2 (i.e., MME), one iteration is not
good enough for estimating fine-resolution (30-270 m) E,
over snow surface in the worst case scenarios.

C. Topographic Effects on Surface Albedo and Emissivity

The influences of different topographic approximation meth-
ods on surface broadband albedo («) and broadband hemi-
spherical emissivity (¢) are shown in Table III. It can be seen
from Table III that the flat-surface assumption induces errors of
approximately 23%—-44% in the surface albedo estimate, while
the solo-slope assumption induces errors of approximately
6%—24%. These results demonstrate that both the flat-surface
and solo-slope assumptions are not accurate regardless of the
spatial resolution of the data images. Errors induced by the
TVF method are larger than the LO method, which means that
the TVF method is not a good choice for albedo estimation.
It can also be seen that adjacent contributions should be
considered for accurately estimating surface albedo unless
surface reflectivity is low (like the soil spectrum used in
this study). Nevertheless, one iteration is sufficiently accurate.
The statistical results show little difference over different
surface types for emissivity. Table III shows that the flat-
surface assumption induces an error of approximately 13% in
emissivity, and the solo-slope assumption introduces errors of
approximately 3%—12%. The error of the TVF method is larger
than the LO method, and the adjacent contributions are not
significant for emissivity (LO numbers are all blue). Therefore,
the LO method is the best choice for estimating emissivity.

D. Topographic Effects on Observed and Total Emitted SIF

The statistics of MPE in different topographic approxima-
tion methods on observed SIF (F,, 760 nm) and total emitted
(F,, 760 nm) are summarized in Table IV, and the corre-
sponding statistics of MME are summarized in Table S3 in
the supplemental file. It can be seen that the flat-surface
assumption induces an averaged error of approximately
5%—15% in F, over the mountains of the study area. The errors
in F, induced by the flat-surface assumption are approximately
17%-27%. The solo-slope assumption also causes significant
errors in both the F, and F,, as shown in Tables IV and S3.
These results demonstrated that both the flat-surface and the
solo-slope assumptions are inaccurate for SIF simulations over
rugged areas. The TVF method also does not perform well
in the simulations of F, and F,, with errors larger than that
produced by the LO method. Generally, the LO images are
accurate enough for spatial resolutions from 30 to 5400 m,
which means that adjacent contributions are not essential for
SIF simulations. The reason is that adjacent contributions are
small at the visible spectrum range absorbed by vegetation to
emit fluorescence.

Authorized licensed use limited to: Beijing Normal University. Downloaded on August 03,2021 at 02:38:30 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

SHI AND XIAO: EXPLORING TOPOGRAPHIC EFFECTS ON SURFACE PARAMETERS OVER RUGGED TERRAINS 11

TABLE II

MEAN PERCENTAGE ERRORS (MPE, IN%) IN SURFACE REFLECTANCE (p;—p7; BANDS 1-7 OF LANDSAT-8; 0.44, 0.48, 0.56,0.65,0.87, 1.61, AND
2.2 um) AND DIRECTIONAL BRIGHTNESS TEMPERATURE (B? AND B?; BANDS 8 AND 9 OF LANDSAT-8; 11.1 AND 12.0 um) OVER THE
MOUNTAINS OF THE STUDY AREA (LOWER TRIANGLE PART). RES IS SPATIAL RESOLUTION IN METER. A NUMBER IN BLUE INDICATE
THAT THE CORRESPONDING APPROXIMATION METHOD IS ACCEPTABLE (MPE <= 0.1%), WHILE THE RED COLOR REPRESENTS
ACCURACY OF THE CORRESPONDING METHOD IS BEYOND THE THRESHOLD (MPE > 0.1%)

Vegetation Soil Snow
L2 L1 LO tvf  solo flat L2 L1 LO tvf  solo flat L2 L1 LO tvf solo flat
30 [ 0.00 000 001 0.05 — 9791000 000 00 005 — 21291000 002 074 4.19 — 3197
90 | 0.00 0.00 0.01 005 269 898|000 0.00 001 004 428 1937|000 0.02 073 403 657 2862
270 | 0.00 0.00 0.01 005 3.59 7.03]000 0.00 0.0l 004 682 1572|000 0.01 072 386 1089 2248
Pl 540 | 000 000 001 004 306 524|000 000 001 004 735 1343|000 001 070 375 1228 18.92
1080 | 0.00 0.00 0.01 0.04 254 373|000 000 001 0.04 809 12.06|0.00 001 068 3.64 1385 16.92
5400 | 0.00 0.00 0.00 0.04 132 1.25|0.00 0.00 000 0.02 859 1061 |0.00 0.01 054 292 1456 14.65
“30 [0.00 000 0.01 0.05 — 1026 [ 0.00 0.00 0.01 0.05 — 2235 [0.00 002 074 421 — 3439
90 | 0.00 0.00 0.01 005 279 931|000 0.00 001 005 443 20.12|000 0.02 074 404 681 3057
270 | 0.00 0.00 0.01 0.05 372 7271000 0.00 001 005 696 16.16 | 0.00 0.01 071 3.85 11.17 23.88
P21 540 | 0.00 000 001 005 3.18 541|000 000 001 005 740 13.67|000 001 070 3.74 1245 20.08
1080 | 0.00 0.00 0.01 0.05 2.65 3.85|0.00 000 0.01 0.05 809 12.16|0.00 001 0.67 3.62 1398 17.97
5400 | 0.00 0.00 0.01 005 143 131|000 000 001 003 853 10.61 [ 0.00 001 054 291 1463 15.60
“30 [0.00 000 0.07 040 — 1087 [ 0.00 0.00 0.02 0.10 — 2381 [0.00 0.02 074 421 = 73744
90 | 0.00 0.00 0.07 039 290 9.62|0.00 0.00 002 009 460 2096|000 001 073 401 7.05 32.82
270 | 0.00 0.00 0.07 038 3.83 7.44 ] 000 0.00 0.02 009 7.12 1664|000 0.01 071 381 1141 2554
P31 540 | 000 000 007 037 322 550|000 000 002 009 746 1393|000 001 069 3.69 1257 21.50
1080 | 0.00 0.00 0.07 036 258 3.88 | 0.00 000 002 0.09 808 1226|000 001 067 357 1404 1931
5400 | 0.00 0.00 0.05 029 120 1.21 |0.00 0.00 00l 0.07 848 10.60 | 0.00 0.01 053 2.87 1462 16.83
“30 1000 000 0.02 0.1 — 1406 [ 0.00 0.00 0.04 024 — 2513 [ 000 001 073 4.18 — 73899
90 | 0.00 0.00 0.02 010 326 12.02] 000 0.00 0.04 023 469 2140|000 0.01 072 394 7.12 33.48
270 | 0.00 0.00 0.02 0.0 425 923|000 0.00 004 022 720 1688|000 0.01 069 373 1144 2589
Pa 1540 | 0.00 000 002 010 349 686|000 000 004 022 748 1404 | 0.00 001 068 3.61 1251 21.70
1080 | 0.00 0.00 0.02 0.09 275 493 |0.00 000 0.04 021 807 1229 |0.00 001 0.65 3.50 13.92 19.44
5400 | 0.00 0.00 0.01 008 1.12 1.72]0.00 0.00 0.03 0.17 843 10.56 | 0.00 0.01 052 2.81 1445 1691
30 10.00 000 035 208 — 1913 [0.00 000 005 032 — 29.06 [ 0.000 0.0I 0.66 3.86 — 3931
90 | 0.00 0.00 035 192 3.69 1425 |0.00 0.00 005 029 476 21.78|0.00 0.01 0.64 353 678 31.51
270 | 0.00 0.00 034 187 529 11.08 | 0.00 0.00 0.05 028 727 17.09|0.00 0.01 062 335 1075 24.28
P51 540 | 0.00 000 034 183 516 898|000 000 005 027 7.51 1416|000 001 061 325 1163 2023
1080 | 0.00 0.00 033 1.78 526 7.59 | 0.00 0.00 0.05 026 806 1235 |0.00 001 059 3.15 12.86 18.00
5400 | 0.00 0.00 026 144 521 627|000 000 004 021 840 10.56 | 0.00 0.01 047 253 1328 15.59
30 1000 000 0.16 093 — 2119 10.00 0.00° 0.12  0.69 —7 73023 [ 0.000 0.00 0.02 0.4 = 755091
90 | 0.00 0.00 0.15 082 357 1347 ]0.00 000 0.11 062 480 21.92]0.00 000 0.02 0.13 942 56.61
270 | 0.00 0.00 0.15 080 4.70 1023 | 0.00 0.00 0.11 060 729 17.15]0.00 0.00 0.02 0.3 1820 57.73
Pe | 540 | 0.00 000 0.14 078 389 7.65|000 000 0.1 059 749 1418|000 000 002 0.3 2307 5832
1080 | 0.00 0.00 0.14 076 3.15 565 |0.00 000 0.10 057 802 1233 |0.00 000 0.02 0.12 2641 5868
5400 | 0.00 0.00 0.11 0.62 1.70 2.81 | 0.00 0.00 008 047 836 10.54 |0.00 0.00 004 0.06 2846 58.65
30 10.00 000 0.06 036 — 1604 [ 0.00 0.00 0.12 0.67 — 2537 [ 0.00 0.00 0.04 024 - 3739
90 | 0.00 0.00 0.06 035 3.68 1444 |0.00 0.00 0.12 064 4.81 21.99 | 0.00 0.00 0.04 024 674 37.87
270 | 0.00 0.00 0.06 034 481 11.00 | 0.00 0.00 0.11 062 730 17.21 | 0.00 0.00 0.04 023 13.17 38.64
P71 540 | 0.00 0.00 006 033 393 825|000 000 011 060 749 1424|000 000 004 023 1677 38.99
1080 | 0.00 0.00 0.06 033 3.15 6.12|0.00 000 0.10 058 803 1241 |0.00 000 0.04 021 1931 39.18
5400 | 0.00 0.00 006 020 157 3.01 |0.00 0.00 009 048 835 10.62|0.00 0.00 000 0.14 2076 38.87
TT 771730 1000 000 002 011 - 046 ] 0.00 000 005 026 - 034|000 000 000 000 - 000
90 | 0.00 0.00 0.2 010 0.07 046|000 0.00 005 026 007 034|000 000 000 000 000 0.0
270 | 0.00 0.00 0.02 0.1 0.14 046 | 000 0.00 0.05 025 0.14 034|000 0.00 000 000 000 0.0
T | 540 | 0.00 0.00 0.03 0.12 0.17 046 | 0.00 000 0.04 025 019 034]000 000 0.00 000 0.00 0.00
1080 | 0.00 0.00 0.03 0.13 0.18 046 | 0.00 0.00 0.04 025 024 034|000 000 0.00 000 000 0.00
5400 | 0.00 0.00 0.02 0.09 0.16 043 | 0.00 0.00 003 0.19 027 034 |0.00 000 000 0.00 0.00 0.00
ST 1730 1000 000 0020 012 0 = 052]0.00 000 004 022 = 034|000 000 000 000 = 000
90 | 0.00 0.00 0.02 011 0.07 051 ]000 0.00 004 022 006 034|000 0.00 000 000 000 0.00
270 | 0.00 0.00 0.02 0.0 0.12 0.51 ] 000 0.00 0.03 022 0.12 034|000 0.00 000 000 000 0.00
T | 540 | 0.00 0.00 002 010 0.14 050|000 000 0.02 023 017 034|000 000 000 0.00 0.00 0.00
1080 | 0.00 0.00 0.03 0.11 0.14 050 | 0.00 0.00 0.02 024 024 035|000 000 0.00 000 0.00 0.00
5400 | 0.00 0.00 0.02 0.09 0.12 048 | 0.00 0.00 002 021 032 036|000 000 000 0.00 0.00 0.0

Res

Figs. S1-S13 in the supplemental file show the changes E. Parameter and Topographic Method Sensitivities With
of MPE and MME in all above surface parameters with Terrain Condition
different topographic approximation methods, which are the It can tell that topography has varied influences on different
illustrations of Tables II-IV and Tables S1-S3. surface parameters from the above analyses. These differences
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TABLE III

MEAN PERCENTAGE ERRORS (MPE, IN%) IN THE SURFACE BROADBAND ALBEDO (o), BROADBAND HEMISPHERICAL EMISSIVITY (¢), NET RADIATION
(E,, IN %), SLOPE DOWNWARD RADIATION (E;), AND APAR OVER THE MOUNTAINS OF THE STUDY AREA (LOWER TRIANGLE PART). RES
IS THE SPATIAL RESOLUTION IN METER. A NUMBER IN BLUE INDICATE THAT THE CORRESPONDING APPROXIMATION METHOD IS
ACCEPTABLE (MPE <= 0.1%), WHILE THE RED COLOR REPRESENTS THAT THE ACCURACY OF THE
CORRESPONDING METHOD IS BEYOND THE THRESHOLD (MPE > 0.1%)

Res Vegetation Soil Snow
L2 L1 LO tvf solo flat L2 L1 LO tvf solo flat L2 L1 LO tvf solo flat
30 | 0.00 0.00 022 1.28 — 3505 1]0.00 0.00 0.05 0.30 — 4210 | 0.00 0.01 0.33 1.82 - 4378
90 | 0.00 0.00 022 1.19 670 31.59 | 0.00 0.00 0.05 028 7.59 37.92|0.00 001 032 168 790 39.29
o 270 | 0.00 0.00 021 1.14 1392 28.19 | 0.00 0.00 0.05 0.26 15.19 32.64 | 0.00 0.01 030 153 1554 33.37
540 | 0.00 0.00 021 1.11 17.77 26.62 | 0.00 0.00 0.05 0.25 19.16 30.08 | 0.00 0.01 028 145 1947 30.48
1080 | 0.00 0.00 0.20 1.07 20.72 25.68 | 0.00 0.00 0.04 024 2231 2858 |0.00 0.01 027 139 2270 28.83
5400 | 0.00 0.00 0.16 0.84 22.16 23.60 | 0.00 0.00 0.03 0.19 23.65 2574 | 0.00 0.00 020 1.07 24.11 2585
1730 [000 000 001 004 - 1399000 000 002 013 - 1396 | 0.00 0.00 000 0.00 - 13.99
90 | 0.00 0.00 0.01 0.04 299 1387 ]0.00 0.00 0.02 0.12 299 13.84 | 0.00 0.00 0.00 0.00 299 13.87
. 270 | 0.00 0.00 0.01 004 7.23 13.69 | 0.00 0.00 0.02 0.12 722 1366 | 0.00 0.00 0.00 000 7.23 13.69
540 | 0.00 0.00 0.01 0.04 9.60 13.55 | 0.00 0.00 0.02 0.12 958 1352 0.00 0.00 0.00 000 9.60 13.55
1080 | 0.00 0.00 0.01 0.04 1136 1340 | 0.00 0.00 0.02 0.11 11.34 13.38 | 0.00 0.00 0.00 0.00 11.36 13.40
5400 | 0.00 0.00 0.01 0.03 1250 12.76 | 0.00 0.00 0.02 0.09 1247 1274 | 0.00 0.00 0.00 0.00 12.49 12.76
] 730 ]000 000 024 139 - 614|000 000 020 116 - 341[000 000 038 227 = - 4087
90 | 0.00 0.00 024 1.36 1.40  6.17 | 0.00 0.00 020 1.14 0.78 3431 0.00 0.00 037 216 1198 40.97
E 270 | 0.00 0.00 024 134 321 6.17 | 0.00 0.00 020 1.13 1.75 3411 0.00 0.00 035 202 24.04 4229
" 1540 | 0.00 0.00 024 132 427 6.8 ] 0.00 0.00 020 1.11 232 340 | 0.00 0.00 034 193 31.21 43.60
1080 | 0.00 0.00 0.23 1.28 5.04  6.17 | 0.00 0.00 0.19 1.08 274 339 | 000 000 034 1.84 36.54 4450
5400 | 0.00 0.00 0.19 1.05 5.63 596 | 0.00 0.00 0.16 0.88 306 325|000 000 028 150 41.23 44.68
] 730 ]000 000 031 1.79 - 2877 | 000 000 024 142 - 2885[000 001 067 3.8 = - 2839
90 | 0.00 0.00 0.31 1.74 6.10 26.58 | 0.00 0.00 0.24 1.37 6.09 26.65 | 0.00 001 066 3.69 6.15 26.21
E, 270 | 0.00 0.00 030 1.67 10.52 22.10 | 0.00 0.00 0.24 132 1054 22.17 | 0.00 0.01 0.65 355 1043 21.72
540 | 0.00 0.00 029 1.63 11.94 19.26 | 0.00 0.00 0.23 129 1199 19.33 | 0.00 0.01 0.64 346 11.71 18.86
1080 | 0.00 0.00 0.28 1.57 1333 17.65| 0.00 0.00 022 1.24 1339 17.72 | 0.00 0.01 0.61 3.35 13.04 17.25
5400 | 0.00 0.00 0.23 1.26 13.81 1570 | 0.00 0.00 0.18 099 13.86 1576 | 0.00 0.01 049 271 13.50 15.39
- 13 000 000 003 019 - 2601 | - - - - - | - - - - -
90 | 0.00 0.00 0.03 0.18 5.87 23.76 - - - - - - - - - - - -
Sé 270 | 0.00 0.00 0.03 0.18 10.99 21.05 - - - - - - - - - - - -
% 540 | 0.00 0.00 0.03 0.17 1331 19.56 - - - - - - - - - - - -
1080 | 0.00 0.00 0.03 0.17 15.09 18.69 - - - - - - - - - - - -
5400 | 0.00 0.00 0.02 0.13 1580 17.16 - - - - - - - - - - - -
TABLE IV

MEAN PERCENTAGE ERRORS (MPE, IN%) IN F,, AND F, AT 760 nm
OVER THE MOUNTAINS OF THE STUDY AREA (LOWER TRIANGLE
PART). RES IS THE SPATIAL RESOLUTION IN METER. A NUMBER
IN BLUE INDICATE THAT THE CORRESPONDING APPROXIMA-
TION METHOD IS ACCEPTABLE (MPE <= 0.1%), WHILE
THE RED COLOR REPRESENTS THAT THE ACCURACY
OF THE CORRESPONDING METHOD IS BEYOND THE
THRESHOLD (MPE > 0.1%)

Res L2 L1 LO tvf solo flat

30 0.00 0.00 0.03 0.16 - 1494

90 0.00 0.00 0.03 0.15 3.39 13.16

F 270 | 0.00 0.00 0.03 0.15 4.88 10.40

21 540 | 0.00 0.00 0.03 0.15 4.71 8.47

1080 | 0.00 0.00 0.02 0.14  4.69 7.17

5400 | 0.00 0.00 0.02 0.13 4.55 5.85
T30 [0.00 000 003 0.7 = 2708

90 0.00 0.00 0.03 0.17 6.00 24.49

F 270 | 0.00 0.00 0.03 0.16 11.13 21.48

€| 540 | 0.00 0.00 0.03 0.16 1342 19.87

1080 | 0.00 0.00 0.03 0.16 15.19 18.93

5400 | 0.00 0.00 0.02 0.14 1588 17.33

are closely linked with terrain conditions. Although there
are many quantitative indexes, such as slope and terrain
ruggedness index [69], we found that SVF well represents
the degree of topographic influences. The results are shown

in Fig. 8. MPEs induced by different topographic approxima-
tion methods with SVF values are analyzed over the entire
study area at the 90-m resolution. Fig. 8 shows that the
errors caused by topographic approximation methods generally
increase with decreasing SVF, but the decreasing patterns
differ in different parameters. Fig. 8 tells us the same findings
as the above analyses. For example, the flat-surface and solo-
slope assumptions are inaccurate for all parameters. The errors
induced by these two assumptions are still significant, even
SVF closes to 1.0. However, this quantitative analysis gives
us more information: ignoring adjacent contributions generally
will not induce substantial errors (<1%) for SVF > 0.8
over the study area. This information provides a compromise
between accuracy and computational efficiency. Nonetheless,
it worth mentioning that using one iteration to include adjacent
contributions is a better choice if accuracy is the priority.

IV. DISCUSSION

It can be seen from Section III that influences of topog-
raphy vary in different surface parameters and different
spatial scales. Correspondingly, errors induced by different
topographic approximation methods are also different. In gen-
eral, from the perspective of calculating speed, the flat-
surface assumption is the fastest among those methods because
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Change in the MPE induced by different topographic assumptions with SVF over the entire research area. Statistical results are obtained from

the 90-m resolution data. (a)—(c) Averaged MPE of nine Landsat-8 bands (reflectance for bands 1-7 and brightness temperature for bands 8 and 9) over
vegetation, soil, and snow, respectively. (d)—(f) Surface albedo, a. (g)—(i) Surface emissivity, €. (j)—(1) Surface net radiation, E,. (m)—(0) Slope download
radiation, E4. (p) APAR. (q) Observed SIF, F,. (r) Total emitted SIF, F,. The right axes are for the MPE of flat-surface assumption, and the left axes are for

other topographic approximation methods.

it does not deal with any terrain calculations at all. The
next is the solo-slope assumption because no within-pixel
calculations are needed. The third one is the LO method,
in which a fine-resolution DEM is used. It does not consider
adjacent contributions at all; thus, it avoids the calculation
of pixel-pixel interactions within the search radius, which
is computationally expensive for fine-scale data. Then is
the TVF method, which includes adjacent contributions but
approximates surrounding topographies and radiation fluxes
to avoid the calculation of pixel-pixel interactions. The final
isthe Lj (j > 0) methods that calculate adjacent contributions

through pixel-pixel interactions over fine-scale DEM pixels.
However, as demonstrated in Section III, both the flat-surface
and solo-slope approximation methods are inaccurate, with
induced errors being much larger than 1%. The flat-surface
assumption does not consider the influences of topography
at all; thus, it is obviously not suitable for mountain areas
because, as summarized in Section I, topography can greatly
change the radiation received/emitted by a pixel. The solo-
slope assumption uses a single slope and aspect value to
replace the terrain conditions within a pixel. It neglects within-
pixel interactions that play a crucial role in rugged terrains.
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This is also why the error induced by the solo-slope approxi-
mation method increases with decreasing of spatial resolution.
Although the TVF method tries to simulate adjacent contribu-
tions, it introduces more uncertainties instead, as demonstrated
in the tables of Section III. The reason is that the surround-
ing topographies and radiation fluxes for a pixel cannot be
simply replaced by averaged values. As shown in Fig. 1, the
pixel-pixel interactions are influenced by many factors (e.g.,
slope, aspect, elevation, and visibility). Therefore, the TVF
method does not provide a good strategy for calculating adja-
cent contributions, especially where great topographic relief
exists. Also, considering it takes a longer computational time
than the LO method, the TVF method may not be a good
choice. The LO method is preferred if adjacent contributions
are not significant. As we can see from the statistics, it actually
has quite good accuracy compared to the benchmark. However,
at least one iteration (the L1 method) should be used over
highly reflective surfaces (e.g., snow surface at visible spec-
trum) or in areas with deep valleys (e.g., the valley in Fig. 4)
to achieve an error of less than 0.1%. Two iterations are
needed in the worst case scenarios, which only happen over
snow surfaces when using fine-resolution (30-270 m) data in
this study. Taking more iterations is not meaningful since it
requires more time and does not improve accuracy too much.

This study focuses on building surface models and ana-
lyzing the influences of topography on surface parameters;
thus, the atmospheric effects are not incorporated. Particularly,
the impact of the atmosphere between the target pixel and
adjacent pixels has not been simulated in this study. The
atmosphere between two pixels affects terrain radiation, such
as attenuation of the radiation and the atmospheric path
radiation. These effects complicate current models because
RT modeling between two pixels is needed, and atmospheric
variables, such as horizontal visibility, air temperature, and
water vapor content, are needed. However, these parame-
ters are not easy to obtain at the pixel scale, especially at
a fine-resolution scale [13]. Besides, accurate modeling of
terrain radiation is time-consuming for fine-resolution data.
Therefore, the atmospheric effects are not currently modeled
considering these complexities and the objectives of this study,
but the findings of topographic effects on surface parameters
will not be affected.

All the pixels in the study area are assumed to be iden-
tical, except in their topography, during simulations. This
assumption helps identify the influences caused by topography
alone. However, the actual scene is much more complicated.
The reflective and emissive properties of solo slopes within
a composite slope are usually different. Moreover, these solo
slopes can be associated with varying land covers, and even
the BOA irradiance may differ within a coarse-scale pixel.
In summary, the influence of topography is coupled with
surface and atmospheric characterizations. Therefore, more
effort is needed when applying this study’s models to practical
scenarios.

Another factor that needs to be considered is efficiency.
As discussed and demonstrated in Section III, terrain radiation
contributions need to be modeled under certain conditions.
Although one iteration is accurate enough in the vast majority
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of cases, this process can still be computationally expensive.
Calculating topographic variables between a target pixel and
its surrounding pixels and saving them in advance is a potential
strategy, but this requires substantial storage spaces. Massive
computer random access memory (RAM) is also required
when considering adjacent contributions.

The finest spatial resolution used in this study is 30-m due to
the availability of DEM datasets and computational resources.
However, current commercial satellite observations already
have better spatial resolutions. Considering that topography
has a larger influence with increasing spatial resolution, finer
DEM datasets are needed [70]. In addition, increases in spatial
resolution demand more RAM and computational time.

Finally, this study analyzes topographic effects on multi-
scale parameters from the perspective of forward modeling.
It would be more complex when applying the composite-slope
models to parameter retrievals. Designing a good retrieval
strategy is essential, and a new topographic approximation
method with both high accuracy and computational efficiency
will probably be needed. Besides, how to validate surface
parameters at composite-slope scales is also a problem [71].
Studies on these topics are still at the early stage, which needs
to be deeply explored in the future.

V. CONCLUSION

This study explores topographic effects on surface
reflectance, directional brightness temperature, surface net
radiation, slope downward radiation, APAR, SIF, broadband
albedo, and broadband hemispherical emissivity at a series
of spatial resolutions (30, 90, 270, 540, 1080, and 5400 m).
Different topographic approximation methods are tested for
vegetated, soil, and snow surfaces. The test results demonstrate
the following in applications to rugged areas.

1) Topography has varied influences on surface parameters
at different spatial resolutions. In general, topographic
effects on surface parameters decrease with increasing
pixel size, which means that topography is less influen-
tial on coarse-scale data than fine-scale data.

2) The assumptions of a flat surface or solo slope induce
significant errors in all parameters. This means that
a fine-resolution DEM dataset is needed regardless of
the spatial resolution of target parameters. The TVF
method does not provide a good estimate in adjacent
contributions, and its error is even larger than that not
considering adjacent contributions at all.

3) The adjacent contribution (i.e., terrain radiation) can be
neglected for reflectance at low-reflective bands/areas
and broadband hemispherical emissivity. It can also
be ignored for the estimation of albedo over low-
reflective areas when using coarse spatial resolution data.
In addition, neglecting terrain radiation does not induce
significant errors in APAR and SIF.

4) The adjacent contribution should be considered for
reflectance at high-reflective bands/areas, brightness
temperature at low-emissivity bands/areas, surface net
radiation, and slope downward radiation. This contri-
bution is also significant for albedo estimations when
using fine-resolution data (e.g., 30-270 m) or over
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snow surfaces. Nonetheless, one iteration is accurate
enough to account for adjacent contributions in the
vast of situations, except over snow surface when
estimating fine-scale (30-270 m) surface downwelling
radiation, in which two iterations are preferred. More
iterations do not add value as the iteration process is
time-consuming.

These conclusions provide references for those interested in
estimating relevant surface parameters over mountain areas,
and the solo-slope and composite-slope models provided in
this study are ready to use. Future studies will focus on
incorporating atmospheric effects into the current models.
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