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Abstract—Most surface-atmosphere radiative transfer mod-
els (RTMs) work only for flat surfaces, with the exception
being time-consuming 3-D scene-based models. The deficiency
of flat-surface RTMs that do not consider topographic effects is
that their applications in earth observation and simulation studies
are impaired because rugged terrains make up approximately
24% of the global land surface. Another deficiency of most
surface-atmosphere RTMs is that they model reflected and
emitted (i.e., solar and thermal) radiative transfer processes sepa-
rately, which limits RTMs in applications, such as fire detection.
This study proposes a unified optical-thermal RTM coupling
framework (RTM-CF) that considers topographic effects based
on the four-stream approximation theory. The framework couples
surface—atmosphere RTMs and can simultaneously simulate a
set of parameters at the top-of-atmosphere (TOA) and bottom-
of-atmosphere (BOA) levels from optical and thermal spectral
ranges. These parameters include the TOA directional radi-
ance/reflectance, TOA exitance/albedo, TOA net radiation, sur-
face radiance/reflectance/albedo, surface downward/upward/net
radiation, and FAPAR/APAR. The RTM-CF with topographic
effects is compared with the well-known 3-D discrete anisotropic
radiative transfer (DART) ray-tracing model and validated by
field measurements from three steep sites. The evaluation results
show that the simulated reflectance, radiance, and radiation
fluxes are consistent with the DART results and the field data,
with R? > 0.93 and scatter points close to the 1:1 line for all para-
meters. In this RTM-CF, atmospheric and topographic effects are
simultaneously incorporated, and the surface anisotropy is also
effectively considered. This framework is highly modularized,
which enables it to be easily adapted to different submodels.

Index Terms— Leaf angle distribution (LAD), optical-thermal,
radiative transfer, surface radiation, topography.

I. INTRODUCTION

AND surface parameters, such as the Ileaf area
index (LAI), surface albedo, fraction of absorbed
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photosynthetically active radiation (FAPAR), and surface tem-
perature, are traditionally estimated from the reflectance or
radiance of the surface, the accuracy of which determines the
accuracy of the estimated parameters. Both the topographic
effect and the atmospheric effect should be corrected to
obtain accurate surface reflectance/radiance. In most studies,
topographic and atmospheric corrections are conducted sep-
arately [1]. However, the two effects are indeed coupled,
and the physical models are often required for simultane-
ously correcting the combined atmospheric and topographic
effects to obtain accurate estimates of the reflectance or
radiance of the surface [1]-[11]. The crucial point about
these simultaneous correction methods is that they build cou-
pled surface—atmosphere radiative transfer models (RTMs) to
describe the interactions between the atmosphere and the ter-
rain surface accurately. Three important aspects are involved:
1) the distribution of the downwelling radiation; 2) the reflec-
tive/emissive properties of the surface; and 3) the interactions
between radiation and the surface. The characterizations of the
first two terms usually determine the third term.

Currently, 3-D RTMs, which typically adopt Monte Carlo
or ray-tracing methods, are the most accurate models for
surface—atmosphere RTM coupling [12]-[14]. However, 3-D
models are very complicated and computationally expensive
and are, thus, difficult to use for parameter inversion. There-
fore, many simplification strategies have been developed. For
example, the assumption of a 1-D plane-parallel atmosphere is
used by many successful atmospheric RTMs, such as MOD-
erate resolution atmospheric TRANsmission (MODTRAN),
libRadtran, second simulation of the satellite signal in the
solar spectrum (6S), and Santa Barbara DISORT atmospheric
radiative transfer (SBDART). Another example is dividing the
incident solar radiation (ISR) into direct and isotropic diffuse
parts at the bottom-of-atmosphere (BOA), and this method
is commonly adopted by surface—atmosphere RTM coupling
methods [15]-[24]. In addition, single- and multiple-scattering
radiances are often modeled separately [16], [17], [22], [25],
[26]. However, except for 3-D scene-based RTMs, such as the
discrete anisotropic radiative transfer (DART), the underlying
surfaces are all assumed to be flat in the above RTMs, which
are not able to simulate topographic effects.

The topographic effect is a factor that must inevitably be
considered when processing remote sensing data, especially
high spatial resolution data. Topography affects both surface
downwelling and upward radiation, thus altering the balance

0196-2892 © 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: Beijing Normal University. Downloaded on December 25,2020 at 01:45:35 UTC from IEEE Xplore. Restrictions apply.


https://orcid.org/0000-0001-9954-7062
https://orcid.org/0000-0001-8245-6762
https://orcid.org/0000-0002-1060-1817

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

of surface energy; it also affects solar—surface—sensor geome-
tries, thus changing the observed radiance. Wen et al. [27]
analyzed the effects of topography on the land surface bidirec-
tional reflectance distribution function (BRDF) and found that
topography could greatly influence its shape and magnitude.
The influences of topographic effects on surface short- and
long-wave radiations have also been demonstrated in many
studies [28]-[33]. For example, Chen et al. [28] found that
the errors induced by ignoring topography were 5-20 W/m?
in general circulation models with smoothed topography.
Yan et al. [30], [32] found that the error induced by neglect-
ing topographic effects exceeded 100 W/m? for the long-wave
net flux at the Tibetan Plateau and the Heihe watershed.
Wang et al. [33] found that it is necessary to consider
topographic effects on surface solar radiation even when using
moderate-resolution remotely sensed data, such as the Moder-
ate Resolution Imaging Spectroradiometer (MODIS) data and
the Advanced Very High Resolution Radiometer (AVHRR)
data. In addition, ignoring topography induces errors in the
retrieval of surface parameters, such as LAI, FAPAR, land
cover, surface albedo, and surface temperature [34]-[40].

Although many studies have analyzed the influences of
topography in forward modeling and parameter inversion, they
only focus on specific parameters that ignore physical con-
nections among different parameters. This connection is very
important when the parameters serve as input to drive models,
such as land process models and climate models [41], [42].
The influences of topography on the optical and thermal
bands are independently modeled. Many optical (thermal)
remote-sensing studies ignore the thermal (solar) contribu-
tions, but the solar and thermal signals are of equal importance
at specific spectrum ranges, such as the range from 3 to 5 um,
which is very important for surface fire detection [43], [44].
In addition, modeling solar and thermal radiative transfers sep-
arately results in errors in the estimation of certain parameters,
such as surface net radiation (SNR) [45], [46]. Therefore,
a unified optical-thermal RTM with topographic effects is
needed.

In this study, a unified optical-thermal RTM coupling
framework (RTM-CF) with topographic effects is devel-
oped. This framework incorporates atmospheric and topo-
graphic effects simultaneously, and a set of parameters can
be simulated from it. For example, the parameters at the
top-of-atmosphere (TOA) level include TOA directional radi-
ance/reflectance, TOA exitance/albedo, and TOA net radiation
and the parameters at the BOA level include the surface radi-
ance/reflectance/albedo, surface downward/upward/net radia-
tion, and FAPAR/APAR. Details of the proposed RTM-CF
are given in Section II, where four validation schemes (VSs)
are also presented. Section III presents the validation of this
RTM-CF, and the discussion and conclusion are provided in
Sections IV and V, respectively.

II. METHODOLOGY
A. Unified Optical-Thermal RTM-CF With Topographic Effects
The four-stream approximation theory [15], [19] is used
to couple the surface and atmospheric RTMs, and a brief
introduction to the necessary background information is given
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Fig. 1. Schematic of the surface—atmosphere system.

here. Imagine a medium layer above an underlying surface,
as shown in Fig. 1. The reflectance matrix at the top of this
coupled scene R} can be expressed as follows [15]:

r¥oory _
R: = |:rs*d rid:| = Rt + Tu (I - Rst) leTd (1)
50 do

where Ry is the reflectance matrix of the underlying surface,
R, is the reflectance matrix for the bottom of the medium
layer, and R, is the reflectance matrix for the top surface of
the isolated medium layer. 7; and T, are the transmittance
matrices for the incoming and outgoing radiation (direct and
diffuse), respectively, and / is the identity matrix

r . 0 O
R, = |:sd dd}’ R, = [psd pdd], R, = { ; ]
I'so Tdo Pso  Pdo Pdd 0

Tss 0 Tdd 0

la = |:Tsd Tdd:|’ Tu= |:Td0 Too] )
where r indicates the reflection above the underlying surface or
the ensemble system, p is the inner reflection of the medium
layer, and 7 is the transmission through the medium layer.
The subscript “s” represents the direct flux in the solar direc-
tion, the subscript “d” represents the hemispherical diffuse
flux, the superscript “b” represents bottom of the atmosphere,
and the subscript “0” indicates the radiance (times 7 ) in the
direction of observation. Table I gives detailed explanations of
the matrix elements [19].

By applying (1), a coupled surface—atmosphere RTM can
be established. In the following text, the superscript “A” is
associated with atmospheric variables, while the superscript
“L” indicates surface variables.

1) TOA Modeling: The TOA reflectance matrix f? (a
variable with an overline indicates that it is for flat surfaces
only; this distinguishes between it and variables for terrain
surfaces) over a flat surface [15], [47] is

R =

s

—L —1=L
RtA + TuA (I - Rs R?) Rs TdA 3)

—L . .
where the term (I — R, R#)~! denotes the multiple-reflection
process between the atmosphere and the surface. In particular,
A i A . S
the element 72 in R, is the TOA bidirectional reflectance
factor (BRF) of a flat surface—atmosphere system
AL A=L \_ A
(Tmrsd + Tsdrdd)‘[do
—L Ab
1 —=Fjapaa
A AzL A_b\=L _A
(Tsd + Ts saPdd )rdoroo
—L Ab
1 =Tiapai
As expressed in (3), the multiple-reflection process works
at the intersection plane of the atmosphere and the surface,

A _ A A=L _A
rso - pso + TssrsoToo +

“)

Authorized licensed use limited to: Beijing Normal University. Downloaded on December 25,2020 at 01:45:35 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 et al.: OPTICAL-THERMAL SURFACE-ATMOSPHERE RTM COUPLING FRAMEWORK 3

TABLE I
TRANSMITTANCE AND REFLECTANCE MATRIX ELEMENTS

Hemispherical-directional reflectance factor of surface and ensemble system

Directional-hemispherical reflectance of medium (for black underlying surfaces)
Hemispherical-directional reflectance of medium (for black underlying surfaces)
Bi-hemispherical reflectance of medium (for black underlying surfaces)
Bi-hemispherical reflectance of medium at the bottom, or spherical albedo of medium

Directional-hemispherical transmittance of medium in incident direction
Hemispherical-directional transmittance of medium in observation direction

rso,Vy,  Bi-directional reflectance factor of surface and ensemble system

Tsd» r;‘ d Directional-hemispherical reflectance of surface and ensemble system
Tdo> r:lo

rdad,r), Bi-hemispherical reflectance of surface and ensemble system

Pso Bi-directional reflectance of medium (for black underlying surfaces)
Psd

Pdo

Pdd

pZd

Tss» Too  Direct transmittance of medium in incident and observation direction
Tsd

Tdo

Tdd Bi-hemispherical transmittance of medium

which is horizontal. For a sloping surface, in this study,
the multiple-reflection process is still modeled at the inter-
section of the atmosphere and the surface, but it is now a
sloping plane. The modeling of this process over a slope can
be achieved by rotating the underlying surface. Consider a
terrain surface with a slope f and an aspect ¢r. The TOA
reflectance matrix over the terrain is modeled as

-1 in
RY =R} + T'PP"(I = R{R)) RyPI'TS ()
where
in __ Fsun 0 out __ Vsky 0
PT - |: 0 Fsky:|’ PT B 0 1 (6)

are the terrain matrices. Fy, and Fgy [34] are

cos O;, cos ;g
Fon =0——+; sky =k +@ _k)vsky @)
cos 6 cos b
where 6; and ¢, are the solar zenith and azimuth

angles, respectively. Furthermore, cosf;; = cosf;cosf +
sin 6, sin S cos(ps—¢@7), where ¢ is a binary factor (0 or 1) that
indicates whether the pixel is self-shadowed or shielded by
other pixels [48], [49]. 6;, is the intrinsic solar zenith angle that
refers to the sloping surface. Vi is the sky view factor, defined
as the relative proportion of the solid angle of the sky [49].
Fy considers both the isotropic and anisotropic circumsolar
diffuse irradiances, and k is the proportion of anisotropic
components to total diffuse irradiance. k can be replaced by 4
in practical use [34], [50]. This terrain algorithm considers the
topographic effects on direct solar radiation and the obstruction
of the surrounding topography for hemispherical radiation.
There are several different algorithms to calculate Vi, and
the intercomparison among them can be found in [51]. The
most widely used method in the remote-sensing community is
probably the one developed by Dozier and Frew [49]

1 2 Hy
Viy = — / / n4(0, @) sinf[cos cos f + sin @ sin S
T Jo 0
x cos(p — or)ldOdg  (3)

where H, is the horizon angle. 7,(8, ¢) is the anisotropic
factor, and its value is equal to 1 for isotropic radiation

2
Viky = 7 /0 [cos A sin® H, + sin f cos(p — ¢7)
x (H, —sin H,cos Hy)ldgp. (9)

The discretization of (9) is
| N
— in2 : -
Viky = N IEZI [cos B sin” H,, 4 sin ff cos(p; — @)

x (Hy, —sin Hy, cos H,)]  (10)

where N is the number of discretized azimuth angle ¢;, and
H,, is the horizon angle in direction i. Previous studies showed
that N = 64 is accurately enough [34], and it is adopted in
this study. It can be seen from (10) that the digital elevation
model (DEM) data are needed to calculate Vi, accurately.
When DEM is not available or involved, the approximation
method proposed by Liu and Jordan [52] can be used, which
is Vi = (1 +cos B)/2.

Similarly, the element r# in RZ is the TOA BRF for a
sloping surface

A _ A A L A
so — Pso + Tool'so FSUH Tss

T(ﬁ) VSk}’ (rsIZJ Foun T.sé + rjd FSk}’ T.sél)
L—r deP(?J b
T;})ré‘o (FskyT;; + p(i’qursI‘dFsunTsé)
= rfapad”
and the element r?, is the TOA hemispherical-directional

reflectance factor (HDRF) (also TOA albedo)

A L A L A
Tad Vsky (rsd Fyun Tgs T Tdq FSkY Tsd)
L Ab :
L —rgapaq

The TOA upward radiation flux matrix E/' can be calculated
from the TOA downward radiation flux matrix E;

r

(1)

A _ A
T'sa = Psda

12)

EA = RAE} (13)
and
E} = [E2 cos 6, O]T
E} =[E2 E}) (14)
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where E# is the monochromatic extra-terrestrial solar irradi-
ance on a plane perpendicular to the sunrays at the TOA, and
0y is the solar zenith angle. E# is the flux-equivalent radiance
in the view direction, and E i‘ is the upward radiation flux at
the TOA.

At this point, the TOA reflective properties over the terrain
surface are developed through (5)—(14). However, the devel-
opment process is only suitable for the short-wave spectrum
range where the thermal radiation is negligible. When con-
sidering thermal radiation, the TOA upward flux matrix E;!
becomes

EX = RAES + 2 (15)
and
JE= AT (= IR TR0 16)
In (16), JA, JA, JE, QiF, and J}F are
sh=r ot ur = 0t =
L L
R R

where j# and j# are the upward and downward atmospheric
thermal radiation fluxes, respectively. j# is the atmospheric
flux-equivalent thermal radiance in the view direction (i.e.,
the path thermal radiance of the atmosphere times 7). j i is
the surface upward thermal radiation flux, and j(f‘ is the surface
flux-equivalent thermal radiance in the view direction. J j_‘ is
the upward radiation flux to which the thermal radiation con-
tributes (i.e., without solar contribution) at the TOA, and JOA
is the flux-equivalent radiance to which the thermal radiation
contributes in the view direction

7, Veky (]il + 1 Vskyjf)

I =t i+

1_’"de/)§qu
oot sy (Vo J2 + pai’ J%)
+ — (18)
1 =riapai
Ty Yoy (5 + 1y Vg J 2
Jh= 4 o (74 + ria Vo J2) (19)

Ab
1 —riipai

Therefore, the TOA directional radiance L2 for a sloping
surface is expressed as

Lf = (Ef cos&srﬁ) + J(;A)/ﬂ' (20)

and the TOA upward radiation (E jﬁ) and TOA net radiation
(EL,) are
E? = E} cos O + J?
EX = E}—EZ.

net

21
(22)

The detailed modeling process is given in Appendix A. This
RTM-CF is highly modularized and is suitable for different
surfaces, such as soil and snow, as only the surface reflectance
matrix RSL is accurately modeled. However, it should be
noted that their extra caution is required for vegetated terrain
surfaces. Due to the influence of gravitropism, leaves grow
against the direction of gravity instead of in the direction of
the surface normal. Therefore, the influence of gravitropism
on the leaf angle distribution (LAD) and R needs to be
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Fig. 2. Schematic for the radiation that refers to the sloping (in green) and
horizontal (in blue) coordinates. The inclined angle is f. (a) Two slope-parallel
positioned radiometers measure surface downward (Ejlp) and upward (ESTIP)
radiations that refer to the sloping surface, and the two horizontal radiometers

measure surface downward (Elfor) and upward (Egor) radiations that refer

to the horizontal plane. (b) Radiative flux components of slope-parallel and
horizontal radiometers. Radiance in the direction of Qg and Q) contributes

to Ejlp and Eglp, while radiance in the direction of Qg and Q; contributes to
Elfor and Ellor. Usually, the proximal sensors are installed horizontally in the
field. (For the interpretation of the references to different colors in the legend

of this figure, the reader is referred to the web version of this article.)

considered. An algorithm for modeling the geotropic effects on
the LAD was proposed and published in [53], and the technical
details of that process are not repeated here for the sake of
retaining clarity. In this study, the proposed RTM-CF considers
the influence of gravitropism on vegetated surfaces.

2) Modeling of the Surface Parameters: The surface radia-
tion fluxes on a horizontal plane and a sloping surface are
different. The differences between them are described first
before the equations of surface parameters are given, and
Fig. 2(a) shows a schematic to illustrate them. Methods for
modeling the two kinds of radiation parameters are given
in this study: parameters with the slp subscript refer to the
sloping coordinate, whereas parameters with the hor subscript
refer to the horizontal coordinate. The basic principles are
illustrated in Fig. 2(b). The radiance in the direction of €
and €, contributes to the downward radiation (Ejlp) and the
upward radiation (Eiip) that refer to the sloping surface, while
the radiance in the direction of Qy and €; contributes to the
downward radiation (Elfor) and upward radiation (Egor) that
refer to the horizontal plane. A step-by-step derivation is given
in Appendix A.

Authorized licensed use limited to: Beijing Normal University. Downloaded on December 25,2020 at 01:45:35 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 et al.: OPTICAL-THERMAL SURFACE-ATMOSPHERE RTM COUPLING FRAMEWORK 5

Surface downward radiation on the slope is the sum of the
incident surface solar radiation (SSR ) and downward surface

thermal radiation (STRslp)

slp

A2
E}, = A (SSRY, + STRY,)d 2 (23)
1
where
SSRY, = Pii(I — RARE) ™ PITPES (24)
STRY, = Poi(I — R} JE) ' 0rJ (25)

Particularly, the PAR and ISR are ESlp in the spectral ranges
of 400~ 700 and 300-3000 nm, respectively, i.e., the integration
of SSRSlp over the spectrum.

Similarly, surface upward radiation (E
surface is given as

Slp) from the sloping

Ay
E}, = / (SSR/, + STR/, a2 (26)
At
=1 5in
SSRly, = PuRE(I — RYRE) T PITE}  (27)
-1
STRY, = PiJ (I — R} TE) ™ 07 (28)

The corresponding downward surface radiation on the hor-
izontal plane can be expressed as

A2
Epyr = / (SSRpor + SRy, )d 2 (29)
A1
SSRY, = Py Hy (I — Rg‘RL)"Pi" TAEY (30
STRY,, = PuQr (I — RAJE) ' 0r ). (31)

and the upward surface radiation from the horizontal plane is

A2
El = / (SSR{,, + STR,,)d (32)
At
SSR}, = PigP"RE (T — R,f‘RL)”P""TAEQ (33)
STR},, = PP JE (1 — RAJE)™ ‘ot (34)
where
Hon 0 cos b
Hr = ; un = 35
! { 0 Vsky:| Sn cos O; (33)
Py = [1,1], Pio = [1,0], and Py, = [0, 1] are extraction

matrices. In particular, SNR can be calculated by

\
EnLet = Ehor - ElIor‘ (36)

The surface albedo is the ratio of the reflected and incident
radiation. Its equation for the sloping surface is

J72 SSR{d

qlp
(37
I "2 SSR

Albedog, =
Slpdi

and its equation for the horizontal plane is given as
72 SSR} 2
—_.
1 SRy, d..
For the visible albedo, 1; and A, are 400 and 700 nm,

respectively, whereas they are 300 and 3000 nm for the
short-wave albedo.

Albedopo, = (38)

The absorbed photosynthetically active radiation (APAR) is
the portion of the PAR absorbed by vegetation, and the FAPAR
is their ratio, i.e., FAPAR = APAR/PAR. If the land surface
is covered by vegetation, then the APAR is

700
APAR:/ [(P1y — PoRE) —
400

(P — PR;)D"]

x (I — R{RY) ' PITLAELdL  (39)
where D’ = (I — R} Y RS)~!'TY is the equivalent transmittance
matrix (the superscript “v” represents the canopy) for the
canopy [47], and RY{ is the reflectance matrix of soil. It is
critical that the FAPAR value is different if different coordi-
nates (PARy, or PARy,,) are taken as a reference. The value
calculated by FAPAR = APAR/PARyy, is used in this study.

The surface BRF is also different when different coordinates
are used, and their relationship is

BRFpor = BRFyy, - Fyun. (40)

B. Validation Scheme

Four VS are implemented to test the performance of the
proposed optical-thermal RTM-CF with topographic effects.
The first three schemes are achieved through comparison
with the well-known 3-D ray-tracing model DART [13], [54],
which has been recognized as a benchmark RTM [12]. For
the submodels of the RTM-CF, the atmospheric variables
simulated by the MODTRAN model are used, and the surface
variables are simulated by the 4SAILT canopy RTM [53].
In 4SAILT, the influences of gravitropism on R are modeled.

1) VS-1: The first VS (VS-1) focuses on the TOA direc-
tional radiance, which corresponds to satellite observations.
The TOA directional radiance [i.e., (20)] at the center bands
of Landsat-8 (0.44, 0.48, 0.56, 0.65, 0.87, 1.61, 2.2, 11.1, and
12.0 x#m) is simulated and validated.

2) VS-2: The second VS (VS-2) focuses on surface radi-
ation. Surface downward, upward, and net radiation fluxes
are simulated and validated. The simulations are conducted
at 10-nm intervals between 0.35 and 2.5 ¢m, 50-nm intervals
for 2.5-5.5 um, and 100-nm intervals for 5.5-15.0 xm.

3) VS-3: The third VS (VS-3) focuses on the short-wave
spectrum, and thermal contributions are neglected. Twelve
parameters are validated: 1) the TOA reflectance; 2) the surface
BRF that corresponds to situations in which the incident
radiation only contains direct irradiance; 3) the surface HDRF
that corresponds to situations in which the incident radiation
only contains diffuse irradiance; 4) the surface reflectance,
in which the results, essentially weighted by the BRF and
HDREF, under different atmospheric conditions are evaluated;
5) the APAR; 6) the FAPAR; 7) the PARg; 8) the PARpq;
9) the ISRy;,; 10) the short-wave albedogp; 11) the ISRpq;
and 12) the short-wave albedop,,. The first four parameters
are simulated at the center bands of Landsat-8 (0.44, 0.48,
0.56, 0.65, 0.87, 1.61, and 2.2 um).

Table II gives the configurations of the models for com-
parison under VS-1-VS-3. Three atmospheric conditions are
predefined: a molecular atmosphere, an aerosol atmosphere,
and a cloudy atmosphere. A gentle slope (10°) and a steep
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Fig. 3. Six typical LAD functions: uniform, spheric, erectophile, planophile,
extremophile, and plagiophile. ¢ is the leaf inclination angle. f(6) is the leaf

2
inclination density function, and fo i f(Of)dOy = 1. (For the interpretation
of the references to different colors in the legend of this figure, the reader is
referred to the web version of this article.)

slope (40°) are configured. The solar and view zenith angles
that refer to the horizontal plane range from 0° to 40°, and
thus, the corresponding zenith angle that refers to the slope
spans from 0° to 80°. For VS-1 and VS-2, the leaf and
soil spectra (0.35-15.0 xm) used in [53] are adopted in
this study. For VS-3, various biophysical and biochemical
canopy conditions are simulated by the PROSPECT model,
and two soil reflectance spectra (one high-reflectivity spectrum
and one low-reflectivity spectrum) are used to incorporate
more situations. Six typical LAD functions are used in this
study, which is plotted in Fig. 3, and modeling the influ-
ences of gravitropism on LAD can be found in the 4SAILT
model [53].

4) VS-4: The fourth VS (VS-4) uses field measurements.
Diurnal observations from three field sites are used to val-
idate the model. Information about the three sites is given
in Table III. The DYK site is located in the Qilian Mountains
of northwest China, where two horizontal and two sloping
CNR4 radiometers are installed [55]. The ESM and ESR sites
are located in the Riviera Valley in southern Switzerland,
where two CM21 (CM11) radiometers are set horizontally, and
two CNRI1 radiometers are slope-parallel installed [56]. For
each site, the diurnal downwelling and upwelling irradiances
that refer to both the slope and the horizontal plane [see
Fig. 2(a)] are observed; thus, the corresponding albedo can
be calculated. More details about the three sites can be found
in [55] and [56]. Due to the lack of measurements of the nec-
essary atmospheric and surface parameters, the atmospheric
conditions are assumed to be clear in the simulation, and
we try to fit the observations to obtain suitable inputs. For
the same reason, it is difficult to compare the simulated and
observed results directly. Therefore, the ratio of the horizon
parameter to the corresponding slope parameter is used as
a bridge, and its correlation is checked because this ratio is
independent of the optical and structural parameters to some
degree [55].
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TABLE II

SETTING OF THE PARAMETERS FOR THE COMPARISON OF THE
DART MODEL AND THE PROPOSED MODEL.
LAD: LEAF ANGLE DISTRIBUTION

Parameter Values Units
molecular atmosphere
Atmosphere aerosol atmosphere -
cloud atmosphere
" Solar zenith angle 5, 15,25,35 degrees -
Solar azimuth angle 0 degrees
View zenith angle 0, 10, 20, 30, 40 degrees
View azimuth angle 0, 90, 180, 270 degrees
Slope 10, 40 degrees
Aspect 0, 90, 180 degrees
Leaf area index 1,3,6 m?%/m?
uniform, spheric,
LAD erectophile, planophile, -
extremophile, plagiophile
Leaf chlorophyll 30, 80 ug/cm?
Leaf water 0.02 cm
Leaf dry matter 0.005, 0.015 g/cm?
Soil spectrum low, high [reflectivity] -
Leaf temperature 10, 30 °C
Soil temperature 10, 30 °C
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Fig. 4.  Comparison of the simulated TOA radiance at the center bands of
Landsat-8 (0.44, 0.48, 0.56, 0.65, 0.87, 1.61, 2.2, 11.1, and 12.0 xm) with
the DART. (a) Comparison of all nine bands. (b) Results for the short-wave
bands (0.44, 0.48, 0.56, 0.65, 0.87, 1.61, and 2.2 xm). (c) Results for the
thermal bands (11.1 and 12.0 xm).

III. RESULTS AND ANALYSES
A. Validation With the 3-D DART Model

1) VS-1: The comparisons of TOA radiance are shown
in Fig. 4. Fig. 4(a) and (b) shows the results for all bands and
the short-wave bands, respectively, while Fig. 4(c) shows the
results for the thermal bands. The coupled surface—atmosphere
RTM achieves great consistency with the DART, with an
overall RMSE < 3 W/m?/um/sr and R*> > 0.99.

2) VS-2: The results for the second VS are shown in Fig. 5.
Surface downward, upward, and net radiation fluxes at the
horizontal plane are evaluated at different spectral ranges:
1) 0.35-15 um; 2) an optical range of 0.35-3 um; and
3) a thermal range of 3-15 um. The 12 subplots of Fig. 5
show that the simulated surface radiation fluxes agree with
the DART results, with a high R? (>0.97), low RMSE, and
scatter points close to the 1:1 lines. This demonstrates that the
proposed unified optical-thermal RTM-CF with topographic
effects is accurate for surface radiation calculations. There
are some clustered points in the scatter plots because the
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TABLE III

INFORMATION ABOUT THE THREE FIELD SITES FOR EVALUATING THE FORWARD MODEL (FROM [55]). FOR EACH SITE,
THE DIURNAL DOWNWARD AND UPWARD IRRADIANCES ARE MEASURED

Latitude (°) Longitude (°) Site name Elevation (m) Slope (°) Aspect (°) Surface type Date Atmospheric condition
38.57 100.23 DYK 2884 36 247  Grassland 2016.09.14  Clear
46.27 9.04 ESM 1060 20 236  Alpine 1999.08.25  Clear, cloudy
46.27 9.06 ESR 2110 40 242 Alpine meadow 1999.09.14  Clear, cloudy
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Comparison of the surface radiation fluxes with the DART under different atmospheric and land surface characterizations. The first column contains

the surface downward radiation at the horizontal plane: (a) 0.35-15 um, (e) 0.35-3 um, and (i) 3-15 um. The second column contains the surface upward
radiation at the horizontal plane: (b) 0.35-15 xm, (f) 0.35-3 xm, and (j) 3-15 xm. The third column contains the SNR at the horizontal plane: (c) 0.35-15 xm,
(g) 0.35-3 pm, and (k) 3-15 um. The fourth column contains the surface downward radiation on the sloping surface: (d) 0.35-15 gm, (h) 0.35-3 xm, and

(1) 3-15 pum. Configurations of the parameters are given in Table II.

downward radiation is mainly controlled by atmospheric con-
ditions, the solar position, the slope, and the aspect; and
the surface-emitted radiation is mainly controlled by the leaf
temperature, the soil temperature, and the slope.

3) VS-3: Comparisons with the DART model for the
short-wave range are shown in Fig. 6. Fig. 6(a) shows that the
simulated TOA reflectance values are in good agreement with
the DART results. The simulated downward solar radiation
(both on the horizontal plane and on the slope) matches
perfectly with the DART results (R> > 0.99), as shown
in Fig. 6(g)-(i) and (k). The simulated surface BRF, HDRF,
and reflectance are consistent with the DART results, with all
R?> > 0.99 and RMSE < 0.01. Both the simulated surface
short-wave albedos that refer to the horizontal plane and to
the slope fit well with the DART values, with RMSE values
of approximately 0.01, as shown in Fig. 6(j) and (1). Compared
with the DART-based APAR, the simulated APAR has an
RMSE of 8.5 W/m?, with R? > 0.99, and the corresponding
FAPAR has an RMSE of 0.033, with R* > 0.98.

In general, the simulated results obtained by the coupled
surface—atmosphere model are consistent with the DART
results. The discrepancies shown are mainly from the different

processes of radiative transfer through the canopy—DART is
a 3-D model with many vegetation voxels, while the proposed
model is a 1-D model with homogeneous scenes.

In addition, for the situation where the topographic effect
is not considered, the comparisons of the simulation results
and those obtained with DART using the same parameters for
VS-1-VS-3 are given in Figs. S1-S3 in the Supplementary
Material. This demonstrates that ignoring topographic effects
can lead to significant errors in both the TOA-level and
BOA-level parameters.

B. Validation by Field Measurement (VS-4)

The evaluations with the data from the DYK, ESM, and ESR
sites are shown in Fig. 7. The diurnal changes in the downward
radiation that refer to both the horizontal plane and the slope
are in the first row, while the diurnal changes in the albedo are
in the third row. The changes in the atmospheric conditions can
also be observed from the diurnal observations from all three
sites, especially at the ESR site, where cloud influences are
obvious. Although the simulated results are assumed to have
been obtained under clear atmospheric conditions, it can still
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Fig. 6. Comparison of the proposed model with the DART under different atmospheric and land surface characterizations. (a) TOA reflectance at the center
bands of Landsat-8. (b) Surface BRF at the center bands of Landsat-8. (¢) Surface HDRF at the center bands of Landsat-8. (d) Surface reflectance at the center
bands of Landsat-8. (¢) APAR, in W/m?2. (f) FAPAR. (2) PARyp, in W/m?. (h) PARpor, in W/mZ. (i) ISRyjp, in W/m?. (j) short-wave albedogp. (k) ISRpor,
in W/m2. (1) short-wave albedopo,. Configurations of the parameters are given in Table II.

be seen that the proposed model captures the diurnal changes
in the ISR and albedo well, with the absolute values displaying
some discrepancies. The scatter plots of the simulated and
measured ISRy /ISRy, values are shown in the second row
of Fig. 7, while the comparison of the Albedoy./Albedog,
values is in the last row. The simulated ratios have good
correlations with the measured ratios, and R? > 0.96. Overall,
the proposed model performs very well with the selected field
sites.

IV. DISCUSSION

Although the validation results demonstrate that the pro-
posed surface—atmosphere RTM-CF is accurate, several issues
still need to be addressed or at least considered to improve the
model in the future.

A. 3-D Effect of Clouds

The proposed model is based on the four-stream theory,
which is a layer-stack modeling method. Like many algorithms
that estimate surface radiation parameters through 1-D mod-
els, the proposed model also cannot handle the 3-D effect
of clouds [57], [58]. Ideally, the atmosphere layer can be
“replaced” by a complex 3-D atmospheric RTM, from which
the 3-D effect of clouds can be incorporated and from which
the atmospheric transmittance and reflectance variables are
simulated. However, this would make the model too complex
to be used in practice, such as in situations with parameter
inversion. Therefore, the 1-D model scheme is adopted for
now.

B. Efficiency

Efficiency is another issue. This model coupling frame-
work runs fast because the radiative transfer processes are
efficiently modeled. However, atmospheric RTMs, such as
MODTRAN, are time-consuming. One possible solution is
to use lookup table techniques [47], [59]. In addition,
our recent study on using machine learning techniques to
accelerate RTMs [60] provided a potential solution. The
coupled surface—atmosphere model could be replaced by
a Gaussian process regression emulator, thereby achieving
acceleration. More technical details are given in the work
of Shi et al. [60].

C. Composite Slope and Terrain Irradiance

This study is built on the assumption of a solo sloping
surface, which is reasonable for high spatial resolution data.
Nevertheless, it is not clear if this assumption is valid for
moderate spatial resolution data, such as the 500-m MODIS
observations, because of the mutual offset effects within large
pixels. It is also not easy to quantify the discrepancies in this
assumption because the variety of scenes within one 500-m
pixel can be abundant. Possible solutions may be obtained
from studies on the composite slope [27], [31], [61] or by
finding a way to obtain an equivalent solo slope for a specific
area.

Accordingly, the terrain irradiance from and to other pixels
is neglected in the current work, but it is usually modeled for
a composite slope scene. This assumption is acceptable for
most situations, but it should be noted that it might lead to
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Evaluation of the proposed model over three field sites with both horizontal and sloping sensors [see Fig. 2(a)]. S1: the DYK site. S2: the ESR site.

S3: the ESM site. The first row contains the comparisons of field-measured and simulated ISR, in W/m?2. The second row is the scatter for the field-measured
and simulated ISR ratios, which is the ratio of ISRy /ISRp. The third row contains the comparisons of field-measured and simulated short-wave albedos. The
fourth row is the scatter for the field-measured and simulated albedo ratio, which is the ratio of Albedope/Albedog,. (For an interpretation of the references
to different colors in the legend of this figure, the reader is referred to the web version of this article.)

significant errors in mountainous areas with deep valleys or
highly reflective areas (such as areas with fine snow) [62].
In addition, the computational efficiency of determining the
terrain irradiance is also a problem to be solved, which,
otherwise, hinders its practical use.

V. CONCLUSION

A unified optical-thermal surface—atmosphere RTM-CF
with topographic effects is developed. The evaluation of the
proposed framework with the 3-D ray-tracing model DART
and over three field-measured observations shows that the
framework achieves very good performance. Besides, this
framework efficiently models radiative transfer processes, and
it is much faster than DART because DART needs to trace
lots of rays in many voxels to get accurate results.

Three advantages of the RTM-CF are given as follows.

1) Atmospheric and topographic effects are simultaneously
coupled and considered at the BOA level, thus avoiding
the complex atmospheric and topographic corrections
normally required for the satellite observations. In addi-
tion, the anisotropic property of the surface can be
effectively accounted for.

By coupling the surface and atmosphere RTMs, many
surface parameters (e.g., the PAR, ISR, APAR, albedo,

2)

and SNR) can be estimated from the same physical
model, which ensures the physical connections among
them. This physical consistency among parameters is
important to end-users who intend to use remote sensing
parameter products and climate models to study global
or regional climate change.

The framework has excellent modularity, which implies
that it can be easily modified and extended. For example,
researchers who are interested in aquatic studies can
easily replace the surface model with a water RTM.

3)

Future studies will focus on incorporating machine learning
acceleration techniques into the model and introducing a
scheme for composite slopes. In addition, the applicability of
this model will be tested on high spatial resolution observa-
tions, such as Landsat-8 and Sentinel-2.

APPENDIX A
FOUR-STREAM THEORY-BASED MODELING

A. Modeling of Solar Radiation Over Flat Surfaces

Assuming a homogeneous underlying surface, the modeling
of the TOA reflectance over flat surfaces [15], [19], [23] is first
introduced. As shown in Fig. 8, only direct solar irradiance
E(¢) is assumed to exist at the TOA, and E,(f) is equals
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Fig. 8. Four-stream theory-based radiation fluxes over a flat surface at the
TOA and BOA (after [19] and [34]).

to 7 times the radiance observed by the sensor. At the BOA,
four fluxes are modeled: the attenuated direct solar flux E(b),
the diffuse downward flux E~(b), the diffuse upward flux
E*(b), and the surface radiance (times 7 ) in the view direction
Ey (D) [19], [34].

Equation (41) can be built based on the four-stream the-
ory [15], [19], [34]

E,(1) = plhEs(t) + T E¥(b) + 7 E,(b)  (41a)
E,(b) = rEEq(b) + 1} E~(b) (41b)
ET(b) = rLE,(b) +rk E~(b) (41c)
E~(b) = tyE () + par E* (b) (41d)
E(b) = t2E (1) (41e)

where the physical meaning of the reflectance and transmit-
tance variables is given in Table I.
By solving (41)
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where E,(t) = EZcos(f;) and the ratio of E,() to E(t)
is FQ] [i.e., (4)]. (42b) gives the BOA radiance (times z) in
the view direction. In addition, (41e) and (42d) provide the
direct downward radiation and diffuse downward radiation,
respectively, and their sum is the SSR. Equation (42c) gives
the upward radiation, and it can be further used to calculate
the surface albedo [20].

E (1) (42c)

E~(b) = ) E (1) (42d)

B. Modeling Over Sloping Surfaces and Considering
Thermal Radiation

In this study, by modeling the atmosphere-surface interac-
tions at the sloping surface and considering the contributions
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Earth surface

Fig. 9. Four-stream theory-based radiation fluxes over a slope at the TOA
and BOA (after [19] and [34]).

of thermal radiation, (41) changes to (43). The radiation
fluxes are now referred to as the sloping surface, as shown
in Fig. 9

E (1) = pAEJ(t) + 1) Vay ET () + A E,(b) + j  (43a)

E,(b) = rEEg(b) +rk E~(b) + j- (43b)
EY(b) = rLE (b) + 1L E-(b) + ji (43c)
E~(b) = Fayt S Es(t) + pii” ET(b) + Vi j (43d)
Es(b) = Funt E,(1). (43e)

By solving (43)

Eo(t) = (pih + tirl Fant) Es() + j + 10 -

A L A L A
Tdo VSkY (rsd FSUU Tss + rdd FSkY Tsd)

E(1)
Ab s
1— rfdpdd_
T(;:)rdLo (FSkYTs?i + pjjbréFsuntsﬁ)
+ E(t)
L Ab
L —7rgupaq

n T Vay (U1 + riaVery i)
1 - rdeP;d_b
torhy (Vayd® + pai’ it)
1- rfd/);ib
Eo(b) = 575 FanEs (1) + j;
i, (Fskyfs/ji + p;JbrslliFsunTsAs) E(1)
1 - rdeP;Jb '
ris Va2 + pad”Jt)
1 - rfdpfjb
(TsAsrsIZiFsun + Ts/jjréJd FSkY)

L ADb
1 —rgupaa

(ji + rdeVskyjf)
+ 1 L Ab
~YaaPda
(v Fay + 73ry g Fan)
Ab
1- rzfdpdd‘
4 (Vsky]'f +p§d_bj41;)

L Ab
1 = riapad

(44a)

(44b)

ET(b) =

E(1)

(44c)

E~(b) =

E(1)

(44d)

The ratio of E,(t) to E,(t) is 2 when ignoring the thermal
contribution, which is the same as (11). ET(b) in (44c) and
E~(b) in (44d) refer to the slope coordinate. E* (D) is the

monochromatic radiation of ESTlp in Fig. 2, while E~(b) is the
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diffuse part of Eg,

9

El, = / h ET(b)d) (45)
E} = / C(E(b) + Ey(b))d) (46)

and their ratio is Albedog, [i.e., (37)] if thermal radiation is
ignored. For the upward and downward radiations that refer
to the horizontal plane

Ely = VayEl, (47)
A2

Epy = / (CTAE () + Vay E—(b))d (48)
A1

and the ratio of Elfor to Elfor is Albedop, if thermal radiation
is ignored [i.e., (38)].
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