atmosphere

A

Article

A Method for Estimating the Cloud Adjacency Effect on the
Ground Surface Reflectance Reconstruction from Passive
Satellite Observations through Gaps in Cloud Fields

Mikhail V. Tarasenkov *'“/, Matvei N. Zonov, Marina V. Engel and Vladimir V. Belov

check for

updates
Citation: Tarasenkov, M.V.; Zonov,
M.N.; Engel, M.V,; Belov, V.V. A
Method for Estimating the Cloud
Adjacency Effect on the Ground
Surface Reflectance Reconstruction
from Passive Satellite Observations
through Gaps in Cloud Fields.
Atmosphere 2021, 12, 1512. https://
doi.org/10.3390/atmos12111512

Academic Editors: Gennadii

Matvienko and Oleg Romanovskii

Received: 30 September 2021
Accepted: 13 November 2021
Published: 16 November 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

V.E. Zuev Institute of Atmospheric Optics SB RAS, 1, Academician Zuev Square, 634055 Tomsk, Russia;
ZMN@iao.ru (M.N.Z.); Angel@iao.ru (M.V.E.); Belov@iao.ru (V.V.B.)
* Correspondence: tmv@iao.ru

Abstract: A method for estimating the cloud adjacency effect on the reflectance of ground surface
areas reconstructed from passive satellite observations through gaps in cloud fields is proposed.
The method allows one to estimate gaps of cloud fields in which the cloud adjacency effect can
be considered small (the increment of the reflectance Arg,, s < 0.005). The algorithm is based on
statistical simulation by the Monte Carlo method of radiation transfer in stochastic broken cloudiness
with a deterministic cylindrical gap. An interpolation formula is obtained for the radius of the cloud
adjacency effect that can be used for the reconstruction the ground surface reflectance in real time
without calculations by the Monte Carlo method.

Keywords: satellite images; atmospheric correction; ground surface reflectance; broken cloudiness;
cloud adjacency effect; Monte Carlo method

1. Introduction

The reflectance of the ground surface is one of the main surface parameters recon-
structed from satellite data. It is widely used for the monitoring of the vegetative cover of
the ground surface, the state of water reservoirs, and other objects. A number of algorithms
for reconstructing the ground surface reflectance from satellite data have been developed
for cloudless situations [1-5]. However, if the ground surface is covered by low-lying
clouds, the reflectance cannot be reconstructed from satellite measurements. In addition,
images of cloudless areas are also significantly affected by the cloud adjacency effect. In this
regard, the problem arises of estimating the radius of the cloud adjacency effect for which
the atmosphere can be considered cloudless, and the clear sky algorithms [1-5] can be used
for reconstruction of the ground surface reflectance.

This problem was studied in a number of works (e.g., [6-12]). Cahalan et al. [6]
estimated the influence of a single cloud shaped as a parallelepiped on the results of
reconstruction of the reflectance of a cloudless area on the ground surface. It was shown
that for observations in the nadir in the Landsat B1 channel for the aerosol optical depth
(AOD) of the cloudless atmosphere equal to 0.2 and the optical thickness of cloudiness
equal to 20, this effect increased the reflectance r,,s by 0.015 on the sunward side of the
principal plane and decreased r,, by 0.03 on the antisun side of the principal plane.
Away from the cloud, its influence on Ary,, s decreased and reached positive asymptotic
values less than 0.005 at a distance of 2-3 km. In the B7 Landsat channel for the AOD
of the cloudless atmosphere equal to 0 and the cloud optical thickness equal to 20, this
influence increased r,, s by 0.004 on the sunward side of the principal plane and reduced
Tsurf by 0.048 on the antisun side of the principal plane. Away from the cloud, its influence
on Arg,, s decreased and vanished at a distance of 3 km. The main disadvantage of this
approach is that the estimate did not take into account the interaction of clouds in cloud
fields.
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Nikolaeva et al. [7] considered continuous half-plane cloudiness. It was shown that in
some situations, the effect of cloudiness on the accuracy of reconstruction of the ground
surface reflectance could not be neglected at distances from neighboring clouds no less
than 25 km. However, the cloud field is broken in most real situations, and the radius of
the cloud adjacency effect can differ significantly.

Wen et al. [8] studied two test scenes with pixels screened by broken cloudiness. For a
deterministic cloudiness model, the dependence of the reflectance on the radius of the cloud
adjacency effect was calculated by the Monte Carlo method for particular arrangements
of clouds and optical and geometrical conditions of observations. It was found that for
scene 1, at a distance of 4 km from cloudiness, the reflectance increased by around 0.01
at a wavelength of 0.47 um and by around 0.003 at a wavelength of 0.66 um. For scene
2 at a distance of 8 km, it increased by around 0.006 at a wavelength of 0.47 um and by
around 0.004 at a wavelength of 0.66 um. Statistical simulation of the radiation propagation
in complex three-dimensional media by the Monte Carlo method (analogous to [8]) for
real-time solution of the inverse problems of passive ground surface sensing from space is
inexpedient because it is very labor-intensive and the results obtained cannot characterize
all possible situations due to their peculiarities.

Va'rnai et al. [9] used statistical analysis of images of the northern region of the Atlantic
Ocean obtained with the MODIS spectroradiometer in 2000-2007 to study the adjacency
effect. Average reflectance was obtained in five MODIS channels as functions of the adja-
cency effect radius and their increments Arg,, r were estimated. On average, the adjacency
effect was observed for radii up to 15 km. The effect of cloudiness on the ground surface
reflectance reconstructed near sunlit and shadowy sides of clouds differed significantly
for radii up to 4 km. For larger distances, the reflectance weakly depended on the cloud
arrangement. This approach has the following restrictions: (1) large variance of the results
obtained caused by wide variability of the optical and geometrical conditions; (2) results
were obtained only for the ground surface covered with water, and their extrapolation to
the land surface was complicated by high horizontal surface inhomogeneity.

Marshak et al. [10] considered a uniform model stochastic field of parallelepiped
clouds with identical sizes for the nonreflecting ground surface. The cloud adjacency effect
averaged over the cloud field was estimated. It was reported that for the nonreflecting
surface, the result obtained weakly depended on the cloud size but strongly depended
on the cloud cover index é.;. The effect of cloudiness on images of cloudless areas was
estimated as a function of the optical cloud thickness and the cloud cover index. It was
demonstrated that the reflectance can increase by Arg,, ¢ ~ 0.1 for high cloud cover indices
(6¢1 ~ 1) and optical cloud thicknesses (1; ~ 50).

Marshak et al. [11] showed that for weakly reflecting surfaces (with the reflectance
close to 0), the adjacency effect decreases linearly with increasing wavelength in the visible
range; therefore, in these situations, it was sufficient to consider the smallest radiation
wavelength. The algorithm was constructed as follows:

1. The reflectance for a cloudless area 7, ciear(A1) Was determined at the smallest
wavelength (A1 = 0.466 um) under the assumption that only molecular scattering
occurs beyond the cloudiness.

2. The parameters a and b that relate the reflectance of areas strongly affected by
cloudiness at the wavelengths A; = 466 nm and Ay = 855 nm (g f,coud(A2) =
surf cloud (A1) + b) were determined from measurements in the 20 x 20 pixel window.

3. Thereflectance of the area shadowed by cloudiness at the wavelength A, was corrected
for the average adjacency effect at the wavelength A, obtained by multiplication of
the average adjacency effect at the wavelength A; to the constant g, i.e.,

rsurf,clem()LZ) = rsurf,cloud (/\2) + ﬂAT()\l), (1)

where 7, f,doud(/\z) is the ground surface reflectance at the wavelength A, changed
in the presence of cloudiness, and Ar(Aq) is the increment of the reflectance in the
presence of cloudiness at the wavelength A averaged over the cloudy field.
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In the above paper [11], the possibility of application of this approach was shown
for a wide range of model optical and geometrical conditions. However, the approaches
developed in papers [10,11] can be inapplicable if the surface is not weakly reflecting.

In our work [12], a model of continuous cloudiness with a deterministic cylindrical
gap and the ground surface reflectance changing from 0 to 1 was considered. Results of our
calculations showed that when the gap radius R increased from 4 to 15 km, the recorded
radiation intensity changed by less than 10% of its value under conditions of clear sky
depending on the cloudiness. In the present work, the problem formulation [12] discussed
above is used, but under conditions of broken cloudiness.

The key to solving this problem is the choice of a cloud field model. For these purposes,
continuous [7,12], deterministic [8,11], Gaussian [13-15], and Poisson models of cloudiness
can potentially be used with parallelepiped [10,13,16] or paraboloid clouds [13,14]. Below, we
use the Poisson models of broken cloudiness with paraboloid clouds. The reason is that
these models fit well for statistical simulation of radiative transfer in broken cumulus
cloudiness and do not require large computational time for the generation of individual
realizations of cloud fields. In the present article, we deliberately do not consider the
deterministic models of cloud fields because, in this case, the results obtained will be
rigidly adhered to a specific realization of the cloud field.

Radiation transfer in the broken cloud field can potentially be studied by the following
methods. In papers by Wen et al. [8] and Varnai et al. [9], the Monte Carlo method was
used for statistical simulation of radiation transfer in a three-dimensional inhomogeneous
deterministic medium. Some authors [10,14-17] have used the Monte Carlo method with
averaging of the results over an ensemble of realizations of a cloudy field for statistical sim-
ulation of radiation transfer in broken cloudiness. Zuev and Titov [13] and Titov et al. [18]
used the closed-form equation method, according to which the problem was solved for
the effective horizontally homogeneous medium such that the received radiation intensity
coincided with the radiation intensity averaged over an ensemble of realizations of the
cloud field. This method is most effective from the viewpoint of the computing time.
However, as shown in papers [13,19], the closed-form equation method has restrictions
on the solar zenith angles and the satellite zenith angle. Below, we use the Monte Carlo
method with averaging over the ensemble of cloud field realizations.

Our approach presented below is free of all the above-enumerated disadvantages of
the alternative approaches.

2. Problem Formulation and Solution Method

The problem is formulated as follows (Figure 1).

Let there be the flat atmosphere—the ground surface system. The parallel solar
radiation flux is incident on the upper boundary of the atmosphere at the angles 0,,,,. Let
the statistically homogeneous Poisson cloud field consist of paraboloids. The algorithm of
constructing the Poisson fields of paraboloids described in [13] was used for simulation.
The number of clouds was random and obeyed the Poisson distribution with mathematical
expectation presented in [13] (pp. 119-125). The positions of cloud centers were random
and uniformly distributed in the horizontal plane. The cloud shapes were similar, and their
sizes were random and obeyed the exponential distribution [13] (pp. 119-125) with the
mathematical expectation equal to the average horizontal cloud size L. The deterministic
cylindrical gap of radius R was simulated within the cloud layer. The lower boundary of
cloudiness was fixed and equal to h,,;,. The thickness of a separate cloud was random,
but the average thickness was equal to Ah.

Let the cloud cover index be equal to J,;. The aerosol optical characteristics were
homogeneous within the cloud medium and were determined by extinction and scattering
coefficients and a scattering phase function. The optical model of cloudiness was con-
structed based on the OPAC cumulus cloud model [20]. The optical characteristics of the
cloudless atmosphere were described by the LOWTRAN-7 model [21]. The homogeneous
Lambert ground surface with the reflectance 7, was considered. The satellite sensing
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system was placed at the altitude k. Its optical axis was directed toward the point on the
ground surface located in the center of the projection of the gap in the cloud field onto it.
Radiation at the wavelength A was received at this point. The satellite zenith angle was 6,
and the azimuthal angle between the directions toward the receiver and the Sun from the
observation point on the ground surface was equal to ¢.

Top view:

Side view:

Sun S .':E[ellite

______ NN

M | a

Figure 1. Geometric scheme of the problem formulation.

It was necessary to estimate the gap radius R, for which the neglect of the cloud
adjacency effect will introduce the error in the reconstructed reflectance Argy, ¢ less than
0.005 and will allow the mask of pixels to be constructed for which the reconstruction error
Argyrr will exceed 0.005.

The problem is solved in several steps:

(1) From the MODIS data, the cloudiness mask (MODO06L2 data), the AOD of cloudless
areas (MODO04L2), the upper cloud boundaries (MODO06L2), the AOD of cloudiness
(MODO06L2), the solar zenith angles 6s,;,, and the satellite zenith angle 6; and the
azimuth angle ¢ of the receiving system (MODO03L2) are determined.

(2) The AOD value averaged over clear sky pixels is determined.

(3) Among the LOWTRAN-7 cloudless models, the model is selected with the AOD value
closest to that of the MODIS channel.
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(4)
(5)

(6)
(7)

(8)

From the MOD(9L2 data, the average reflectance 75, ¢ of cloudless areas is determined.
From the AOD of cloudiness and the altitude of the upper cloud boundary h,4y,
the cloud extinction coefficient is determined. The cloud medium is considered
homogeneous. The quantum survival probability and the normalized cloud scattering
phase function are selected from the LOWTRAN-7 models.

The molecular scattering coefficient is selected from the mid-latitude summer LOWTRAN-
7 models.

The radiation intensities I,y cjou4(R) received by the satellite system and averaged
over an ensemble of realizations of the cloud field for the examined optical and
geometrical conditions, the preset average reflectance 7, ¢, are calculated by the
Monte Carlo method depending on the gap radii R.

The cloud adjacency effect on the reconstructed ground surface reflectance is estimated
based on the expression for the total radiation intensity received by the satellite system
in the cloudless case for the homogeneous ground surface (in the independent pixel
approximation):

VsurfEO,clear ~
Isum,clear = Lsun,clear + 1 surf,clears (2)
- rsurf’)’l,clear

where I, 0oy is the radiation intensity scattered in the atmosphere and not interacted
with the ground surface for the cloudless atmosphere; E ., is the sun irradiance
of the ground surface disregarding reflected radiation for the cloudless atmosphere;
Y1,clear is the atmospheric albedo (contribution of singly reflected radiation to the
ground surface illumination in the cloudless atmosphere); I, £,clear 18 the intensity of
radiation reflected from the ground surface and recorded with the receiving system
for the unit ground surface luminosity of the cloudless atmosphere.

From Formula (2), we obtain the expression for the reflectance 7y, s:

r _ Q/EO,clear
surf 1+ 71,clearQ/EO,clear

®)

where

Q _ Isum,cl[ear - Isun,clear ) (4)
surf,clear
If we neglect the cloud adjacency effect at the point on the ground surface corre-

sponding to the projection of the center in the gap of the cloudy field, we obtain the
approximate value of the reflectance 7, f:

# (R) _ Q/EO,CIEHT’ (5)
surf 1+ Y1,clearr Q/EO,clear
where
Q _ Isum,clouii(R) - Isun,clear, (6)

Isurf,cleur

Lsym,cloud (R) is the total radiation received for satellite observations of the point on the
ground surface located in the center of the deterministic gap with radius R.

Then, the gap radius R for which the neglect of the cloud adjacency effect introduces
the reflectance reconstruction error Arg,, r less than 0.005 is defined as the least radius
R = R, for which the condition

A7’surf :’ Tsurf — 77surf(R*) ‘S 6 =0.005 @)

is satisfied.
Proceeding from the radii R, the mask of pixels is constructed for which the cloud
adjacency effect is significant.
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The radiation intensity I, coud(R) received by the satellite system and averaged
over an ensemble of realizations of the cloud field was simulated by the backward Monte
Carlo method [22]. The trajectories were subdivided into P packages, and each package
comprised N trajectories. The mean free path length beyond the cloud layer was simulated
by the standard algorithm [22] (p. 11). For the photon trajectories passing through the
cloud layer [hy,iy, hyin + Ah], the maximum cross-section method [22] (p. 12) is widely
used to simulate the mean free path length. However, our estimations have shown that
the standard algorithm [22] (p. 11) adapted by us for computations in a three-dimensional
inhomogeneous medium is more economic from the viewpoint of the computational time.
The scattering and absorption of photons in the medium was simulated by standard
algorithms [22] (p. 10). When a photon collided with the ground surface, its reflection
was simulated, and its weight decreased by the probability of radiation absorption by the
surface. At each collision point of the photon trajectory in the medium and collision with
the ground surface, the local estimate of radiation coming at the upper boundary of the
atmosphere in the direction toward the Sun was calculated from the formulas:

For the atmosphere

Usa,pnk&8a,pnk (Vpnk) + Osm,pnk&m,pnk (,upnk)
Ut,pnk

Ipnk - S)\Qpnk exp(_Tpnk)r 8)

and for the ground surface

r
Ipnk = S/\‘]pnk - fexp( Tpnk)/ )

where I, is the estimated intensity of radiation coming at the upper boundary of the
atmosphere from the kth collision point of the nth trajectory from the pth package; g, is
the energy (weight) of the photon at the collision point; S, is the solar constant, oy, ;k is
the aerosol scattering coefficient, o, pui is the molecular scattering coefficient, and oy ik
is the extinction coefficient at the collision point, g4 ,uk(#pnk) is the phase function of
aerosol scattering at the angle 1, gm,pnk( llpnk) is the molecular scattering phase function,
and Ty, is the optical thickness of the layer from the collision point to the upper boundary
of the atmosphere in the direction opposite to the direction of radiation incidence at the
upper boundary of the atmosphere.

If the photon interacted with the medium within the cloud layer, the cloud optical
aerosol characteristics were considered in Formulas (8) and (9), and if beyond the cloud
layer, the aerosol characteristics of the cloudless layer were considered. It is difficult to
calculate T, from Formulas (8) and (9), because the collision point can lie below, within,
or above the cloud layer; the ray trajectory from the collision point toward the Sun can
intersect the deterministic gap of the cloud field; and it also can intersect cloud boundaries
or clouds can partially overlap each other.

Then, the total radiation intensity is calculated from the formula:

1 P N Kpm
- -~ PN 2 ;];Ipnk/ (10)

where P is the number of trajectory packages, N is the number of photon trajectories in one
package (P x N trajectories altogether), Ky, is the number of collisions for the nth trajectory
from the pth package. The error of estimate (10) is calculated from the formula:

Kpn Kpn

\/Psz 1211 12 (pnk) —(ﬁZ 12 12k 1 pnk)
pNZ 12 1Zk 1 pnk

(11)
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3. Testing of the Algorithm

The results of calculations of I, ciouq (0.5) for stochastic paraboloid clouds were
compared with those for equidistant deterministic paraboloids in the situation with
A =0.55pum, R=05km, L =1km, 6;,, = 0°,6; =0 and 45° 7, =20, 19 = 0.285, 5. = 0.5,
hyin = 0 km, and Ah = 4 km (Figure 2). The results of test calculations are shown in
Figure 3. Calculations were carried out for P = 30 and N = 5000. We obtained 61 < 0.004

for the equidistant paraboloids and I < 0.034 for averaging over the ensemble of random
paraboloid realizations.

N
SO
o e’e
N

Figure 2. Equidistant paraboloid clouds.
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Figure 3. Radiation intensity Ly ciouq as a function of the reflectance rg,, . (a) A = 0.55 um, sun = 0°,

6; = 0° (b) A =0.55 um, 6,, = 0°, 6; = 45°. Here, curve 1 is for the equidistant paraboloids
(Figure 2), and curve 2 is for averaging over an ensemble of random paraboloid realizations.
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The results of our comparison showed that Is,,;, cloud for equidistant clouds was less
than I, cloud averaged over an ensemble of cloud field realizations (on average, by 9.7%
in Figure 3a and by 12.8% in Figure 3b). Nevertheless, the results were close to each other,
which allows us to state that the developed program with averaging over an ensemble of
realizations of the cloud field works correctly.

4. Interpolation Formula for Estimating R

Using the developed program of the Monte Carlo method, we calculated R, values for
five MODIS channels and a wide range of optical and geometrical conditions. Calculations
were carried out for the following conditions:

e 5 MODIS channels (A = 0.41, 0.47, 0.55, 0.68, and 0.86 um);

*  Cloud layer thicknesses Ah = 0.5, 1.5, 4, and 6 km;
e  Cloud cover indices ¢.; = 0.05, 0.15, 0.3, and 0.5;
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*  Solar zenith angles 65, =0, 30, 45, and 60°;

e Zenith angles of the receiving system 6, = 0, 30, 45, and 60°;

* Azimuthal angle ¢ = 0°;

*  Ground surface reflectances r,,r = 0,0.1, 0.3, 0.5, and 1;

e  Midlatitude summer model;

*  Aerosol optical depth of the cloudless atmosphere 1y 55 = 0, 0.09, 0.3, and 0.89;
e Cloud extinction coefficients o; = 10, 20, 30, and 40 km ™!,

Calculations were carried out only for one azimuthal angle ¢ because our estimations
showed that the cloud adjacency effect is maximal at ¢ = 0°. Calculations were carried out
for 102,400 computational grid nodes.

Based on the results of calculations, the program was developed that allowed the
radius of the cloud adjacency effect to be estimated, obviating the necessity of simulation
of radiation transfer in an atmospheric layer. The program is given in [23]. In the program,
generalization of bilinear interpolation over the seven-dimensional grid of values is used:

R. = Co + CiAh + Coby + C3(1 — prsun) + Ca(1 — pa) + CsTsurs
+ Coexp(—7) + Cyoyy + C128hé + - - - + Corexp(—T) oy
+ C1,230h8¢1 (1 — psun) + -+ + Cs g 7rsurpexp(—T)og + ...
+ C1,2,345,678m01 (1 — psun) (1 — pa)rsursexp(—7)og  (12)

where Cy, Cy, ..., C12345,467 are constants adjusted so that the interpolation formula
yielded results coinciding in the computational grid nodes with the calculated ones; T is
the AOD of the cloudless atmosphere for the corresponding channel.

To estimate the possibilities of the interpolation formula, two series of comparisons
were performed for the following optical and geometrical conditions: (1) A = 0.41, 0.55,
and 0.86 um, 755 = 0.09, J; = 0-0.5, Al = 1.5 km, 05,y = 65 = 45°, ¢ = 0°, 0y =20 km ™},
and 7y, ¢ =0.1; (2) A = 0.41, 0.55, 0.86 um, To.55 = 0.09, 5y = 0.3, Ah = 1.5 km, b5, = 65 = 45°,
¢ = 0° 04 =20 km~!, and rsurf = 0-1. Results of comparison of the calculated and
interpolated data are shown in Figure 4. From Figure 4, it can be seen that the calculated
and interpolated data coincide at the nodal points. The average difference between the
results of calculations and interpolations in Figure 4a was AR = 2.9 km at A = 0.41 um,
AR =15km at A = 0.55 um, and AR = 0.4 km at A = 0.86 um. The average differences
between the calculated and interpolated results shown in Figure 4b was AR = 0.4 km at
A =041 um, AR = 0.1 km at A = 0.55 um, and AR = 0.05 km at A = 0.86 um. The reason
for the differences between the calculated and interpolated values at intermediate grid
nodes is the fOHOWing- The values of Isum,cloud(R)/ Isun,cleur/ Tsurf,clear/ EO,cleart and V1,clear
were calculated by the Monte Carlo method with a statistical error of less than 0.01%.
However, for Arg,.r values close to 0.005, the derivative dAr,,/dR is small; therefore,
the computing error of the Monte Carlo method introduces a significant error in the
definition of R.. In particular, this error is the main reason for the observed discrepancy
between the calculations and interpolation in Figure 4. The special feature in the behavior
of Arg,,f is clearly shown in Figure 5a. An analogous special feature in the behavior of
Argyrr can also be seen in Figure 11 of the work [6] for distances from the cloud greater
than 2-3 km.

From Figure 4b, it can be seen that with increasing r,, ¢, the R, values for some situa-
tions decrease, and for others increase. The reason is that, on the one hand, with increasing
Tsurf, the relative contribution of Ary,, s = 0.005 to the 7y, ¢ value decreases, and on the other
hand, Iy cioud increases with rg,, . On the whole, from Figure 4, it can be seen that the
proposed interpolation formula solves well the problem of determining the R value. The
proposed approximation formula can be used for five MODIS channels (Nos. 1-4 and 8)
under the following observation conditions: presence of cumulus cloudiness, cloud cover
indices . from 0 to 0.5, ground surface reflectances ry,, s from 0 to 1, aerosol optical depths
of the cloudless atmosphere 1 55 from 0 to 0.89, cloud extinction coefficients in the range
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from 10 to 40 km !, solar zenith angles and zenith angles of the receiving system from
0 to 60°, and azimuthal angle ¢ from 0 to 180°. Calculations were carried out for cloud-
less midlatitude summer LOWTRAN-7 models. As shown by the preliminary estimates,
the difference between the results obtained can reach 10-20% for different models of the
cloudless atmosphere, but the same AOD. In future, we plan to expand the possibilities of
the algorithm for a wider set of models of cloudiness and cloudless atmosphere.

60- 60+ ’
- B 2=0.4 um, calculation
n =04 um, galculatlop ——2=0.4 um, interpolation
504 —?.=0.4 um, |nterpolat_[on 50 ® 1=0.55 um, calculation
® 1=0.55um, palculatlon ——2=0.55 um, interpolation!
——1=0.55 um, interpolation [ ] 2=0.85 um, calculation
40 2=0.85 um, calculation 401 = 72=0.85 um, interpolation
1=0.85 um, interpolation =
[ ]
£
g
20
104
0 T T T T )
0.0 0.1 0.2 0.3 0.4 0.5
r
50/ surf
(a) (b)

Figure 4. Results of comparison of the calculated R values and interpolated using Formula (12):
(a) T0.55 = 0.09, Ah =15 km, Gsm, = Gd =45°, Q= 0°, Oq = 20 km’l, and rsmf =0.1; (b) Tp.55 = 0.09,
5 =03, Ah=15km, 05 = 0; =45°, ¢ =0°,and 0y = 20 km 1.

0.044 0.015

003
0.010-
£ 002 3
\:. k:
N N
00031
0014
0.00 0.000

Figure 5. Dependence of the absolute error in determining the ground surface reflectance Arg,,, s on
the gap radius R: (a) fragment 1 and (b) fragment 2.

5. Approbation Method

For approbation of the interpolation formulas, two fragments of the MODIS image
MOD021KM.A2017172.0325.006.2017172133827 hdf recorded on June 21, 2017 were ana-
lyzed. These two fragments were chosen because the average AOD of cloudless areas was
significant for the first fragment, whereas for the second fragment, it was much smaller.
Calculations were carried out for the fourth MODIS channel (centered at A = 0.55 um).
The average values used in calculations of the fragments and the fragment boundaries are
presented in Table 1. The average cloud size was L = 1 km, and the lower cloud boundary
was at the altitude h,,;, = 1 km. In this case, Iy, cjouqd(R) entering into Formula (6) was
calculated for P = 300 and N = 5000. For all results obtained, 61 < 0.01.
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Table 1. Boundaries of the examined image fragments and average optical and geometrical conditions

according to the MODIS data.

Parameter Fragment 1 Fragment 2
Coordinates 53.4-56.4 N, 109-115 E 49.0-51.0N, 121-123 E
Cloud cover index é,; 0.15 0.087
Average altitude of the upper 41 26
boundary of cloudiness /4y, km

Average optical thickness of 30 15
cloudiness 1

Average AOD of cloudless areas 1.25 0.43
f/{\ggfgse C;;tf:ectance Fsyrf from the 0.071 0.046
Average solar zenith angle 65, deg 34 27
Average satellite zenith angle 6, deg 28 34
Average azimuthal angle ¢, deg 152 166

The Arg,,£(R) values calculated from Formula (7) are shown in Figure 5.

Based on the results shown in Figure 5 and the interpolation formula (12), the R,
values were calculated. The results obtained are presented in Table 2. The mask of pixels
located at distances R, and less from the boundaries of the cloud projections onto the
ground surface is shown in Figure 6. The comparison of the calculated and interpolated R
values differed by 2 km for fragment 1 and by 1.5 km for fragment 2. Thus, the interpolation
allows one to estimate the radius of the cloud adjacency effect. Moreover, the computational
time for the interpolation was, on average, 750 times less than with the application of the
Monte Carlo method. This allows one to use the proposed method for problem solving in

real time.

Table 2. Comparison of Ry values calculated and interpolated for two test image fragments.

Image Fragment Calculation, km Interpolation, km Difference, km
1 17 15 2
2 3.5 2 1.5

53 53 53

110 1M1 112 113 114 115 110 11 112 113 114

Figure 6. Cont.
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Figure 6. Mask illustrating the adjacency effect on the reconstructed reflectance of cloudless areas: (a)
fragment 1, calculation; (b) fragment 1, interpolation; (c) fragment 2, calculation; and (d) fragment 2,
interpolation. Designations: 1 is for pixels shadowed by clouds and 2 is for cloudless pixels with
significant Arg,,, s values caused by the cloud adjacency effect.

6. Conclusions

In this work, the method of estimating the cloud adjacency effect on the accuracy of
the reconstructed reflectance of the ground surface areas non-shadowed by clouds based
on calculation of the cloud field intensity averaged over an ensemble of realizations in the
center of the entrance pupil of the receiving system has been proposed. The approbation of
the method for two test fragments of the MODIS image MOD021KM.A2017172.0325.006.
2017172133827 hdf recorded in the fourth MODIS channel shows that the proposed in-
terpolation formula allows the radius R, of the adjacency effect to be estimated. The
difference between the values of the gap radius R calculated by the Monte Carlo method
and obtained by interpolation did not exceed 2 km for these areas.

In this stage of investigations, the interpolation formula for R, has been constructed for
the midlatitude summer LOWTRAN-7 model and the OPAC model of cumulus cloudiness.
In future, we plan to expand the possibilities of the algorithm to include other optical
models of the atmosphere and cloudiness. The reliability of the results is provided by
the performed test comparisons and the use of the well-known models of the atmosphere
and cloudiness.

Verification of the results of this method is planned in the next stage of our research. It
is suggested to use the following approach. For verification, a series of three images of the
same cloudless fragments of the ground surface will be selected. Two images should not
contain cloudiness at distances less than 50 km from the examined area, and in the third
image, the cloudiness should be observed near the examined area. Then, analyzing the
differences between the reconstructed reflectances, the distance from the cloudiness can be
determined, for which these differences would be less than 0.005.

The advantages of the proposed approach over existing methods are that it allows
one to estimate the adjacency effect averaged over an ensemble of cloud field realizations
(cloud arrangement) on the reconstructed reflectance of cloudless ground surface areas
with preliminary consideration of a wide range of optical and geometrical conditions of
observations. Consideration of the deterministic gap allows more realistic situations to be
examined compared to homogeneous cloud fields without deterministic gaps. In contrast
to the above-mentioned papers [10,11], the proposed approach has no restrictions on the
ground surface reflectance.

Author Contributions: Conceptualization, M.V.T. and V.V.B.; methodology, M.V.T.; software, M.N.Z.
and M.VE.; validation, M.N.Z. and M.V.T; investigation, M.N.Z., M.V.E. and M.V.T.; resources,
M.V.E,; writing—original draft preparation, M.V.T. All authors have read and agreed to the published
version of the manuscript.



Atmosphere 2021, 12, 1512 12 of 12

Funding: This research was funded by Grant No. 075-15-2020-787 in the form of the Subsidy for a
Major Scientific Project from the Ministry of Science and Higher Education of Russia (Project “Funda-
mentals, Methods and Technologies for Digital Monitoring and Forecasting of the Environmental
Situation on the Baikal Natural Territory”).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: https://github.com/MarinaEngel /CAER (accessed on 12 November
2021).

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Breon, EM.; Vermote, E. Correction of MODIS surface reflectance time series for BRDF effects. Remote Sens. Environ. 2012, 125,
1-9. [CrossRef]

2. Lyapustin, A.; Martonchik, J.; Wang, Y.J.; Laszlo, I.; Korkin, S. Multiangle implementation of atmospheric correction (MAIAC): 1.
Radiative transfer basis and look-up tables. J. Geophys. Res. Atmos. 2011, 116, D03210. [CrossRef]

3. Katkovsky, L.V. Parameterization of outgoing radiation for quick atmospheric correction of hyperspectral images. Atmos. Ocean.
Opt. 2016, 29, 778-784.

4. Lisenko, S.A. Atmospheric Correction of Multispectral Satellite Images Based on the Solar Radiation Transfer Approximation
Model. Atmos. Ocean. Opt. 2018, 31, 72-85. [CrossRef]

5. Tarasenkov, M.V,; Zimovaya, A.V.; Belov, V.V.; Engel, M.V. Retrieval of Reflection Coefficients of the Earth’s Surface from MODIS
Satellite Measurements Considering Radiation Polarization. Atmos. Ocean. Opt. 2020, 33, 179-187. [CrossRef]

6.  Cahalan, RF; Oreopoulos, L.; Wen, G.; Marshak, A.; Tsay, S.-C.; DeFelice, T. Cloud characterization and clear-sky correction from
Landsat-7. Remote Sens. Environ. 2002, 78, 83-98. [CrossRef]

7.  Nikolaeva, O.V,; Bass, L.P; Germogenova, T.A.; Kokhanovsky, A.A.; Kuznetsov, V.S.; Mayer, B. The influence of neighbouring
clouds on the clear sky reflectance studied with the 3-D transport code RADUGA. |. Quant. Spectrosc. Radiat. Transf. 2005, 94,
405-424. [CrossRef]

8.  Wen, G.; Marshak, A.; Cahalan, R.F,; Remer, L.A.; Kleidman, R.G. 3-D aerosol-cloud radiative interaction observed in collocated
MODIS and ASTER images of cumulus cloud fields. J. Geophys. Res. 2007, 112, D13204. [CrossRef]

9.  Varnai, T.; Marshak, A. MODIS observations of enhanced clear sky reflectance near clouds. Geophys. Res. Lett. 2009, 36, L06807.
[CrossRef]

10. Marshak, A.,; Wen, G.; Coakley, J.A., Jr.; Remer, L.A.; Loeb, N.G.; Cahalan, R.F. A simple model for the cloud adjacency effect and
the apparent bluing of aerosols near clouds. J. Geophys. Res. 2008, 113, D14S17. [CrossRef]

11. Marshak, A.; Evans, K.F,; Varnai, T.; Wen, G. Extending 3D near-cloud corrections from shorter to longer wavelengths. J. Quant.
Spectrosc. Radiat. Transf. 2014, 147, 79-85. [CrossRef]

12. Tarasenkov, M.V,; Kirnos, I.V.; Belov, V.V. Observation of the Earth’s Surface from the Space through a Gap in a Cloud Field.
Atmos. Ocean. Opt. 2017, 30, 39-43. [CrossRef]

13.  Zuev, VE; Titov, G.A. Modern Problems of Atmospheric Optics: V.9 Atmospheric Optics and Climate; Spectrum: Tomsk, Russia, 1996;
p-272.

14. Kargin, B.A.; Prigarin, S.M. Simulation of Heap Clouds for Investigation of Solar Radiation Transfer Processes by Monte Carlo
Method. Atmos. Ocean. Opt. 1994, 7, 1275-1284.

15. Prigarin, S.M.; Kargin, B.A.; Oppel, U.G. Random fields of broken clouds and their associated direct solar radiation, scattered
transmission and albedo. Pure Appl. Opt. ]. Eur. Opt. Soc. Part A 1998, 7, 1389-1402. [CrossRef]

16. Prigarin, S.M.; Zhuravleva, T.B.; Volikova, P.V. Poisson model of multilayer broken clouds. Atmos. Ocean. Opt. 2002, 15, 917-924.

17.  Zhuravleva, T.B.; Nasrtdinov, LM.; Russkova, T.V. Influence of 3D Cloud Effects on Spatial-Angular Characteristics of the
Reflected Solar Radiation Field. Atmos. Ocean. Opt. 2017, 30, 103-110. [CrossRef]

18. Titov, G.A.; Zhuravleva, T.B.; Zuev, V.E. Mean radiation fluxes in the near-IR spectral range: Algorithms for calculation. J. Geophys.
Res. Atmos. 1997, 102, 1819-1832. [CrossRef]

19. Titov, G.A. Statistical Description of the Transfer of Optical Radiation in Clouds. Dis. ... doct. Physical-Mat; IOA SB AS USSR: Tomsk,
Russia, 1988; 361p.

20. Hess, M.; Koepke, P.; Schult, I. Optical Properties of Aerosols and Clouds: The Software Package OPAC. Bull. Am. Meteorol. Soc.
1998, 79, 831-844. [CrossRef]

21. Kneizys, FX,; Shettle, E.P.; Anderson, G.P; Abreu, L.W.; Chetwynd, ].H.; Selby, ].E.A.; Clough, S.A.; Gallery, W.O. User Guide to
LOWTRAN-7. ARGL-TR-86-0177. ERP 1010; Hanscom AFB: Middlesex County, MA, USA, 1988; 137p.

22. Marchuk, G.I; Mikhailov, G.A.; Nazaraliev, M.A.; Darbinjan, R.A.; Kargin, B.A.; Elepov, B.S. The Monte Carlo Methods in
Atmospheric Optics; Springer: Berlin/Heidelberg, Germany, 1980; 210p.

23. Available online: https://github.com/MarinaEngel /CAER (accessed on 12 November 2021).


https://github.com/MarinaEngel/CAER
http://doi.org/10.1016/j.rse.2012.06.025
http://dx.doi.org/10.1029/2010JD014985
http://dx.doi.org/10.1134/S1024856018010116
http://dx.doi.org/10.1134/S1024856020020128
http://dx.doi.org/10.1016/S0034-4257(01)00251-6
http://dx.doi.org/10.1016/j.jqsrt.2004.09.037
http://dx.doi.org/10.1029/2006JD008267
http://dx.doi.org/10.1029/2008GL037089
http://dx.doi.org/10.1029/2007JD009196
http://dx.doi.org/10.1016/j.jqsrt.2014.05.022
http://dx.doi.org/10.1134/S1024856017010134
http://dx.doi.org/10.1088/0963-9659/7/6/017
http://dx.doi.org/10.1134/S102485601701016X
http://dx.doi.org/10.1029/96JD02218
http://dx.doi.org/10.1175/1520-0477(1998)079<0831:OPOAAC>2.0.CO;2
https://github.com/MarinaEngel/CAER

	Introduction
	Problem Formulation and Solution Method
	Testing of the Algorithm
	Interpolation Formula for Estimating R*
	Approbation Method
	Conclusions
	References

